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ROS Reactive oxygen species 

SOD Superoxide dismutase 
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WBC White blood cells 
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INTRODUCTION 

I. CANCER 

ln a mature animal, a balance is usually maintained between renewal and cell death 

in most organs and tissues. The various types of mature cells in the body have a given life 

span, as these cells die, new cells are generated by the proliferation and differentiation of 

various types of stem cells. Under normal circumstances, the production of new cells is so 

regulated that the numbers of any particular types of cell remain constant. Occasionally, 

cells arise that are no longer responsive to normal growth-control mechanisms. These cells 

give rise to clones of cells that can expand to a considerable size, producing a tumour, or 

neoplasm. The term 'tumour' refers to any localised swelling regardless of its pathogenesis, 

and may be 'benign' or 'malignant'. Benign tumours are characterised by the complete 

absence of invasion of surrounding tissues and are generally not lethal. Malignant tumours 

have the potential to invade surrounding tissues including blood vessels and lymphatic 

channels and metastasize to distant sites where they may replicate (Nicolson, 1979). 

Malignant tumours, commonly referred to as 'cancer' ( latin, meaning 'crab' ) suggest its 

tendency to cling and reach out to adjacent tissues (Vincent, 1985). Cancer refers to the 

full spectrum of malignant neoplasm and can be defined as processes by which the normal 

controlling mechanisms that regulate cell growth and differentiation are impaired, resulting 

in progressive growth under the influence of various oncogenic and carcinogenic agents 

(Friedberg, 1986). 
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Cancer or transformed cells differ from its normal counterpart in many common 

characteristics. Cancer cells have unlimited life span, require less serum factors and loss of 

anchorage dependence for growth. Cancer cells are generally rounded/convex, have 

reduced adhesion to substratum, loss of contact of inhibition of movement and multilayering 

in culture. Cancer cells also have increased production of proteolytic enzymes, altered 

antigenicity, increase in negative surface charged, disorganised cytoskeleton etc., (Hynes, 

1979). These changes could lead to immortalization of cancer cells. 

Cancers are classified mainly in three main groups according to the embryonic origin 

of the tissue from which the tumour is derived. Most (>80%) are carcinomas, tumours that 

arise from endodermal or ectodermal tissues such as skin or the epithelial lining of internal 

organs and glands. The majority of cancers of colon, breast, prostrate, ovary, lung etc. are 

carcinomas. Sarcomas, which arise less frequently (- 1% of incidence in USA) are derived 

from mesodermal connective tissues such as bone marrow, fat and cartilage. The leukemias 

and lymphomas are malignant tumours of haematopoietic cells of the bone marrow and 

account for about 9% of cancer incidence (Cairns, 1986). 

There is as yet no therapeutjc regimen that can effectively destroy all tumour cells 

when they are dispersed in many organs of the body. Thus, cancer still remain as the most 

general fear and an unpredictable disease. Considerable efforts are continually directed at 

improving the diagnosis and treatment of cancer. There are three main categories of widely 

accepted treatment for cancer, these includes: Surgery, Radiotherapy and Chemotherapy. 

In chemotherapy, cisplatin plays an important role and can be used singly or in combination 

with radiotherapy or surgery. 
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2. C/S-DICHLORODIAMMINEPLATINUM(ll), (CISPLATIN) 

Cis-Dichlorodiammineplatinum(II), commonly known as cisplatin was first 

synthesized in 1844 by Michele Peyrone. The compound was known as Peyrone chloride 

and it was not until 1892, that Alfred Werner elucidated the sterical configuration of the 

molecule. The antiproliferative properties of platinum coordination complex were first 

accidentally observed by Rosenberg et. al., (1965) in a study to discover the effects of 
' 

electric fields on bacterial (Escherichia coli) growth. The compound which eventually 

produced this effect was identified as cis-diaminedichloroplatinum(II), by Rosenberg et. al., 

( 1967) and it is now commonly known as cisplatin. The antitumour activity of cisplatin was 

tested and found to be active in the murine sarcoma 180 model (Rosenberg et. al., 1969). 

Later the antitumour activity of cisplatin was independently confirmed in other tumour 

models such as leukemia L1210, DMBA marmnary carcinoma, Rous sarcoma (Rosenberg, 

1985), Dunning ascites leukemia, Walker 256 carcinoma (Kociba et. al., 1970), 

fibrosarcoma (Sarna and Sodhi, 1978). Cisplatin was first administered to cancer patient in 

1971 and became available for general oncology practice in 1978. Cisplatin has proved to be 

useful for the treatment of ovarian and testicular tumours (Williams et. al., 1982; Ozols et. 

al., 1983), bladder carcinoma (Yagoda et. al., 1976), head and neck cancer (Jacobs et. al., 

1978). Now, cisplatin has become one of the most widely used chemotherapeutic agent (Pi! 

and Lippard, 1997; Lebwohl and Carretta, 1998) for the treatment of a number of tumours 

of human and other animals (Carter, 1984; Loehrer and Einhorn, 1984; Jurga et. a!., 1994; 

Prasad and Giri, 1994). 
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Structure of cisplatin 

: 
Cisplatin is a water soluble, square planar coordination complex containing a central 

platinum atom surrounded by two chloride atoms and two ammonia moieties in the cis-

configuration. In an acqueous solution, one or both chloride ions on cisplatin may be 

replaced by water to produce hydrated intermediate known as an "aquo" cisplatin species [ 

(H20 2)/+ + Cl - ] and the monochloro monohydroxy platinum species in an alkaline 

environment [ Pt(NH3) 2Ch + OH ~ Pt(NH3)2CI(OH) + Cl ]. Isotonic and hypertonic 
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saline solutions as well as human blood plasma, have high chloride ion concentrations which 

helps to maintain a greater amount of cisplatin as a Pt(NH3) 2Clz species in these fluids. An 

.acidic pH tends to stabilize cisplatin's reactivity towards nucleophiles such as water, sulfate 

and free thiols (Hausheer et. al., 1998). After passive diffusion across the lipid membrane, 

however, the chloride ion concentration decreases sharply, promoting the hydrolysis of the 

labile chloride ligands. The concentration of various aquated species in plasma is 2% of the 

total platinum and that this value increases to 42% once the drug enters the "cytoplasm. The 

aquated species subsequently react with a variety of intracellular components (Pinto and 

Lippard, 1985; Chu, 1994; Go and Adjei, 1999). 

The major cytotoxic target of cisplatin in the cell is DNA (Eastman, 1986). Cisplatin I 
binds to RNA more extensively than to DNA and to DNA more extensively than to protein 

(Pascoe and RobC<rts, 1974). In intact DNA, cisplatin binds preferentially to the N-7 

position of guanine and adenine (Pinto and Lippard, 1985). The cytotoxicity of cisplatin 

against cultured neoplastic cells correlate closely with platinum DNA interstrand cross-links 

and to the formation of intrastrand bifunctional N-7 adducts at d(GPG) and d(APG), 

(Zwelling et. al., 1979; 1981; Plooy et. al., 1984; Coste et. al., 1999). All bifunctional 

adducts cause major distortions of the local DNA structure, involving both bending and 

unwinding of the double helix. Such structural differences between the complexes formed 

by cisplatin may serve as a molecular basis for their differential biological and 

chemotherapeutical activity. Intrastrand crosslink strongly inhibits DNA transcription 

elongation by RNA polymerase (Heminger et. al., 1997; Cullinane et. a!., 1999). Two 

classes of proteins have recently been identified that bind preferentially to damaged DNA 
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sites. The formation of these specific proteins/damaged DNA complexes may actually 

function in blocking repair by competing out the binding of the repair-related recognition 

proteins and hence the cytotoxicity of the drug (Zlatanova et. al., 1998; Yaneva et. al., 

1997; Zamble and Lippard, 1995). 

Cisplatin has also been reported to interact with the side chains and terminal amino 

and carboxylate groups of proteins, small peptides such as GSH and amino acids, and 

negatively charged phospholipids (Taylor et. al., 1995; Speelmans et. al., 1996; 1997; 

Burger et. al.; 1999). Prasad and Sodhi (1981; 1982) reported that cisplatin treatment of 

normal and tumour cells removes the sialic acid and mucopolysaccharides from the cell 

surface which may lead to topographical changes in the organization of cell surface 

components and increase the antigenicity in tumour cells which could possibly render them j 
more immunogenic and accessible to the cells of the immune system. It has been observed 

that cisplatin has a reduced antitumour activity in immunologically depressed mice, thus 

suggesting the involvement of host immunolgical reaction (Rosenberg, 1985; Collins and 

Kao, 1989). It has also been suggested that treatment of tumour cells with cisplatin 

increases the expression of tumour ~ell surface associated antigens and thereby permits the I 
immunological recognition and subsequent rejection of cisplatin treated cells (Sarna and 

Sodhi, 1978). Sodhi and Prasad ( 1985) reported that the agglutination of normal cells 

increased and tumour cells decreased after cisplatin treatment using Concanavalin A (Con { 

A) and wheat gram agglutinin (WGA). The decrease in sialic acid content of normal as well 

as tumour cells after cisplatin treatment has also been reported (Prasad, 1986). The 

depolymerization of microfilaments, formation of giant multinucleate cell after cisplatin 



8 

treatment have also been reported (Sodhi, 1976). Sodhi and Bhatia ( 1986) studied the effect 

of cisplatin on macrophage mediated cytotoxicity against Dalton's lymphoma cells and 

suggested that cisplatin activates the macrophages resulting in their increased capacity to 

lyse the target cells in vitro. The release of various chemical mediators like H20 2, o·2 and 

interleukin-1 by macrophages after cisplatin treatment have been demonstrated suggesting 

their possible role in the tumour cell killing (Sodhi and Gupta, 1986; Gupta and Sodhi, 

1987). The increased production oflysozyme, J3-hexosaminidase, plasminogen activator and 

leucine aminopeptidase by murine macrophages treated with cisplatin have also been 

reported and suggests that these substances could have some effect on the cell surface of 

macrophages (Gupta and Sodhi, 1988; Sodhi and Geetha, 1989). Singh and Sodhi (1988) I 
demonstrated specific interaction between cisplatin treated macrophages and Dalton's 

lymphoma cells morphologically and showed that macrophages and tumour cells interact 

with each other through definite cytoplasmic connections. 

Prasad and Aijun (1991) reported that Dalton's lymphoma cells are distributed 

singly or in groups of 2-3 or more cells connected together and the percentage of single 

cells and grouped cells changes with tumour growth. Antitumour studies against murine 

ascites Dalton's lymphoma showed that during tumour regression ascites fluid volume 

decreases sharply and there is an increase in carbohydrates and decrease in protein I 
concentration in the ascites supernatants with the infiltration of leukocytes towards tumour 

cells. Membrane vesicles and vacuoles are also formed before the disintegration and lysis of 

tumour cells (Prasad and Giri, 1994). The appearance of a probable new lactate 

dehydrogenase isozyme in tumour cells after cisplatin treatment suggests some alterations at 
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the gene level (Giri, 1995). Prasad and Giri (1999) also suggested the decrease in oxygen 

consumption rate and changes in ionic concentrations particularly calcium and potassium in 

tumour cells after cisplatin treatment. The changes in the activities of various enzymes such 

as (Na++K+) Mg2+-ATPase, 5'-nucleotidase, arginase and lactate dehydrogenase in tumour 

cells and tissues of tumour -bearing mice after cisplatin treatment have been reported and 

proposed the involvement of multistep and multilevel effects of cisplatin in the tumour 

cells/hosts (Giri, 1995; Prasad et. al., 1999). Recently, the effect of cisplatin on 

mitochondrial protein, glutathione and succinate dehydrogenase in Dalton's lymphoma 

bearing mice have also been observed which suggests that mitochondria are one of the 

important targets in cell during cisplatin-mediated chemotherapy (Kharbangar et. al., 2000). 

Many of the biological properties and effects of cisplatin have been well documented 

(Rosenberg, 1985; Chu, 1994). However, therapeutic efficacy of cisplatin has been limited 

due to the development of dose-dependent side effects, which include bone marrow 

toxicity, gastrointestinal toxicity, neurotoxicity, ototoxicity, myelotoxicity, haematotoxicity 

(Esposito et. al., 1992; Ohno et. al., 1993;·0las and Wachowicz, 1998) along with the main 

side effect on kidney, i.e. nephrotoxicity (Krakoff, 1979). It has been shown that early 

proximal tubular damage causes decreased reabsorption of sodium and water. Subsequent 

events, including impairment of distal tubular reabsorption, renal blood flow and glomerular 

filtration result in enhanced excretion of enzymes, proteins, and other electrolytes, including 

magnessium and potassium (Daugard and Abildgaard, 1989). The underlying mechanism of J 

cisplatin nephrotoxicity is still not well known. The critical role of iron in mediating tissue 

injury via hydroxyl radical in cisplatin-induced nephrotoxicity have been demonstrated 
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(Baliga et. aL, 1998; Sadzuka et. al., 1991). Go and Adjei (1999) believed that the 

mechanism of cisplatin induced nephrotoxicity is similar to its tumour cytotoxicity. A 

decreased in renal GSH levels has been reported after cisplatin treatment in vitro (Nakano 

and Gemba, 1989; Sugihara et. a!., 1987) and in vivo (Jones and Basinger, 1989; Suzuki 

and Cherain, 1990). A decreased in GSH noted after cisplatin treatment could lead to less 111 

protective mechanism in the tissues thereby developing high mutagenic or nephrotoxic / 

effects (Giri et. al., 1998). 

In an attempt to overcome nephrotoxicity the use of cisplatin in combination with 
' 

other agents have been tried with different degrees of success (Treskes and Van der Vijgh, 

1993; Giri et. al., 1998). Pretreatment with GSH was reported to cause a dose-dependent 

reduction in cisplatin-induced lethality, weight loss and BUN elevation in the mouse and rat 

without altering the antitumour effect (Zunino et. a!., 1998; Meijer et. a!., 1990; Jones et. 

al., 1991). Ascorbic acid (vitamin C) has been reported to be effective as a protectant 

against a variety of toxic chemical agents including heavy metals (Holloway and Peterson, 

1984). The chemopreventive role of vitamin C against cancers have been widely reported 

(Chen et. a!., 1988). The use of ascorbic acid with subtherapeutical dose of cisplatin against 

murine ascites Dalton's lymphoma has been reported (Prasad et. al., 1992). Combination of t 
subtherapeutic dose (4 mg/kg body wt.) of cisplatin with vitamin C (0.5%) has been \ 

reported to have a sequence dependent synergistic effect against Dalton's lymphoma and 

doubled the host's survival (Giri, 1995). The protective effect of vitamin C on cisplatin /lj 

induced nephrotoxicity and mutagenicity have also been reported (Giri and Prasad, 1996; } 

Giri et. al., 1998). 
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The mutagenicity potency of cisplatin reported in bacteria (Cross et. al., 1996; 

Overbeck et. al., 1996) as well as in mammalian system (Zwelling et. al., "1979; Tandon and 

Sodhi, 1985; Pillaire et. al., 1994) raises the concern that its use in cancer chemotherapy 

may have carcinogenic risk with the development of secondary malignancies (Greene, 1992; 

Kempf and Ivankovic, 1986). To reduce this mutagenic effect the development of many 

new cisplatin analogues (Christian, 1992) and the use of cisplatin in combination with other 

agents (Hausheer et. al., 1998) have been tried. 

Another. limitation for the full clinical evaluation of cisplatin is the development of 

drug resistance (Dabholkar and Reed, 1996). A lethal dose of cisplatin kills cells by forming 

DNA adducts, then causing G2 arrest in the cell cycle, and occasionally triggering apoptosis 

(Chu, 1994), while a sublethal dose induces drug resistance by several mechanisms (Go and / 

Adjei, 1999; Hausheer et. al., 1998). 

A reduction in the intracellular accumulation of a drug can be due to either impaired 

influx through the cell membrane or enhance .effiux (Andrews and Howell, 1990). A 

relationship between the amount of cisplatin and cellular sensitivity has been established in 

various cell lines (Eichholtz-wirth and Hitchel, 1986). Cisplatin resistant cells have the same 

membrane fluidity as sensitive cells, although some changes in the cellular phospholipid 

composition were found (Mann et. al., 1988). Gately and Howell (1993), proposed a 

working model in which cisplatin can enter the cell by way of either passive diffusion of a 

gated channel. The influx through this channel can be affected by various agents, including 

amphotericin B, dipyridamole, aldehydes and sodium-potassium adenosin triphosphate 
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inhibitors, such as quabain. These agents could be explored to reverse cisplatin resistance 

conferred by reduced drug influx. 

Thiol-containing compounds, notably GSH and metallothioneins, can react with ) 

cisplatin intracellularly to inactivate it and prevent binding to DNA (Tew, 1994; Meijer et. 

al., 1992; Ishikawa and Ali-Osman, 1993; Eastman, 1987). The increase in the intraceUular 

GSH concentration is involved in the development of resistance to cisplatin (Godwin et. al., 

1992). The role of GSH and related enzymes activities in the detoxification of 

chemotherapel!tic agents is widely acknowledged (Arrick and Nathan, 1984). Changes in 

cellular GSH content in sensitive and resistant human small-cell lung-cancer ceU lines after 

exposure to cisplatin have been observed. It changed only slightly in the resistant line 

(Meijer et. al., 1990). 

Preclinical studies have shown that some resistant tumour ceU lines exhibit an ) 

enhanced ability to repair damaged DNA and that agents that inhibit DNA repair may l 
reverse resistance (Timmer-Bosscha et. a!., 1992; 1993). This augmented capacity for 

repair is made possible either by platinum-DNA adduct removal, unscheduled DNA repair 

synthesis, or host ceU reactivation of cisplatin-damaged plasmid DNA (KeUand, 1993; 

Zamble and Lippard, 1995). The role of certain genes and proteins in determining the 

sensitivity of ceUs to cisplatin has also been reported (Richards et. al., 1996; Kimura et. a!., 

1993; Abe et. al., 1999). 
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3. GLUTATHIONE 

The reduced form of glutathione, GSH, is a tripeptide (L-y-glutamyl-L-cysteinyl-

glycine). GSH performs a variety of important physiological and metabolic functions in all 

mammalian cells (Wang and Ballatori, 1998; Deleve and Kaplowitz, 1991; Meister. and 

Anderson, 1983). It is the most abundant non-protein thiol in almost all species, occurring 

at intracellular concentrations of 0.5 - 10 mM. Under physiological conditions more than 

98% of intracellular glutathione is in the reduced form (GSH), and therefore· becomes the 

most importan~ intracellular reducing agent. 

Y·GLUTAMYL-

COOH 0 
I II 

H2-N -C-CH2- CH2-C-

I 
H" 

CYSTEINY 

H H 0 
I I II 
N-C-C 

I 
CH2 
I 

SH 

Structure of Glutathione 

/ 

H 

I 

GLYCINE 

N -CH2-COOH 

The key functional element of the GSH molecule is the cysteinyl moiety, which 

provide the reactive thiol group and is responsible for the many functions of the GSH. The 

key structural elements of GSH are the y-carbonyl peptide linkage of glutamate and the 

presence of the C-terminal glycine, which directly determine its metabolism and function. 

The N-terminal glutamyl and cysteinyl moieties are linked through the y-glutamyl 

transpeptidase (yGT), which occurs on the external surface of certain cell membranes. The 
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presence of the C-terminal glycine protects the peptide against cleavage by intracellular y-

glutamylcyclotransferase (Wang and Ballatori, 1998). 

GSH is synthesized in all mammalian cells (Meister and Tate, 1976) and the liver is a 

major site of biosynthesis (Deleve and Kaplowitz, 1991). The biosynthesis ofGSH from its 

three amino acid precursors L-glutamate, L-cysteine and glycine takes place in the cytosol. 

It is a two-step reaction catalyzed by GSH synthetase that requires two moles of adenosine 

triphosphate (ATP) per mole ofGSH (Richman and Meister, 1975; Meister, 1984; Meister, 

1988). The cYtoplasmic glutathione comprise about 90% of the total intracellular GSH. 

Available data indicate that little or no synthesis of GSH occurs in the mitochondria 
/ 

(Griffith and Meister, 1985; Martensson et. al., 1990). The mitochondrial pool of GSH 

must derive from transport of cytosolic GSH across the mitochondrial inner membrane 

(Smith et. al., 199.6; Chen and Lash, 1998). However, in plants GSH can be synthesized in 

the cytosol and the chloroplast (Noctor and Foyer, 1998). 

Although GSH is synthesized inside the cell its biodegradation occurs outside the 

cell. The enzyme that catalyse~. its breakdown are y-glutamyl transpeptidases and 

dipeptidases, which are membrane bound enzyrries that are located predominantly on the 

apical surface of epithelial tissues. y-glutamyl transpeptidase is the only enzyme that 

removes the y-glutamyl moiety from GSH under physiological conditions. Dipeptidases 

remove the glycyl moiety. The breakdown products (glutamate, glycine and cysteine) can be 

reabsorbed into the cell for GSH synthesis (Wang and Ballatori, 1998). 
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The multifunctional properties of GSH are refl ected by the growing interest in these 

small molecules on the part of investigators of such diverse subjects as enzyme mechanism, 

radiation, cancer, oxygen toxicity, transport, immune phenomena, endocrinology, 

environmental toxins and ageing (Meister and Anderson, 1983). All aerobic organisms are 

subject to physiological oxidant stress, as a consequence of aerobic metabolism The 

intermediates that are formed, particularly in mitochondria, including superoxide and 

hyd rogen peroxide lead to their production of toxic oxygen radicals that can cause lipid 

peroxidation and disrupt metabolic processes. GSH is the predominant defense against these 

toxic products (Ross, 1988; Deleve and Kaplowitz, 1991; Sies, 1999). 

Cancer cells can generate large amounts of hydrogen peroxide, which may 

contribute to their ability to mutate, damage normal tissues and facili tate tumour growth 

and invasion (Szatrowski and Nathan, 199 1 ) . It has been suggested that persistent oxidative 

stress in tumour cells could partly explain some important characteristics of cancers, such as 

activated protooncogenes and transcription factors, genomic instability, chemotherapy or 

radiotherapy resistance, invasion and metastasis (Toyokuni et. al. , 1995). Resistance of 

many cells against oxidative stress is associated with high intracellular levels of GSH 

(Meister, 199 1; Mitchell and Russo, 1987; Estrela et. al., 1995; Navarro et. al., 1999). 

GSH plays a maJor role in detoxifying many reactive metabolites by either 

spontaneous conjugation or by a reaction catalyzed by the glutathione S-transfcrases 

(Boyland and Chasseaud, 1969; Coles and Ketterer, 1990; Hinchman and Ballatori, 1994; 

Jakoby, 1978; Mannervik, 1985). The most common reactions involve nucleophillic 
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attacked by GSH on saturated carbon atoms (e.g., a,f3-unsaturated compounds, quinones 

and quinoimines and esters) or aromatic carbon atoms (aryl halides and aryl nitro 

compounds). GSH also forms metal complexes via non-enzymatic reactions (Ballatori, 

1994; Maracine and Segner, 1998; Walther et. al., 1999). GSH works in the mobilization 

and delivery of metals between ligands, in the transport of metals across cell membranes, as 

a source of cysteine for metal binding and as a reductant or cofactor in redox reactions 

involving metals. In addition to many exogenous electrophilic chemicals, a multitude of 

endogenous ,compounds also react with GSH to form adducts. Some of the endogenous 

electrophiles are produced as by products of lipidperoxidation, which may be caused by free 

radicals or high-energy irradiation (Slater, 1984). GSH can function as a coenzyme in 

several enzyme catalyzed reactions involving the synthesis of proteins and nucleic acids 

(~ck and Nathan, 1984). 

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 (Melphalan, cisplatin . and adriamycin) have 

increased cellular GSH concentrations (Hamilton et. al., 1985). It has been reported that 

elevation of intracellular GSH in tumour cells is associated with mutagenic stimulation 

(Shaw and Chou, 1986). The GSH may control the onset of tumour cell proliferation by 

regulating protein kinase C activity and intracellular pH (Terradez et. al., 1993). Levi et. al., 

(1980) observed a decrease in tissue thiol content following cisplatin treatment and 

suggested that GSH may also play a role in the binding of cisplatin. GSH has also been 

reported to be implicated in the mefabolism of cisplatin (Suzuki and Cherian, 1990). 
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The elimination of GSH-Pt conjugates from cells has been suggested as an important 

mechanism that reduces the intracellular accumulation of platinum complexes (Ishikawa, 

1992; Ishikawa and Ali-Osman, 1993; Kurokawa et. al., 1997). GSH may also affect the 

efficacy of platinum drugs through other mechanisms, such as, enhancement of the repair of 

DNA damage, apoptosis, free radical scavenging or through yet unidentified mechanisms 

(Pendyala et. al. , 1997; Y amamasu et. al., 1997). A correlation between intracellular GSH 

levels and resistance to a number of platinum agents has been reported in several human and 

murine cell lines (Godwin et. al. , 1992; Meijer et. al., 1992; Timmer - Bosscha et. al., 

1992; I 993). 

GSH has also been suggested as putative determinants of both cellular radio 

sensitivity (Clark et. al., 1986) and alkylating/platinating agent resistance (Green et. al. , 

1984). The elevated levels of GSH associated with alkylating agent resistance may also 

provide a mechanism for collateral resistance to low radiation. Britten et. al., ( 1992) 

reported that human ovarian tumour cell line which shows resistance to cisplatinum and 

melphalan conferred a decrease in photon sensitivity. 

It is to be emphasized that detoxification of substances involving GSH is a complex 

and dynamic process that concerns the activity of several related enzymes, the cellular GSH 

pool, degradation of the adducts complex and recycling of the amino acids from GSH 

(Arrick and Nathan, 1984). The presence of GSH and enzymes of its metabolism may 

indicate the detoxification of various drugs (Mehlotra et. al., 1994). A decrease in 

antioxidant enzymes activity suggest a deficient protection against oxidation that could be 

2.41 138 
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4. MODULATION OF GSH LEVELS 

In view of the importance of GSH in the cells, much attention has now been focused 

on al ternating GSH metabolism of tumour cells, because it can affect the outcome of 

antineoplastic treatment. The ability to increase drug sensitivity by modulating intracellular 

GSH has been demonstrated in a number of cell lines exposed to a variety of cytotoxic 

agents (Suzukake et. al ., 1982; Green et. al., 1984; Kramer et. al. , 1988). 

L-Buthionine-(S,R)-Sulfoximine (BSO), is an analog of methionine sulfoximine 

(MSO), which was identified as the toxic agent in agenized grain (Griffith, 1982). MSO was 

an effective inhibitor of GSH biosynthesis but was excessively toxic probably secondary to 

its lack of specificity. Consequently, analogs of MSO were synthesized and evaluated for 

specificity ofy-glutamylcysteine synthetase (GCS) inhibition and activity in vitro and in vivo 

(Griffith and Meister, 1979). BSO was the most specific and least toxic analog examined. 

BSO specifically inhibit GCS and causes depletion of GSH. GCS catalyses the Mg A TP-

dependent phosphorylation of BSO to BSO phosphate, a tightly bound enzyme inhibitor. 

Enzyme inhibition follows pseudo-first order kinetics, is non-covalent and apparently 

irreversible in the presence of Mg ATP. Due to chiral specificity, it appears only the L, S, 

enantiomers of BSO actually inhibit GCS (Griffith, 1982). 

Somfai-Relle et. al ., (1 984) first tried to show the sensitization of leukemia cells to 

L-phenylalanine mustard (L-P AM) by systemic GSH depletion in mice. On the other hand, 

it has been suggested that depletion of GSH in normal tissue might increase host toxicity of 

certain cytotoxic agent cisplatin (Gemba, et. al., 1991 ). Several reports suggested the ability 
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of BSO-induced GSH depletion to enhance cytotoxicity in vitro·and in vivo (Andrews, et. 

a!., 1985; Kramer et. a!., 1987; Ozols et. al., 1987). Enhanced cell killing has been 

demonstrated in vitro and in vivo when cellular GSH content was depleted prior to 

exposure to a variety of chemotherapeutic agents (Hamilton et. a!., 1985; Lee et. a!., 1989; 

Ford et. al., 1991) and radiation (Louie et. al., 1985). BSO pretreatment have been reported 

to deplete renal GSH levels in rats, and this treatment protects kidneys from cisplatin 

nephrotoxicity (Meyer et. a!., 1987). 

The relevance of BSO as a modulator is related to the significance of GSH in drug 

resistance. Recently, not only has resistance to cytotoxic agents like L-P AM or platinum 

been correlated to an elevation in GSH, but also to an increase in y-glutamyl cysteine 

synthetase enzymatic activity (Bailey et. al., 1992). Further supportive evidence has been 

generated from y-glutamyl cysteine synthetase transfection studies. Transcient transfection 

of the eDNA for both heavy and light subunits of y-glutamyl cysteine synthetase in COS-7 

cells produced elevations in GSH and y-glutamyl cysteine synthetase activity and increased 

resistance to L-Phenylalanine mustard (Mulachy et. al., 1995). The role of GSH in drug 

resistance appears to be most important in the cytotoxicity of alkylating agents. 

Interestingly, GSH and related enzymes also appear to be involved in resistance to other 

cytotoxic modalities such as irradiation and hypothermia (Arrick and Nathan, 1984; Shrieve 

et. al., 1986). A relatively new area of interest is the role of GSH in resistance to 

anthracyclines and other natural products (Bailey, 1998). 
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The role of BSO as an anticancer agent is thought to relate to its modulation of 

cytotoxicity via GSH depletion. Potential exceptions are related to melanoma and . . 

neuroblastoma. Multiple authors have observed micromolar concentrations of BSO 

producing significant cytotoxicity ill vitro and ill vivo against melanoma cell lines (Kable et. 

a!., 1989). Anderson et. al., (1997) have observed neuroblastoma cell lines with marked 

sensitivity to BSO. Gross et. al., (1993) reported that pretreatment of human peripheral 

blood lymphocytes with BSO sensitize these ill vitro cells to the cytotoxic affects of sulfur 

mustard. Kramer et. a!., (1987) examined the effects of i.p. injections of BSO upon male 

mice and observed GSH depletion after single or multiple i.p. BSO injections in all tissues 

examined. Maximal GSH depletion occurred within 2-4 hours in plasma, kidney and liver, 

and later for other tissues. Bone marrow levels of GSH were somewhat refractory to 

depletion by BSO relative to other tissue. Lee et. a!., (1987) compared the effects of i.p. 

BSO administration on GSH levels in normal and tumour tissue in mice. Significant 

variations in the rate and degree of GSH depletion and recovery were observed among 

normal tissues. Depletion and recovery of GSH were fastest in the kidney and liver, 

intermediate times were noted in the lung, bone marrow and erythrocytes and slowest for 

the heart. The degree of depletion was greatest for the kidney, liver and bone marrow (70-

80% of base line), intermediate for the heart (54%) and least for erythrocytes (13%). 

Tumour cells nadir values were reached by 10-12 hours post BSO and required a longer 

period ( 48 h) than most normal tissue to recover to base line. Li et. a!., (I 997) investigated 

the relationship between the rhythm in GSH and that in cisplatin toxicity in mice using BSO. 

BSO pretreatment 4 hours before sampling reduced liver GSH threefold and kidney 

I 
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cysteine content was halved, but this pretreatment had no significant effect upon GSH 

content in the other organs. BSO injection largely enhanced cisplatin toxicity as assessed by 

survival, leukopenia, histologic lesions in kidney and bone marrow, and kidney mean 

platinum concentration. Tlie enhancement of oxaliplatin toxicity in mice after pretreatment 

with BSO has also been reported (Li et. a!., 1998). 

Higuchi and Matsukawa ( 1999) reported the implication of intracellular reactive 

oxygen species (ROS) on chromosomal giant DNA and intemucleosomal DNA 

fragmentation during the apoptosis of C6 rat glioma cells in culture induced by the depletion 

of intracellular GSH using BSO. They also demonstrated the involvement ofLPO and PK-C 

activation in the DNA degradation during the apoptosis induced by GSH depletion. In a 

similar study using C6 glioma cells, Ito et. a!., (1998) reported the enhanced expression of 

stress protein by diethyl maleate and BSO, the agents that lower GSH levels in cells. Seckin 

et. a!., ( 1997) reported that cisplatin resistant cell line partially reversed after GSH depletion 

by BSO. Pendyala et. a!., (1997) reported that GSH depletion by BSO increased the 

cytotoxicity of iproplatin and cisplatin in human melanoma cell line. rsutsui et. a!., ( 1986), 

demonstrated that BSO is an effective chemosensitizer of anti-neoplastic agents in murine 

fibrosarcoma in vivo and may be of therapeutic value when used at an optimal interval. 

Several studies have suggested that the combination ofBSO with alkylating agents does not 

result in an increase in host toxicity (Russo et. a!., 1986; Skapek et. a!., 1988; 1991). 
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5. GLUTATHIONE-RELATED ENZYMES 

GSH and GSH-Iinked enzymes are major cellular defense against the toxic effects of 

reactive electrophiles. There are suppositions that disturbed equilibrium between oxidative 

and antioxidative processes in the cell participates in the induction and development of 

various pathophysiological conditions such as inflammation, carcinogenesis, asterogenesis, 

ischemia etc. (Aruoma, 1994). Among the oxidative factors, reactive oxygen species are 

considered to be main mediators of pathological changes at cellular levels. Antioxidant 

enzymes and non-enzymatic antioxidants represent primary defense mechanisms against 

detrimental effect of oxidants. The participation of GSH and GSH metabolizing enzymes in 

the detoxification of reactive oxygen species and in the inactivation of electrophiles such as 

carcinogenic epoxide metabolites has been established (Hoskin et. al., 1990; Gromadzinska 

et. al., 1997). In many experiments, differences have been found between the activities of 

several enzymes associated with GSH in normal and malignant tissues (Singh et. al., 1990). 

This suggests the importance of GSH metabolizing enzymes in tumour development and in 

predicting the susceptibility of the tumours to the treatment applied. Thus, five GSH-related 

enzymes (GST, GR, GPx, CAT and SOD) of significance were chosen for the study in the 

tissues of mice under different experimental conditions. 

I. GLUTATHIONE-S-TRANSFERASE (GST; EC 2.5.Ll8) 

GST activity was first discovered by Booth et. al., (1961). It belongs to the family of 

enzymes that catalyze the formation of conjugates with GSH (Hayes and Pulford, 1995). 

GSTs are intracellular proteins present in most eukaryotes and prokaryotes and protect cells 
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against oxidative and chemical induced toxicity and stress by catalyzing the formation of S-

conjugation between the thiol group of GSH and electrophilic moiety in hydrophobic and 

often toxic substrates. The resulting GSH conjugates can be exported from animal cells by 

putative membrane ATP-dependent pump system (Ishikawa, 1992; Ishikawa and Ali-

Osman, 1993; Pikula et. a!., 1996), after which they are usually metabolized and eliminated 

by multiple pathways (Commandeur et. al., 1995). GST may also act as a peroxidase or 

isomerase, directly reducing peroxides generated during lipid peroxidation due to oxidant 

stress and play an important role in protecting blood vessels against toxins (He et. al., 

1998). 

GSTs comprised of three main classes GST-a., GST-J.l and GST-7t, known to have 

several functions in the cells including their participation in the detoxification of xenobiotics, 

and differing in substrate specificity. The predominant GST isoenzyme in tumours is usually 

the GST -7t (Shea et. al., 1988; Castro et. al., 1990; Howie et. al., 1990). Increased GST -7t 

activity has been demonstrated in human tumour cell lines resistant to various anticancer 

agents including cisplatin (Nakagawa et. a!., 1988). GST-a plays a particular role in cellular 
I 

resistance to alkylating agents, while GST -1-1 is responsible for nitrosourea detoxification 

(Green et. al., 1993). Human GST-1-1 was discovered in liver (Warholm et. al., 1981) and 

has later been shown to be responsible for the catalytic activity towards trans-stilbene oxide 

in peripheral blood mononuclear lymphocytes (Seidegard et. al., 1987). The biological 

significance ofGST -1-1 appears to be related to its high capacity to conjugate toxic epoxides 

formed by biotransformation of organic compounds such as benzo(a) pyrene (Warholm et. 

al., 1983). Evidence that GST -1-1 are involved in drug resistance was obtained from studies 
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of rat glioma cells with acquired resistance to BCNU and increased levels of GST -11 

isoenzymes (Smith et. al., 1989). 

GST is one of the several factors that are proposed to affect tumour sensitivity to 

anticancer drugs, including cisplatin. Attempts have been made to evaluate the significance 

of the enzymes in resistance to cisplatin in clinical samples of gastric cancer. A comparison 

of the drug sensitivity findings with the results of immunoblotting revealed an interesting 

correlation between the protein levels of GST -a. and cisplatin resistance (Kodera et. al., 

1994). It has further been demonstrated that several tumour cell lines with acquired drug 

resistance following treatment with bifunctional alkylating agents have increased GST 

activities (Pickett and Lu, 1989; Meyer et. al., 1998; Tew, 1994). Modulation of GST 

activity has been shown to affect the sensitivity of tumour cell lines to alkylating agents. 

Inhibition of GST by either ethracrynic acid or piriprost enhanced alkylator cytotoxicity to 

both rat and human cancer cell lines (Tew et. al., 1988; Hansson et. al., 1991). 

II. GLUTATHIONE REDUCTASE (GR; EC 1.6.4.2) 

GR is a flavoprotein catalyzing the NADPH-dependent reduction of GSSG to GSH 

(Calberg and Mannervik 1985; Sweet and Blanchard, 1991 ). GR is a homodimer in its 

active form with one FAD molecule per monomer. The catalytic mechanism involves 

reduction of the flavin molecule by NADPH followed by oxidation of the flavin by a redox-

active cystine residue to produce a thiolate anion and cysteine. GSSG can then be reduced 

via reversible thiol-disulfide interchange reactions. If the reduced enzymes is not re-oxidized 

by GSSG reversible inactivation follows (Arscott et. al., 1989). The reaction is essential for 

b h to be SO% deficient in GR 
--------'-~ MllotP.ral sensitivity to nitrosourea has een_s_o_w_n ___________ _ 
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the maintenance of the GSH/GSSG ratio in the cell (Vanoni et. al., 1990). It was shown 

previously that GR is required to maintain the GSH pool in E. coli and that the presence of 

GR was essential for GSH accumulation. GR expression in a GSH-deficient E. coli mutant 

restored the GSH pool to a level similar to that in the wild-type (Kunert et. al., 1990). 

Estimation of rates of NADPH consumption in the liver by various enzyme systems has 

shown that GR has a very high rate of NADPH utilization during periods of oxidative 

stress. Thus in term of cellular demand for NADPH-reducing equivalents, the GPx/GR 

system is a_ major consumer and this may adversely affect other NADPH-dependent 

enzymatic function such as fatty acids synthesis (Reed, 1986). In studies utilizing 

hepatocytes (Jones et. al., 1981), Lung epithelial cells (Suttorp and Simon, 1986) and 

tumour cells (Nathan et. al., 1981; Navarro et. al., 1999), the GPx/GR system has been 

shown to be important in protecting against H20z-induced cytotoxicity. 

The critical role of GR in maintenance of cellular redox status and protection against 

cytotoxicity, was underlined by studies in hepatocytes where this enzyme has been inhibited 

by pretreatment with BCNU. This has been investigated using adriamycin (Meredith and 

Reed, 1983) which resulted in exacerbated GSH loss, lipid peroxidation and cytotoxicity. 

Preclinical evidence has also demonstrated that GR is a critical enzyme target in the 

determination of nitrosourea toxicity. Nitrogen mustard resistant breast carcinoma cell line 

expressing collateral sensitivity to nitrosourea has been shown to be 50% deficient in GR 

compared with the wild type (Tew et. al., 1985). Such effects included changes in cell 

membranes structure, irregular nuclear membrane shape and inhibition of normal spindle 

formation at metaphase with subsequent polyploidy, chromosome decondensation and 
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endoreduplication. In addition, in rats, doses of BCNU have been shown to cause a 

relatively preferential destruction oflung GR, causing striking pulmonary damage which can 

be correlated with enzyme inhibition (Smith and Boyd, 1984). The capacity for regeneration 

of GSH by enhanced GR activity seems to be a more important determinant of resistance to 

oxidative stress than increase in the total pool size (Noctor et. a!., 1998). GR was found to 

be elevated in patient with various types of cancer including lung cancer (Di llio et. a!., 

1987; Saydam et. a!., 1997; Muller et. a!., 1993; Meyer et. a!., 1998) 

lll. GLUTATHIONE PEROXIDASE (GSH-PX; EC 1.11.1.9) 

GSH-Px is a scavenger enzyme, which catalyzes the oxidation of GSH to GSSG in 

the presence of peroxides and produces hydrogen transfer from GSH. While GSH is the 

specific hydrogen donor substrate, a great number of. peroxides are suitable hydrogen 

acceptor substrates for the enzyme. The two major types of GSH-Px have been found. One 

type is distinguished by containing selenium in the form of covalently bound selenocysteine 

in its active site (Flohe et. a!, 1976). This selenium-dependent enzyme is active with both 

organic hydroperoxides and H;02. The second type of GSH-Px activity has been 

demonstrated in all mammalian tissues (Ganther et, a!, 1976; Di Ilio et. a!., 1987) The 

enzyme is ubiquitous and distributed in cellular cytosol and mitochondria. Numerous 

chemical processes in aerobic cells lead to the production of peroxides by activated forms of 

oxygen. The peroxides may cause oxidative damage in biological tissues as well as 

decompose to generate free radicals and other reactive chemical species. The simplest 

hydropcroxide, I·h02, can be detoxified by the selenium-dependent GSH-Px. Organic 
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hydroperoxides derived from polyunsaturated fa tty acids such as linoleic and linolenic acid 

or certain prostaglandin can occur in vivo. These hydroperoxides like thymine 

hydroperoxide and "peroxides DNA" have all been reported to be reduced under the 

influence of GSH-Px. GSH-Px is particularly involved in the reduction of lipid 

hydroperoxides. In rat liver, H202, is metabolized by GSH-Px (Fiohe et. al., 1976). GSH-Px 

activity of both types of enzyme is important in cellular defence against a wide variety of 

hydroperoxides (Mannervik, 1985; Maiorino et. al., 1990). 

It is known that the genetically determined deficiency of GSH-Px may be associated 

with various degree of haemolytic anaemia (Nicheles et. a!., 1970). An acquired defect of 

GSH-Px has been reported in erythrocytes of patient with acanthocytes anaemia associated 

with liver cirrhosis (Grahib et. al., 1969). In experimental carcinogenesis and in human 

hepatoma several authors found decreased GSH-Px (Peskin et. al., 1978 ; Casaril et. al., 

1995; Corrocher et. al., 1986). Gromadzinska et. al., (1997), showed that in most of the 

examined breast cancer women, GSH-Px activity was higher in cancer· tissues than in 

corresponding normal samples. GSH-Px activity have been reported to increase in advanced 

stage of cancer progression (Navarro et. al., 1999). 

IV. CATALASE (CAT; EC 1.11.1.6) 

CAT is a hemoprotein and a widely distributed enzyme found in all aerobic 

microorganisms, plants and animal cells. CAT exerts a dual function, decomposition of 

H20 2 to give H20 and 0 2 (catalytic activity) and oxidation of hydrogen donors with the 

consumption of 1 mol of peroxide (peroxidic activity). Thus, it protects the cell from 
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oxidative damage by H202 and ·oH (Fridovich, 1976; Aebi, 1984; Ueda et. al., 1990), The 

reduction of CAT activity has often been observed in experimental carcinogenesis. 

Corrocher et. al., (1986), reported that the CAT system of defence against free radicals is 

severely impaired in hepatocellular carcinoma cells than the corresponding adjacent tumour-

free tissue. Low CAT activity has also been reported in hairy cell leukemia (Arruda et. al., 

1996). In mammal which contains high levels of erythrocytes CAT, specific tissues can be 

effectively acatalasic because the blood circulating through such tissues can serve to remove 

and decompose the H20 2 produced in that tissue. Thus, human contain high level of CAT in 
' 

liver, kidney and blood but very little in brain, thyroid, testis and others tissues (Fridovich, 

1976; Navarro et. al., 1999). 

V. SUPEROXIDE DISMUTASE (SOD; EC 1.15.1.1) 

SOD is a family of metalloenzymes which is known to accelerate spontaneous 

dismutation of the superoxide radical (0-2) to hydrogen peroxide and molecular o~gen 

(Flohe and Otting, 1984) thereby preventing the dangerous Haber-weiss reaction which 

generates OH (Fridovich, 1995}. SOD is widely distributed among tropically living 

organisms and has been inferred to play an important role in controlling superoxide levels in 

the cell (Winterbourn et. al., 1975; Fridovich, 1976; Culotta, 2000). In mammals two forms 

of SOD co-exist, a tetrameric mitochondrial enzymes containing manganese 'MnSOD,' and 

a dimeric cytosolic enzyme containing both copper and Zinc 'CuZn SOD' (Fridovich, 

1982). The iron containing 'Fe SOD' and the manganese containing 'MnSOD' enzymes 

are characteristic of prokaryotes. Although catalytic mechanism appear to be the same, gene 
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expression, protein turnover and regulatory properties of the two enzymes are known to be 

quite different (Hollander et. al., 2000). 

Many comparisons have been made between SOD activities m normal and in 

malignant cells. Cancer cells have in general smaller amounts of both CuZn SOD and 

MnSOD than do their normal counterparts. The loss of enzymatic activity in cancer cells 

leads to changes in key subcellular structures because of the presence of oxygen-derived 

radicals. However, SOD is a protective enzyme only if its substrate, o·2 is present in the 

cancer cells'(Oberley et. al., 1982). A decreased SOD activity has also been reported in 

leukemia cells (Arruda et. al., 1996) . 

. Navarro et. al., (1999), reported a decreased SOD activity in tumour cell but 

increased within the erythrocytes during tumour growth. The increase in antioxidant enzyme 

activities could be a protective mechanism for the cells due to the tumour-induced hyper 

production of ROls. High CAT activity in red blood cells precisely when the tumour is 

producing more peroxides, must work in removing the H202 that was released by the 

tumour when it reaches the blood stream. 
/ 

A number of chemotherapeutic agents have been shown to stimulate the production 

of o-2. In addition to having antitumour activity, cisplatin are toxic to the host. Both 

superoxide and hydrogen peroxide appears to be generated. The nephrotoxicity associated 

with acute doses of cisplatin is ameliorated by SOD. Increased survival and less kidney 

tissue damage was observed in rats receiving cisplatin and SOD than in the rats receiving 

cisplatin alone (Mcginness et. al., 1982; Sugihara et. al., 1987; Sadzuka et. al., 1991 ). 
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In view of the various findings briefly described above on the importance of 

glutathione in the cells, malignancy and chemotherapy, present investigations on various 

cellular and biochemical /ultrastructural parameters in tumour cells as well as other tissues 

were undertaken in an attempt to understand: 

1. the relationship of glutathione levels in tumour cells and other tissues of 

the host during tumour growth and after cisplatin treatment. 

u. the significance of modulation of cellular GSH levels in cisplatin-mediated 

chemotherapy against murine ascites Dalton's lymphoma in particular and 

other cancers in general. 

iii. to find the relationship of various toxicity parameters with GSH levels and 

cisplatin treatment. 

tv. the chemotherapeutic application of cisplatin with reduced side effects. 
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MATERIALS AND METHODS 

I. ANIMALS AND TUMOUR MAINTENANCE 

Inbred Swiss albino mice colony was maintained under normal laboratory conditions 

· at 24±2°C and fed with standard pellet diet (Amrut Laboratory, Delhi) and tap water ad 

libitum. 4-6 animals were kept per polypropylene cage with saw dust bedding. The animals 

used for experiments were I 0-12 weeks old, weighing about 25-30 g. 

Ascites Dalton's Lymphoma was originally obtained from Dr. R.K. Bhola, 

Department of Zoology, Guwahati University and is being maintained in vivo by i.p 

transplantation of approximately lxl07 viable tumour cells (0.25 vol., in PBS, 0.15M 

Nacl, O.OIM Sodium phosphate buffer, pH 7.4) into each mouse. Tumour transplanted 

animals develop the ascites tumour and usually die after 19.00±2.5 days following tumour 

transplantation. 

2. CHEMICALS 

Reduced glutathione (y-glu-cys-gly; GSH), oxidized glutathione (GSSG), 

Glutathione reductase (GR), L-buthionne-(S,R)-Sulfoxinine (BSO), [5,5'-dithiobis-(2-

nitrobenzoic acid)] (DTNB), Albumin bovine, Fetal bovine serum, were purchased from 

Sigma Chemical Company St. Louis, MO, U.S.A. Glutaraldehyde and sodium cacodylate 

were obtained from Agar scientific ltd., U.K. Cisplatin was obtained from Biochem 

Pharmaceutical Industries, Mumbai. 1-chloro-2,4-Dinitrobenzene, (CDNB), Nicotinamide 

adenine dinucleotide phosphate reduced (NADPH), hydrogen peroxide (H202), sodium 
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azide (NaNJ), colchicine, acrylamide, Triton-X100, mercaptoethanol, sodium nitrate, 

Medium-199, thioglycolate, penicillin and other chemicals used in the experiments were of 

analytical grade and purchased within the country. Various buffers and solutions were 

3. METHODOLOGY 

A.TREATMENTPROTOCOL 

Animals were transplanted with tumour cells and at log phase of tumour growth (8-

10 days after transplantation) these animals were randomized into five groups of both sexes 

consisting of 5-7 mice per group. The day of tumour transplantation was taken as day "0" . ....--

Group 1: mice were given a single dose ofBSO (SmM!kg body wt.). To standardize the 

suitable time of BSO treatment leading to maximum GSH depletion in the tissues and cells, 

this group of mice was sacrificed by cervical dislocation after 2, 4, 6, 8, 10 and 12 h ofBSO 

treatment. The tissues (liver, kidney, testes, spleen, bone marrow) and DL cells were 

removed to determine their GSH contents. The maximum GSH depletion was noted at 8 h 
. 

in DL cells following BSO treatment. Group II: mice were given a single therapeutic dose 

of cisplatin (8 mg/kg body wt.). Group III: since the maximum depletion of GSH in tumour 

cells was found to be 8 h after BSO treatment, mice in this group were treated with BSO 8 

h prior to cisplatin treatment. Group IV: mice were given a single dose of cysteine (200 

mg/kg body wt.) while Group V: were treated with cysteine 30 min prior to cisplatin 

treatment. Control mice were given same volume of NaCl (0.89%). After various time 

intervals of treatment (24, 48, 72 and 96 h) animals from various experimental groups were 
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sacrificed by cervical dislocation and the tissues (liver, kidney and testes) were excised 

immediately. Bone marrow from humerus: and femur was flushed with 0.02 M EDTA pH 

4.7. Bone marrow suspension and ascites tumour were centrifuged, at 500g for 5 min to 

collect bone marrow cells, DL cells and. ascites supernatant. 

Ascites supernatant, DL cells, bone marrow cells and tissues (liver, kidney and 

testes) collected from both controls and treated groups were used for various biochemical, 

histological and microscopical studies. 

B. GLUTATHIONE ESTIMATION 

GSH was determined as total GSH (TSH) and non-protein thiol (NPSH) contents 

using the method of Sedlak and Lindsay (1968). Briefly, a 5% homogenate of tissues were 

made in 0.02M EDT A, pH 4.7 in a motor-driven teflon-pestle homogenizer (Metrex, India). 

For determination of NPSH, the homogenate (5001!1) was precipitated with 10% 

trichloroacetic acid (5001!1) and centrifuged at 3000g for 15 min at 4°C. To the supernatant 

(8001!1), 1.6 ml of Tris-EDTA buffer (0.4M, pH 8.9) was added before the addition of 

Ellman's reagent, 251!1 (DTNB 10mM, in methanol). 

TSH was determined by adding the homogenate or pure reduced form of 

glutathione (1001!1) to 0.2 M Tris-EDTA buffer (1.0 ml, pH 8.2) and 0.02M EDT A, pH 4.7 

(0.9 ml) followed by 20111 of Ellman's reagent. After 30 min of incubation at room 

temperature, the reaction mixtures were centrifuged and the absorbance of the clear 

supernatants were read against a reagent blank (without sample) at 412 nm in a Beckman 

DU-640 spectrophotometer. 
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C. HAEMATOLOGICAL PARAMETERS 

I. COLLECfiON OF BLOOD SAMPLES 

Blood samples from control (untreated tumour-bearing mice) and cisplatin treated 

tumour-bearing mice were collected from the tail vein (Campbell et. al., 1970) into a 

sterilized tube containing heparin 15-20 IU per milliliter ofblood and used for the study. 

II. HAEMOGLOBIN ESTIMATION 

Haemoglobin content of blood was determined according to Dacie and Lewi.s 

(1975). 

Blood was diluted suitably (1 to 200) with cyanide-ferricyanide solution (Potassium 

ferricyanide 200 mg, potassium cyanide 50mg, water to I litre, pH 9.6) and allowed to 

stand for I 0 min at room temperature to ensure complete conversion of haemoglobin . The 

absorbance of the reaction mixture was read at 540 nm in a Beckman DU-640 

spectrophotometer. The haemoglobin content was calculated as follows: 

Concentration(g/dl) = As40 x 64500 x dilution factor 
44.0 X d X 1000 X 10. 

where, As40 = Absorbance at 540 nm. 

64500 = Molecular weight of haemoglobin: 

Dilution factor= 200 when 101.!1 of blood are diluted in 2.0 ml of reagent. 

44.0 =Millimolar extinction coefficient. 

d = layer thickness in em. 

I 000 = Conversion factor for mg to g. 

I 0 =Conversion factor for g!litre to g/dl. 
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III. RED BLOOD CELL COUNTS 

Freshly collected blood was diluted (200 times) with RBC diluting fluid. The tube 

containing the diluted blood was covered and mixed slowly for 2 min by hand before 

counting in a neubauer chamber. As many cells as possible were counted using a 4 mm 

objective and 1 Ox eyepiece. Erythrocytes absolute values were calculated according to 

Dacie and Lewis (1975). 

Red blood cells count peqli = N x 1 x 200(dilution) = N x 104 x 106/L: 
0.02 

IV. WHITE BLOOD CELL COUNTS 

Freshly collected blood was diluted by adding 20J.ll of blood to 0.38 mi of white 

blood cells (WBC) diluting fluid. The suspension was mixed for about 1 min and counted as 

many 1mm2 areas as possible in a neubauer chamber using the 16 mm objective and lOx 

eyepiece. The number ofWBC was calculated according to Swarup et. al., (1981). 

WBC count per J.ll = N x 10 x 20 (dilution)= N x 200 = N x 200 x 106/L. 

V. DIFFERENTIAL CELL COUNT 

A small drop of blood was taken on a clean slide. A thin and uniform blood film 

was prepared with the help of another dry and clean slide. The blood film was air dried for 
' 

overnight, stained with Leishman's stain the following day and mounted in DPX. Counting 

was done under microscope in a narrow longitudinal strips of the blood film starting from 

one end of the film to the other and avoiding the lateral edges. While counting, the number 

of different types of white blood cells were noted and expressed in percentage as described 

by Swarup et. al., (1981). 
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VI. PACKED CELL VOLUME CPCVl DETERMINATION 

Blood was centrifuged (10,000g; at 4°C, 5 min) and the height of the column of red 

blood cells was taken as packed cell volume (volume occupied by the red blood cells 

expressed as a fraction of the total volume of blood) according to Dacie and Lewis (1975). 

VII. BLOOD GLUTATHIONE !GSH) ESTIMATION 

Blood glutathione was determined following the method described by Beutler et. 

a!., (1963). Briefly, to the 1001-11 of freshly collected blood, 0.9 ml water and 1.0 ml 

precipitating solution (Glacial metaphosphoric acid 1.67g; Na2EDtA 0.20g; NaCl 30.0g ; 

water 100 ml) were added immediately and mixed well. After 5 min of incubation at room 

temperature the reaction mixture was centrifuged (3000g; 15 min at 4°C) and to 500~Ll of 

clear supernatant 1.0 ml of 0.3M phosphate solution and 250!ll DTNB solution (200mg of 

DTNB in 100 ml of 1% sodium citrate solution) was added and mixed thoroughly. Blank . . 

was prepared by taking 1.0 ml phosphate solution (0.3M), 1.0 ml water, 0.4 ml precipitating 

solution and 2501-!1 DTNB solution. Both the blank and samples were read against water at 

412 nm in a Beckman DU-640 spectrophotometer. GSH concentration was calculated on 

the basis of a millimolar extinction coefficient of 13.6 and a molecular weight of307. 

O.D = O.D sample- O.D blank 

O.D x 2.5 x 2.75 x 307 x 100 = O.D x 310.4 GSH mg/100 ml blood. 
13.6 0.1 0.5 1000 
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I. CHROMOSOMAL ANALYSIS 
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Mice in Group II, lll and V were subjected to mitotic arrest initiated 1.5 h prior to 

sacrificing by injection of colchicine (i.p 4 mg/kg body wt). Ascites tumour was collected 

from the peritoneal cavity with hypodermic syringe and bone marrow was collected from 

humerus · and femur by flushing in warm (3 7°C) sodium citrate (I%) solution from a 

syringe. Bone marrow cells and DL cells were collected by centrifugation ( 1000 rpm, for 5 

min at 4°C) and cells were washed once with Hank's balanced salt solution and to the cell 

pellet 9-10 ml of warm sodium citrate solution was added and incubated for I 0-15 min. It 

was then centrifuged again and the cell pellet was fixed in acetic acid: methanol (1:3; v/v), 

repeated twice with a 30 min intervals. Finally the cells were resuspended in small volume 

of fixative and flushed gently until a cloudy suspension resulted. Two to three drops of this 

suspension were dropped on a cle~ slide previously chilled in 50% ethanol, burnt on a 

flame for a while, air-dried and stained on the following day for 1 h with Giemsa (5.0 inl of 

stock stain+ 4 m1 methanol+ 91.0 m1 phosphate buffer, pH 6.8), washed and mounted in 

DPX. One hundred good metaphase spreads were examined per animal and chromosome 

abbreviations were classified into the general categories of breaks/gaps, exchanges and 

sister chromatid unions. Gaps have not been considered for statistical analysis of the data 

due to their controversial genetic significance (Preston et. a!., 1981 ). 
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II. MICRONUCLEUS ASSAY 

Micronuclei were assayed following the method of Schmid (1976). Briefly, both the 

femora were removed and the bone marrow was flushed out in a centrifuge tube with 1% 

sodium citrate solution (20°C). The bone marrow cells were dispersed by gentle pipetting 

and collected by centrifugation (1000 rpm, for 5 min at 4°C). The cell pellet was 

resuspended in a small volume of 5% FCS in PBS. A drop of this suspension was smeared 

on a clean slide, air-dried, fixed in absolute methanol for 15 min and stained the following 
' 

day with May GrunwaidcGiemsa. Two thousand each of polychromatic erythrocytes 

(PECs, immature erythrocytes, pink to purple in colour), normochromatic erythrocytes 

(NCEs, mature erythrocytes, yellowish/orange colour) and immature white cells (reddish 

blue) were analysed for the presence of micronuclei. Only rounded bodies approximately 

one-fifth to one-twentieth the size of the main nucleus, lying closer to the nucleus and 

possessing a staining intensity similar to that of the main nucleus, were scored as 

micronuclei. 

III. SPERM ABNORMALITY ASSAY 

The male mice were sacrificed after 10 days of treatment (Group II, III and V). The 

cauda epididymis were removed and placed in physiological saline. It was minced into 

pieces and then left undisturbed for 20 min. The spermatozoa were spread on a microscopic 

slide, air-dried, fixed in absolute methanol for 15 min and stained with 1% acqeous eosin-Y 

on the following day. Five hundred sperms from each mouse were examined for the 
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abnormalities in sperm head shapes following the criteria as close as possible to those 

established by Wyrobeck and Bruce (1975). 

E. HISTOLOGICAL STUDIES 

Kidneys and testes from mice under various experimental conditions (Group II, III 

and V) were collected 5 days after treatment and fixed in Bouin's fixatives (glacial acetic 

acid, 2.4 ml; 40% formaldehyde, 11.9 ml; saturated picric acid, 35.7 ml). The tissues were 

processed with stepwise dehydration in progressively increasing concentrations of ethanol 

(30-50"70-90 and 100%), cleared in xylene, infiltrated by liquid paraffin and cool to form a 

solid paraffin block containing the tissues. Paraffin-tissue sections (5-61-Lm in thickness) 

were cut with microtome (Sipcon) and mounted on glass slides. The sections were then 

stained with haematoxylin-eosin, mounted with cover glass, examined and photographed 

under microscope (Meiji, labax, co., ltd. Japan). 

F. GLUTATHIONE-RELATED ENZI'MES ASSAY 

Tissues collected from animals under different experimental conditions (group II, 

Ill) were washed in ice-cold physiological saline and stored at -70°C ( Scien temp. Adrian, 

Michigan U.S.A) until used for enzyme analysis. 

I. PREPARATION OF CYTOSOLIC FRACTION 

Frozen tissues were brought to 0°C, cut into small pieces and a 10% (10 w/v) 

homogenate was prepared in a motor-driven teflon-pestle homogeniser (Metrex, India) at 0 

±zoe afier the addition of 0.2 M potassium phosphate-lmM Na2 EDTA buffer (pH 7.5), 



41 

for GR (EC 1.6.4.2) assay; 0.1M potassium phosphate-1mM Na2 EDTA buffer (pH 7.0), 

for GPx (EC 1.11.1.9) assay; 0.1M sodium phosphate-1mM Na2 EDTA buffer (pH 6.5), 

for GST (EC 2.5.1.18) assay; 1% Triton X-100, for CAT (EC 1.11.1.6) assay; and 100mM 

Tri-diethanolamine-HCl buffer (pH 7.4), for SOD (EC 1.15.l.l) assay. The tissue 

homogenates were centrifuged at 27,000g for 20 min at 4°C in a cooling centrifuge 

(Beckman 12-HS, Centrifuge, U.S.A) and the respective supernatants were collected as the 

particular enzyme source. 

II. GLUTATHIONE-S-TRANSFERASE (GST; EC 2.5.1.18) ASSAY 

GST activity was assayed according to Habig et. al., (1974). To a 1.0 ml cuvette; 

850!Jl of O.IM sodium phosphate-1mM Na2EDTA buffer (pH 6.5), 50J.1l of 20mM 

reduced glutathione in deionised water, and 50!11 of 20mM CDNB in 95% ethanol were 

added. The reaction (mixture maintained at 30"C) was started by adding SOJ.ll enzyme and 

the increase in absorbance at 340 nm was monitored for 3 min in a Beckman DU-640 

spectrophotometer. The enzyme activity was calculated using the extinction coefficient 

(E340 = 9.6mM-1cm-1
). One unit of enzyme activity is defined as the amount of enzyme that 

catalyses the conjugation of lJ.lmOI CDNB per min. Specific activity was expressed in units 

per mg of protein. 

Ill. GLUTATHIONE REDUCTASE (GR; EC 1.6.4.2) ASSAY 

GR activity was assayed according to Smith et. al., (1988). To a 1.0 ml cuvette; 

500J.ll 0.2M potassium phosphate-1mM Na2EDTA buffer (pH 7.5), 250J.1l 3mM DTNB in 
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O.OIM phosphate buffer, 175~1 water, 50~1 2mM NADPH in lOmM Tris-HCl buffer (pH 

7.0), 25~1 enzyme were added. The reaction (mixture maintained at 24°C) was initiated by 

adding 50~1 of 20mM GSSG and the increase in absorbance at 41 2 nm was monitored for 

about 3 min in a Beckman DU-640 spectrophotometer. The enzyme activity was calculated 

using the extinction coefficient (E412 = l3 .6mM"1cm.1
) . One unit of enzyme activity is 

defined as the amount of enzyme that catalyses the reduction of l~mol ofNADPH per min. 

Specific activity is expressed as units per mg of protein. 

IV. GLUTATHIONE PEROXIDASE (GPx; EC 1.1 1.1 .9) ASSAY 

GPx activity was assayed according to Flohe and Gunzler (1 984). To a 1.0 ml 

cuvette; 500~1 0. 1 M potassium phosphate-! mM Na2EDTA buffer (pH 7.0), I 00~1 I mM 

NaN3, 1 00~1 enzyme, 1 00~1 glutathione reductase (0 .24U) and exactly I 00~1 of l OmM 

reduced glutathione were added and incubated for l 0 min at 3 7°C. Thereafter, 100~1 

1.5mM NADPH in 0 .1% NaHC03 was added. The overall reaction was started by adding 

1 00~1 of prewarmed 1.5mM H20 2 and the decrease in absorbance at 340 nm was 

monitored fo r about 5 min in a Beckman DU-640 spectrophotometer. The enzyme activity 

was calculated using the extinction coefficient (E340 = 6.2mM.1cm.1
) . One unit of enzyme 

activity is defined as the amount of enzyme that catalyses the oxidation of 1 ~mol NADPH 

per min. Specific activity is expressed as units per mg of protein. 
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V. CATALASE (CAT; EC 1.11.1.6) ASSAY 

CAT activity was assayed according to Aebi (1984). In a 3.0 ml cuvette; 201-11 of 

enzyme was diluted with 1.98 ml of SOmM phosphate buffer (pH 7.0). The reaction 

(maintained at 20°C) was started by adding 1.0 m1 of 30mM H202 and the decrease in 

absorbance at 240 nm was monitored for 60 sec. in a Beckman DU-640 spectrophotometer. 

The enzyme activity was calculated using the extinction coefficient (E 240 = 0.00394mM"1 

mm"1
) and the unit of enzyme activity was expressed as mmoles of H202 decomposed per 

min per mg protein. 

VI. SUPEROXIDE DISMUTASE (SOD; EC 1.15.1.1) ASSAY 

SOD activity was assayed according to Paoletti and Mocali (1990). In a 1.0 ml 

cuvette; 800~-tl .lOOmM Tri-diethanolamine-HCl buffer (pH 7.4), 40~-tl 7.5mM NADPH, 

25~-tl IOOmM EDTA-MnC12 solution (pH 7.0), 100~-tl IOmM mercaptoethanol and 100~-tl of 

enzyme/control was added. The decrease in absorbance at 340 nm was monitored for about 

20 min over an 8 min interval at 25°C in a Beckman DU-640 spectrophotometer. The 

enzyme activity was calculated using the relation (sample rate/control rate) x 100 = % 

inhibition. The percentages of inhibition was converted to units of SOD activity from the 

conversion table. One unit of enzyme activity is defined as the amount of SOD capable of 

inhibiting by 50% the rate ofNADPH oxidation. The specific activity of SOD is expressed 

as units per mg protein. 
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VII. PROTEIN ESTIMATION 

The same supernatant used fo r various enzyme analysis were also used for protein 

estimation fo llowing the method of Lowry et. al., ( 1951) using bovine serum albumin as 

standard. 

Aliquots of0.25 ml of samples (after appropriate dilutions) were mixed with 1.25 ml 

of freshly prepared protein reagent (50 ml of2% NaCo3 in O. IM NaOH mixed with 1.0 ml 

each of 0 .5% CuS04 and 1% Na-K-tartarate). The mixture was allowed to stand at room 

temperature for 10 min and 0. 125 ml of Folin reagent ( IN) was added. Afler 30 min of 

incubation at room temperature the optical density was read at 750 nm in a Beckman DU-

640 spectrophotometer. 

G. PLATINUM UPTAKE DETERMINATION 

Animals under the experimental condition from Group ll and Group Ill mentioned 

earlier were used. The ascites were collected from the peritoneal cavity using a 1.0 ml glass 

syringe w ith a 24G x I " disposable needle. The DL cells were collected by centrifugation 

(5000g for I 0 min) and washed with cold PBS once. The DL cell pellet was weighed and 

kept in cleaned conical flasks. The samples (O.Sg) were digested in 5.0 ml nitric acid and 

few drops of hydrogen peroxide with genlle heating to near dryness. 5.0 ml of perchloric 

acid was added to the digests and again heated to near dryness to remove excess ni tric acid . 

This last stage was repeated until a clear solution resulted. The digests were finally 

dissolved in distilled water maintaining the acidity of approximately 5% and the filtrate was 

stored in polypropylene bottles for platinum analysis in a labtam model 8440 m plasma lab 
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ICP-OES emission spectrometer operated at PMT voltage 700 and wavelength 214.438 

after calibrating the instrument with the appropriate standard solutions. 

H. SCANNING ELECTRON MICROSCOPY 

DL cells and blood samples collected from various experimental groups (as given in 

the treatment protocol) were used for scanning electron microscopy. The ascitic tumour 

was collected from the peritoneal cavity using a 1.0 ml glass syringe with a 24Gxi" 

disposable needle. The cells were washed with PBS and collected by centrifugation at SOOg 

for 5 min at 4°C. The cell pellet was resuspended in PBS (I :4; v/v). 

A drop of the DL cell suspension was taken on a clean glass stubs (approximately 

18x18 mm) and waited for 5-IO min to allow the cells to settle down. The cells were air 

dried and then fixed in 2.5% glutaraldehyde (prepared in O.lM sodium cacodylate buffer) 

for 30 min at 4°C. After fixation, the cells were washed in cacodylate buffer twice for I 0 

min each dipping the whole stub containing the cells in buffer. The cells were then 

dehydrated with an ascending grade of acetone (30-50-70-80-90-95% twice for I 0 min 

each) at room temperature and finally kept in dry acetone (prepared by adding CuSo4 in 

excess to absolute acetone and filtered). After dehydration the cells were dried by critical 

point drying method substituting dry acetone from the cells by carbon dioxide. After 

drying, cells were coated with gold in a fine coat ion sputter, J.C.F. IIOO by mounting the 

glass stub containing the cells on a brass stub with electro-conducting paint. The cells were 

then examined and photographed under scanning electron microscope (Joel) operated at 15 

KV. 
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Blood was collected by cutting approximately 1 mm in length from tip of tails. A 

small drop of blood was taken in a clean microcentrifuged tube (Tarson's 2.0 ml) and fixed 

in 2.5% glutaraldehyde for 30 min at room temperature. After fixation, the blood was 

centrifuged for 5 min at 750g at 4°C. The cell pellet was washed twice and re-suspended in 

distilled water. A thin film of the suspension was made on a clean cover slip and allowed 

to air dry. The coverslip was mounted on a brass stub with electro-conducting paint and 

then coated with gold in a fine coat iron sputter. The red blood cells were thoroughly 

examined and photographed under the Joel scanning electron microscope operated at 15 

KV. 

I. IN VITRO STUDIES OF MACROPHAGE-DL CELL INTERACTIONS 

Peritoneal exudate cells (PEC's) from normal animals were harvested as described 

by Dileepan et. al., (1993). 4 days prior to collection ofPEC's mice were injected (i.p) with 

2.0 ml of 4% thioglycolate. Cells were collected by lavage of the peritoneal cavity with 5.0 

ml medium-199 without serum, containing 100U/ml penicillin. The PEC's were pooled, 

collected by centrifugation (400g; 15 min at room temperature) and washed twice with 

medium-199. The cells were . resuspended in complete medium-199, supplemented with 

10% FBS, at a concentration 1x105/ml in culture 24 well dish (TC Multidish, Genetix, 

India) and were incubated at 37°C in a BOD incubator (5% C02-95% air). After 2 h of 

incubation the culture were vigorously shaken and washed with warm medium (37° C) to 

remove non-adherent cells. Fresh medium containing 10% FBS was added and the cultures 

were further incubated overnight. 
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Tumour-bearing mice were treated with cisplatin (4 mg, 8 mg/kg body wt.) and with 

BSO plus cisplatin for 24 h. Control mice were given same volume ofNaCl (0.89%). DL 

cells were aspirated from the peritoneal cavity, washed with medium-199 (without serum, 

containing lOOU/ml penicillin) by centrifugation (800g; 10 min at 4°C) and the cell pellets 

were resuspended in complete medium-199 at a cell concentration of 1x1 0 4 cellslml of 

medium. These DL cell suspensions were used as target cells for macrophages. 

Macrophage monolayer was washed with warm medium (37°C) and target cells 

(treated and control) were added at an effector: target ratio of 10:1. The macrophage-DL 

cells were coincubated for about 24 h. The culture incubation could not be extended further 

in BOD incubator as during later periods majority of the cells were noted to be dead. After 

the coincubation, the supernatant were discarded and the monolayers were washed with 

warm medium (37°C). The cover-slips containing the macrophage-DL cell interaction were 

then fixed in 1.5% glutaraldehyde buffered in 0.2M sodium cacodylate for 30 min at room 

temperature and studied under light microscope. The number of macrophage-DL 

interacted cells were scored and analysed in different treatment conditions. 

J. HOST SURVIVAL DETERMINATION 

Tumour transplanted animals were divided into four groups consisting of 10 mice 

per group. Group I: mice were given a single subtherapeutic dose of cisplatin (4 mg/kg 

body wt.). Group II: mice were given a single therapeutic dose of cisplatin (8 mg/kg body 

wt.). Group lll: mice were given a single dose of BSO plus cisplatin (4 mg/kg body wt.). 

Group lV: mice were given a single dose of BSO plus cisplatin (8 mg/kg body wt.). ln the 
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control group, mice were given same volume of NaCl (0.89%). Treatment were given at 

the log phase of tumour growth (8-1 0 day) and the survival of the animals from different 

treatment groups were studied and compared with that of controls. 
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RESULTS 

1. GLUTATHIONE DETERMINATIONS 

TISSUE GLUTATHIONE (GSH) LEVELS AT DIFFERENT STAGES OF TUMOUR GROWTH 

Measurement of GSH contents in tissues of tumour-bearing mice at different stages 

of tumour growth showed no significant changes in total GSH and non-protein thiol 

(NPSH) content in liver and kidney with the progressive growth of tumour (Fig. lA and B). 

In testes a significant decrease in GSH was noted on day S, 10 and IS and in NPSH 

content on day S and 10 of tumour growth. Bone marrow GSH levels decreases 

significantly <in day IS and NPSH on day S and IS of tumour growth. In spleen a significant 

increase in GSH content was seen on day 10 and NPSH content on day 10 and IS of 

tumour growth. In Dalton's Lymphoma cells GSH content increases significantly on day I 0 

and IS and NPSH content on day 10 of tumour growth. Among the tissues studied liver 

was found to have the highest GSH (I 1.91 f.Lmoles/g) and NPSH (4.SO flmoles/g) content 

(Fig. lA and B). 

GLUTATHIONE CONTENT OF NORMAL AND TUMOUR-BEARING MICE 

Among the normal mice tissues, liver has the highest glutathione concentration 

(I 1.72 flmoles/g) followed by testes, kidney, spleen and bone marrow. In the tumour

bearing mice tissues, liver has the highest glutathione concentration (I 1.91 f.Lmoles/g) 

followed by spleen, testes, kidney and bone marrow. As compared to the corresponding 

normal tissues, the glutathione concentration in liver, kidney and bone marrow of tumour

bearing mice did not change significantly except an increase in spleen. A significant decrease 
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in glutathione level was seen in the testes of tumour-bearing mice (Fig. 2. A}. Total GSH 

and non-protein thiol (NPSH) concentration in splenocytes of tumour-bearing mice 

decreased significantly as compared to splenocytes (normal counterpart of DL cells) of 

normal mice. Dalton's Lymphoma GSH concentration increased significantly as compared 

to that of its normal counterpart (splenocytes from non-tumour bearing mice) but NPSH 

showed no significant increase (Fig. 2B). 

GLUTATHIONE CONCENTRATION AFTER CISPLATIN TREATMENT 

Total GSH concentration in liver and testes did not change significantly after 

cisplatin treatment for 24-96 h. Cisplatin treatment resulted in a significant decrease in 

Dalton's Lymphoma (-25%), kidney (-28%) and bone marrow (-34%) at 24 h and spleen 

(-19%) at 48 h. NPSH concentration decrease in liver (-15%) and testes (-19%) at 24 h, 

kidney (-24%) and bone marrow (-25%) at 24-48 hand spleen (-32%) after 24-96 h of 

cisplatin treatment. GSH and NPSH concentration in all tissues studied (except the NPSH 

in spleen) was found to recover slowly after 48 h of cisplatin treatment (Fig. 3; Table!). 

GLUTATHIONE DEPLETION BY L-BUTHIONINE-(S,R)-SULFOXIMINE (BSO) 

Following a single dose ofBSO (5mM/Kg body weight), total GSH and non-protein 

thiol (NPSH) contents of normal amd tumour-bearing tissues depleted in a time-dependent 

manner. GSH and NPSH concentration in liver and kidney of both normal and tumour

bearing mice showed maximum depletion at 5 h of BSO treatment. In normal mice, GSH 

concentration depleted to about 40% in liver and 38% in kidney while NPSH depleted to 

about 75% in liver and 70% in kidney. In tumour-bearing mice also GSH concentration 
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decreased in liver (42%) and in kidney (30%). NPSH concentration depleted ~90% in liver 

and 68% in kidney. The maximum depletion of GSH and NPSH concentration in Dalton's 

Lymphoma cells was observed at 8 h after BSO administration. GSH and NPSH 

concentration depleted to 55% and 78% of its initial level respectively (Fig. 4; Table 2). 

Therefore, in the combination treatment BSO was always given 8 h prior to cisplatin. 

However, the GSH as well as NPSH levels were noted to recover with varying degree in 

the tissues at later periods ofBSO treatment (Fig. 4A and B). 

GLUTATHIONE CONTENT AFTER BSO AND CISPLATIN TREATMENT 

Comparative analysis of total GSH concentration in the tissues of tumour- bearing 

mice after cisplatin treatment alone for 24 h showed no significant decrease in liver, testes, 

and spleen but a significant decrease was noted in kidney, tumour cells and bone marrow. 

NPSH concentration also decreased significantly in all tissues (except tumour cells). In the 

combination treatment ofBSO plus cisplatin for 24 h a further decrease in GSH and NPSH 

concentrations in all tissues was seen (except in liver GSH and t_umour ~SH) Fig. 5. 

2. TOXICITY STUDIES 

A. HAEMATOXICITY 

HAEMOGLOBIN (HB) CONTENT 

Measurement of Hb content in tumour-bearing mice showed a significant decrease 

in its level at .24-48 h of cisplatin (8 mg/kg body wt.) treatment and it recovered gradually at 

72-96 h. (Table 4). After the combination treatment of a single dose BSO plus cisplatin , Hb 

content further decreased as compared to control. However, an increase in Hb content was 
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noted when a single dose of cysteine (200mg/kg body wt.) was given 30 min prior to 

cisplatin for 24 h (Table 4). 

ERYTHROCYTES COUNT AND MORPHOLOGICAL ABNORMALITIES 

The number of erythrocytes (RBCs) in tumour-bearing mice decreases significantly 

after cisplatin treatment alone at 24-72 h and also after the combination treatment of a 

single dose BSO and cisplatin from 24-96 h. The number of RBCs did not decrease much 

when a single dose of cysteine (200mg/kg body wt.) was given 30 min prior to cisplatin 

treatment for 24 h. In tumour-bearing mice, the RBC counts was noted to be slightly lesser 

than that of normal mice (6.84±0.58). Table 4. 

Scanning electron microscopic observation revealed the development of various 

types of cisplatin-induccd morphological abnormalities in erythrocytes. These include the 

microcytes (cells having smaller diameter than the normal erythrocytes), macrocytes (having 

larger diameter), acanthocytes (cell showing fe:w hom-like projections), scalloping (cells 

with folded membrane), shistocytes (fragmented cell), stomatocytes (presence of slot-like 

structure at the centre), ovalocytes (oval-shaped), elliptocytes (elliptical-shaped), 

echinocytes (presence of uniformly serrated projections) spherocytes (cells lacking 

biconcavity) and burr cells (cells having spiny-like projections) Fig. 8A-J. Of the various 

types of morphologically abnormal erythrocytes observed, the frequency of elliptocytes 

(-30%), echinocytes (-20%) and acanthocytes (-10%) was found to be more prominent 

(Table 6). 
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LEUKOCYTES COUNT 

The number of leukocytes (WBCs) also decreased after the treatment with cisplatin 

or BSO plus cisplatin. In contrast to that of RBCs, the WBCs number (6.85±0.16) in 

tumour-bearing mice was slightly more than that of the normal mice (5.56±0.18). 

Combination treatment of cysteine plus cisplatin to tumour -bearing mice for 24 h slightly 

decreased (5.20±0.76) the number of WBCs but it was in the close proximity to that of 

normal mice (5.56±0.18) Table 4. 

DIFFERENTIAL LEUKOCYTES COUNT 

As compared to normal mice an increased in the number of eosinophils, neutrophils 

and decrease in basophils, lymphocytes and monocytes was observed in tumour-bearing 

mice (Table 5). 

Differentialleucocytes count showed almost no change in the number of eosinophils 

after cisplatin (8 mg/kg body wt.) treatment. A significant decrease in the number of 

eosinophils was noted at 24, 48 and 96 h of the combination treatme~t ofBSO plus cisplatin 

and also when cysteine was given 30 min prior to cisplatin (Table 5). 

The number of neutrophils increased significantly after cisplatin treatment alone 
·• 

from 24-96 h and after the combination treatment of BSO plus cisplatin at 48 h. Cysteine 

plus cisplatin treatment showed an increase in the number of neutrophils (Table 5). 

The number of basophils decreased significantly after cisplatin, BSO plus cisplatin 

and cystiene plus cisplatin treatment as compared to control. A similar pattern was also 

found for lymphocytes after cisplatin treatment (Table 5). 
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Number of monocytes increased after cisplatin treatment (24-96 h), BSO plus 

cisplatin treatment (24 and 72 h) and also after cysteine plus cisplatin treatment (24 h) 

(Table 5). 

PACKED CELL VOLUME 

A significant decreased in the packed cell volume (PCV) was noted both after 

cisplatin (8 mg/kg body wt.) treatment alone and also after the combination treatment of 

BSO and cisplatin. No significant changes in PCV was noted when cysteine was given 30 

min prior to cisplatin. (Table 4). 

TOTALBLOODGLUTATiflONELEVELS 

To understand the correlation of blood GSH changes with tumour growth and after 

cisplatin treatment GSH levels were measured in the blood along with other tissues at 

different stages of tumour growth. It was noted that blood GSH level in tumour-bearing 

mice, showed a significant decrease at various stages of tumour growth from 5-1 5th days as 

compared to day 0 (day before tumour transplantation). In Dalton's lymphoma cells an 

increased in. GSH concentrations was noted from 10-15th days of tumour growth as 

compared to day 5 (initial stage of tumour growth). Liver showed no significant changes in 

GSH level with the progression of tumour growth (Fig. 6A). 

After cisplatin treatment, a significant decrease in blood GSH level was noted at 48-

96 h. A decrease in GSH levels was also noted in Dalton's lymphoma cells and splenocytes 

(24-48 h) and in ascites supernatant (24 h) after cisplatin treatment as compared to 
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respective controls (0 h). The GSH levels was found to recover during the later period of 

treatment (72-96 h) both in tumour cells and ascites supernatant (Fig. 6B). 

After the combination treatment of a single dose BSO plus cisplatin a further 

decreased in blood GSH level was noted (Table 3). When cysteine, a precursor of 

glutathione synthesis was given at a single dose of 200mg!kg body wt. 30 min prior to 

cisplatin (24 h), a significant rise (0.83±0.03 mg/ml) in blood GSH was noted which is 

near to normal level (0.85±0.09 mg/ml). Blood GSH level (0.64±0.10 mg/ml) in tumour

bearing mice was found to be lesser than that of the normal mice level (0.85±0.09 mg/ml) 

Table3. 

BLOOD GSH LEVELS AND DEVELOPMENT OF ABNORMAL RBCs 

Comparative study of blood GSH levels with the number of normal and abnormal 

RBCs after cisplatin and BSO plus cisplatin treatment (Fig. 7 A and B) showed ·that as the 

level of blood GSH decreases the number of normal RBCs also decreases during the 24-48 

h and recover gradually after 72-96 h of treatment, but the number of abnormal RBCs 

increases significantly during the 24-48 h and gradually decreases after 72-96 h of 

treatment (Fig. 7 A). Combination treatment of cysteine plus cisplatin resulted in a 

significant increase in the level of blood GSH but a decrease in the number of abnormal 

RBCs as compared to cisplatin treatment alone (Fig. 7B). 
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Chromosomal aberrations in bone marrow cells of mice increase after cisplatin, BSO 

plus cisplatin and cysteine plus cisplatin treatment as compared to control (Table 7). The 

frequency of various aberrations was seen to be maximum at 24 h of the combination 

treatment with BSO plus cisplatin (8 mg/kg body wt.). Various types of aberrations such as 

chromatid breaks, gaps, exchanges and chromosomal fragments were observed (Fig. 9). 

Chromatid breaks and gaps occurred more frequently. Cysteine treatment 30 min prior to 

cisplatin for 24 h reduced total aberrations significantly as compared to BSO plus cisplatin 

treatment for respective time i.e 24 h. 

Cisplatin treatment (24-96 h) drastically affects Dalton's lymphoma cells resulting 

in a very high frequency of aberrant meta phases (Table 8). Maximum number of aberrations 

occured when BSO was given in combination with cisplatin (8 mg/kg body wt.). 

Chromosomes aberration includes mainly chromatid breaks, isochromatid breaks, gaps and 

exchanges (Fig. 10). Chromatid and isochromatid breaks occurred more frequently. As 

compared to the treatment with cisplatin alone or BSO plus cisplatin (24 h) combination 

treatment of cysteine with cisplatin for 24 h decreases the frequency of aberrations 

significantly (Table 8). Treatment with subtherapeutic dose of cisplatin ( 4 mglkg body wt.) 

alone or with BSO showed a reduction in the number of aberations in bone marrow cell 

(Table 7) and tumour cells (Table 8) as compared to therapeutic dose (8 mg/kg body wt.) of 

cisplatin. 
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MICRONUCLEUS 

The frequency of micronucleus (MN) in bone marrow cells increased significantly 

after cisplatin, BSO plus cisplatin and also after cysteine plus cisplatin treatment as 

compared to controls (Table 9). The incidence of MN was found to be more 111 

normochromatic erythrocytes. The combination treatment of BSO with cisplatin (8 mg/kg 

body wt) showed maximum frequency of MN where as combination treatment of cysteine 

with cisplatin reduces the incidence of MN effectively in nucleated cells and also in poly

and -normochromatic erythrocytes. As compared to therapeutic dose, the incidence of MN 

in bone marrow also reduces with subtherapeutical dose of cisplatin ( 4 mg/kg body wt.) 

alone or in combination with BSO (Table 9). 

SPERM ABNORMALITY 

Various form of sperm abnormalities were induced after cisplatin ( 4 mg and 8 mg/kg 

body wt.) alone or in the combinati~n treatment of cisplatin with BSO and cysteine (Table 

10). The frequency of various morphologically abnormal sperms was noted to be maximum 

in BSO plus cisplatin (8 mg/kg body wt.) treated groups (Table 10). Out of the different 

types of abnormal sperms analysed (double head, round head, ballon-shaped head, hooked

head, dwarf head, amorphous head and double tailed) the frequency of amorphous, banana 

and hooked sperms were more than the others (Fig. 11A-K). However, subtherapeutic dose 

of cisplatin alone and in combination with BSO reduces the number of abnormal sperms as 

compared to that of therapeutic dose (8 mg/kg body wt.) cisplatin. 



60 

C. NEPHROTOXICITY 

Comparative histological changes in mouse kidney from normal or untreated 

tumour-bearing mice represented a clear zonal variations extending from the cortex to the 

medulla (Fig. l2A) with normal tubules having intact epithelial cells (Fig. l2B). Afler 

treatment with a single subtherapeutic dose of cisplatin (i. p. 4 mg/kg body wt.) it showed a 

moderate tubular dilation, the enlarged tubule with a disorganised epithelial cells (Fig. 

l2C). Treatment with therapeutic dose of cisplatin (8 mg/kg body wt.) showed the presence 

of few atrophied tubules and tubules with less intact epithelial cells (Fig. 120), while the 

combination treatment of a single dose BSO with subtherapeutic dose of cisplatin showed 

mild to moderate damage with the presence of degenerated tubule and tubule with damaged 

lining membrane (Fig. l2E). An extensive tubular damage was observed i.n kidney section 

a!ler the combination treatment of BSO with therapeutic dose of cisplatin. Tubules with 

severe lining membrane damaged and the presence of epithelial cells debris were seen (Fig. 

12F). 

D. TESTICULAR DYSFUNCTION . 

The histopathological examination of testis has been studied and represented in Fig. 

13A-F. Testis section from normal or untreated tumour-bearing mice showed an outer 

germinal epithelium covering the normal seminiferous tubules and interstitial cells in 

between the tubules (Fig. 13A and B). After treatment with a single subtherapeutic dose of 

cisplatin (i. p. 4 mglkg body wt. ), presence of tubules with slight deranged in the 

spermatogonial mass was observed (Fig. 13C). After treatment with therapeutic dose of 

cisplatin (8 mglkg body wt. ), the appearance of vacuolated seminiferous tubule was seen 
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(Fig. 130). The combination treatment of a single dose BSO with subtherapeutic dose of 

cisplatin showed the formation of vacuolated seminiferous tubules and damaged germinal 

epithelial wall (Fig. 13E). Extensive damaged with the presence of broken seminiferous 

tubules were seen after the combination treatment of BSO with therapeutic dose of cisplatin 

(Fig. 13F). 

3. GLUTTHIONE-RELATED ENZYME ACTIVITIES 

GLUTATHIONE S-TRANSFERASE (GST) ACTIVITY 

Cisplatin treatment resulted in a significant decrease in GST activity in liver (-38%) 

at 24-48 h which recovered slightly at 72-96 h. In kidney, enzyme activity increased to 

about 9% during the 24 h ofcisplatin treatment but decreased (-13%) at 48-96 h which is 

significant at 72 h (-24%). The GST activity in DL cells decreased significantly after 

cisplatin treatment from 24-96 h (Fig. 14A). In the combination treatment of BSO and 

cisplatin GST activity did not change significantly in liver but in kidney it decreased 

significantly at 24 and 72 h of treatment. A significant decreased in GST activity was also 

found in DL cells after the combination treatment. (Table 11, 12 and 13). 

GLUTATHIONE REDUCTASE (GR) ACTIVITY 

As compared to control, GR activity in liver decreases to about 22% at 24 h of 

cisplatin treatment but increases gradually from 48-96 h of treatment. GR activity increases 

significantly in kidney but decreases in Dalton's lymphoma cells after cisplatin treatment 

from 24-96 h (Fig.I4B). After the combination treatment of BSO with cisplatin also GR 
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activity showed a significant increase in kidney from 24-96 h but decreases in Dalton's 

lymphoma cells (Table 11, 12 and 13). 

GLUTATHIONE PEROXIDASE (GPx) ACTIVITY 

1n liver and Dalton's lymphoma cells GPx activity decreased after cisplatin 

treatment for 24-96 h. In kidney GPx activity increased initially at 24 h but decreased during 

the later periods ( 48-96 h) of cisplatin treatment (Fig. 14C). Combination treatment of BSO 

with cisplatin decreased the GPx activity significantly in liver (48 h), kidney and Dalton's 

lymphoma cells at 24, 48 and 96 h (Table 11,12 and 13). 

CATALASE (CAT) ACTIVITY 

CAT activity was noted to decrease in all the three tissues studied i.e. liver, kidney 

and Dalton's lymphoma cells after cisplatin treatment for 24-96 h. (Fig. 14D). After the 

combination treatment of BSO with cisplatin also CAT activity decreased in these tissues. 

(Table 11, 12 and 13). 

SUPEROXIDE DISMUTASE (SOD) ACTIVITY 

In liver SOD activity decreased significantly after cisplatin treatment for 24-96 h but 

in kidney it increased at 24, 72 and 96 h. In Dalton's lymphoma cells enzymatic activity 

increases at 24-48 h but decreases sharply at 72-96 h of cisplatin treatment (Fig. I 4E). After 

the combination treatment of BSO with cisplatin SOD activity decreases significantly at 48-

72 h in liver from 24-96 h in kidney and Dalton's lymphoma cells. (Table 11, 12 and 13). ' . 
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4. PLATINUM UPTAKE 

Uptake of cisplatin by Dalton's lymphoma cells with or without depleted 

GSH was studied. Treatment with therapeutic dose of cisplatin (8 mglkg body wt.), showed 

that uptake of platinum by DL cells was maximum (3.6 J.lg Ptlg DL cells) after 8 hand then 

decreases significantly at 24-48 h of treatment (Fig. 18). When cisplatin was given in 

combination with BSO the uptake of platinum by DL cells was found to be increased than 

that of cisplatin treatment alone. In the combined treatment platinum uptake was maximum 

(S.6 J.lg/g DL cells) at 24 h and then decreased significantly at 48 h (Fig. 18). The 

concentration of platinum beyond 48 h of treatment was found to be beyond the detection 

limit of the inductively coupled plasma (ICP) spectrometer. 

5. SCANNING ELECTRON MICROSCOPY 

SCANNING ELECTRON MICROSCOPY OF DL CELLS 

Control tumour cells are rounded in shape with the presence of fine membrane 

ruffies over the surface distributed evenly over the cell membrane (Fig. !SA). After 8 h of 

cisplatin ( 4 mglkg body wt.) treatment the appearance of few membrane projections over 

the surface were seen (Fig. lSB). After 8 h of the combination treatment of BSO and 

cisplatin (4 mglkg body wt.), thickening of membrane projections and close contact with 

DL cells and phagocytic cells were seen (Fig. ISC). After 8 h of cisplatin (8 mglkg body 

wt.) treatment a slight shift of the membrane ruffies towards the periphery and the presence 

of a thicker membrane projection connecting to the phagocytic cell were noted (Fig. lSD). 

Combination treatment of BSO and cisplatin (8 mglkg body wt.), resulted in an increased 
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number of membrane projections distributing haphazardly over the cell surface (Fig. I SE). 

Combination treatment of cysteine and cisplatin (8 mg/kg body wt. ), caused shortening and 

reduction of the membrane projections (Fig. 15F). After one day (24 h) of cisplatin (8 

mg/kg body wt.) treatment, fusion of the phagocytic-DL cell membrane were frequently 

seen (Fig. I 5G). Formation of blebs over the surface of the DL cells was noted one day 

after the combination treatment ofBSO and cisplatin (8 mg/kg body wt.) Fig. 15 H. When 

cysteine was given in combination with cisplatin (8 mg/kg body wt.) for one day a reduction 

in blebs formation was seen (Fig. 151). A complete lysis of tumour cells was noted after 3-

4 days of cisplatin (8 mglkg body wt.) treatment (Fig.15J-K). 

6. MACROPHAGE-DL CELLS INTERACTION IN VITRO 

In vitro macrophage-DL cells interaction studies revealed very little interactions in 

the controls (Fig. 17). As compared to subtherapeutic dost< alone, combination treatment of 

DL cells in vivo with BSO plus subtherapeutic dose of cisplatin increase its interaction 

with macrophages. Interaction was prominent after 30 min of coincubation of DL cells 

with macrophages, the two cells were seen to interact with each other through long 

cytoplasmic bridge (Fig. 16. B-F). After 60 min of coincubation, the two cells come closer 

by shortening of the cytoplasmic bridge. Presence oflysed target cells were also seen (Fig. 

16. G-J). 

7. HOST SURVIVAL STUDIES 

A regular increase in tumour growth was noted in vivo with time following tumour 

transplantation. An early sign of tumour development was noted from 4-51h day onwards 
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after transplantation. Tumour-transplanted animals developed the ascites tumour and 

survived for 19.00±2.5 days post tumour transplantation (Fig. 19). The in vivo treatment 

was always done at log phase of tumour growth i.e. on the gu• day post tumour 

transplantation. 

Treatment with the subtherapeutic dose of cisplatin ( 4 mglkg body wt.) resulted in 

an increase in their mean survival time and about 10% of the animals survived up to 29 

days. In the group of tumourous mice treated with the therapeutic dose of cisplatin (8 

mg/kg body wt.) about 80% of the animals survived for more than 60 days and remained 

tumour free. In the combination treatment of BSO with subtherapeutic dose of cisplatin, 

about 40% of the animals survived upto 42 days (Fig. 19). Thus, the increase in life span 

(l.L.S.) was found to be about 53% in mice receiving subtherapeutic dose of cisplatin, 

more than 216% in group recieving therapeutic dose of cisplatin and about 123% in group 

recieving BSO plus subtherapeutic dose of cisplatin as compared to control (Fig. 19; Table 

14). 
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Fig. 1. Changes in total GSH (A) and non-protein thiol NPSH (B) in liver, kidney, 

testes, Dalton's lymphoma cells, bone marrow cells and spleen of mice before 

tumour transplantation (day '0') and on the 5°', IO'h and 15°' day of tumour 

growth. Results are expressed as mean ± S.D., Student's t-test, n = 5-6, liver, 

kidney, testes, bone marrow and spleen as compared to day '0'; Dalton's 

lymphoma cells as compared to day '5'. *P~ 0.05. 





Fig. 2. A: Total GSH contents in liver, kidney, testes, bone marrow and spleen fr~m 

normal and tumour-bearing mice at log phase of tumour growth (i.e. lOth day). 

Note a significant decrease in GSH in testes and increase in spleen in tumour

bearing mice. B: ·Total GSH and non-protein thiol (NPSH) content in 

splenocytes from normal mice (SN) without tumour, splenocytes from tumour

bearing mice (ST) and Dalton's lymphoma cells (DL) collected at the log 

phase of tumour growth. As compared to splenocytes (taken as normal 

counterpart of DL cells) from normal mice GSH as well as NPSH was 

significantly decreased in the splenocytes of tumour-bearing mice, but it was 

increased in DL cells. Results are expressed a:s mean ± S.D., Student's t-test, n = 

5-6, as compared to respective normal tissues. *P::> 0.05. 
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~g. 3. Graph showing the percent change in total GSH and non-protein thiol (NPSH) 

content in tissues (Liver, Kidney, Testes, Dalton's lymphoma cells, Bone marrow 

cells and Spleen) of tumour-bearing mice after a single dose of cisplatin (8 

mg/kg body wt.) treatment for 24-96 h. Results are expressed as mean± 

S.D., Student's t-test, n = S-6, as compared to respective control (C; tumour-

bearing mice without cisplatin treatment). *P:s; 0.05. / . 

pf.v,._ .:_, t/.al J.l-t
~1/ll/Ffl.. 

( f.>r»-- T ~ 1 _?) 

sJ.a},j;,~ wcJ,JZnv:> ...,;_ '/?. 
T~ 7. 

~(l ~t:-~~~ ;~o~:; 



= 120 Liver = 120 Dalton's lymphoma g g 
8 100 I~ _1-1-1 8 100 -f-I 0 0 
~ 80 ~ 80 
0 
~ ~ .... .... c: 60 c: 60 Q) Q) .... -•-Total GSH .... -•-Total GSH c: c: 
8 -e-NPSH 8 -0-NPSH 

40 40 
0 0 
:E :E 
1- 20 1- 20 

c 24 48 72 96 c 24 48 72 96 

Cisplatin treatment (h) Cisplatin treatment (h) 

= 120 Kidney = 120 Bone marrow 
0 e 
.b .... 
c: 100 

c: 100 0 

·~~~I 
0 

0 <..l 

·:-V 0 0 
~ 80 ~ 80 
0 0 
~ 

~ .... .... 
c: 60 

c: 60 Q) Q) .... -•-Total GSH .... -•-Total GSH 
c: -e-NPSH 

c: -e-NPSH 
0 0 
0 40 0 40 
0 0 
:E :E 
1- 20 1- 20 

c 24 48 72 96 l c r 24 48 72 96 

Cisplatin treatment (h) Cisplatin treatment (h) 

= 120 Testes g 
§ 100 ~ •-I 0 

~I-I-• ._ 
0 

::!< 80 
0 

= 120 e .... c: 
0 100 0 

0 
~ 80 
0 
~ 

-•-Total GSH 
-e-NPSH Spleen 

~ .... c: 60 .2! -•-Total GSH 
c: -e-NPSH 0 
0 40 
0 
:E 
1- 20 

.... c: 60 .2! c: 
8 40 
0 
:E 
1- 20 

c 24 48 72 96 ] 
Cisplatin treatment (h) 

c r 24 48 12 96 1 
Cisplatin treatment (h) 

Figure 3. 



Table 2. Quantitative changes in total GSH (J.lmoles/g) in the tissues of mice after 
BSO treatment. 

BSO Liver from Liver from Kidney Kidney from ! Dalton's 
I 

treatment normal mice tumour- from tumour- ! lymphoma 
(h) 

I 
bearing mice normal mice bearin~ mice ! cells 

0 : 11.72 ± 1.50 : 11.91 ± 1.06 : 8 .03 ± 1.58 : 8 .50 ± 1.22 : 4.43 ± 0.26 

_ {~?!~t!_~~---- - ~ ------ -- ----------- - ~- ------- ----- -- ---- _;- -------- ---- -- -- --~- -- -- -------- ---- ---- ; -----------------
2 ; I 0 .34 ± 1.23 ; 9.40 ± 0.45* ! 6.40 ± 0.41 ! 7.60 ± 0.38 ; 3 .70 ± 0.30* 

I I I I I 

- - -- ---------- - -~--- - ----- ------- ---- ~------ - -- ----------- · -------------------~- - -- ------ ---------- · ------------------
4 : 8.20 ± 0.87* ' 7.90 ± 0.40* : 5.52 ± 0.78* : 6 .64 ± 0.41* : 2 .85 ± 0. 16* 

I I I I 

I I I 0 I ······ ·· ·· ---- --r· · ···· · ·•••••·• • •··· r ········-···· · · ·· - · - ,· · · • •• • •• • •••• •••••r•·••····-····· ····· ·r ·· · ··········-···-
5 : 7. 10 ± 0 .07* : 7 .00 ± 0. 14* : 5.00 ± 0.58* : 6 .02 ± 0.20* : 2 70 ± 0.2 1 * 

I I I I I 

••••• • ••••••••• •~ • • ••••••••••••• •• •••L••••·• • ••• • •••••• • •• &•• •·••• • •••••••• •••~ • -•• • •• • • •• ••••••···'·······•••••••••• 

6 : 9 .02 ± 1.07* ~ 7.12 ± 0.27* ~ 6 .20 ± 0.44* ~ 6.20 ± 0 .30* ~ 2.41 ± 0 .3 1 * 
I I f I 

---- - - ----------~--- - ------ - - -- ------~- - -------------- -- -- · -------- - -- -··-·- · -~ - - ---------- - - ------ · ---···--·-·------
8 : 9.41 ± 1.10* : 7.41 ± 0.37* : 6 .30 ± 0.58 : 6.80 ± 0.15* : 2.00 ± 0 13* 

I I I I t 

I t I I I --· - ·-- -·---·--·r·----------- --------r- ---- ---------------,-------------------,--------------- ----- -r--- --- --- - · -·- -- -
10 : 9.64 ± 0 .78* : 7 .90 ± 0.29* : 7 .00 ±0.26 : 7 .2 1 ±0.25 : 2.30 ± 0 .17* 

t I I I 

- ------ - - - ------~------------- - ------~-------- - -- ·- ------- ' --·------- - --- ---·-~-------------- - - -- - - ~ -- -- - - - --- ----- - -
12 : 10.11 ± 0.29* : 8.5 1 ± 0.44* : 7 .60±0.41 : 7.76±0.34 : 3. 10 ± 0 . 15* 

BSO = L-buthionine-IS.RI -sulfoximine. was adminjstered intrapcritoncally (i .p.) at the dose of 5mM!Kg 
bod~ \\eight. Statislicul anal) sis: Student 's H cst: n - 5..(): significant!) difTcrenl from rcspccli\ C control . 
+p ~ 0 .05. 



Fig. 4. Graphs showing the pattern of reduction in total GSH (A) and non-protein 

thiol NPSH (B) content in liver, kidney and Dalton's lymphoma cells of normal 

(without tumour) and tumour-bearing mice after a single dose of L

Buthionine-(S,R)-sulfoximine (BSO; 5mM/kg body weight) treatment. 

CAJ~ - /k- ~'s 1 ~ ~-~ Clhv~ 
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5. Histograms showing the comparative changes in total GSH and non-protein thiol 

(NPSH) content in the tissues of tumour-bearing mice collected 24 h after a 

single dose of CP = Cisplatin (8 mg/kg body wt.) and after the combination 

treatment of a single dose L-Buthionine-(S,R)-sulfoximine (BSO; SmM/kg 

body weight) 8 h prior to cisplatin (CP). A: Liver; B: Kidney; C: Testes; D: 

Dalton's lymphoma cells; E: Bone marrow and F: Spleen. Results are expressed 

as mean ± S.D., Student's t-test, n = 5-6, as compared to respective control ( C; 

tumour-bearing mice without treatment). *P~ 0.05. 
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:;ig.l2. Histology of kidney from mtce under different experimental conditions. A: 

Untreated nom1al mouse kidney showing zonal variation extending from 

cortex to the medulla. B: Enlarged view of section (A). C: Section of 

kidney 5 days afier cisplatin ( 4 mg/kg body wt.) treatment showing a slight 

tubular dilation (arrows) . 0 : Section of lcidney 5 days after cisplatin (8 

mg/kg body wt.) treatment showing atrophied tubules (arrows). E: Section 

of kidney 5 days after the combination treatment of BSO plus cisplatin (8 

mg/kg body wt.) treatment showing degenerated and damaged linjng membrane 

tubules (arrows). F: Section of kidney 5 days after the combination 

treatment of BSO plus cisplatin ( 4 mg/kg body wt.) showing lesser tubular 

damage than the therapeutic dose (arrows). Scale bar A- 40 11; B-F- 1 00 IJ.. 
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Fig. II. Photomicrographs representing some sperm abnormality induced by cisplatin. A: 

.P}""-'~ 
(~ 

Normal sperm; B: Sperm with double head; C: Sperm with round head; 0 : 

Sperm with baJion-shaped head; E: Sperm with hook-shaped head; F: 
l 

Sperm with d~ head; a:.J: Sperm with amorphous head; K: Sperm with 

doubled tail. Magnification A-1 x 400. 'l 
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Fig. tO. Photomicrographs ·of metaphase chromosome spreads of ascites Dalton's 

lymphoma cells after cisplatin treatment. A: Control, having one metacentric 

marker chromosome (arrow). B, C: Cisplatin treated tumour cells representing 

various types of chromosomal aberrations such a~ chromatid interchanges, 

chromatid gaps and chromatid breaks (arrows). 
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Fig. 9. Photomicrographs of bone marrow metaphase spreads representing various 

types of chromosomal aberrations induced by cisplatin. A: Control, showing 

normal complement (2n = 40) of chromosomes. B, C: Cisplatin treated bone 

marrow cells showing chromatid gaps, chromatid breaks, acentric fragments 

~ ~~-fj_~ and chro~atid exchanges (arrows). An artifact in the form of black dot due to 

;¥ flo- "" ~ camera error should be taken note of. wr 
~rJt· 
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Table 11. Changes in some GSH related enzyme activities (specific activity) in the live: 
of tumour -bearin mice after cis latin treatment. 
Treatment GST GR GPx Catalase SOD 

Control 2.10 ±0.41 0.41 ± 0.08 1.93 ± 0.34 11.01 ± 0.04 2.61 ±0.01 

Cisplatin (24 h) 1.20 ±0.16* 0.32±0.07 0.76 ±0.12° 6.15±0.21° 0.65 ±0.01° 

Cisplutin (48 h) 1.41 ±0.11* 0.44 ±0.06 0.78 ±o.o5• 6.83 ±0.01° 0.49 ± 0.03* 

Ci,plutin (72 h) 1.67 ± 0.31 0.56 ± 0.13 0.71 ±0.11* 5.52 ± 0.06* 0.65 ± 0.02° 

Cisplatin (96 h) 1.83 ± 0.40 0.61 ±0.10* 0.64 ±0.08* 9.60±0.21° 0.66 ± 0.06* 

BSO + Cisplatin (24 h) 1.96 ± 0.34 0.67 ±0.12* 1.90 ±0.27 8.34 ±0.19* 1.89 ± 0.02 

BSO + Cisplalin (48 h) 1.47 ± 0.39 0.67 ±0.10* 0.67 ± 0.11* 8.01 ± 0.47* 1.06 ± 0.01* 

BSO + Cisplatin (72 h) 1.63 ±0.18 0.46 ±0.09 1.34 ± 0.08 7.16 ±0.50* 0.98±0.01* 

llSO + Cisplatin (96 h) 2.14 ± 0.45 0.57±0.11 1.87 ± 0.35 11.75 ±0.15 1.86 ± 0.02 

GST = Glutathione ·S-trnnsfcrosc~ OR = Ultathione reductase~ Ol'x = Glutathione peroxidase~ SOD - Supcrox 
dismutasc. Unit of enzyme activity is defined as the amount of enzyme cntulyzing tl1e conjugution of I ~1111 

CDNB/min (GST), the reduction of I J.lillOle NADPH/min (GR), oxidation of I J.lillolc NADI'lllmin (Gr 
decomposition of I nunole H,O,hnin (catalase), inhibiting 50% rate ofNADPH oxidation (SOD). Enzyme spec 
acitivity = Units/mg protein. Results are expressed as mean ± S.D. Student's t-test, n= 5-6, as compared 
respective control. •p s; 0.05. 
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Fig.l3. Histological observation of testis of mice under different experimental conditions. 

A: Untreated, control mouse testis showing germinal epithelium (GE), 

seminiferous tubules (ST), and interstitial cells (IC) (arrows). B: Enlarged 

v1ew of section (A). C: Testis 5 days after cisplatin (4 mg/kg body wt.) 

treatment showing a slight deranged spermatogonial mass (arrows). D: Testis 

after 5 days of cisplatin ( 8 mg/kg body wt.) treatment showing vacuolated 

seminiferous tubules (arrows). E: Section of testis 5 days after the combination 

treatment of BSO plus cisplatin ( 8 mg/kg body wt. ) showing broken 

seminiferous tubules (arrows). F: Section of testis 5 days after the 

combination treatment of BSO plus cisplatin (4 mg/kg body wt.) showing a 

slight broken and vacuolated seminiferous tubules (arrows) . Scale bar A- 40 ll; B

F- 100 J..l. . 
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:. 6. A: Graph showing the total GSH content in liver (!1 moles /g wet wt.), 

Dalton's lymphoma cells (!1 moles /g wet wt.) and blood (mg/ml) collected from 

mice on day 0, 5, 10 and IS of tumour growth. Results are expressed as mean± 

S.D., Student's t-test, n = S-6, liver and blood as compared to day '0' and 

Dalton's lymphoma cells as compared to day '5'. *P::s; 0.05. 

B: Graph showing the comparative changes in total GSH content m 

Dalton's lymphoma cells (!1 moles /g wet wt.), splenocytes (!1 moles /g· wet 

wt.}, blood (mg/ml) and ascites supernatant (!1 moles /ml) after cisplatin (8 

mg/kg body wt.) treatment. Results are expressed as mean± S.D., Student's t

test, n = S-6, as compared to control (0 =time before treatment). *P::s; 0.05. 
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Fig. 7. A: Graph showing the interelationship of changes in normal RBCs, abnormal 

RBCs and total blood GSH content in tumour-bearing mice after the treatment 

with cisplatin alone or after the combination treatment of a single dose BSO and 

cisplatin. 

B: Histogram showing the improvement with morphological abnormalities in 

RBCs in tumour-bearing mice after the combination treatment of cysteine plus 

cisplatin. Cysteine administration caused an increase in blood GSH level and 

decrease in abnormalities in RBCs. Results are expressed as mean ± S.D., 

Student's t-test, n =5-6, as compared to control. *P~ 0.05. 
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Table 3. Changes in blood glutathione level in the tumour-bearing mice 
after cis latin treatment. 

Treatment GSH (mg/ml) 

Normal 0.85 ± 0.09 

Control 0.64 ± 0.10 

Cisplatin (24 h) 0.57 ± 0.02 

Cisplatin (48 h) 0.47 ± 0.06* 

Cisplatin (72 h) 0.40 ± 0.01* 

Cisplatin (96 h) 0.42 ± 0.08* 

BSO + Cisplatin (24 h) 0.45 ± 0.12 

BSO + Cisplatin (48 h) o.42 ± o.os• 

BSO + Cisplatin (72 h) 0.37 ± 0.06* 

BSO + Cisplatin (96 h) 0.39 ± o.o5• 

Cysteine + Cisplatin (24 h) 0.83 ± 0.03* 

Nonnul - Ulood from tl1e mice wiU10ut twn ur or treaunent; Control- Blood from UJC tw Jour
bearing mice without treutrocnt. DSO = L-Duthionine-{S,R)-Sulfoximine (SmM/kg body wt.) 
was given 8 h prior to cisplntin (8 mglkg body wt.) treatment. Cysteine (200 mglkg body wt.) 
was given 30 min prior to cisplatin treatment. Results are expressed as Mean± S.D. 
Student's !-test, n = 5-6, as compared to control. •p,; 0.05. 



Table 4. Haematological changes (Mean ± S.D.) in the tumour-bearing mice following 
cisplatin, BSO + cisplatin and cysteine + cisplatin treatment. 

Treatment Hb (gldl) RBC (xl012/l) WBC (x109/l) PCV(%) 

Normal 14.74 ± 1.32 7.84 ±0.59 5.56 ±0.18 0.54 ± 0.()2 

Control 13.45 ±0.84 6.84 ±0.58 6.85 ±0.16 0.52 ±0.02 

Cisplatin (24 h) 11.11 ±0.12* 4.01 ±0.20* 6.20 ± 0.19* 0.35 ±0.03* 

Cisplatin (48 h) 11.94 ± 0.44* 3.71 ±0.59* 5.07 ±0.20* 0.33 ± 0.01* 

Cisplalin (72 h) 12.10 ± 0.76 4.15 ±0.37* 3.21 ±0.17* 0.38 ±0.03* 

Cisplalin (96 h) 12.75 ±0.60 5.88 ±0.96 2.86± 0.19* 0.42 ±0.02* 

BSO + Cisplatin (24 h) 9.84 ±0.56* 3.08 ±0.18* 5.21 ± 0.20* 0.40 ±0.02* 

BSO + Cisplalin (48 h) 9.39 ±0.90* 3.06 ±0.35* 4.60 ±0.21* 0.31 ±0.01* 

BSO + Cisplatin (72 h) 9.33 ± 0.52* 3.34 ±0.23* 2.06 ± 0.19* 0.33 ±0.01* 

BSO + Cisplatin (96 h) 9.44 ± 0.36* 3.60 ± 0.42* 1.01 ± 0.04* 0.37±0.03* 

Cysteine + Cisplatin 12.80 ±0.21 7.65 ±0.74 5.20 ±0.76* 0.48 ± 0.04 

(24 h) 

Hb - Haemoglobin; RDC Red blood cells; WBC White blood cells; PCV -= Packed cell volume. BSO == L-buthionine{S,R)-
sulfoximinc, (5 mM!Kg body wt) was given 8 h prior to cisplatin (8 mg!Kg body wt) treatma1L Cysteine (200 mglkg body v.t.) was 
given 30 min before the cisplatin treatnunl Studoot's t-tesl, n = 4. ns compared to control (untreated tumour-bearing mice). "P S 0.05. 



Table 5. Differentialleucocytes counts (Mean% ± S.D.)in the blood of tumour-bearing 
mice following cisplatin, BSO + cisplatin and cysteine+ cisplatin treatments. 

Treatment Eosinophils N eutrophils Basophils Lymphocytes Monocytes 

Normal 1.56 ±0.16 16.53 ± 1.40 2.25 ± 0.41 75.54 ± 2.53 4.12 ±0.61 

Control 6.57 ± 1.54 65.80 ±6.93 0.78 ±0.13 26.24 ± 3.46 1.44 ±0.17 

Cisplatin (24 h) 5.04 ± 1.25 82.61 ± 2.89• 0.43 ± 0.03• 10.06 ± 0.56• 1.86 ± 0.14• 

Cisplatin ( 48 h) 4.89 ±0.98 78.14 ± 1.11• 0.34 ±0.03• 14.67 ± 0.84• 1.96±0.19* 

Cisplatin (72 h) 6.32±0.19 77.86 ± 5.96• 0.21 ± o.o8• 13.72 ± 1.47• 1.83 ± 0.28 

Cisplatin (96 h) 6.77±0.36 79.09 ±2.JO• 0.61 ± 0.03• 11.65 ± 0.78• 1.88 ± 0.36 

BSO + Cisplatin 4.25 ±0.55• 76.01 ±6.86 0.58 ± 0.03• 17.13 ±7.18• 2.03 ± 0.45• 
(24 h) 
BSO + Cisplntin 3.91 ±0.46• 75.84 ± 1.20• 0.50 ±0.02* 18.06 ± 1.99• 1.69 ± 0.12 
(48 h) 
BSO + Cisplatin 4.63 ±0.84 71.13 ± 0.44 0.40 ± 0.01• 21.82 ±2.21 2.02 ± 0.19• 
(72 h) 
BSO + Cisplatin 4.16 ±0.91• 73.14 ±0.75 0.45 ± 0.09• 20.85 ± 0. 95· 1.40 ± 0.10 
(96 h) 

. 1.86±0.31• 81.42 ±2.10 0.58 ± 0.08* 13.61 ± 2.42* 2.53 ± 0.97* 

Nonual - Bloo.d from the mice without tmnour or treatment, Control = IJlood from the tumour-beanng mice without 
treatment. BSO = L-Bulhionine..(S,R)-Sulfoximine (5mM/kg body wt.) was given 8 h prior to cisplatin (8 mglkg 
body wt.) treatment. Cysteine (200 mglkg body wt) was given 30 min prior to cisplntin treatment. Rcstilts 
are expressed as Mean± S.D. Student's t-test, n =5-6, as compared to control. •p s 0.05. 



~ig.S. Scanning electron microscopic images representating various types of 

abnormal erythrocytes morphology induced by cisplatin. A: Normocytes (having 

smooth surface and biconcave in nature; arrow). B: Microcytes (having lesser 

f";.V"'diameter than the normocytes; arrow) and macrocytes (having larger diameter; 

arrow). C: Acanthocytes (showing few hom-like projections over the surface; 

arrow). D: Scalloping (with folded membrane; arrow). E: Shistocytes 

(fragmented membrane; arrow). F: Stomatocytes (presence of a slot-like 

structure at the centre of the cell; arrow). G: Ovalocytes, (cells with oval shaped; 

~ v arrows) and elliptocytes, (cells having an eliptical shaped; arrow). H: Echinocytes, 

(showing serrated-projections distributed over the surface; arrow). I: 

Spherocytes, (cells having spherical shaped and lost its biconcave nature; 

arrow). J: Burr cells, (showing spiny projections over the surface, arrows). 

Magnification: A-F x 2000; G-J xi! 00. 
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development of vanous morphological abnormalities 

Uurr 
cells 

Nom1al 92.6 0.10 0.10 1.0 1.0 10 0. 1 010 400 
(H4) (0.01) (0.01) (0.21) (0.16) (0.01) (0.01) (0 01) (020) 

Control 128 0.10 0 20 0.10 0.20 0.30 2.70 310 O.JO 820 010 120 
(6. 16) (0.0 1) (0.01) (0.01) (0.01) (0.0 1) (0.24) (016) (0.0 1) (0.2~) (0.02) (0.20) 

CP (24 h) H .6 3.~0 6.20 0.32 3.~0 0.32 7.10 20 60 098 0 91 1.30 1.90 
(2.13)• (0.40)• (0.02)+ (0.02)• (OAO)• (002) (0.20)" (0.49)" (0 0~)· (004)" (0.4~)· (0.32) 

cr (48 h) 440 040 1.24 0.43 0 .. 33 0.10 9.72 32.0 043 4 ,,. 1.70 4.27 
(3.43)• (0.02)" (0. 16) 0 (0.04)• (0.02)• (0.02)• (0.33)0 (2.0l)" (0.04)• (0 12)0 (0 24)" (0.71)" 

C l' (72 h) ,8.6 1.01 0.19 0.17 0. 18 0. 16 1.44 306 1.26 11.30 I 08 1.48 
(1.47)• (0.01)" (0.02) (0.01)" (0.01) (0.01)" (0.36) 0 (0 25)" (0.28)0 (0.90)• (0.06)• (0.24) 

CP (96 h) 72.0 0.22 0.8& 0.22 0.22 o.n 3.74 13.92 0.22 I l-l 044 !1.72 
(6 .. B) (0.01)" (0.01)" (0.02)0 (0.02) (0.04)• (0.33)• (0 . .13)• (0.02)• (0.21)" (0.02)" (041)" 

11SO + CP 3.1.6 2.49 149 0. 16 069 1.66 4.48 9 16 1.66 39 10 0.16 3.3~ 

(24 h) (3.92)• (0.20)• (0.09)• (0.02)0 (0.04)" (032)0 (0.40)• (0 -16)• (0.32)• (1.63)• (0 02)" (0.28)• 

BSO ~ Cl' 49.00 360 3.00 061 0.34 0.61 7.10 1000 1.70 17 10 0.34 6-16 

(48 h) (2.6t)• (0.32)• (0.40)• (0.04)0 (0.04)• (0.01)" (0.21)• (0 Sl)• (04 t )• (0. ~1). (002)• (0.40)• 

liS() I CP ~2 . ~2 2 69 0 ~0 0. 16 0.~0 1.30 6.00 12.00 1 10 10.00 OB uo 
(72 h) (6.32)• (0.32)• (0.04)" (0.01)" (0.01)" (0.2·1)" (0.32)• (0 II) • (0.16)• ( 1.21)• (001)• (O.J7)• 

11SO +- CP .19.6.1 0.2 1 1.00 0.63 1.47 0.84 4.80 10.00 1.47 n .oo 0 63 6.30 

(96 h) ( 1.7.5)" (0.02)• (0.16)• (0.03)• (0.39)" (0.04)0 (0.20)• (0.40)• (0.20)• (0 '2)• (004)• (0.37)• 

CP - Cisplatin: 11SO J, buthionine-{S,R}-sulfoximine, (5 mM/ Kg body wt) wu given 8 h prior lo cisplnlm (8 mg~Kg body \\1) 

treatmcnL Number in the brnckct.s shows the S .D of the respective mean value. Students's l-t~ n - 3-4, as compared to respective 

control •p s 0.05. 



Table 12. Changes in some GSH related enzyme actlvttles (specif;ic activity) m the 
Kidne of tumour -bearin mice after cis latin treatment. 

Control 

Cisplatin (24 h) 

Cisplatin (48 h) 

Cisplatin (72 h) 

Cisplatin (96 h) 

BSO + Cisplatin (24 h) 

BSO + Cisplatin (48 h) 

BSO + Cisplatin (72 h) 

BSO + Cisplatin (96 h) 

1.!0 ± 0.19 0.27 ± 0.08 0.53 ± 0.08 

1.20±0.18 0.46±0.04• 0.78±0.04• 

0.95 ± 0.11 0.68 ± 0.10• 0.65 ± 0.11 

0.84±0.11• 0.61 ±0.13· 0.47±0.04 

0.98 ± 0.23 0.64 ± 0.14• 0.56 ± 0.08 

o.3s ± o.o3• 0.46 ± o.o6• o.ss ± o.o9• 

0.92±0.22 0.83±0.11• 0.86±0.15• 

0.76 ± o.1s• o.s1 ± 0.12• o.s9 ± o.o9 

1.23 ± 0.38 0.52 ± 0.09• 0.93 ± 0.17• 

4.51 ±0.02 

1.46± o.o8• 

1.63 ± 0.03• 

0.80 ±0.01• 

2.37±0.04• 

3.39±0.16 

1.92 ± o.o2• 

1.44 ± 0.03• 

o.63 ±O.o2• 

1.32 ±0.03 

2.17 ±0.02• 

1.32 ±O.QJ 

1.51 ±0.04• 

1.62 ± o.oz• 

2.00 ±0.03• 

2.02±0.02• 

2.04 ±0.01• 

2.43 ± 0.03• 

GST- Glutathione -s-lrrulSfcrnsc; GR- G tathione reductase; GPx - Glutathione peroxidase~ OD - Supcroxitlc 
dismutase. Unit of enzyme activity is defmed as the amount of enzyme catalyzing the conjugation of I I'IIlole 
CDNB/min (GST), the reduction of I I'IIlOle NADPII/min (GR), oxidation of I I'IIlole NADI'Himin (Gl'x), 
decomposition of I mmole 1120 2/min (catalase), inhibiting SO% rate ofNADPII oxidation (SOD). Enzyme specific 
acitivity = Units/mg protein. Results are expressed as mean ± S.~ Student's !-test, n= S-6, as compared to 
respective control. •p,; 0.05. 



Table 13. Changes in some GSH related enzyme activities (specific activity) in Dalton's 
lm homa cells after cis latin treatment. 
Treatment GST GR GPx Catalase SOD 

Control 1.28 ±0.19 0.37±0.08 5.06 ± 1.08 5.87 ±0.31 2.82 ±0.12 

Cisplatin (24 h) 0.43 ±0.05* 0.29 ±0.03 1.80 ± 0.24* 1.13 ± 0.06* 3.10 ±0.05* 

Cisp1ntin (48 h) o.ss ± o.o4• 0.37 ± 0.05 2.06 ± 0.23* 0.85 ± 0.06* 4.49 ± OJJ5* 

Cisp1ntin (72 h) 0.25 ±0.03* 0.25 ±0.03° 0.91 ± 0.13* 0.73 ± 0.04° 1.04 ± 0.03* 

Cisplatin (96 h) 0.26±0.04* 0.27 ±0.02 0.94 ±0.14* 0.52 ±0.04• 1.03 ± 0.07° 

BSO + Cisplatin (24 h) 0.11 ±0.02* 0.28 ±0.02 1.56 ± 0.29* 0.21 ± 0.01* 4.03 ±0.04* . 

BSO + Cisplatin (48 h) 0.10 ±0.02* o.2s ± o.o2• 1.52 ± o.2s• 0.19 ±0.01* 4.34 ±o.ts• 

BSO + Cisplatin (72 h) 0.26 ±0.05* 0.36 ±0.03 1.96 ± 0.22* 0.27±0.02* 6.05 ± 0.12* 

BSO + Cisplatin (96 h) 0.40±0.11* 0.27±0.02 1.86 ±0.17* 0.58 ± 0.0!• 6.08±0.17* 

GST - Glutathione -s-transfcrusc; GR- G!tuthionc reductase; GPx - Glututl1ione pcroxidusc; SOD - Supcroxidc 
dismutase. Unit of enzyme uctivity is defined as the nmount of enzyme catalyzing tl1e conjugation of 1 IJlUO!c 
CDNB/min (GST), the reduction of I ~tmole NADPH/min (GR), oxidation of I IJlllOle NADPH/min (GPx), 
dccmuposilion of 1 mmolc ll20,imin (cutuluse), inhibiting 50% rntc of NADPll oxidulion (SOD). Enzyme specific 
ncitivily = Unitslmg protein. Results are expressed ns mean ± S.D. Student's t-tcst, n= 5-6, ns l:omparcd to 
respective control. •p ,; 0.05. 



;.14. Histogram showing the comparative changes in glutathione-related enzyme 

activities in liver, kidney and Dalton's lymphoma cells (DL) of tumour-bearing 

mice after cisplatin treatment (24-96 h). A Glutathione-s-transferase (GST); B: 

Glutathione reductase (GR); <;: Glutathione peroxidase (GPx); D: Catalase; E: 

Superoxide dismutase (SOD). Enzyme specific activity = Units/mg protein. 

Results are expressed as mean ± S.D; Student's t-test, n = 5-6, as 

compared to respective control (tumour-bearing mice without treatment). *P~ 

0.05. 
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:.15. Scanning electron microscopic tmages of ascites Dalton' s lymphoma cells 

morphology afier cisplatin treatment in vivo. A: Control, showing rounded 

shaped, presence of fine membrane projections and ruffles di stributing evenly 

over the cell surface (arrows). B: 8 h of cisplatin (4 mg/kg body wt.) treatment 

showing few membrane projections over the cell surface. Some phagocytic cell '}.. 

are seen attaching to the tumour cells (arrows) . C: 8 h after the combination 

treatment of BSO plus cisplatin (4 mg/kg body wt.), showing thicker 

membrane projections connecting each other and to the phagocytic cells 

(arrows). 
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D: 8 h of cisplatin (8 mg/kg body wt.) treatment showing a slight shift of 

the membrane ruffles .towards the periphery and the presence of a thicker 

membrane projection connecting to the phagocytic cell. A small membrane 

bleb are seen (arrows). E: 8 h after the combination treatment of 

BSO plus cisplatin (8 mg/kg body wt.), showing an increased in the 

number of membrane projections distributed hapazardly over the cell surface 

(arrows). F: 8 h after the combination treatment of cysteine (200mg!kg body 

wt.) 30 min prior to cisplatin (8 mg/kg body wt.), showing a reduction in the 

length and number of membrane projections (arrows). 
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G: 24 h after cisplatin (8 mgfkg body wt.) treatment showing the fusion of the 

two cell membranes with one side showing the continuity of the tumour 

cell membrane with the phagocytic cell (arrows). H: 24 h after the 

combination treatment of BSO plus cisplatin (8 mg/kg body wt .), showing 

blebs formation (arrows). 1: 24 h after the combination treatment of 

cysteine plus cisplatin (8 mg/kg body wt.), showing a reduction in blebs formation 

(arrows) . 



G 

H 



J-K: 3-4 days after cisplatin (8 mg/kg body wt.) treatment showing complete 

tumour cell lysis (arrows) . 
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Fig. l 6. Light micrographs of Dalton 's lymphoma-macrophage cells interactions 111 

vitro. A: Control, showing the mixed population of tumour cells and 

macrophages without any interaction. B-F: culture showing the various 

interactions of Dalton's lymphoma cells wi th macrophages through long 

processes (arrows). G-J: showing short cytoplasmic bridges (arrows). 
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ig.l7. Histogram showing the variations in the macrophage-Dalton 's lymphoma (DL) 

cell s interaction in vitro. Control = without cisplatin treatment. DL cells were 

treated for 24 h in vivo with cisplatin or BSO plus cisplatin and then co-cultured 

with macrophage for 24 h. BSO (SmM!kg body wt.) was given 8 h prior to 

cisplatin. Results are expressed as mean ± S.D~ Student's t-test, n = S-6, as 

compared to control (*) and 4mg cisplatin (a). a,. P:5; 0 .05 . 
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<ig.l8. Histogram showing platinum (cisplatin) uptake by Dalton's lymphoma (DL) cells 

after cisplatin (8 mglkg body wt.) treatment in vivo. BSO was given 8 h 

prior to cisplatin. Results are expressed as mean ± S.D; Student's t- test, n = 

5-6, as compared to 8 h treatment. *P:<> 0.05. 



5 
0 Cisplatln 
ffil3 BSO + Clsplatln v 

(/) 4 
Q) 
(.) 

_J 

0 
3 

0> ;::, 
a.. 
0> 
:1. 2 

8 24 48 
Cisplatin treatment (h) 

Figure 18. 



Fig.19. Graph showing the survival pattern of tumour-bearing mice after different 

treatments. Control = tumour-bearing mice without treatment. Subtherapeutic 

( 4 mglkg body wt.) and therapeutic (8 mglkg body wt.) dose of cisplatin was 

given on the 10th day post tumour transplantation. BSO (SmM/kg body wt.) was 

given 8 h prior to cisplatin treatment. Results are expressed as mean of 3 

independent experiments. 
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Table 14. Antitumour activity of cisplatin and BSO + cisplatin against murine ascites 
Dalton's lymphoma 

Treatment Day of No. of mice in Survival days I.L.S. 
Treatment the group (Mean ± S.D.) (%) 

Control 8 10 19.00 ± 2.5 

Cisplatin ( 4 mg) 8 10 29.25 ±3.0* 53.95 

Cisplatin (8 mg) 8 10 )> 60* >216 

BSO + cisplatin ( 4 mg) 8 10 42.5 ± 1.0* 123.68 

BSO- L-buthionine-(S,R}- su foximine, was admimstered i.p. 8 h prior to c1splatin treatment on the 8th day post 
tumour transplantation. l.L.S. =Increase in life spmt. In the experimental groups,I.L.S. (%) = i(T-C)/C]x 200, 
where T and C are mean survival days of treated mice and untreated; control mice respectively. Student's t-test~ 
n = 3, as compared to control, •p ~ 0.05. 
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DISCUSSION 

In mammalian cells under normal physiological conditions more than 98% of 

glutathione exist in the reduced form (GSH) at intracellular concentration of 0.5 to IOmM 

(Arrick and Nathan, 1984). GSH plays an important role in cell defense mechanisms by 

acting as an antioxidant or by reacting with electrophiles (Deleve and Kaplowitz, 1991 ). 

GSH can react with many toxic agents to form conjugates which are eliminated from the 

cell (Meister, 1991). While this mechanism confers protection against many types of toxins, 

it can also counteract the effects of many chemotherapeutic agents including platinum 

drugs. Elevation of GSH in cellular resistance to platinum agents have been reported in 

several human and murine tumour cell lines (Hamilton et. al., 1985; Chen et. al., 1995; 

Pendyala et. al., .!997). In vitro and in vivo conjugation reactions of GSH with platinum 

agents and active elimination of GSH-Pt conjugates has been demonstrated in murine 

Ll210 cells and human leukemia HL60 cells (Ishikawa and Ali-Osman, 1993). Intracellular 

nonprotein thiols (NPSH) also protects cells against the cytotoxicity effects of endogenous - . 
or exogenous electrophiles, such as platinum complexes or alkylating agents (Meister and 

Anderson, 1983; Hamers et. al., 1991; 1993). Li et. al., (1998) reported that the level of 

NPSH in liver and jejunum of B6D2F1 mice plays an important role against oxaliplatin 

toxicity. 

Present studies showed that GSH and NPSH concentrations varies in different 

tissues of normal and tumour-bearing mice and also in normal and tumour cells at different 

stages of tumour growth. GSH and NPSH showed no significant changes in liver and (f) 
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kidney, it increase in spleen and Dalton's lymphoma (DL) cells but decrease in testes and 

bone marrow cells with the tumour growth (Fig. 1). As compared to corresponding normal 

mice tissues, GSH content was found to increase in tissues of tumour-bearing mice (except 

in testes). Both GSH and NPSH contents increased in DL cells as·compared to splenocytes 

its normal counterparts (Fig. 2). It was observed that GSH level in DL cells increased 

gradually with the progression of tumour growth, reaching maximum on day 10 and 

thereafter, it decreases slightly over the next 4-5 days. During the growth of Ehrlich ascites 

tumour an increased in GSH level has also been reported being maximum approximately on 

day 7 (Estrela et. al., 1992). The observed increase in GSH level in the tumour cells may 

suggest its involvement to facilitate proliferation and metabolism of tumour cells in the 

host. It has been reported that elevation of intracellular GSH in tumour cells is associated 

with mitogenic stimulation (Shaw and Chou, 1986) and GSH controls the onset of tumour 

cell proliferation by regulating protein kinase C activity and intracellular pH (Terradez et. 

al., 1993). A decrease in the rate of cancer cell proliferation and a decrease of GSH level in 

the tumour cell has also been reported (Estrela et. al., 1992). Thus, it may be suggested that 

the changes in GSH level in DL cells with the tumour growth in mice may reflect the 

changes in the rate of tumour cell proliferation accompanied by changes in antioxidant 

machinery. 

In contrast to an increase GSH content in DL cells, a regular fall in blood GSH was 

also noted (Fig. 6A) with the progression of tumour growth. Some amino acid precursors 

for glutathione synthesis particularly glutamine serves as an important respiratory fuel of I 
tumour cells (Estrela, 1992). The increase in DL cells GSH may reflect an increase uptake 
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of essential amino acids by DL cells from the plasma and render the blood cells 

insufficient precursors for GSH synthesis. Glutathione efflux from tumour cells and 

interorgan flow of glutathione into plasma have also been reported (Estrela, 1992; Meister 

and Anderson, 1983). The increase in glutathione concentration observed in tissues of 

tumour -bearing mice may suggest the utilisation of plasma glutathione by these tissues. 

Tumour cells have been reporte<!_ to generate a large amounts of hydrogen peroxides, 

which may contribute to their ability to damage normal tissues and facilitate tumour growth 

and invasion (Szatrowski and Nathan, 1991). Resistance of many cells against oxidative 

. stress is also associated with high intracellular levels of GSH (Estrela et. al., 1995). 

Glutathione also plays a major role in detoxifying many reactive metabolites (Hinchman 

and Ballatori, 1994), the increase GSH content noted in tissues of tumour-bearing mice 

may also be involved in protective mechanisms in response towards various toxic radicals. If 

The present results showed large variations in the response of DL cells and other 

tissues to cisplatin treatment. A decrease in GSH and NPSH concentration was seen after II@ 
cisplatin treatment in tissues and DL cells (Table 1; Fig. 3). After cisplatin treatment total 

GSH concentration decreases significantly in kidney and bone marrow (24-48 h) and in 

spleen ( 48 h). NPSH concentration decreases at 24 h in liver, testes and DL cells and at 24-

48 h in kidney and bone marrow after cisplatin treatment. In spleen NPSH decreases from 

24-96 h of cisplatin treatment. Except in spleen glutathione concentration was found to 

recover during the latter periods of treatment (72-96 h). The role of glutathione in the 

metabolism of cisplatin have been reported (Suzuki and Cherain, 1990). Cisplatin has been 

shown to be sufficiently electrophilic to react with glutathione directly (Eastman, 1987; 
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Jones and Basinger, 1989) and the resulting glutathione-platinum complex of both 

endogenous and exogenous sources is actively eliminated from cells by the glutathione s-

conjugate export pump (Ishikawa, 1992; Ishikawa and Ali-Osman,l993). The observed 

decrease in glutathione concentration after cisplatin treatment suggest the possible~~~ 

involvement of cisplatin-glutathione complex formation which would lead to less cellular / ® 
protective mechanisms. Although glutathione recovery at 72-96 h of treatment was noticed 

(Table I; Fig.3), any damage initiated on cells during early stage of treatment (24-48 h) may 

be partially repaired or retained which may lead to develop drug's toxic/cytotoxic effects. 

The effects of glutathione on the cytotoxicity of cisplatin and enhancement of its 

cytotoxicity by glutathione depletion have been reported (Mistry, et. al., 1993; Pendyala, et. 

al., 1997). Myelosuppression resulting in leukopenia and thrombocytopenia is a frequent 

and major complication of cancer chemotherapy (Hoagland, 1982). Thus, various 

haematological parameters are usually monitored during antineoplastic therapy (Doll and 

Weiss, 1983). Evidence for· glutathione deficiency have been found in a variety of diseases 

including diabetes (Murakami et. al., 1989), HIV infection (Staal _et. al., 1992), cystic 

fibrosis (Roum et. al., 1993), acute respiratory distress syndrome (Morris and Bernard, 

1994) and chronic renal failure (Castagliola et. al., 1989; Durak et. al., 1994; Ross et. al., 

1997). ln the present studies, the differential effects of cisplatin on GSH in blood and ascites 

supernatant was also noted (Fig.6B). There is a slight recovery-of GSH concentration in 

ascites supernatant during the later period of cisplatin treatment (48-96 h) but a continuous 

fall in blood GSH levels after cisplatin and in the combination treatment of BSO plus /GJ 
cisplatin from 24-96 h (Table 3; Fig. 6B) was noted which strongly indicate the severe 
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effect of cisplatin on blood GSH suggesting anemic condition in these mice. The 

haemoglobin contents, erythrocytes and leucocytes counts, percentage of eosinophils, 

basophils, lymphocytes and packed cell volume also decreases with the decrease in blood 

GSH (Table 4 and 5). Pal et. al., (1993) reported that the growth of Ehrlich ascites 

carcinoma in Swiss albino mice was accompanied by a decrease in haemoglobin and RBC 

values. This observation assumes significance as anemia is a common finding in malignancy 

(Price and Greenfield, 1958), and chemotherapy often aggravates the condition due to 

suppressive effect of majority of anticancer agents on erythropoiesis (Doll and Weiss, ~ 
1983). The present observations indicate that cisplatin may also have similar effects in the 

hosts. Although haematotoxicity and myelosuppression of cisplatin have been reported 

(Esposito, et. al., 1992, Gandara, et. al., 1986) the exact mechanism underlying cisplatin 

haematotoxicity is still unknown. lt has been suggested that decreased blood antioxidant 

capacity indicates impairment of erythrocytes antioxidant defenses and may contribute to 

increase erythrocyte fragility, decrease erythrocyte life span and anemia (Durak et. al., 

1994). Since GSH plays a key role in cell defense mechanism (van Klaveren, et. al., 1997) 

and contained about 99% in erythrocytes (Michelet et. al., 1995), it may be suggested that a 

decrease in blood GSH may disturb the protective mechanism in blood. This suggestion is 

further supported by the observation of various types of cisplatin-induced morphological { ~ 
abnormalities in erythrocytes (Fig. 8; Table 6). Interestingly, ·with the decrease in blood 

GSH the number of normal erythrocytes also decreases where as abnormal erythrocytes 

increase significantly (Fig. 7 A and B) which suggests that blood glutathione levels and the I 
development of various cisplatin-induced abnormal erythrocytes are inversely related. 
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Besides DNA,the side chains and terminal amino and carboxylate groups of proteins, 

small peptides such as glutathione and amino acids are also potentially good ligands for 

cisplatin (Pendyala and Creaven, 1993; Brown et. al., 1994; Taylor et. al., 1995; Speelmans 

et. al., 1997). Erythrocytes are anucleated cells where DNA the molecular target of cisplatin 

action is lacking. Moreover, the observed increase in the number of abnormal erythrocytes 

with the decrease in percentage of blood GSH level may suggest that the changes in 

blood GSH levels should be one of the main determining factors in cisplatin-induced 

haematotoxicity in the host during cancer chemotherapy. This is supported by the observe 

decrease in the number of abnormal erythrocytes (Fig. 7B) and an improvement ofvarious 

haematological parameters (Table 3, 4 and 5) when cysteine a precursor for GSH synthesis 

is combined with cisplatin. 

Development of chromosomal aberrations, micronuclei and sperm head abnormality 

have been commonly used as sensitive biological indicator in the mutagenic bioassays of a 

drug. In the present study development of all these mutagenic parameters were seen after 

cisplatin treatment of tumour-bearing mice in vivo and supports earlier findings of its Cl) 

genotoxic properties (Overbeck et. al., 1996; Pillaire et. al., 1994). The chromosomal 

pattern in bone marrow cells revealed that chromatid breaks and gaps occured more 

frequently. The total number of aberrant metaphases as well as chromosomal aberrations 

were noticed to be highest at 24 h of cisplatin and in the combination treatment of BSO 

plus cisplatin and decrease appreciably during latter periods (Table 7; Fig. 9). It has been 

reported that chemicals in general produce the highest frequency of aberrations in rodents 

24 h after single exposure, which roughly coincides with the normal length (22-24 h) of the 
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cell cycle (Schmid, 1973). The decrease in aberrations during later periods could be due to 

various possible reasons such as death of damaged cells, clearance of drug from the body, 

post-replication repair process and other unknown processes. An involvement of post

repli cat ion repair process in cisplatin induced DNA damage has been established (Sorenson 

and Eastman, 1988). 

The number of aberrant metaphases developed in Dalton' s lymphoma cells for 24-

96 h (Table 8; Fig . I 0) were comparatively quite high than that observed in bone marrow 

cells of the same host (Table 7). It indicates that bone marrow cells had gradual and 

effective recovery after cisplatin treatment. lt has been suggested that cisplatin lesions on 

guanine o n DNA of normal cells could be repaired before repli cation but not in cancer cells 

due to its defi ciency in repair process and the burden of mutations increases beyond the 

limit of survival (Rosenberg, 1985). The mutagenic potentiaJity of cisplatin in bacteria 

(Overbeck et. al. , 1996; Cross et. al. , 1996) as well as in mammalian cells (Zwelling et. al. , 

1979; Tandon and Sodhi , 1985; Pi llaire et. al. , 1994) limit its therapeutic use in cancer 

chemotherapy. In an attempt to overcome these impediments, the use of cisp1atin in 

combination with other agents have been tried with different degrees of success (G iri et. al. , 

1998). In the present stud ies combination treatment of BSO plus subtherapeutical dose of 

cisplatin ( 4 mg/kg body wt.) shows a significant reduction in the mutagenic effects of 

cisp1atin on chromosomes as compared to that of BSO plus therapeutical dose of cisplatin 

(8 mg/kg body wt.). lt is therefore, suggested that BSO in combination with subtherapeutic 

dose of cisplatin would be effective as the anti cancer activity of cisplatin is maintained with 

less mutagenic effects. 
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Glutathione content in bone marrow and Dalton's lymphoma cells decreases 

significantly after cisplatin (8 mg/kg body wt.) treatment alone and in combination with 

BSO (Table 1; Fig. 3 and 5). Under decreased cellular glutathione levels, the amount of 

drug which may reach the critical DNA target in chromosomes would be more, thereby, 

developing higher chromosomal aberrations. However, when cysteine a precursor for 

glutathione synthesis was given with cisplatin treatment, a significant decrease in the 

abnormal metaphases was noticed (Table 7 and 8). These finding in tum suggest a definite 

protective role of glutathione on chromosomal aberrations induced by cisplatin. 

Micronuclei are cytoplasmic chromatin masses with the appearance of small nuclei 

that arise from chromosome fragments of intact whole chromosome lagging behind at the 

anaphase stage of cell division (Czyzewska and Mazur, 1995) and they can easily be 

recognised in the cytoplasm of immature polychromatic erythrocytes (Schmid, 1976). The 

incidence of micronuclei was found to be increased both after cisplatin ( 4 mg and 8 mg/kg 

body wt.) treatment and in combination with BSO (Table 10). Giavini et. al., (1990) 

reported a dose-related increase of micronuclei in the blastocytes treated with anticancer 

drugs. The comparative analysis of the frequency of micronuclei in mice showed that the 

incidence of micronuclei was comparatively less with subtherapeutic dose ( 4 mg/kg body 

wt.) than therapeutic dose of cisplatin (4 mg/kg body wt.). However, combination 

treatment with cysteine and cisplatin significantly reduces the incidence of micronuclei as 

compared to cisplatin (8 mg!kg body wt.) treatment alone (Table 10). Enhanced cisplatin 

toxicity by a decreased in tissue glutathione levels has been reported (Nakagawa et. al., 

1995). Therefore, it is suggested that the decrease in the frequency of micronuclei after 
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combination treatment with cysteine is due to elevated levels of glutathione which protect/ 

cells from the toxic effect of cisplatin. · 

Cisplatin has been reported to cause sertoli cells dysfunction (Pogach et. al., 1989; 

Aydiner et. al., 1997) and embryotoxicity (Giavini et. al., 1990) in rats. Sperm abnormality 

analysis in mice showed that treatment with cisplatin ( 4 mg and 8 mg/kg body wt.) alone 

and in combination treatment with BSO caused a significant increase in sperm abnormality. 

As compared to therapeutic dose (8 mglkg body wt. ), treatment with subtherapeutic dose 

of cisplatin ( 4 mg/kg body wt.) developed lesser number of abnormal sperms (Table 9; Fig. 

11 ). 1t was shown that testicular somatic cells and sertoli cells synthesized glutathione by a 

FSH-sensitive mechanism (Li et. al., 1989) and cisplatin treatment effects the 

hypothalamic-pituitary-gonadal axis causing a decreased in testosterone levels which is 

essential for sperm maturation (Malarvizhi and Mathur, 1996). Glutathione is essential to 

protect germ cells from mutagens and spermatozoa from oxidative injury (Ochsendorf et. 

al., 1998). Cisplatin treatment in tumour bearing mice decreases the glutathione 

concentration in testes (Table I; Fig. 3) and this could be the mechanism that lead to 

develop an increase in sperm abnormality during cisplatin therapy. This is further supported 

by the observed decrease in the number of abnormal sperms when cysteine a precursor of 

glutathione synthesis was given in combination with cisplatin (Table 9). 

The nephrotoxicity of the platinum containing chemotherapeutic drug cisplatin 

continues to limit the clinical application of high dose cisplatin regimens. The nephrotoxicity 

which can be observed in man as well as in animals is dose-dependent (Ward et. al., 1977; 

Loehrer and Einhorn, 1984). Cisplatin-induced acute renal failure follows a typical 
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sequence. For the first 48 h the renal haemodynamics are normal; thereafter, a decrease of 

both renal blood flow and glomerular filtration can be observed with a maximum change 

occurring between the 3nl and 61h day and a subsequent slow recovery (Safirstein et. al., 

1981; Chopra et. al., 1982; Winston and Safirstein, 1985). In the present study, 

histopathological evaluations for animals recieving cisplatin (8 mgfkg body wt.) alone after 

5 days of i.p. treatment showed marked tubular damage (Fig. 12D) which is severe in the 

combination of cisplatin with BSO (Fig. 12E). This findings support earlier report of 

cisplatin nephrotoxicity (Krakoff, 1979) and its enhancement by BSO (Ishikawa, 1990). 

Since nephrotoxicity of cisplatin is a dose dependent, the effect of subtherapeutic 

dose of cisplatin (4 mgfkg body wt.) alone or in combination with BSO was also studied. 

Interestingly, the damage with subtherapeutic dose is comparatively less as compared to 

those observed with therapeutic dose (8 mgfkg body wt.) of cisplatin treatment (Fig. 12C 

and F). Cisplatin is predominantly excreted by kidney, some 50% of injected cisplatin is 

excreted in the urine over the first 24 h in the free, unbound form (Litterst, 1984). Urinary~ 

excretion of platinum rapidly diminishes subsequently, owing to its binding by plasma? 

proteins and deposition in tissues. The observed decrease in the tubular damage with 

subtherapeutic dose of cisplatin could be due to lesser renal platinum accumulation. 

The biochemical and subcellular basis for renal toxicity from cisplatin is not fully 

understood. Enhancement of cisplatin toxicity by a decrease in tissue glutathione levels has 

been reported by some investigators (Nakagawa et. al., 1995). A decrease in renal 

glutathione has been reported after cisplatin treatment ill vitro (Nakano and Gemba, 1989) 

and ill vivo (Suzuki and Cherian, 1990). However, some reports have also shown that the 
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administration of cisplatin to rats resulted in an increase, not a decrease, in renal glutathione 

(Litters! et. al., 1982; Jones-Leyland et. al., 1983) or had no effect on renal glutathione 

(Maines, 1986). However, present studies showed a significant decrease in kidney 

glutathione after cisplatin treatment alone and in combination with BSO (Table 1; Fig. 5). 

Since glutathione is an important endogenous antioxidant which protect the renal cortex 

from cell injury by detoxifYing peroxides caused by cisplatin (Sugihara, et. al., 1987; 

Sadzuka, et. al., 1991; Kim, et. al., 1997; Baliga et. al., 1998), it is therefore, suggested that 

a decrease in kidney glutathione level may be involved in cisplatin-induced nephrotoxicity. 

Cisplatin is effective against testicular tumours, which have been proved to be one 

of its better targets (Rozencweig et. al., 1981). Earlier studies indicate that testis tumour 

cells are hypersensitive to cisplatin and have low capacity to remove cisplatin-induced DNA 

damage from the genome (Koberle et. al., 1997). Koberle et. al., (1999) investigated the 

nucleotide excision repair (NER) capacity of extracts from well-defined 833 K and GCT 27 

human testis tumour cell lines and found that . this cells had normal amounts of NER 

proteins, but low levels of the xeroderma pigmentosum group A protein (XPA). However, 

cisplatin does have negative effects on the normal functions of the testis. Sterility is one of 

the long-term adverse effects of cisplatin (Loehrer and Einhorn, 1984) and extension of 

survival is accompanied by problems of fertility (Trump, 1995). Cisplatin have been 

reported to cause germinal epithelium damaged, dilation of the endoplasmic reticulum in 

Ieydig and sertoli cells, structural changes in mitochondria and an increase in the number of 

inclusion bodies (Aydiner et. al., 1997). Cisplatin also mediated hormonal perturbations by 

its effects on the hypothalamic-pituitary-gonadal axis (Malarvizhi and Mathur, 1996). The 
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mechanisms of this effect are not understood. In the present study, acute damaged was 

observed on mouse testis following cisplatin (8 mg/kg body wt.) treatment alone for 5 days. 

Severe damage was seen when cisplatin was given in combination with BSO (Fig. 130 and 

E). The toxic effect of cisplatin on testis was found to be a dose-dependent as treatment 

with subtherapeutic dose of cisplatin (4 mg/kg body wt.) alone and in combination with 

BSO showed lesser degree of damage (Fig. 13C and F). Cisplatin treatment alone and in 

combination with BSO was found to decrease the cellular levels of glutathione in testes 

(Table 1; Fig .. 5). Since glutathione an antioxidant contribute in cellular protection, a 

decrease in its concentration after cisplatin treatment in testes may suggest the underlying ! 
I 

mechanisms of cisplatin-induced testicular damage. 

Glutathione and glutathione-related antioxidant enzymes have been known to be of 

central importance in the detoxification of peroxides, hydroperoxides, xenobiotics and drugs 

(Chasseaud, 1979; Meyer et. al., 1998; Bandyopadhyay et. al., 1999). Many forms of 

oxygen radicals such as hydrogen peroxide, lipid hydroperoxides, superoxides, hydroperoxy 

and hydroxyl radicals are implicated in several disorders including rheumatoid arthritis, 

reperfusion injury, cardiovascular ·disease, immune injury and cancer (Ross, 1988). 

Intracellular defense mechanisms to detoxify these reactive free radicals include the 

enzymatic systems glutathione peroxidase, glutathione reductase, glutathione s-transferase, 

superoxide dismutase and catalase (Tew, 1994; Ohkuwa et. al., 1997; Noctor and Foyer, 

1998; Teramato et. al., 1999). In the present study activity of glutathione-related enzymes 

was investigated in the cytosolic fractions prepared from tissues of tumour -bearing mice 

after cisplatin treatment. 
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Glutathione s-transferase (GST) are a large family of multifunctional detoxification 

enzymes that catalyze the conjugation of a wide variety of electrophilic toxins and 

carcinogens with glutathione ( Chasseaud, 1979). It has been reported that GST activities 

are increased in several human tumours including lung carcinoma (Saydam et. a!., 1997). In 

the present studies, GST activity in liver decreases initially but recover gradually during the 

latter periods of cisplatin and BSO+cisplatin treatment. In kidney GST activity increases at 

24 h after cisplatin treatment alone and at 96 h in combination with BSO. ln contrast, 

Dalton's lymphoma cells showed a significant decrease in GST activity from 24-96 h of 

cisplatin and BSO+cisplatin treatment (Table 11-13; Fig. 14A). An increase in GST activity 

after cisplatin treatment reflects the utilization of glutathione in detoxification reactions 

particularly in kidney which leads to low glutathione levels (Table 1; Fig. 3 and SB) and 

thereby causing nephrotoxicity. Decrease GST activity in Dalton's lymphoma suggest that 

GST is not involved in the detoxification process. Since under decrease GST activity the 

cellular glutathione is not utilize, the observed decrease in glutathione levels in Dalton's 

lymphoma cells after cisplatin treatment (Table 1; Fig. 3 and SD) may suggest the non

enzymatic involvement of glutathione in the detoxification process. 

Glutathione reductase (GR) catalyzes the reduction of oxidised glutathione to form 

reduced glutathione in the presence of NADPH (Sweet and Blanchard, 1991 ). This 

reaction serves to maintain a high GSHIGSSG ratio in the cell (Vanoni et. al., 1991 ). 

Elevated levels of GR have been reported in murine experimental tumours (Muller et. al., 

1993) as well as in human leukemia (Rzymowska, 1995) and lung cancers (Saydam et. al., 

1997). In the present studies, GR activities increase in liver and kidney but decreases in 
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Dalton's lymphoma cells after cisplatin alone and in combination treatment with BSO 

(Table 11-13; Fig. 14B) The observed increase in GR activity in tissues of tumour-bearing 

mice particularly in kidney could be in response to cytotoxic effects of cisplatin and to 

maintain the intracellular ratio of glutathione as cisplatin treatment causes a decreased in 

tissue glutathione concentrations. This is supported by the observed recovery of glutathione 

in tissues during later· periods of cisplatin treatment (Table 1; Fig. 3). The decrease inGR 

activity may suggest one of the possible mechanisms by which cisplatin exert its cytotoxic 

effects in Dalton's lymphoma cells. 

Glutathione peroxidase (GPx) catalyzes the oxidation of reduced glutathione to 

oxidized form and functions in the protection of cells against oxidative damaged (Maiorino 

et. al., 1990). High GPx activity have been shown in breast cancer patients (Gromadzinska 

et. al., 1997). In the present study, GPx showed a significant decrease in liver and Dalton's 

lymphoma cells after cisplatin treatment alone and in combination with BSO (Table 11-13; 

Fig. 14C) reflecting that the system of defense against free radicals is severely impaired in 

these tissues. Decrease GPx in Dalton's lymphoma cells may fuvour .accumulation of free 

radicals which may induce the neoplastic mutation. Cisplatin-induced nephrotoxicity via 

hydroxyl radical have been demonstrated (Sadzuka et. al., 1991; Baliga et. al., 1998). An 

observed increase in GPx activity noted in kidney after treatment may be involved in 

protecting against cisplatin-induced hydroxy radicals. Glutathione is also involved as a 

substrate for GPx, which reduce H20 2 and organic peroxides, thus protecting cell proteins 

and cell membranes against oxidation. The increase GPx activity could be the reason by 
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which cisplatin decreases kidney glutathione concentration and thereby leading to its 

nephrotoxic effects. 

Catalase (CAT) catalyses the decomposition of H20 2 to H20 and 0 2 and protect 

the cells from oxidative damaged (Ueda et. al., 1990). Reduction in CAT activity have been 

reported in experimental carcinogenesis (Corrocher et. al., 1986; Arruda et. a!., 1996). In 

the present studies, CAT activity was found to decrease in all the tissues after cisplatin and 

in the combination treatment with BSO (Table 11-13; Fig. 14D). Cisplatin treatment in rats 

have been reported to cause increase production of lipid peroxides (Sugihara et. al., 1987). 

The observed inhibition of CAT activity reflect the mechanism by which cisplatin increases 

the peroxide level and causes tissue injury particularly in kidney and cytotoxicity in DL 

cells. Decrease CAT activity may lead to intracellular accumulation of hydroperoxides 

which may result in the overloading of other peroxide destroying enzymes including GPx 

and consequently in a significant redox imbalance. 

Superoxide dismutase (SOD) accelerate the spontaneous dismutation of the 

superoxide radical (0'2) to H20 2 and 0 2 therefore controlling supero~ide levels in the cells. 

In the present study, SOD activity was found to decrease in liver but increase in kidney after 

treatment. In Dalton's lymphoma cells SOD activity increases in the combination of 

BSO+cisplatin and at 24-48 h of cisplatin treatment alone (Table 11-13; Fig.l4E). A 

decrease in SOD activity have been reported in cancer cells (Oberly et. al., 1982; Arruda et. 

al., 1996; Navarro et. a!., 1999). A number of chemotherapeutic agents including cisplatin 

have been shown to stimulate the production of reactive oxygen radicals (Sadzuka et. al., 

1991). However, cancer cells have also been reported to generate a large amount of H202 
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(Szatrowski and Nathan 1991). Since o-2 is a substrate for SOD reaction, it is suggested 

that an increase in SOD activity observed in kidney and Dalton's lymphoma cells is due to 

the generation of o-2 by cisplatin. Indeed an increase in SOD activity could be a protective 

mechanism due to cisplatin-induced hyperproduction of reactive oxygen intermediates. 

Accumulation of H202 the product of SOD if not converted would lead to imbalance 

antioxidant defense, resulting in enhanced oxidation due to accelerated generation of H20 2. 

Catalase the enzyme responsible for converting this product was also found to decrease in 

these tissues. This increase in SOD activity may at least in part explain the mechanism by 

which cisplatin-induced nephrotoxicity and cytotoxicity. 

Scanning electron microscopic observations revealed a senes of cytological 

changes during Dalton's lymphoma cells regression following cisplatin and combination 

treatment with BSO (Fig. 15A-K). In the present study, appearance of fine membrane 

projections was noted after 8 h of subtherapeutic dose of cisplatin which become thicker in 

the combination treatment with BSO (Fig. ISB and C). The tumour cells interact each other 

and with the phagocytic cells through these projections which incr~ases in length after 

therapeutic dose of cisplatin alone and in numbers after the combination treatment with 

BSO (Fig. 15D and E). Fusion of the two cell membranes and the emergence of blebs were 

seen after 24 h (Fig. ISG and H) and complete tumour cell lysis occur after 3-4 days of 

treatment (Fig. 15J and K). Formation of membrane vesicles/blebs in tumour cell have been 

reported after cisplatin treatment (Lemasters et. al., 1987; Giri, 1995) and during immune 

cell mediated killing (Liepins, I983) which results from altered micro filament net work 

(Liepins and de Harven, 1982). Increase binding of activated murine macrophages to 
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Dalton's lymphoma cells after cisplatin treatment and exchange of lysosomes through these 

cytoplasmic extensions have also been demonstrated (Singh and Sodhi, 1988; Gupta and 

Sodhi, 1988). A cytological study of ascites tumour cells treated with sub-therapeutic dose 

cisplatin plus oc-tocopherol showed mitotic inhibition with the appearance of binucleated 

cells, increased cellular volume and the formation of giant cells within 1-8 h of treatment. 

These changes were followed by heavy infiltration of cells of the reticuloendothelial system 

(Sarna et. al., 1998). 

Glutathione is known to compete for cisplatin complexation with other molecules in 

the cells such as DNA (Timmer-Bosscha et. al., 1992). Intracellular glutathione therefore 

plays an important role in the antitumour activity of cisplatin. Dalton's lymphoma cells 

showed a decrease in glutathione concentration after treatment (Table 1; Fig. 3 and SD), 

reflecting its weak protective function. Some workers reported that cisplatin form 

complexes specifically with phosphotidylserine which is located in the inner leaflet of 

biological membranes and may have important physiological implications (Speelmans et. 

al., 1997). Furthermore, cisplatin-glutathione complexes can be extru~ed by cancer cells by 

the ATP-dependent glutathione S-conjugate export pump (Ishikawa, 1992), thereby also 

decreasing the anticancer activity of the drug. In the present study it was found that 

intracellular accumulation of platinum in Dalton's lymphoma cells was high under depleted 

glutathione level (Fig. 18) which could be due to a decrease in the formation of platinum

glutathione conjugates. It is therefore suggested that the decrease in intracellular glutathione 

may enhance drug cytotoxicity and leads to various abnormal membrane development. This 

is further supported by the observation that combination treatment with cysteine a precursor 
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for glutathione synthesis reduces the formation of membrane blebs/projections (Fig. 1 SC, F 

and I). 

Cisplatin besides being a potent antineoplastic agent, also play a role in stimulating 

immune processes (Kleinerman and Zwelling, 1982). Murine macrophages treated with I 
cisplatin show enhanced capacity to lyse the tumour cells in vitro and also result in increase 

production of tumour cytolytic factors (Sodhi and Singh, 1986) and hydrogen peroxide and 

oxygen radicals by macrophages (Sodhi and Gupta, 1986). Activated macrophages can 

recognise and destroy neoplastic cells by a mechanism that requires cell to cell contact 

(Fidler, 1978). Electron microscopical studies have shown an intimate contact between the 

cell membrane of effector and target cells or of both (Sodhi, 1979). In the present in vitro 

study, light microscopic observation showed that activated macrophage and Dalton's 

lymphoma (DL) cells treated in vivo interact with each other through a long cytoplasmic 

bridge (Fig. 168-F) which is similar to those observed by Singh and Sodhi, (1988). Aller 60 

min of incubation the cytoplasmic bridge become shortened and cell to cell contact was 

noted with some target cells being lysed (Fig. 16G-J) as a result of tumoricidal effect of 

activated macro phages. As compared to subtherapeutic dose ( 4 mglkg body wt.) alone, 

combination treatment of Dalton's lymphoma cells in vivo with BSO plus subtherapeutic 

dose of cisplatin increases its interaction with macrophages (Fig. 17). The basic problem of 

cancer chemotherapy as currently employed in clinical oncology is to Jllaximize the 

therapeutic index. An obvious site for such an approach would be the enhancement of 

naturally occurring antineoplastic immune function. Interestingly, when the level of 

glutathione in DL cells was modulated in vivo with BSO (Table 2; Fig. 4A and B) a 
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significant improvement in the interactions with macrophages was noted (Fig. 17) reflecting 

the effectiveness of the combination treatment. 

In the present study, host survival data (Table 14; Fig. 19) showed an increase [ 

survival of the tumour -bearing mice treated with therapeutic dose of cisplatin alone. About 

80% of the animals survived more than 60 days and their increased in life span was more ;), 

than 216%. As compared to control the survival of the animals treated with subtherapeutic 

dose of cisplatin is not so effective and the animal survived only upto 29 days with only 

53% increase in life span. However, in the combination of subtherapeutic dose of cisplatin ) 

with BSO increase the survival rate of the animal significantly and their life span doubled as 

compared to that of subtherapeutic dose of cisplatin alone. Therapeutic dose of cisplatin 

against a variety of malignant tumour has been established about 8-9 mg/kg body wt. In the 

present study therapeutic dose of cisplatin was also found to be effective in the regression 

of ascites Dalton's lymphoma and support earlier findings (Giri, 1995), but its full 

exploitation would be limitted due to the development of severe side effects which is 1l 
enhanced by BSO as evident from the present toxicity evalua,tion and those reported 

earlier. Therapeutic dose of cisplatin alone and in combination with BSO decreases 

intracellular glutathione levels, thereby, render less protective mechanism in the cells. 

Subtherapeutic dose of cisplatin alone was found to be less toxic and less effective against 

the regression of Dalton's lymphoma. Since glutathione reduces the antitumour activity of 

J, 
cisplatin its intracellular concentration is therefore modulated with BSO and then combined r ---- .~ 

with subtherapeutic dose of cisplatin. Interestingly, this combination maintain the 

effectiveness of cisplatin against ascites Dalton's lymphoma with less to moderate side 
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effects and also capable of enhancing immune function as supported by in vitro studies. 

Further, application of this combination is encouraged by observing an increase in life span 

of the tumour-bearing hosts. 

Fro~ the various aspects of studies covered and discussed, following main 

conclusions may be derived: 

i. Changes in glutathione (GSH) levels was noticeable not only in tumour cells 

(Dalton's lymphoma, DL cells) but also in other tissues during the tumour growth 

in the host. It increased in DL cells, spleen, but decreased in testes and blood, and 

remained almost unchanged in liver and kidney during tumour growth. As 

compared to splenocytes (as the normal counterpart of DL cells) glutathione 

levels was found to be two times more in DL cells. This may indicate the 

significance of glutathione in the attainment of various suitable cancerous 

properties in Dalton's lymphoma cells/other cancers. 

ii. Cisplatin treatment of tumour-bearing mice decreased the total glutathione 

concentration in kidney, Dalton's lymphoma cells, bone marrow and blood. Non

protein thiol also decreased in liver, kidney, testes, bone marrow and spleen. These 

changes in glutathione levels should be involved in developing unfavourable 

conditions in the host leading to tumour cells regression. 

iii. Cisplatin treatment caused haematotoxicity with the development of various 

morphological abnormalities in RBC which are inversely related with the blood 

glutathione levels. Mutagenicity, nephrotoxicity and testicular dysfunction 



86 

potential of cisplatin is a dose dependent. Treatment with subtherapeutic dose 

and/or in combination with cysteine reduced these side effects. 

iv. Various glutathione-related enzymes are affected by cisplatin treatment. 

Glutathione s-transferase (GST), glutathione reductase (GR) and glutathione 

peroxidase (GPx) activity decreased more prominently in liver and Dalton's 

lymphoma cells. Catalase (CAT) activity was found to decrease in liver, kidney and 

Dalton's lymphoma cells. Superoxide dismutase (SOD) activity decreased in liver 

but increased in kidney (at 24, 72 and 96 h) and Dalton's lymphoma cells (at 24-48 

h) after cisplatin treatment. The decreased in enzyme activities particularly in 

Dalton's lymphoma cells may be involved to weaken the glutathione related 

protective mechanisms. 

v. Cisplatin treatment also led to the development of various membrane processes, 

ruffles/blebs which leads to tumour cell lysis. Increased phagocytic cells infiltration 

and their interaction with Dalton's , lymphoma cells was also noted. T.he 

significance of glutathione in these changes in Dalton's lymphoma cells after ,, 

I 
cisplatin treatment is also suggested. \ 

. vi. Platinum uptake by Dalton's lymphoma cells in vivo increases with the decreased 

in the glutathione levels. 

vii. Combination treatment of BSO and subtherapeutic dose of cisplatin should be 1/ 

very effective against various malignancies in general and murine ascites Dalton's 

lymphoma in particular since the therapeutic efficacy of this combination was 

noted to be significantly high without developing much side effects in the host. 
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