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Abstract 

This study was done to assess the effects of 

glutathione depletion by L-Buthionine-(SR)-Sulfoximine (BSO) 

in combination with the sulfhydryl-dependent anticancer 

agents (SHDAA). Toxicity and antitumor efficacy studies in 

mice showed that BSO was non-toxic when given in high doses. 

BSO also caused a dose-dependent depression of nonprotein 

sulfhydryls (NPSH) levels in the kidney, liver, and heart 

tissues and in three murine tumor cell lines. Studies with 

SHDAA demonstrated that low doses of BSO increased the 

antitumor efficacy of high doses of cyclophosphamide (CTX), 

carmustine (BCNU), and melphalan (L-PAM). In addition, BSO 

enhanced the acute toxicity of CTX and BCNU; however, BSO 

^increased the survival of mice treated with lethal doses of 

doxorubicin (DOX) and L-PAM. It was concluded that, although 

BSO is non-toxic alone, the combination of BSO with SHDAA 

should be used with extreme caution in chemotherapy regimens 

due to enhanced toxicity especially to the liver and kidney 

but not the bone marrow. 

vii 



INTRODUCTION 

Glutathione (GSH) is the most important and widely-

distributed nonprotein sulfhydryl in living systems (Kosower 

and Kosower,1978). It is involved in a number of critical 

cellular functions such as catalyzing enzyme reactions and 

acting as a substrate or cofactor for the metabolism of many 

xenobiotic chemicals (Kosower and Kosower,1978). GSH is 

extremely important in the detoxification of a wide variety 

of electrophilic species (Kosower and Kosower,1978; Meister 

and Anderson,1983b). It is also principally involved in 

cellular protection from oxidation by hydrogen peroxides and 

oxygen free radicals via the GSH peroxidase (Kosower and 

Kosower, 1978). Detoxification and cellular protection can 

occur by 1) direct reaction of GSH with toxic substances, 2) 

conjugation of GSH with electrophilic species by GSH-S-

transferases, or 3) by enzymatic reduction of oxygen free 

radicals and other reactive oxygen compounds via the GSH 

peroxidase system (Kosower and Kosower,1978; Meister,1985). 

Glutathione has also been shown to be an important 

modulator of many antitumor agents (Arrick and Nathan, 1984). 

For example, GSH is known to mediate the cytotoxic effects of 

all anticancer agents that form electrophilic DNA reactive 

species. These include most of the synthetic alkylating 
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agents. In addition, certain quinone-containing antibiotics 

capable of oxidation/reduction cycling are also detoxified by 

GSH-dependent systems (Arrick and Nathan,1984). Several of 

these alkylating agents such as melphalan (L-PAM), 

cyclophosphamide (CTX), and the nitrosourea, 1,3-bis 

(chloroethyl) nitrosourea (carmustine or BCNU), appear to 

react with a variety of cellular nucleophiles, including DNA 

bases, which can be covalently crosslinked. In contrast, the 

quinone-containing antibiotics, such as doxorubicin (DOX) , 

can undergo cyclic oxidation/reduction reactions through 

microsomal enzymes to yield highly reactive oxygen free 

radicals (Bachur, Gordon and Gee, 1978). In addition, DOX 

appears to selectively reduce glutathione peroxidase in some 

normal tissues such as the heart (Doroshow, Locker and Myer, 

1980) . 

The antitumor importance of GSH is also reinforced by 

the emerging correlations of GSH or nonprotein sulfhydryl 

(NPSH) content of tumors with both sensitivity and acquired 

resistance to certain alkylating agents. For example, it has 

been shown that elevated cellular thiol levels in tumors can 

mediate resistance to the alkylator, L-PAM. This has been 

shown both in vitro (Suzukake, Vistica, and Vistica,1983) and 

in vivo (Kramer, Ahmad, and Vistica, 198 6). L-PAM may be 

particularly sensitive to GSH content since it is both 

directly conjugated to GSH and is also detoxified by 
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conversion to a nontoxic derivative in a GSH-dependent 

dechlorination reaction (Suzukake et al.,1983; Meister 1983a; 

Meister, 1983c). Similarly, both CTX (Gurtoo, Hipkens and 

Sharma, 1981) and BCNU (Frischer and Ahmad, 1977; Babson and 

Reed, 1978; McConnell, Kari and Hill, 1979) have been shown 

to interact with and deplete cellular NPSH levels. With CTX, 

drug biotransformation by cytochrome P-450 enzymes in the 

liver leads to several NPSH-reactive intermediates including 

phosphoramide mustard (the active alkylating species) and 

acrolein (a bladder toxicant devoid of antitumor activity). 

Additionally, GSH can yield a stable prodrug form of CTX 

which may enhance the production of active alkylating species 

(Sladek, 1972,; Arrick and Nathan, 1984). It is well known 

that cellular thiols reduce the urotoxicity associated with 

CTX (Tofanetti et al., 1985). Depletion of GSH by diethyl 

maleate thus enhances CTX bladder toxicity by increasing 

acrolein binding to normal tissue proteins. Augmented 

sulfhydryl stores conversely appear to block acrolein binding 

to normal tissue proteins (Gurtoo et al., 1981). 

BCNU forms several electrophilic species that are 

conjugated by GSH-S-transferases to form nontoxic thioether 

conjugates. In addition, BCNU has been shown to deplete GSH 

stores in the liver and kidney (McConnell et al., 197 9.),and 

to reduce GSH reductase activity in vivo (Kehrer, 1983). 

Because of the importance of GSH in anticancer drug 

activity, alteration of GSH activity has been actively 
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pursued as a means of modulating antitumor efficacy. There 

are several methods of perturbing NPSH levels in tissues that 

have been used in a variety of systems to alter GSH's 

functions in cells. Many of these methods for perturbing GSH 

status are nonspecific and highly toxic to cells. 

Additionally, some of the available agents are known to 

enhance the radiosensitivity of hypoxic tumor cells. These 

GSH modulating compounds fall into five main categories. The 

first group includes those agents that are substrates for 

glutathione S-transferases and subsequently remove thiols. 

Examples of these agents include chlorodinitrobenzene (CTNB), 

diethylmaleate (DEM), and dimethylfumarate (DMF). The second 

group includes agents that remove NPSH by oxidation or 

covalent bond formation with GSH and these include diamide 

and N-ethylmaleimide (NEM). The third group includes agents 

that are converted to thiol-reactive intermediates under 

hypoxic conditions and subsequently interact with NPSH. An 

example of this is misonidazole. The fourth group includes 

agents that react with NPSH spontaneously which includes a 

group of 4-nitroimidazoles containing a 5-sulfonamide group. 

Finally, there are those agents that nutritionally deprive 

cells of GSH precursors which eventually depletes the NPSH 

content of the cell (Biaglow et al., 1981). 

Most older studies that perturbed cellular GSH levels 

were performed with the amides, (diamide), DEM, or NEM 

(Bridges, 1969; Harris and Biaglow, 1972; Chapman et al., 
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1973; Harris, 1979; Bump, Yu, and Brown, 1981; Biaglow et 

al., 1983; Mitchell et al., 1983). Diamide was proposed in 

1969 by Kosower, Kosower, and Wertheim to be a specific and 

reversible oxidant for erythrocyte glutathione. It was also 

discovered in 1973 that diamide could sensitize mammalian 

cells to radiation (Harris and Power, 1973). Diamide 

penetrates cells rapidly and oxidizes intracellular GSH 

within seconds (Kosower et al., 1972). This reaction is both 

short-lived (minutes) and reversible (Harris, 1979) . 

Although there are experimental advantages to this rapid 

reversibility, these agents often produce a non-physiologic 

concentration of oxidized glutathione (GSSG) which can 

inhibit several intracellular enzymes. The GSSG then is 

selectively secreted from cells (Harris, 1983) . Thus, the 

effects of diamide may be interpreted erroneously as being 

due solely to depletion of GSH (Harris, 1983). Diamide also 

has many nonspecific effects on the function and morphology 

of nucleated mammalian cells. Some of these include 

interference of microtubule assembly and mitosis, (Harris, 

Allen, and Teng, 1971) and alterations of the permeability of 

cell membranes to a variety of substances (Epstein and 

Kinoshita, 1970; Czech, Lawrence, and Lynn, 1974) . Diamide 

has also been used to radiosensitize hypoxic P-388 

lymphocytic leukemia cells in vivo. It was shown that 

diamide increased their radiosensitivity by a factor of 1.82 

(Harris, Wara, and Kane, 1974). However, in a solid tumor 
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model (EMT-6 mouse fibrosarcoma), diamide had no effect at 

sensitizing tumor cells to radiation in vitro and proved to 

be extremely toxic to the host mice (Harris et al., 1974). 

Diethylmaleate (DEM) has been shown to deplete GSH 

preferentially (Plummer et al., 1981) by acting as a 

substrate for GSH-S-transferases (Chasseaud, 1976). DEM 

reacts with GSH to form a stable adduct. The reaction of DEM 

and GSH is slow enough to be relatively specific since other 

protein thiols are two orders of magnitude less reactive 

towards DEM than GSH (Bump et al., 1981). Bump and 

colleagues (1983) have also shown that DEM renders cells more 

sensitive to the cytotoxic effects of a variety of 

electrophilic and free radical agents. Mitchell and Russo 

(1983) also compared DEM to buthionine sulfoximine (BSO), an 

agent which depletes GSH by inhibiting its enzymatic 

biosynthesis. They found that both agents have the ability 

to reduce cellular NPSH levels and to commensurately increase 

radiation-induced cytotoxicity in tumor cell lines in vitro. 

However, the results from these experiments indicated that 

DEM was less specific than BSO and that it may alter the 

radiation response of cells by mechanisms other than by GSH 

depletion. In addition, DEM's low solubility complicates its 

use experimentally, and it breaks down into diethylfumarate 

and other products with possible antimetabolite activities 

(Biaglow et al., 1983). 
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N-ethylmaleimide (NEM), a compound similar to diamide, 

has also been used extensively in in vitro studies to deplete 

GSH and enhance the radiosensitivity of tumor cells. NEM, 

like DEM, is highly reactive to a number of cell constituents 

other than GSH and, therefore, affords little specificity 

towards depletion of NPSH (Symth, Naganatsu, and Fruton, 

1960). Not only does NEM reduce glutathione concentrations, 

it also causes a loss of thiol-containing proteins which 

could radically affect enzymatic DNA repair mechanisms (Bump 

et al., 1981). NEM reacts within minutes with all freely 

available sulfhydryl groups irreversibly causing the 

conjugated proteins to lose their biological activity 

(Bridges, 1969). Conversely, NEM was shown to produce no 

change in the radiation toxicity of normal mice treated with 

high doses of X-rays (Bridges, 1969). 

Since these agents are nonspecific, highly reactive, 

and directly cytotoxic, they can only be used in vitro. In 

response to this need for a more specific inhibitor of GSH, 

Meister and Griffith synthesized a series of sulfoximine 

analogs of the GSH precursor, gamma-glutamyl-alpha-

aminobutyrate. These sulfoximine analogs inhibit GSH by a 

different mechanism from those discussed previously. 

Methionine sulfoximine (MSO) was originally identified by 

Misani and Reiner in 1950 as the toxic agent in agenized 

grain. This compound was found in bleached flour and caused a 

convulsive state when fed to dogs. It was shown that MSO 
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irreversibly and competatively inhibited glutamine synthetase 

and to a lesser extent, gamma-glutamylcysteine synthetase 

(gamma GCS) in the rat kidney (Rowe, Ronzio, and Meister, 

1969). MSO, long known as a convulsant, was subsequently 

shown by Pace and McDermott (1952) to be an inhibitor of 

brain glutamine synthetase. This inhibition of glutamine 

synthetase in the central nervous system is apparently 

responsible for MSO's convulsant activity in vivo. Manning 

et al. (1969) identified that it was the L-methionine-(SR)-

sulfoximine isomer that inhibited glutamine synthetase. L-MSO 

was subsequently shown to produce convulsant activity in mice 

(Rowe and Meister, 1970). Later, in 1973, Richman, Orlowski, 

and Meister found that MSO also inhibited gamma GCS and, 

again, that only the L-isomer was active. Of interest in 

this regard was the observation that MSO binds less tightly 

to gamma GCS than to glutamine synthetase. 

Gamma GCS is the rate-limiting enzyme in glutathione 

synthesis (Richman and Meister, 1975). It is inhibited by 

nonallosteric feedback inhibition whenever physiologically 

significant amounts of glutathione are present in vivo 

(Richman and Meister, 1975). Figure 1 shows wherein the 

gamma glutamyl cycle that the sulfoximine analogs inhibit GSH 

synthesis ( Meister, 1983c). Inhibition of gamma GCS by 

either MSO (Richman, Orlowski, and Meister, 1973) or BSO is a 

synthesis-based mechanism, and, thus, the sulfoximine analogs 

must bind to the target enzyme with high specificity 
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Mercapturates Y-Glu-CySH-Gly CySH-Gly 

OUTSIDE 

CELL MBMBflANE 

Y-Glu-Cys(X)-Gly »Y-Glu-CySH-Gly (GSH) 

Gly • CySH 

INSlOB CELL 

NADP+ 

| Q8H REDUCTASE 

NAOPH 

GSSG 

Glu-CySH 

Glutamate 

Figure 1: The Pathway of GSH Synthesis 

Abbreviations are as follows: gamma GCS 
(gammaglutamylcysteine synthetase, GST (GSH-S-Transferases), 
X (electrophilic species. BSO inhibits gamma GCS, the rate 
limiting enzyme in the synthesis of GSH (shown by the dark 
arrow). 



(Griffith, 1982). With BSO, it has been shown to bind 

rapidly to gamma GCS. This is believed to be an irreversible 

reaction since dilution of the enzyme mixture does not 

reactivate the enzyme (Griffith, 1982). 

In 1978, Griffith and Meister synthesized a series of alpha-

alkyl analogs of methionine sulfoximine. The structures of 

the sulfoximine analogs are shown in figure 2. Because of 

the known neurotoxicity of MSO, the two analogs, alpha-

methylmethionine sulfoximine and alpha-ethylmethionine 

sulfoximine, were tested for their ability to inhibit gamma 

GCS and to induce convulsions by inhibition of glutamine 

synthetase. It was discovered that both analogs were 

convulsogenic and that both agents inhibited glutamine 

synthetase; however, only the alpha-methylmethionine 

sulfoximine analog inhibited gamma GCS. An interesting point 

was that relatively large doses of these analogs were needed 

to induce convulsions. Thus, the larger sulfoximine analogs 

preferentially inhibited gamma GCS before effecting glutamine 

synthesis. It was further believed that the analogs were 

transported more slowly into the brain due to their higher 

molecular weight. Later, in 197 9, Griffith, Anderson, and 

Meister prepared larger n-alkyl analogs of this series. 

Prothionine sulfoximine (PSO, or S-n-propyl homocysteine 

sulfoximine) and alpha-methylprothionine sulfoximine were 

tested for their ability to inhibit glutamine synthetase and 

gamma GCS. It was found that PSO was a selective inhibitor 



Parent Molecule 

NH3 NH 
I I I 

00C - CH - CH2 - CH2 - S - R 

I I 
0 

Nomenclature Toxicology 

Methionine Some GSH depletion 
convulsogenic due to 

glutamine synthesis blockade 

Ethionine 

Prothionine 
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Figure 2 : Structure of Sulfoximine Analogs 



of gamma GCS but did not significantly inhibit glutamine 

synthetase (Meister and Griffith, 1979). It was also shown 

that PSO was active in vivo and that kidney GSH levels 

decreased rapidly to about 20% of control levels after an IP 

injection of 0.4 mM PSO into mice. Several larger analogs of 

methionine sulfoximine were tested, but none were as active 

or selective in their inhibition of gamma GCS as PSO. 

Finally, it was discovered that the S-n-butyl analog of 

this sulfoximine series was substantially more effective than 

PSO at inhibiting gamma GCS in vivo. It was also noted that 

BSO did not inhibit glutamine synthetase to any degree. 

Since BSO was shown to have substantial selectivity, the 

higher homologs, pentathionine sulfoximine, hexathionine 

sulfoximine, and heptathionine sulfoximinine, were similarly 

synthesized and tested (Griffith, 1982). These agents were 

shown to be potent inhibitors of gamma GCS in vitro, and they 

produced substantial GSH depletion in the liver and kidney 

when administered to mice. In contrast to BSO, however, these 

agents were shown to be highly neurotoxic to the mice 

(Griffith, 1982). It was postulated that the neurotoxicity 

of these higher homologs may be due to non-specific membrane 

damage or to the limited solubility of these compounds at 

physiological pH. 



In ±979, Griffith and Meister concluded that BSO was 

the most potent of a series of sulfoximine analogs of 

methionine sulfoximine. The strucuture of BSO is shown in 

figure 3. It was found that BSO inhibited gamma GCS about 20 

times more effectively than PSO and at least 100 times more 

effectively than MSO on a molar basis (Griffith and Meister, 

1979). Advantages to using BSO over other higher and lower 

homologs were that it did not inhibit glutamine synthetase 

detectably and, thus, did not produce convulsions when 

injected into mice. 

Subsequently, BSO has been used in a number of 

biochemical and pharmacologic studies as a specific means of 

inhibiting GSH biosynthesis and causing GSH depletion. 

Several in vitro studies using BSO have been performed. Some 

of these include sensitization of L-PAM resistant L-1210 

cells (Suzukake et al., 1983; Somfai-Relle et al., 1984), 

potentiation of L-PAM, DOX, and cisplatin cytotoxicity in 

human ovarian cancer cell lines resistant to the alkylating 

agents (Green, Vistica, and Young, 1984a; Green et al., 

1984b; Hamilton et al., 1985), and enhancement of radiation 

survival parameters in sensitive and resistant human ovarian 

cancer cell lines (Louie et al., 1985). Other in vitro work 

has shown that in human CEM lymphoblast cells, high doses of 

BSO decreased viability and increased radiosensitivity 

(Dethmers and Meister, 1981). In contrast, L-1210 lymphoma 

cells have been reported to proliferate when depleted of GSH 
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Figure 3: Structure of BSO 

The structure of buthionine sulfoximine is illustrated in the 
left.It is similar in structure to gamma-glutamyl-alpha-
aminobutyrate (right), which is a substrate for gamma GCS in 
the synthesis of GSH. 



by BSO (Gaetjens, Chen and Broome, 1984). Arrick et al., 

(1982) reported that GSH depletion by BSO sensitized tumor 

cells to oxidative cytolysis produced by sesquiterpene 

lactones. 

Many of the in vivo studies with BSO have looked at 

the pharmacodynamics of GSH depletion in various tissues. In 

a study by Griffith and Meister (1979c), an IP injection of 

BSO or ingestion of 20 mM BSO-containing water for 15 days in 

mice caused significant GSH depletion in most tissues. Not 

unexpectedly, it was found that the rate of depletion 

reflected the rate of tissue GSH turnover. Griffith (1982) 

showed that single doses of racemic (DL)-BSO depleted GSH in 

mouse liver and kidney and that levels returned to control 

values within twenty-four hours after an IP injection of 888 

mg/kg. Minchinton and his group (1984) also showed similar 

effects with DL-BSO in liver and kidney. In addition to 

looking at the normal organs, they looked at three solid 

tumor lines, primarily sarcomas, implanted in female mice. 

It is important to note that these tumor lines could be 

depleted of GSH content; however, the rate of GSH depletion 

in these tumors was somewhat slower than that of normal 

tissues. It was then suggested that a BSO dosing schedule 

could be devised in which normal tissues had regenerated 

their GSH content before tumor tissue GSH levels are 

repleted. Thus, the sequential administration of a 

biochemical modulating agent in combination with an 



anticancer agent could produce a selective antitumor effect. 

Of note, these earlier two studies used the racemic mixture 

of BSO which consists of a 1:1 ratio of D-isomer to L-isomer. 

Since the D-isomer of BSO is only half as potent as the L-

isomer (Griffith, 1979), greater effects may be anticipated 

if only the L-isomer was used (as in this paper). 

In looking at the effects of BSO on xenobiotic 

biotransformation, Drew and Miners (1984) found that BSO did 

not directly affect cytochrome P-450 or other drug-

cori'jugating enzyme systems as did other GSH depleting agents. 

They did find that BSO did not alter hexobarbitone-induced 

liver necrosis in mice. In another study by White et al. 

(1984), it was discovered that BSO did not alter or reduce 
« 

hepatotoxic responses to chloroform or carbon tetrachloride 

in mice. This indicated that metabolic activation in vivo 

was unaltered by BSO. 

There were no previous studies of the interactions of 

BSO with sulfhydryl-dependent anticancer agents; therefore, 

we chose to look at the effects of BSO alone and in 

combination with the following sulhydryl-dependent anticancer 

agents: L- PAM, BCNU, DOX, and CTX. Briefly, these agents 

were selected because of the unique role of sulfhydryls in 

their inactivation via GSH conjugation (L-PAM, BCNU, CTX) or 

free radical scavenging (DOX). 



The central question in this thesis was: Does 

glutathione depletion by L-buthionine-(S,R)-sulfoximine (BSO) 

alter the antitumor efficacy of model sulfhydryl-dependent 

anticancer agents? 

The first specific objective was to assess the 

toxicity of BSO alone in normal mice. The second objective 

was to assess the pharmacodynamics of NPSH depletion by BSO 

in normal and tumor-bearing mice. Also, the pharmacodynamics 

of NPSH depletion was evaluated in normal mice treated with 

sulfhydryl-dependent anticancer agents (SHDAA) in combination 

with BSO 

The third objective was to evaluate the antitumor 

efficacy associated with combinations of BSO administered 

with SHDAA in three murine tumor models in vivo. The fourth 

objective was to assess the lethal and non-lethal toxicities 

associated with combinations of BSO and SHDAA using organ-

specific biochemical markers and a specific myelotoxicity 

assay. 



DESIGN OF STTTOY 

Materials 

Reagents and chemicals 

L-buthionine-(S,R)-sulfoximine (> 95% pure) was 

purchased from Chemical Dynamics, South Plainsfield, N.J. and 

was dissolved in double distilled water. A sulfoxide 

impurity of 3-5% is known to be present. Doxorubicin 

(Adria™) and cyclophosphamide ( Neosar™) were obtained from 

Adria Laboratories, Columbus, Ohio and were dissolved in 5% 

dextrose and water (DOX), or sterile water (CTX). 

Carmustine (BiCNU™) was purchased from Bristol Laboratories, 

Syracuse, N.Y. and was dissolved with absolute alcohol and 

sterile water according to manufacturer's recommendations. 

Melphalan (L-PAM) was obtained from Sigma Chemical Co., St. 

Louis, MO. L-PAM was prepared by first dissolving 10-21 mg 

of >99% pure powder with 0.047 ml of concentrated HCl and 

0.953 ml of 100% ethanol. Following heating at 37 degrees C 

for 10 minutes, 9ml of phosphate buffered saline (PBS) were 

added to further dilute the L-PAM. 

Glutathione (reduced form, 98-100% pure), 2,6,10,14-

tetramethyl pentadecane (Pristane™) , sulfosalicylic acid 

(SSA), 5,5' dithiobis-(2-nitrobenzoic acid) [DTNB or Ellman's 

reagent] and Trizma base, were all purchased from Sigma 

18 



Chemical Co, St. Louis, MO. Disodium EDTA was purchased from 

Fisher Scientific. All NPSH assay reagents and buffers were 

made according to the standard protocol of Sedlak and Lindsey 

(1968). For the spleen colony assay,as described by Till and 

McCulloch (1961), McCoys 5A media (Grand Island Biologicals, 

N.Y.), containing penicillin, streptomycin, and 5 units/ml of 

heparin, was used to aspirate the bone marrow. 

For all animal studies, mice were given food and water 

ad libitum and housed in a room with a 12 hours light/dark 

cycle. All animals were allowed to acclimate for at least 

one week before experimentation. Specific strains of mice 

were chosen on their basis of their availability and 

acceptance of certain tumor lines. 

METHODOLOGY 

Toxicology of BSO in normal mice 

Normal male DBA/2J mice (Jackson Laboratories, Bar 

Harbor, MA), weighing 20-25 gm, were used to evaluate the 

acute toxicity of L-BSO given intraperitonally (IP). Mice 

were given a single injection of BSO of up to 1.1 mg/kg or a 

total dose of 5 gm/kg of BSO for five days. Total body 

weight and observable toxicities were recorded on days 4 and 

8 .  



Pharmacodynamics of BSO in normal tissues and murine tumors 

NPSH assay in normal tissues. Normal male CD-I mice (Harlan 

Sprague Dawley, Hilltop Laboratories, PA) weighing 25-30 gm 

were used for this experiment. Mice were given a single 

injection of BSO 50 or 500 mg/kg IP and placed on BSO-

containing water so as to deliver a dose of 50 or 500 mg/kg 

during a 24 hour period. The actual dose of BSO in water was 

0.25 mg/ml or 2.5 mg/ml so that 1.25 mg or 12.5 mg of BSO was 

delivered to each mouse per day. This assumed that each 

mouse ingested approximately 5 ml of water per day. These 

doses of BSO were chosen from studies done by Hamilton and 

group (1985) at the National Cancer Institute. Mice were 

terminated at 4, 12, 24, 28, and 3 6 hours after BSO-

containing water was started. Organs evaluated for NPSH 

content were liver, kidney, heart, and bone marrow. At each 

time point, control and BSO-treated mice were killed by rapid 

cervical dislocation. Immediately afterwards, the liver, 

kidney, heart, and femurs were excised and placed on ice to 

prevent a decline in NPSH levels. The heart was rinsed with 

cold Tris buffer 0.05M, pH 7.4, 10-^M EDTA (buffer A) to 

remove the blood prior to weighing. Bone marrow was 

aspirated from the femur by placing a 25 gauge needle 

attached to a tuberculin syringe at the distal portion of the 

femur and repeatedly flushing the contents with cold buffer 

A. The samples were weighed wet (liver, kidney, and heart) 

or counted (bone marrow). The tissues were homogenized using 



an electric drill and Teflon pestle in buffer A and diluted 

1:10 with buffer A. Nucleated bone marrow cells, which were 

not sub-categorized, were counted manually using a 

hemacytometer. 

The NPSH assay that was followed was by Sedlak and 

Lindsey (1968). Samples were kept on ice for the entire 

experimental period to prevent their degradation prior to 

precipitation. Aliquots of 1-1.5 ml of tissues homogenates 

were placed in 2.0 ml microcentrifuge tubes with 100 ul of 

50% sulfosalicylic acid (SSA). Samples were placed at 37 

degrees C for 5 minutes, zero degrees C for 5 minutes and 

then spun in a microcentrifuge (1000 x g) for 10 minutes to 

facilitate precipitation. Aliqots of 0.5 ml per sample in 

duplicate were placed in 13 xlOO mm glass disposable tubes 

containing 2 ml of tris buffer 0.4 M, pH 8.9, 10-^ M EDTA 

(buffer B) and 100 ul of 0.01M DTNB. Blanks and standards 

were prepared in a similar manner. 

Absorbance at 412nm was read within 10 minutes after 

the addition of DTNB against a blank without DTNB on a Perkin 

Elmer Lamda 3B UV/Vis spectrophotometer. Standards were run 

over a range of GSH concentration of 0.005 mM to 1 mM. 

Analysis of variance of the means was used to assess 

statistical significance at a p < 0.05 level. 

NPSH levels in three murine tumor lines. NPSH levels were 

determined on three murine tumor lines grown in vivo. These 

were specifically, the ascites tumors P-388 lymphocytic 



leukemia and MOPC-315 plasmacytoma, and a solid tumor, Colon 

38. For P-388 leukemia, 1 x 10® cells were injected IP into 

DBA/2J male mice (> 95% viable by trypan blue) on Day 0. The 

mice were placed on BSO-containing water so that a dose of 50 

or 100 mg/kg/day was delivered to each mouse. The actual 

dose of BSO in water was 0.25 mg/ml or 0.5 mg/ml so that 1.25 

or 2.5 mg of BSO was delivered to each mouse per day. Mice 

were terminated by rapid cervical dislocation on days 3, 5, 

7, and 10 after tumor implantation. Afterwards, the 

abdominal area was opened and the peritoneal cavity was 

flushed with cold PBS. Nucleated cell counts were performed 

manually using a hemacytometer and Unopette™ (Becton Dickson, 

Rutherford, New Jersey) to give a 1:20 dilution to facilitate 

accurate counts and remove red blood cell contamination. The 

cells were then lysed, precipitated and centrifuged in a 

Beckman refrigerated centrifuge at 1000 rpm for 10 minutes. 

The NPSH assay already discussed in the previous section was 

performed. 

The procedure was similar for the MOPC-315 

plasmacytoma line except that a 1 xlO® cells were implanted 

IP in "pristaned" BALB/C female mice (Jackson Laboratories, 

Bar Harbor, MA) on day 0 and BSO-containing water, 0.25 mg/ml 

or 2.5 mg/ml (50 mg/kg or 500 mg/kg), was begun on day 6 

after tumor implantation. Time points assayed were 

7,11,13,15, and 18 days after tumor implantation. 



For the solid tumor, C57BL/6 male mice (Harlan 

Sprague Dawley, Hilltop Laboratories, PA) were anesthetized 

with sodium pentobarbital 50 mg/kg (Nembutal™, Abbott 

Laboratories, North Chicago, 111.) and recieved 20 mg chunks 

of Colon 38 implanted intramuscularly in the upper right 

flank 30 days prior to running the experiment. This was to 

insure a large tumor mass of about 1 gm prior to treatment. 

Care was taken to use non-necrotic pieces of tumor at each 

time for analysis of NPSH content since NPSH levels vary with 

tumor size and the amount of necrosis present. Mice were 

given a single IP injection of BSO 500 mg/kg and placed on 

BSO- containing water (2.5 mg/ml) for 24 hours. Time points 

assayed were 2, 4, 6, 8,12,18, 24, and 48 hours after BSO was 

started. At each time point, the tumor was excised, and bone 

and muscle were removed and discarded. The sample was then 

placed on ice prior to weighing. The tumor was homogenized 

in cold buffer A, precipitated, and centrifuged as previously 

discussed. NPSH levels were determined as previously 

discussed. Non-BSO treated tumor-bearing mice were 

terminated at each time point for all tumor lines. 

Analysis of variance of the means was used to assess 

statistical significance at a p < 0.05 level. 



Pharmacodyamics of Thiol Depletion in Normal mine treated 
with SHDAA in combination with BSO 500 mg/kcr 

Normal DBA/2J male mice weighing 20-25 gm were used 

for this experiment. Mice were given a single IP injection 

of BSO 500 mg/kg and placed on a BSO-containing water 2.5 

mg/ml starting at 8:00 A.M. Throughout these experiments, 

care was taken to begin drug dosing at a specific time 

because NPSH have a diurnal variation throughout the day with 

the nadir of NPSH present late in the day and the zenith 

present early in the day as shown in a previous section. It 

is, therefore, important to rigidly control sampling times 

because of this diurnal variation of NPSH. After 24 hours on 

BSO-containing water, mice were given acute lethal doses of 

SHDAA. Doses of each drug administered IP were the 

following: L-PAM, 15mg/kg; BCNU, 60 mg/kg; CTX, 150 mg/kg; 

and DOX, 4 0 mg/kg. Control mice not treated with BSO were 

injected at the same time. These doses were taken from 

previous studies (Marsh, 197 6). Time points evaluated were 

1, 3, 6, 12, and 24 hours after dosing with anticancer drug. 

Organs assayed included liver, kidney, heart, and bone 

marrow. The experimental procedure for NPSH determinations 

was described in the previous section. 

In Vivo Survival Studies 

Three different in vivo murine tumor cell lines were 

used for examining the effect of BSO on SHDAA antitumor 



efficacy. P-388 lymphocytic leukemia was chosen because it 

is used by the National Cancer Institiute as the primary 

screening model for all new potential anticancer agents 

(Geran et al., 1972). This lymphocytic tumor line is highly 

sensitive to myelosuppressive agents and is characterized by 

a high growth fraction and rapid doubling time of about 12 

hours (Geran et al., 1972). MOPC 315 plasmacytoma was kindly 

provided by Dr. Michael Potter of the National Cancer 

Institute, Bethesda, Maryland. This mineral-oil induced 

plasmacytoma tumor line has a variety of characteristics in 

common with human multiple myeloma. It has been shown to be 

quite sensitive to alkylating agents (Valeriote, 1981). Also 

in preliminary studies in our laboratory, it was shown that 

human multiple myeloma cells are sensitive to glutathione 

depletion by BSO in vitro (Dorr, Liddil, and Soble, 1986) . 

Colon 38 was kindly provided by the Southern Research 

Institute, Birmingham, Alabama. This tumor line was chosen 

to evaluate whether slow-growing solid tumors could be 

metabolically modulated by BSO when combined with SHDAA. 

This tumor line was shown to be sensitive to sulfhydryl-

dependent anticancer agents (Corbett et al., 1975). 

Experimental tumor passage procedures went as follows 

1 x 10^ cells of P-388 leukemia were implanted into the 

peritoneal cavity of male DBA/2J mice weighing 20-25 gm on 

Day 0. BSO-containing water (0.25 mg/ml or 0.50 mg/ml) was 

also started at this time. Twenty-four hours after tumor 



implantation, mice were treated with a single dose of a SHDAA 

given intraperitoneally at 0.1 ml/10 gm body weight. 

For treating MOPC-315 plasmacytoma-bearing mice, a 

modified procedure after Valeriote et al. (1981) was 

followed. BALB/C female mice weighing 20-25 gm were injected 

with 0.5 ml of 2, 6, 10, 14-tetramethyl pentadecane 

("pristaned™") IP at least one week prior to tumor 

implantation to facilitate tumor seeding. One million MOPC-

315 cells were injected IP into mice on day 0. BSO-

containing water 0.25 mg/ml or 2.5 mg/ml was started on day 

6, and mice were injected IP with a single dose of the 

anticancer agent on day 7. Statistical significance was 

assessed by the Rank Sum test(p > 0.05) (Dixon and Massey, 

1969; and Mantel, 1966). This statistical test was chosen 

because the distribution of median survival is nonparametric 

and because the low number of animals used was relatively 

low. 

For colon 38 antitumor activity studies, male C57BL/6 

mice weighing 20-25 gm were injected with tumor on day 0 as 

previously discussed. On day 2, mice received a single 

injection of BSO 500 mg/kg and were placed on BSO-containing 

water (2.5 mg/ml) to deliver a approximate dose of 500 mg/kg. 

Twenty-four hours later, mice received a single IP injection 

of SHDAA. Tumors were measured twice weekly by a single 

observer using a micrometer for measurement. Measurements 

were converted to weight in grams by the equation: (width 2 x 



length) / 2. Statistical significance was defined as a T-C 

greater than 7 days. This compares the tumor growth rate in 

comparison to the control group. T is defined as the time for 

the treated group to reach 750 mg of tumor weight while C is 

the time for the control to reach 750 mg of tumor weight 

(Corbett, 1975). 

Toxicology of Acute lethal doses of SHDAA in combination with 

BSO 

Normal CD-I male mice weighing 25-30 gm were used for 

acute lethal survival studies. Mice (n=5 per group) were 

given a single IP injection of BSO 50 or 500 mg/kg and were 

placed on BSO-containing water 0.25 mg/ml or 2.5 mg/ml 24 

hours prior to anticancer drug dosing. All anticancer agents 

were given IP. Doses of the SHDAA were chosen to approximate 

the lethal dose (LD) to 10%, 25%, and 50% of treated animals. 

These values were taken from the literature (Marsh, 1976). 

Survival was assessed twice daily, and mice were weighed 

weekly. Animals were terminated after 60 days. Statistical 

significance was assessed by the Rank sum test (Dixon and 

Massey, 1969; Mantel, 1966). 

In order to assess the toxicities of these anticancer 

agents in combination with BSO, organ-specific biochemical 

markers were evaluated on blood samples removed via cardiac 

puncture from lightly anesthetized mice at serial time points 

up to seven days after treatment. Day 3 is generally the 



nadir day for SHDAA myelotoxicities. For animals treated 

with low dose BSO (50 mg/kg) analysis was performed on day 3 

while for high dose BSO studies (500 mg/kg), analysis was 

done on days 1, 3, and 7. Hepatic enzymes, including lactate 

dehydrogenase (LDH), serum glutamyloxalate transaminse 

(SGOT), and gamma glutamyl transaminase (GGT), were used to 

assess hepatotoxicity. The renal chemistry markers, blood 

urea nitrogen (BUN) and creatinine, were used to assess 

nephrotoxicity. A hematological profile of white blood cell 

count (WBC) , red blood cell count (RBC), and platelet count 

(PLCT) were used to assess myelotoxicity. Analysis was 

performed by Vet Path labs (Teterboro, N.J.). 

Myelotoxicity Assay 

Since myelotoxicity is often the dose-limiting 

toxicity of many anticancer agents, it was decided to look 

closely at the effects of BSO in combination with SHDAA to 

determine if BSO causes additive myelotoxic effects. The 

murine spleen colony assay was used to the assess bone marrow 

toxicity of BSO in combination with SHDAA in vivo. The 

procedure followed was by Till and McCulloch (1961) as 

modified by Bruce, Meeker, and Valeriote (1966). 

For the spleen colony assay, donor DBA/2J male mice 

were started on BSO-containing water 0.25 mg/ml four days 

prior to dosing of the SHDAA. Recipient mice of the same 

strain were irradiated with 650 rads of radiation and placed 



on gentamicin/HCL-containing water (0.25 mg/ml) 24 hours 

prior to bone marrow passage to limit enteric coliform 

infections. Each donor group contained 3-4 mice while each 

recipient group contained ten mice. Donor mice were 

terminated 24 hours after dosing with anticancer agents. 

Femurs were removed, cleaned with gauze, and the bone marrow 

aspirated using a 25 gauge needle attached to a tuberculin 

syringe into tubes containing cold McCoys 5A media. The bone 

marrow aspirate was then passed through a series of smaller 

needles to obtain a single cell suspension. This suspension 

was counted manually on a hemacytometer using a Unopette™. 

Cells were diluted so that each recipient mouse recieved 5 X 

10^ cells intravenously (IV) via the tail vein. Ten days 

after bone marrow passage, mice were terminated, and their 

spleens removed. The spleens were then placed into Bouin's 

fixative (10% concentrated acetic acid, 10% formalin, 30% 

ethanol 100%, and 50% double distilled water), and the 

macroscopic colonies on each spleen were counted by eye. In 

order to assess the fraction of normal hematopoetic cells 

(normal colony forming units, NCFU) surviving, the following 

equation was used: Mean CFUs/femur = number of cells per 

femur/number of cells injected (Till and McCulloch, 1961). 

Linear regression and tests for slope parallelism were used 

to assess statistical significance (Dixon and Massey, 1969). 

The bone marrow samples were also assayed for their 

NPSH content using the method of Sedlak and Lindsay (1968) as 



previously described. Bone marrow samples (5 ml) were washed 

free of media twice in PBS, resuspended in one ml of PBS, 

precipitated with 50% sulfosalicylic acid, and centrifuged 

for 10 minutes at 1000 rpm. An aliquot of 0.5 ml of 

supernatant and 2 ml of buffer B were placed in 13 X 100mm 

disposable glass tubes and 100 ul of DTNB was added. Samples 

were read spectrophotometrically at 412nm as described 

earlier. 



RESULTS 

Toxicology of BSO in normal mir.s 

Table 1 shows the effects of various acute doses of L-

BSO given intraperitoneally on the survival normal DBA/2J 

male mice. It was shown that total body weight was decreased 

on day 4 and day 8 from non-BSO treated control mice; 

however, the total body weight returned to pre-BSO-treated 

levels in these mice by day 8. No other observable 

toxicities were noted. Additionally, high doses of L-BSO did 

not cause lethality in the mice. 

Pharmacodynamics of BSO in normal tissues 

In order to observe the effects of BSO in various 

organ systems, the pharmacodynamics of BSO depletion of NPSH 

levels was evaluated in normal CD-I male mice. Liver, 

kidney, heart, and bone marrow were removed at serial times 

for NPSH quantitation. In figure 4, the effects of BSO on 

liver NPSH levels are shown following two doses of BSO given 

both IP and orally. In control mice, a slight diurnal 

variation of NPSH levels in the liver throughout the day was 

observed with the nadir at 4 P.M. and the zenith at 11 A.M.. 

When adjusted for this pattern, there was a dose-dependent 

depression of NPSH levels with the dose levels of BSO 50 and 
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Table 1: Toxicity in Normal DBA/2J Male Mice Given High-Dose 
L-BSO IP 

Body Weight Change in Grams +/- S.D. (% Change)# 

BSO Treatment* Weight Change 

mg/kg/day day Day 0 Day 4 Day 8 

200 1 23+/-1. .0 22, .5+/-1, .5(-6%) 23+/-1 .0 (-10%) 

500 1 23+/-1, .0 21, . 6+/-1, .0 (-7%) 23+/-0 .5 (-10%) 

1,100 1 25+/-2. .2 24, .1+/-2, .0(-4%) 25+/-1 .0 (-9%) 

500 5 25+/-2, .0 23, . 9+/-1, .9(-6%) 25+/-1 .0 (-12%) 

1,000 5 25+/-1. .0 24, . 3+/-2, ,0(-4%) 25+/-1 .0 (-10%) 

* Treatment groups consisted of 5 mice per group. 
# Percent weight change computed from non-BSO control mice at 
the same day. 



500 mg/kg. The NPSH levels in the kidney also illustrated a 

diurnal administration. In the heart, a diurnal cycle of 

NPSH levels was observed with the nadir in the early morning 

and zenith in the evening which was similar to the kidney. 

Only the 500 mg/kg BSO dose was evaluated, and it was 

observed that cardiac NPSH levels were depleted significantly 

(50%) at 24 hours. A slight overshoot of NPSH levels was 

observed four hours after BSO-containing water was removed. 

A diurnal cycle and dose response was not observed in 

the bone marrow as illustrated in figure 4. It was again 

observed that there was a rebound of NPSH levels four hours 

after BSO-containing water was removed with the BSO 500 

mg/kg. The 50 mg/kg dose of BSO did not show this effect. 

Pharmacodynamics of BSO in Murine Tumors 

Figure 5 illustrates the effects of different doses of 

BSO in murine tumors in vivo. In left panel, the absolute 

NPSH levels per 10® P-388 cells is plotted against days after 

tumor implantation. There appeared to be a commensurate 

decline in NPSH levels in nontreated mice as the number of 

tumor cells increased with incubation time in the peritoneum. 

This may be due to a decrease in blood flow to the area or 

the formation of larger, poorly-perfused tumor masses in the 

peritoneal compartment. With doses of 50 and 100 mg/kg of 

BSO, there was a dose response seen with NPSH levels, but it 

was not significantly different from the control. 



Figure 4: Non-Protein Sulfhydryl (NPSH) Levels in Normal Tissues 
The effects of L-BSO on the NPSH levels in the liver,kidney , 
heart and bone marrow (n= 2). The circles represent control, 
the triangles represent BSO 50mg/kg NPSH levels, and the 
squares represent BSO 500mg/kg NPSH levels. NPSH levels are 
expressed as umoles/gm of wet tissue weight for liver, 
umoles/100 mg of wet tissue weight for the kidney,and heart 
and umoles/femur for the bone marrow. The solid line on the 
X axis represents the time mice were receiving BSO-containing 
water (0.25 mg/ml or 2.5 mg/ml). Each point represents the 
mean of two determinations of the organs. The actual time 
points of sampling are indicated on the liver panel to show 
normal late afternoon nadir and late morning zenith for NPSH 
levels in CD-I male mice. 
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Figure 4: Non-Protein Sulfhydryl (NPSH) Levels in Normal 
Tissues 
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Figure 5: NPSH Levels in Murine Tumor Homogenates 

The effects of BSO on NPSH levels in P-388 leukemia (left 
panel) and MOPC-315 plasmacytoma cells (right panel) are 
shown. In the left panel, NPSH levels are plotted in umoles/ 
10® cells (standard deviation, SD) against days after tumor 
implantation. BSO-containing water (0.25 mg/ml or 0.5 mg/ml) 
was begun on day 0 and continued for the entire experimental 
period. In the right panel, NPSH levels (SD) are plotted 
against days after BSO water was started on day 6 after tumor 
implantation. Results represent the mean of NPSH levels in 
adult DBA/2J male mice (P-388) (n=2)or BALB/c female mice 
(MOPC-315) (n=2).BSO 50 mg/kg which reaches a maximal decline 
at day 4. Nonetheless, mice treated with BSO 500 mg/kg did 
not show any consisitent depression in NPSH levels. 
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The right panel of figure 5 illustrates the effects of 

BSO 50 and 500 mg/kg in MOPC-315 plasmacytoma. NPSH levels 

per 106 cells is plotted against days after BSO-containing 

water was started. There is a rapid depression in NPSH 

levels determined from MOPC-315 plamacytoma when mice were 

placed on oral BSO water (0.25 mg/ml). This depression 

occurs maximally at day 4. Nonetheless, mice treated with 

oral BSO water (2.5 mg/ml) did not show consistent depression 

in NPSH levels in this tumor line. 

In figure 6, the effects of high dose 500 mg/kg BSO in 

Colon 38 are shown. Again, there was a significant diurnal 

variation of NPSH levels in this tumor line. BSO markedly 

depressed the NPSH levels 8 hours after dosing. Once the 

mice were taken off the BSO-containing water at 24 hours, 

NPSH levels slowly returned to normal within 48 hours after 

dosing. 

Pharmacodynamics Of SHDftA +/- BSO 500 ma/kq in normal mice 

Tables 2 through 5 summarize the effects of SHDAA in 

mice with and without prior treatment with BSO 500 mg/kg. 

This study was used as a preliminary screen to assess the 

effects of SHDAA in combination with BSO on normal tissues. 

In Table 2, the effects of CTX with and without BSO are shown 

for liver, kidney, heart, and bone marrow NPSH levels. Over 

time, BSO depressed NPSH levels in all organs studied to a 

level greater than CTX alone with maximal depletion occurring 



Figure 6: NPSH levels in Colon 38 tumor homogenates removed 
from C57BL/6 male mice 

High dose BSO (500 mg/kg) IP and BSO-containing water (2.5 
mg/ml) were begun at time 0 and continued for 24 hours in 
Colon 38-bearing C57BL-6 male mice (n=2). The percent of 
control NPSH levels (SD) is plotted against time in hours 
after BSO-containing water was started. 
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Figure 6: NPSH levels in Colon 38 tumor homogenates removed 
from C57BL/6 male mice 



Table 2: Tissue NPSH Content following CTX +/- BSO 500 mg/kg 
(BSO started 24 hours prior to CTX dosing) 

% Controlt 

Hours after CTX Liver Kidney Heart Bone Marrow 
150 mg/kg IP xl 
(+/- BSO) 

1 <-> 88 59 80 129 
(+) 34 42 75 100 

3 (-) 192 56 81 122 
(+) 71 42 69 36 

6 (-) 120 127 81 94 
(+) 28 31 56 97 

12 (-) 97 134 50 107 
(+) 54 89 54 268 

24 (-) 75 81 212 84 
(+) 83 36 93 77 

t Tissues were removed from control or drug-treated DBA/2J ' 
mice (n=2) at same times to adjust for normal diurnal 
variations in NPSH levels. Results represent an average of 2 
determinations. Ranges in liver values are +/- 20%, kidney 
+/- 15% and heart and bone marrow +/- 10% of the means 
listed. 



6 hours after CTX dosing. NPSH levels in both treatment 

groups returned to normal within 24 hours. Tissue NPSH 

levels from mice treated with DOX alone and in combination 

with BSO are illustrated in Table 3. A significant 

depression in NPSH levels by BSO was seen in the liver and 

the kidney 1-3 hours after DOX dosing in mice. At 3 hours 

after dosing with DOX, NPSH levels reach maximal depression 

in the DOX + BSO treated group. Thus, DOX alone did not 

significantly deplete liver or kidney NPSH levels; however, 

at 3 hours, there was a marked depression in heart. The NPSH 

levels in both treatment groups returned gradually to control 

levels within 24 hours. In Table 4, the tissue NPSH levels 

in the liver from mice treated with BCNU with and without BSO 

are illustrated. The NPSH levels for BCNU reached a maximal 

depression 1 hour after dosing in kidney and liver; however, 

the NPSH levels for the BSO treated group did not reach 

maximal depression until 6 hours in the same organs. 

The effects of L-PAM +/- BSO on the various tissue 

NPSH levels are shown in Table 5. In contrast to BCNU, L-PAM 

alone did not significantly depress NPSH levels in any organs 

studied. However, the addition of BSO to L-PAM reduced the 

NPSH levels quite markedly in the early time points after 

dosing (eg.< 6 hours). At 12, and 24 hours, the NPSH levels 

were back to baseline control. In summary, these preliminary 

studies showed that the combination of BSO with SHDAA 

depleted NPSH levels in normal tissues, primarily the liver 



Table 3 : Tissue NPSH Content following DOX +/- BSO 
500 mg/(BSO started 24 hours prior to DOX dosing 

40 

% Controlt 

Hours after DOX Liver Kidney Heart Bone Marrow 
40 mg/kg IP xl 
(+/- BSO) 

1 (-) 102 105 101 93 
( + ) 43 48 73 154 

3 (-) 98 84 111 70 
(+) 27 28 69 73 

6 (-) 112 127 72 75 
(+) 69 46 33 66 

24 (-) 86 105 144 156 
(+) 81 89 62 104 

t Tissues were removed from control or drug-treated DBA/2J 
mice (n=2) at same times to adjust for normal diurnal 
variations in NPSH levels. Results represent an average of 2 
determinations. Ranges in liver values are +/- 20%, kidney 
+/- 15% and heart and bone marrow +/- 10% of the means 
listed. 



Table 4: Tissue NPSH Content following BCNU +/- BSO 500 mg/kg 
(BSO started 24 hours prior to BCNU dosing) 

% Controlt 

Hours after BCNU Liver Kidney Heart Bone Marrow 
60 mg/kg IP xl 
(+/- BSO) 

1 (-) 27 53 79 108 
(+) 35 61 74 103 

3 (-) 24 30 61 81 
(+) 87 98 99 53 

6 (-) 133 136 79 110 
( + ) 20 29 89 79 

24 (-) 98 132 105 85 
(+) 79 128 73 83 

tTissues were removed from control or drug-treated DBA/2J 
mice (n=2) at same times to adjust for normal diurnal 
variations in NPSH levels. Results represent an average of 2 
determinations. Ranges in liver values are +/- 20%, kidney 
+/- 15% and heart and bone marrow +/- 10% of the means 
listed. 



Table 5 : Tissue NPSH Content following L-PAM +/- BSO 
500 mg/kg (BSO started 24 hours prior to L-PAM 
dosing) 

% Control „t 

Hours after L-PAM Liver Kidney Heart Bone Marrow 
15 mg/kg IP xl 
(+/- BSO) 

1 (") 88 100 99 104 
( + ) 44 40 59 98 

6 (-) 92 91 94 75 
( + ) 45 98 59 74 

12 (-) 387 146 93 100 
( + ) 224 183 95 126 

24 (-) 74 142 171 104 
( + ) 62 126 112 60 

tTissues were removed from control or drug-treated DBA/2J 
mice (n=2) at same times to adjust for normal diurnal 
variations in NPSH levels. Results represent an average of 2 
determinations. Ranges in liver values are +/- 20%, kidney 
+/- 15% and heart and bone marrow +/- 10% of the means 
listed. 



and kidney, to a greater extent than did each anticancer 

agent alone. 

In Vivo Survival 

Figure 7 illustrates the results of survival studies 

of BSO 50 mg/kg and SHDAA in P-388 leukemia and MOPC-315 

plasmacytoma-bearing mice. In the left side of the figure, 

the effects of the combination of SHDAA and BSO against P-388 

leukemia are shown. In panel A, these results show that CTX 

plus BSO significantly increased median survival only at the 

highest dose of CTX. With BCNU (panel B), there was a marked 

increase in survival of mice (15 days at 25 and 30 mg/kg of 

BCNU and BSO). Similarly, the addition of BSO to the highest 

dose of L-PAM (panel C) increased median survival by 13 days 

from the non-BSO L-PAM group. In contrast, for DOX (panel 

D), the addition of BSO did not alter the survival patterns 

over those obtained from each drug alone. 

In the right side of figure 7, the effects of BSO 50 

mg/kg with SHDAA on the median survival of BALB/c mice 

bearing MOPC-315 plasmacytoma are illustrated. BSO did not 

produce any significant changes in median survival patterns 

with the anticancer drugs tested except with the highest dose 

of CTX. In this case, median survival time for the BSO-

treated group was decreased by greater than 50%. This may 

indicate that the antitumor modulating effect of BSO may be 

tumor specific. In summary, BSO enhanced the antitumor 



Figure 7: In Vivo Antitumor Survival with Low dose BSO in 
combination with SHDAA 

Solid bars represent the median survival of tumor-bearing mice 
recieving SHDAA alone, while the hatched bars represent those 
recieving SHDAA + BSO. The dose of BSO-containing water was 0.25 
mg/ml (50 mg/kg). The x-axis lists the acute dose of SHDAA given 
IP on day 1.0 following tumor implantation in male DBA/2J mice (P-
388) or day 7 in female BALB/C mice (MOPC-315). Each group 
presents the survival patterns from 5 mice per group with standard 
deviation by the vertical bars. * indicates statistically 
significant difference from non-BSO treated control group by Rank 
Sum Test ( p < 0.05). 
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Figure 7: In Vivo Antitumor Survival with Low dose BSO in 
combination with SHDAA 



survival of P-388 leukemia-bearing mice but did not alter the 

survival of MOPC-315 plasmacytoma-bearing mice. 

In figure 8, the results of P-388 leukemia survival 

with BSO 500 mg/kg and SHDAA are shown. These results show 

that the higher dose of BSO did not have any effect on median 

survival with any of the SHDAA agents. Indeed, the 

combination of BCNU 30 mg/kg with BSO significantly decreased 

median survival suggesting enhanced toxicity for the 

combination. The sole exception, where BSO had antitumor 

modulating effect, was with L-PAM 10 mg/kg wherein BSO 

produced a significant increase in survival over L-PAM alone 

(31 days for combination versus 18 days for L-PAM alone). 

With the other L-PAM doses, no BSO-mediated increase in 

survival was seen. In summary, at high doses, BSO, 

apparently increased SHDAA drug toxicity or tumor lethality. 

This suggests that the toxicities of the SHDAA were enhanced 

following via a decrease in NPSH levels by the high L-BSO 

dose. 

Table 6 shows the effects of SHDAA in combination 

with BSO 500 mg/kg (given orally) in the solid tumor, Colon 

38. These results show that the combination of low dose BCNU 

(32 mg/kg) plus BSO produced a significantly-enhanced median 

survival (28 days for BCNU alone versus 55 days for 

combination at a p > 0.05 level). This combination slowed 

the tumor growth rate so that T-C values were slightly longer 

(4 days) than that with BCNU alone. In reviewing this data, 



Figure 8: In Vivo Survival P-388 Leukemia-bearing mice 
treated with high dose BSO in Combination with SHDAA 

Solid bars represent the median survival of mice receiving 
SHDAA alone, while the hatched bars represent those receiving 
SHDAA + BSO. The concentration of BSO-containing water was 
2.5 mg/ml. The x-axis is the acute dose of SHDAA given IP on 
day 1.0 following P-388 tumor implantation in DBA/2J male 
mice. Each group represents the survival pattern from 5 
mice per group with standard deviation noted by the vertical 
bars. * indicates statistically significant difference from 
non-BSO treated control group by Rank Sum Test (p < 0.05). 
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Figure 8: In Vivo Survival P-388 Leukemia-bearing mice 
treated with high dose BSO in combination with SHDAA 



Table 6 : Antitumor activity in Colon 38 with SHDAA in 
combination with BSO 500 mg/kg orally 

Tumor 
Survival Inhibition 

Treatment Deaths/ 
f+/-BSO^ total mice Median %ILS# T-C 

Control 4/4 34.0 
BCNU 32 mg/kg (-) 5/5 28.0 -17 6 

(+) 3/6 55.0 +61 10* 

BCNU 36 mg/kg (-) 3/5 42.5 +25 8* 
(+) 3/5 41.0 +21 9* 

BCNU 40 mg/kg (-) 4/5 45.5 +34 8* 
(+) 4/5 29.0 -15 8* 

CTX 50 mg/kg (-) 2/4 44.0 +29 3.5 
(+) 3/4 37.0 + 8 6 

CTX 100 mg/kg (-) 3/4 52.0 +53 6.5 
(+) 4/4 41.0 +21 8.0* 

Control 5/5 37.0 

L-PAM 15 mg/kg (-) 5/5 7.0 -81 0 
(+) 5/5 9.0 -75 0 

DOX 10 mg/kg (-) 3/5 44.0 +18 12 .0 
(+) 4/5 27.0 -27 9.0* 

DOX 2.7 mg/kg (-) 2/5 >50 +35 16.0* 
x 7 days SQ 

(+) 2/5 >50 +35 14 .5* 

* indicates T-C is greater than 7 days, generally indicative 
of significant antitumor activity (Corbett et. al., 1975). 
# %ILS is defined as percent increased lifespan over 
untreated (control) groups. 



it should be recalled that a T-C of at least 7 days is 

generally considered a minimal criteria for significant anti-

colon tumor efficacy (Corbett et al., 1975). All other doses 

of BCNU alone and in combination with BSO had no significant 

effect on tumor growth rate. The antitumor effects of CTX 

+/- BSO in the colon model were not improved significantly 

over CTX alone except for a single CTX dose of 100 mg/kg. 

This BSO combination provided a significant increase in 

survival but did not markedly slow tumor growth (T-C for 

combination was 8.0 vs. 6.5 for CTX alone). It should be 

recalled that the optimal CTX dose in this model is 180 mg/kg 

(Corbett et al.,1915). Since the 500 mg/kg dose of BSO used 

in this study greatly increased the lethality of CTX (shown 

in earlier studies), this higher CTX dose could not be 

tested. 

The results in Table 6 also show that L-PAM 15 mg/kg 

was highly toxic in colon 38-bearing mice without producing 

dose dependent antitumor effects. The addition of BSO to L-

PAM similarly increased its toxicity and did not produce any 

antitumor effect. 

In contrast, a single dose of DOX 10 mg/kg plus BSO 

reduced median survival in Colon 38 mice but still had a 

significant effect on tumor growth. However, this antitumor 

effect was less than that of DOX alone and is thus not 

significant compared to DOX at the optimal subcutaneous dose 

of 2.7 mg/kg x 7 days (Corbett et al.,1975). This optimal 



dose decreased the rate of tumor growth by 12 days vs. 9 days 

for the BSO-treated group. It was therefore shown that the 

addition of BSO did not alter the level of this antitumor 

effect. 

Acute Lethal Toxicology of SHDAA +/-BSO 

In order to assess the toxicity of SHDAA with BSO, 

mice were given acute lethal doses of SHDAA exactly 24 hours 

after intiation of oral BSO treatment. Figure 9 demonstrates 

the effects of BSO 50 mg/kg given orally on CTX lethality. 

Mice given CTX alone showed a proportional dose response 

relationship while all of the CTX plus BSO-treated animals 

died within hours of dosing apparently from seizures. The 

cellular or biochemical mechanism of this effect was not 

investigated in detail. Upon necropsy, gross or histologic 

central nervous system and cardio-pulmonary system lesions 

were present. The necropsy revealed that brain congestion, 

lung congestion, and renal tubular necrosis was present at 

the time of death. This may indicate pulmonary failure and 

acute renal failure. This effect needs to be further 

investigated. BCNU, DOX, and L-PAM did not demonstrate 

consistent dose reponse curves either alone or in combination 

with BSO. It was shown that BSO 50 mg/kg may have a 

protective effect when in combination with DOX and L-PAM. 

These combinations should be investigated in future studies. 



Figure 9: Acute Lethal Survival with CTX + BSO 50 mg/kg in 
CD-I male mice 

Solid bars represent the percent survival of mice recieving 
CTX alone. All mice recieving CTX + BSO-containing water 
(0.25 mg/ml) died within hours of dosing. The x-axis is the 
acute dose of CTX given IP. Each solid bar represents the 
median survival (SD) after 60 days of five CD-I male mice per 
group (y-axis). * indicates statistically significant 
difference by the Rank Sum Test (p < 0.05). Vertical bars 
indicate one standard deviation. 
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Figure 9: Acute Lethal Survival with CTX +/- BSO 50 mg/kg in 
CD-I male mice 



In summary, in animals treated with CTX, the addition 

of BSO produced a dose-dependent decrease in median survival. 

Further studies with the other SHDAA need to be investigated 

to evaluate what role BSO has on survival when in combination 

with DOX, L-PAM and BCNU. 

In Figure 10, the effects of high dose BSO, 500 mg/kg, 

with CTX are displayed. These studies produced similar 

effects to that produced by the lower BSO dose. All mice 

recieving non-lethal doses of CTX alone survived, while those 

treated with CTX plus BSO showed a dose-dependent increase in 

lethality. Thus, it appears that both BSO doses, when added 

to a regimen of CTX, lowers the lethal dose requirements 

significantly. This represented a 4 fold increase in CTX 

lethality (on a molar basis). Again, it was difficult to 

demonstrate consistent dose response relationships for the 

other SHDAA alone and in combination with BSO. 

Notwithstanding this limitation, there was enhanced toxicity 

seen when the higher dose BSO was administered in combination 

with each of the other SHDAA. 

In addition to these survival studies, hepatic 

enzymes, renal chemistries, and hematologic profiles were 

monitored in the above experiments. In Table 7, these organ-

specific toxicity indices are illustrated. It is apparent 

from these results that BSO slightly increases serum LDH, and 

when in combination with DOX, BCNU, or L-PAM, there is a 

greater elevation of this enzyme in the serum. Also, SGOT 



Figure 10:Acute Lethal Survival with CTX + BSO 500 mg/kg in 
CD-I male mice 

•m 

Solid bars represent the percent survival of mice recieving 
CTX alone, while the hatched bars represent the survival of 
mice recieving CTX + BSO-containing water (2.5 mg/ml). The 
x-axis is the acute dose of CTX given IP 24 hours after BSO-
containing water was started. Each treatment group 
represents the median survival (SD) of five CD-I male mice 
per group ( y-axis). * indicates statistically significant 
difference by the Rank Sum Test (p < 0.05) Vertical bars 
represent one standard deviation. 



125 150 175 200 

CTX DOSE (MG/KG) 

Figure 10: Acute Lethal Survival with CTX +/- BSO 500 mg/kg 
in CD-I male mice 



Table 7: Hematological and Organ Toxicities Associated with 
BSO 50 mg/kg and SHDAA 

Treatment Hepatic enzymes* Hematological 
Profile 

Anticancer Drug LDH SGOT WBC 
(+/- BSO) (units) (x lO^/ml) 

Control 283 51 6 .4 

BSO (50mg/kg po) 830 79 3 .3 

DOX (-) 198 64 7 .3 

( + ) 1,122 144 3 .7 

BCNU (") 576 147 2 .2 

( + ) 1,052 500 1 .5 

CTX (-) 790 171 0 .3 
( + ) 1,036 198 0 .9 

L-PAM (") 270 74 0 .6 
( + ) 805 370 1, .2 

* blood was drawn via cardiac puncture and pooled from CD-I 
male mice (n=4) on day 3 after SHDAA dosing. 



levels were elevated in these groups when compared to the 

respective non-BSO treated group. In contrast, CTX did not 

show an elevation in hepatic enzymes. Renal chemistries were 

within normal limits for all treated groups except for the 

CTX-BSO regimen wherein the blood urea nitrogen (BUN) was 

slightly elevated. In terms of hematological toxicity, the 

WBC was suppressed by the SHDAA more than the RBC or PLCT in 

all groups; however, BSO did not seem to further depress the 

WBC from non-BSO treated controls. In summary, BSO appears 

to slightly elevate the hepatic enzyme parameters without 

effecting renal or hematologic parameters. 

In Table 8, the organ-specific biochemical markers are 

shown for the higher dose BSO (500 mg/kg) in combination with 

SHDAA. Although no greater hepatic enzyme elevations were 

apparent with the increase in BSO dose, the same general 

patterns of elevation were seen. Most other biochemical 

parameters such as GGT, BUN, creatinine, RBC, and PLCT were 

all within normal limits except in the following treatment 

groups. With the higher BSO dose, the BUN for CTX-BSO 

regimen was again significantly increased from non-BSO 

treated controls. This suggests the possibility that 

nephrotoxicity had occurred. An elevation in the SGOT level 

for days 3 and 7 in the BCNU-BSO treatment group was again 

observed. The GGT was also significantly increased with 

BCNU-BSO on day 3 (data not shown). In observing the BCNU-



Table 8: Hematologic and Organ Toxicities Associated with BSO 
500 mg/kg and SHDAA 

Treatment Hepatic Enzymes* Hematological Profile 
(units) (x 103/ml) 

Anticancer Drug Day 1 Day 3 Day 7 Dayl Day3 Day7 
(+/- BSO) LDH SGOT LDH SGOT-LDH SGOT WBC WBC WBC 

Control 437 209 332 96 347 132 4 . 9 2. .3 5.0 

BSO 500 mg/kg 330 87 320 108 508 148 2. 9 3. .2 3.6 

DOX (-) 253 76 898 177 275 95 ND * *  1, .3 1.7 
( + ) 439122 431 162 526 140 ND * *  4 . .2 4.0 

BCNU (-) 372 78 545 410 660 316 2. 6 3, ,0 4.4 
( + ) 231 60 768 560 935 584 1. 4 2 . .1 3.8 

CTX (-) 259103 244 68 278 66 1. 6 1, . 1 3.2 
( + ) 945 145 256 106 ND** ND** 1. 4 1, .3 ND** 

L-PAM (-) 335 87 208 57 246 11 1. 6 1, . 1 ND** 
(+) ' 317 66 206 88 274 102 1. 0 0, .5 2.9 

* blood was removed via cardiac puncture and pooled from CD-I 
male mice (n=4) on days 1, 3, and 7 after SHDAA dosing. 
** No Determination 



BSO treated group, a yellow coloring in the mice developed on 

day 7 after dosing. 

In the DOX treatment groups, BSO did not affect the 

hepatic and renal enzymes, nor the WBC. In fact, BSO 

appeared to reduce the myelotoxic effects of DOX (p > 0.05). 

In summary, the higher dose of BSO did not increase serum 

enzyme levels in a dose-dependent manner and the same general 

toxicities were seen as with the lower dose of BSO. Overall, 

this suggests that BSO produces slight hepatotoxicity and 

also enhances CTX nephrotoxicities. 

Myelotoxicity Assay In Vivo 

Myelotoxicity or bone marrow stem cell damage is the primary 

toxicity of most anticancer agents (Marsh, 197 6). The 

results of murine spleen colony assays for the pluripotent 

bone marrow stem cell are shown in figures 11, 12, 13, and 

14. Figure 11 illustrates the effect of CTX in combination 

with BSO 50 mg/kg on this population of cells. The addition 

of BSO to CTX (Figure 11) and BCNU (Figure 12) did not 

significantly alter the survival pattern of the normal (bone 

marrow) colony forming units (NCFU). This was demonstrated 

by the similarity of the slope and y-intercept with and 

without BSO (Table 9). With DOX and L-PAM, both the slope 

and y-intercept were not different from those with BSO 

(Figure 13 and 14, and Table 9). Thus, the addition of BSO 

to DOX and L-PAM did not increase myelotoxicity. 
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CTX DOSE (mg/kg) 

Figure 11: Myelotoxicity Assay with CTX +/- BSO-containing 
water (0.25 mg/ml) in DBA/2J male mice 

Each point represents the mean of colony counts from 10 
spleens (+/- standard deviation). The spleens were harvested 
from DBA/2J male mice 10 days after bone marrow passage. The 
percent survival of normal bone marrow colony forming units 
(NCFU) is plotted against dose (mg/kg) of CTX. Statistical 
significance was assessed by linear regression and a test for 
slope parallelism at a (p < 0.05) level. No statistically 
significant difference was found between the two lines (p > 
0.05) . 



BCNU DOSE (mg/kg) 

Figure 12: Myelotoxicity Assay with BCNU +/- BSO-containing 
water (0.25 mg/ml) in DBA/2J male mice 

Each point represents the mean of colony counts from 10 
spleens (+/- standard deviation). The spleens were harvested 
from DBA/2J male mice 10 days after bone marrow passage. The 
percent survival of normal bone marrow colony forming units 
(NCFU) is plotted against dose (mg/kg) of BCNU. Statistical 
significance was assessed by linear regression and a test for 
slope parallelism at a (p < 0.05) level. No statistically 
significant difference was found between the two lines (p > 
0.05) . 
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DOX DOSE (mg/kg) 

Figure 13: Myelotoxicity Assay with DOX +/- BSO-containing 
water (0.25 mg/ml) in DBA/2J male mice 

Each point represents the mean of colony counts from 10 
spleens (+/- standard deviation). The spleens were harvested 
from DBA/2J male mice 10 days after bone marrow passage. The 
percent survival of normal bone marrow colony forming units 
(NCFU) is plotted against dose (mg/kg) of DOX. Statistical 
significance was assessed by linear regression and a test for 
slope parallelism at a (p < 0.05) level. No statistically 
significant difference was found between the two lines (p > 
0.05) . 
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Figure 14: Myelotoxicity Assay with L-PAM +/- BSO-containing 
water (0.25 mg/ml) in DBA/2J male mice 

Each point represents the mean of colony counts from 10 
spleens (+/- standard deviation). The spleens were harvested 
from DBA/2J male mice 10 days after bone marrow passage. The 
percent survival of normal bone marrow colony forming units 
(NCFU) is plotted against dose (mg/kg) of L-PAM. Statistical 
significance was assessed by linear regression and a test for 
slope parallelism at a (p < 0.05) level. No statistically 
significant difference was found between the two lines (p > 
0.05) . 



TABLE 9: Linear Regression Values for Myelotoxicity Assay 

Anticancer agent Correlation Slope Y-intercept 
(+/- BSO 50 mg/kg) Coefficient 

CTX (-) -0.818 -0.270 58.8 
( + ) -0.842 -0.172 50.1 

BCNU (-) -0.999 -0.006 49.0 
( + ) -0.963 -0.006 44.3 

DOX (-) -0.898 -0.751 41.4 
( + ) -0.802 -1.150 61.0 

L-PAM (") -0.769 -0.590 13.1 
( + ) -0.944 -1.010 16.0 

Statistical significance (p < 0.05) was evaluated by 
comparison of slopes using test for parrallelism. Parameters 
for BSO treated groups were not significantly different from 
similarly non-BSO treated groups. 
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NPSH levels in the bone marrow from mice treated with 

SHDAA in combination with BSO 50 mg/kg did not show a decline 

in NPSH content (data not shown). In contrast, bone marrow 

NPSH levels in mice treated with SHDAA and a higher dose of 

BSO 500 mg/kg showed a 30% decrease in NPSH levels at 24 

hours after BSO dosing (data not shown). However, the degree 

of bone marrow NPSH depression was not proportional to the 

dose of the particular SHDAA. One explanation for this 

observation is that there was a marked variation in nucleated 

cell counts of femurs removed from different animals. 

Nonetheless, these results suggest that even high doses of 

BSO, do not significantly alter bone marrow sulfhydryl stores 

nor SHDAA myelotoxicities. 



DTSCUSSTON 

These studies have demonstrated several effects of L-

BSO alone and in combination with model SHDAA. In intial 

studies, it was found that mice could tolerate total IP BSO 

doses of up to 5 gm/kg without any overt toxicities. Only 

slight decreases in weight were observed, and this was not a 

lasting effect. In comparison, previous studies by Meister 

and Griffith (1979) have shown that mice tolerated a single 

intraperitoneal injection of up to 7 gm/kg or mutiple doses 

totaling 16 gm/kg given over 27 hours (Arrick, Griffith, and 

Cerami, 1981). These injections used racemic D,L-BSO and 

they did not produce convulsions or any detectable behavioral 

changes. Hamilton et al. (1986) placed mice on 30 mM (6.6 

mg/ml) BSO-containing water for 5 days without any apparent 

toxicities. Sun et al. (1985) showed that mice given 30 mM 

L-BSO-containing water for 28 days did not demonstrate any 

alterations in biochemical toxicity markers (LDH, SGOT). It 

also did not elicit any other acute toxic reactions. 

Several investigators have measured GSH depletion by 

BSO in normal tissues. In a study by White et al. (1984) 

using B6C3F1 male mice, doses of L-BSO doses from 222 mg/kg 

to 177 6 mg/kg, given IP, decreased hepatic NPSH levels in a 

dose-dependent manner. This observation was also seen in our 
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studies of NPSH depletion in the liver of CD-I male mice 

given oral L-BSO doses of 50 mg/kg and 500 mg/kg. 

The current results have shown that NPSH levels in the 

liver vary during the day, with the nadir at 4 P.M. and the 

zenith at 11 A.M. This observation has also been reported by 

Boor (1977) . Griffith and Meister (1979c) showed that the 

kidney levels of GSH found in mice 1.5 hours after injection 

of D,L-BSO (888 mg/kg) were depressed to less than 20% of the 

control levels. In the current study, kidney levels were 

markedly depressed to only 40% of the control value after a 

dose of 500 mg/kg of L-BSO. The NPSH levels in the kidney 

tissue also demonstrated a diurnal cycle similar to that in 

the liver. Studies by the National Cancer Institute (NCI) 

showed that the kidney is very sensitive to GSH depletion 

while the bone marrow is relatively resistant to depletion 

(Proceedings of NCI decision network). This may be explained 

by the fact that the rate of GSH turnover is relatively high 

in the kidney and liver and very low in the bone marrow 

(Griffith and Meister,1979c). Minchinton et al. (1984) 

showed that DL-BSO depleted liver and kidney GSH levels 

rapidly and that repeated doses further depleted these organs 

of GSH. Some interesting observations in this latter study 

were that the heart showed a diurnal NPSH cycle and NPSH 

levels were depleted by a dose of BSO 500 mg/kg given orally 

at 24 hours. In comparison, Griffith and Meister (1979c) 



showed that a dose of BSO of 20 mM (4.44 gm/kg in the 

drinking water for 15 days) significantly depleted GSH levels 

in the heart to only 15% of control. This represents a dose 

that was 8 times higher than those used in the present study. 

Thus, small acute doses of BSO will produce similar effects 

to that of chronic dosing. It was also interesting to 

observe the overshoot or "rebound" in cardiac NPSH levels 

when BSO-containing water was removed from the mice. This 

observation may protect the heart from damage from 

cardiotoxic agents since, with the proper schedule, higher 

GSH levels could be present at the time of dosing. 

In this study, the bone marrow did not show a diurnal 

variation of NPSH levels. However, it has been reported that 

mouse bone marrow cells do undergo circadian variation during 

a 24 hour period (Aardal and Laerum, 1983). An important 

observation in the current study was that like in the heart, 

the bone marrow demonstrated a rebound of NPSH levels when 

mice were removed from BSO-containing water. This rebound 

effect was a similar in magnitude to that previously seen in 

the heart. Studies by Hamilton et al. (1986) showed that BSO 

can lower GSH levels in the bone marrow to 7 9% following a 30 

mM (6.6 mg/ml) dose of BSO in the drinking water. In 

comparison, the current results showed that a dose of 500 

mg/kg (2.5 mg/ml) only depletes NPSH levels in the bone 

marrow to 88% of control. 
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Other groups have reported a prominent bone marrow GSH 

rebound effect following transient GSH reduction. For 

example, Adams et al. (1985) showed that the alkylating agent 

CTX significantly depleted bone marrow GSH when given in 

lethal doses. However, if a lower "priming" dose of CTX was 

given, the GSH levels transiently dropped to 20% of control 

values and then increased to levels 190% of control 5-7 days 

after dosing. Mice treated with CTX at this period of 

relative GSH elevation could then survive an otherwise lethal 

dose of CTX. It was also found in a study by Carmichael et 

al. (1986) that granulocytes but not lymphocytes showed 

increased GSH levels when a "priming" dose of CTX was given. 

In this study, the lymphocytes remained sensitive to CTX 

cytotoxicity whereas the granulocytes apppeared to be 

protected by elevated GSH levels. 

The effects of BSO in tumor-bearing mice, particularly 

P-388 leukemia and MOPC-315 plasmacytoma ascites tumors, 

illustrated that BSO slightly decreases NPSH levels in 

tumors. However, this depression was not significantly from 

control. It was also observed that NPSH levels in tumor 

cells from non-treated mice declined over time. This 

suggested that as the number of tumor cells in the peritoneum 

increases,oxygen and nutritional deprivation possibly 

mediated a decline of NPSH levels. It is thus concluded the 

BSO would have minimal effects on tumors in the later stages 

of growth when GSH levels are already low. In contrast, in 



Colon 38, a slow growing solid tumor, BSO significantly 

depleted tumor cell NPSH levels within 8 hours after systemic 

and oral treatment. Additionally, the colon tumor seemed to 

follow a diurnal pattern of NPSH content similar to normal 

tissues. Further studies are needed to confirm this 

preliminary observation. Minchinton et al. (1984) showed 

similar effects in three fibrosarcoma tumor lines. These 

tumor lines were slowly depleted of GSH (using DL-BSO) with a 

maximal depression observed after 10 hours. These 

observations suggest that one may be able to rationally 

schedule SHDAA chemotherapy regimens for solid tumors such as 

Colon 38 to achieve low tumor cell NPSH levels commensurate 

with high rebounded NPSH levels in normal tissues. 

Many investigators have looked at the effects of SHDAA 

in normal tissues but not in combination with BSO. Since 

these agents are detoxified primarily by GSH, and interact 

with NPSHs either by direct depletion or inhibition of 

enzymes important for GSH synthesis, it was thought that the 

addition of BSO might augment the toxic effects of the SHDAA. 

Therefore, the pharmacodynamics, antitumor efficacy and acute 

toxicities of the SHDAA in mice in combination with BSO were 

investigated. 

The effects of DOX plus BSO on NPSH levels in normal 

mice showed that maximal NPSH depletion in liver (27%), 

kidney (28%), and heart (69%) was observed three hours after 

dosing with DOX. NPSH levels then returned to control values 



within 24 hours. A study by Boor (1979),showed that when a 

low dose of DOX (15 mg/kg) was given to rats, cardiac and 

hepatic GSH increased at 24 hours. A higher dose of DOX (30 

mg/kg) caused no cardiac alterations in GSH content, but 

hepatic GSH content rose to 60% of controls levels after 24 

hours. This phenomenon was explained by the observation that 

the rat heart is extraordinarily resistant to GSH depletion 

by DOX (Boor, 1979). In contrast, Olson et al. (1977) showed 

that cardiac glutathione levels in the rat were depleted in 

thepresence of acute DOX-induced cardiotoxicity. This 

condition may result from the peroxidation of cardiac lipids 

which is indicative of a free-radical mechanism of cellular 

damage (Myers et al., 1977). Doroshow and group (1979) 

showed that DOX doses greater than 20 mg/kg could markedly 

deplete murine cardiac and hepatic GSH stores. That same 

effect was seen in the current study. One explanation of 

this observation is that since DOX is an inhibitor of both 

DNA and protein synthesis, it might interfere with GSH 

production (Dorshow et al., 1979). 

In the antitumor studies with P-388 lymphocytic 

leukemia, the DOX survival curves illustrate that BSO had no 

effect on survival except at low doses of DOX 5 mg/kg. Low 

dose DOX antitumor effects in combination with BSO 50 or 500 

mg/kg were increased. At a high dose of DOX (15 mg/kg), a 

decrease in median tumor survival and increase in toxicity 

were seen in both BSO treatment groups. No significant 
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increase in antitumor efficacy was seen with DOX 10 mg/kg 

alone and in combination with both doses of BSO. This 

suggests that there was a protective effect seen with the 

combination of BSO and DOX when using an acute low-dose DOX 

dosing schedule. 

In vitro studies with Chinese Hamster V-7 9 cells 

showed that when DOX (3-6 ug/ml) and BSO (10 mM) were 

incubated together for 4 hours, there was a noticeable 

increase in DOX cytotoxcity (Russo and Mitchell,1985). 

However, this effect could not be demonstrated in P815 

mastocytoma cells incubated with BSO and DOX. (Arrick et al., 

1983). In vitro sensitization was seen in the current in 

vivo study with DOX. Again, this suggests that tumor 

specificity may be operating in BSO sensitization to 

cytotoxicity from SHDAA. 

Conversely, it has been reported that DOX toxicity can 

be decreased by the use of exogenous thiols such as N-

acetylcysteine (NAC) in normal CDF1 male mice (Doroshow et 

al., 1981) or increased with the administration of DEM (Olson 

et al., 1977; Olson, 1980). Freeman et al. (1980) and 

Doroshow et al. (1981) reported the effects of the 

sulfhydryl-containing compounds cysteamine and NAC in mice 

given single doses of DOX. It was shown that NAC or 

cysteamine increased the lifespan of P-388 tumor-bearing 

animals treated with DOX. The opposite effect was seen in 

the current study with BSO and low dose DOX wherein an 
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increase in antitumor efficacy was observed with NPSH 

depletion. One explanation for this discrepancy is that at 

the time of DOX dosing, NPSH levels in the target normal 

tissues had rebounded and were higher than control (in both 

the heart and the bone marrow). 

In contrast, in the acute lethal survival study, BSO 

50 mg/kg did not produce consistent dose response curves in 

normal animals treated with DOX. At the higher dose of BSO, 

a significant decrease in survival was seen at all doses and 

enhanced lethality was observed. Thus additional studies are 

clearly needed to elucidate the role of BSO in DOX toxicity 

and lethality. 

In evaluating the organ-specific biochemical markers, 

LDH was increased in the BSO-DOX treated group when compared 

to DOX alone. This may be indicative of possible BSO-

augmented DOX cardiotoxicity or hepatotoxicity. An 

interesting result was that the WBC levels in the 500 gm/kg 

BSO-DOX treated group were significantly higher than those 

after DOX alone group. However, in the myelotoxicity assay, 

BSO did not significantly increase the myelotoxic effects of 

DOX. 

BCNU has been reported to directly depress GSH and GSH 

reductase (McConnell et al, 1979; Kehrens, 1983). In a study 

by McConnell et al. (1981), it was shown that BCNU 50 mg/kg 

produced a significant decrease in liver GSH in BDF1 male 

mice. It did not affect the GSH content of L-1210 leukemia 



tumor or lungs. However, in a study by Kehrens, BCNU 50 

mg/kg did not affect the GSH levels in the liver, lungs and 

heart in BALB/c mice. This is different from the present 

findings wherein BCNU alone did significantly reduce NPSH 

levels in the liver and to a lesser degree in the heart. 

In prior studies, BCNU has been shown to inhibit GSH 

reductase activity in liver, lung, and heart within 30 

minutes after dosing. The results from Kehren's study 

postulated that lower-than-normal GSH reductase activity is 

sufficient to maintain GSH levels. Babson and Reed (1978) 

also illustrated that BCNU and the other nitrosoureas, for 

example, N-(2-chloroethyl)-N'-(trans-4-methylcyclohexyl)-N-

nitrosourea (Methyl CCNU) did inhibit GSH reductase in a 

time-dependent fashion. Methyl CCNU has been shown to 

deplete hepatic and renal GSH levels in rats in a time- and 

dose-dependent manner. The addition of DL-BSO markedly 

increases the nephrotoxicity of this agent and resulted in 

hepatotoxicity not ordinarily seen when methyl CCNU is given 

alone (Kramer, 1985a; Kramer, 1985b). 

In antitumor studies with P-388 leukemia, BSO 50 mg/kg 

in combination with BCNU increased survival at the two higher 

doses of BCNU. In contrast, it was shown that with BCNU, the 

higher dose of BSO decreased antitumor efficacy. This may 

indicate enhanced toxicity of BCNU when thiols were depleted. 

BSO also decreased survival of mice treated with BCNU in 

acute lethal survival studies. 



It has been reported that the combination of DOX and 

BCNU causes a complete depletion of both the cytoplasmic and 

mitochondrial GSH pools in isolated rat hepatocytes. BCNU 

also causes a significant increase in the serum LDH value. 

This was greater than the effect after each anticancer agent 

alone (Meridith and Reed, 1983). The addition of BSO to 

either DOX or BCNU may further enhance hepatocyte damage. 

This was observed with the combination of DOX and BCNU. The 

increase in LDH seen in the current study with both DOX and 

BCNU in combination with BSO was compatable with this 

conclusion. 

As with the DOX and BCNU combination studies, CTX and 

BSO together also depleted NPSH levels greater than did CTX 

alone. The NPSH levels in the liver and kidney were depleted 

much more than those in the heart. CTX has been reported to 

markedly deplete hepatic GSH levels at 4-8 hours after dosing 

(Gurtoo,1981). That is similar to results reported in this 

study wherein NPSH levels were maximally depleted at 6 hours. 

In the report by Gurtoo (1981), it was shown that CTX 

supplementation with the thiol, cysteine,caused an earlier 

return of GSH levels when compared to CTX alone. Lethal 

doses of CTX (500 mg/kg) have also been reported to cause 

substantial depletion of GSH levels in bone marrow, liver, 

and blood (Adam et al., 1985). Conversely, it was shown that 

if mice were given a lower dose of CTX 75 mg/kg, GSH levels 

in the bone marrow increased 3-4 days after dosing. Repeated 



dosing 5-7 days later with an otherwise lethal dose of CTX 

was not fatal. In the current study, the slight increase in 

bone marrow NPSH levels did not protect tumor-bearing and 

normal mice from CTX toxicity. 

In antitumor studies, BSO 50 mg/kg significantly 

increased survival after CTX 200 mg/kg in P-388 leukemia but 

had no effect in MOPC-315 plasmacytoma. When BSO 500 mg/kg 

was given in combination with CTX, median survival was 

decreased at all dose levels. It has previously been shown, 

though that reduced GSH has no effect on the antitumor 

efficacy of CTX in L-1210 and Gross leukemia (Tofanetti et 

al., 1985) . 

In acute lethal survival studies in normal mice, the 

addition of BSO significantly enhanced the toxicity of CTX. 

In fact, mice treated with BSO 50 mg/kg and CTX died, within 

hours of dosing, apparently due to convulsions. In the 

higher dose BSO study, animals died within 48 hours after CTX 

dosing due to seizures. The cellular and biochemical 

mechanism of this effect was not explored in detail. 

However, some gross congestion in the brain and lungs and 

evidence of acute renal tubular necrosis was documented in 

the mice. These effects suggested that some biochemical 

alteration by BSO may also be occuring in these organs. 

There have been no reports on neurotoxicity associated with 

CTX,; however, cardio-pulmonary toxicity has been reported 

with high doses of CTX (Mills and Robert, 1974). This may be 



a contributing factor to the toxicity and lethality seen CTX 

plus BSO in the current study. It has been shown that thiols 

may prevent the lethality and toxicity of CTX and acrolein, 

respectively (Gurtoo et al., 1981). Conversely, DEM was also 

reported in the same study to increase the lethality and 

toxicity of acrolein, thus illustrating the importance of 

sulfhydryl groups in CTX detoxification and metabolism. 

Tofanetti et al.(1985) showed that the administration of 

reduced glutathione prevented urotoxicity and acute lethal 

toxicity of CTX in a schedule-dependent manner in rats. One 

may be able to predict that BSO would enhance the urotoxicity 

of CTX since reduced GSH protects against this effect. In 

fact, this effect was seen when evaluating the organ-specific 

biochemical markers. 

The serum BUN was elevated in animals treated with CTX 

and BSO 500 mg/kg on days 1 and 3 indicating possible renal 

toxicity. This observation is of importance since CTX is 

known to cause bladder toxicity and to a lesser extent, renal 

toxicity. An important observation was that the myelotoxic 

effects of CTX were not enhanced with the addition of BSO as 

shown by the spleen colony assay. 

In contrast to the other SHDAA, L-PAM alone had no 

significant effect on NPSH depletion in the organs evaluated. 

L-PAM in combination with BSO caused a marked depression of 

NPSH content in the liver and the kidney, and, to a lesser 

extent, in the heart. And, the antitumor efficacy of high 



dose L-PAM in P-388 leukemia was enhanced by low dose BSO. 

However, BSO had no effect on the antitumor efficacy of lower 

L-PAM doses. In contrast, antitumor survival studies with L-

PAM and high dose BSO showed enhanced antitumor efficacy of 

only the intermediate dose of L-PAM (10 mg/kg). The higher 

dose BSO regimen actually decreased median survival with 

other L-PAM doses. In other reports, GSH depletion by BSO 

was shown to increase the toxicity of L-PAM in L-1210 tumor-

bearing mice which resulted in a decrease in the LD50. A 

similar effect was reported by Kramer et al.(1986). The 

addition of BSO to L-PAM also did not enhance the antitumor 

efficacy in MOPC-315 plasmacytoma. This may indicate that 

the effect of BSO may be tumor specific. 

In acute lethal survival studies, there was an 

increase in survival with L-PAM and BSO 50 mg/kg treated 

animals, but a consistent dose response curve could not be 

demonstrated. In contrast, in the study with BSO 500 mg/kg, 

the combination of L-PAM and BSO reduced survival with the 3 

higher doses of L-PAM indicating that BSO enhancement of L-

PAM toxicity. Again, further studies are needed to evlaute 

the role of BSO with L-PAM. 

In evaluating the organ-specific biochemical toxicity 

markers, only the serum liver enzymes were elevated both in 

the L-PAM groups and in combination with BSO treatment 

groups. The addition of BSO increased LDH and SGOT levels 

greater than with L-PAM alone. Of importance, the myelotoxic 



effects of L-PAM were not enhanced by the addition of BSO as 

shown in the in vivo spleen colony assay. 

Extensive work has been done with L-PAM showing high 

levels of thiols may mediate resistance to this alkylating 

agent (Somfai-Relle et al., 1984; Green et al., 1984a; Green 

et al., 1984b; Hamilton et al., 1985; Kramer et al., 1986). 

Observations in several laboratories have suggested that 

acquired resistance to alkylating agents in tumor cells is 

accompanied by a elevation in cellular NPSH content and that 

depletion of NPSH levels via BSO may restore the sensitivity 

of these tumor lines to the alkylating agent. In studies 

with human ovarian cancer, resistance to classic alkylating 

agents has been ovecome by BSO-mediated depletion of high 

intracellular concentrations of glutathione (Green et al., 

1984b; Louie et al., 1985; Hamilton et al., 1985). This 

effect has also been reported using the murine tumor L-1210 

leukemia (Suzukake, 1983; Somfai-Relle, 1984; Kramer, 1986). 

Of importance, the conversion of L-PAM to its non-cytotoxic 

derivative is related to the intracellular concentration of 

GSH (Suzukake et al., 1984). This may explain why depletion 

of NPSH by BSO could result in low levels of thiols and 

increase the formation of the toxic species of L-PAM. Both 

effects would enhance the toxicity of L-PAM. 



SUMMARY 

The first objective of this study was to assess the 

toxicity of BSO in normal mice. It was subsequently 

demonstrated that BSO was tolerable in high doses in vivo: up 

to total dose of 5 gm/kg without any detectable biochemical 

or behavioral changes. 

In pharmacodynamic studies of NPSH depletion by BSO in 

normal tissues, the liver, kidney, and heart demonstrated 

cyclic NPSH throughout the day. BSO was shown to produce a 

dose-dependent depression of NPSH levels in the liver, 

kidney, and heart. These effects were not seen in the bone 

marrow , but a rebound of NPSH levels 4 hours after BSO-

containing water was removed was observed. 

The next part of the pharmacodynamic studies was to 

evaluate NPSH depletion by different doses of BSO in murine 

tumor cell homogenates. It was demonstrated that the ascites 

tumors, P-388 leukemia and MOPC-315 plasmacytoma, could be 

modulated slightly by BSO in vivo. However, the magnitude of 

enhanced NPSH depletion with BSO did not reach statistical 

significance. It was also shown that in high cell density 

tumors, NPSH levels decline significantly as the number of 

cells increases in the peritoneum. Colon 38 NPSH levels 

showed a diurnal variation throughout a 24 hour period. This 
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solid tumor exhibited a marked depression of NPSH which was 

maximal at 8 hours after BSO 500 mg/kg was administered 

orally. This rate of NPSH depletion was much slower than in 

normal tissues. 

Pharmacodynamic studies, in normal mice treated with 

SHDAA in combination with BSO, showed that the SHDAA reduced 

NPSH levels in the liver, kidney, and heart. Interestingly, 

the exception was L-PAM. CTX, BCNU, and DOX each reduced 

hepatic and cardiac NPSH within 1-3 hours after dosing. The 

addition of BSO in combination with SHDAA reduced the NPSH 

levels in liver and kidney to a greater degree than each 

anticancer agent alone. These effects were maximal at 6 

hours, a rate slower than each agent alone. 

The third objective was to evaluate the antitumor 

efficacy associated with combinations of BSO and SHDAA. In 

vivo antitumor studies with P-388 leukemia demonstrated that 

low BSO doses positively modulated antitumor efficacy with 

high dose CTX, high dose BCNU, and high dose L-PAM. In 

contrast, this effect was not seen with the higher dose of 

BSO. In fact, BSO at 500 mg/kg dose increased both the drug 

toxicity and lethality of BCNU, CTX, and DOX. It was also 

illustrated that the effects of BSO were tumor-specific since 

BSO had a positive modulating effect in P-388 leukemia but 

not in MOPC-315 plasmacytoma. 



In antitumor activity studies with Colon 38, low dose 

BCNU, in combination with BSO, was the only agent that showed 

a positive modulating effect in delaying tumor growth. The 

combination of BSO with the other SHDAA did not delay tumor 

growth when compared to the SHDAA alone. 

The fourth objective was to assess the toxicities and 

lethalities associated with combinations of BSO and SHDAA. 

Acute lethal survival studies illustrated that both doses of 

BSO greatly increased the lethality of CTX . However, 

consistent dose-response relationships for L-PAM, DOX, and 

BCNU in combination with both doses of BSO could not be 

demonstrated. Further studies need to be done in this area 

to assess the role of BSO in combination with SHDAA toxicity 

and lethality. 

Organ-specific biochemical markers showed that BSO 

increases the serum levels of LDH and SGOT in BCNU, DOX, and 

L-PAM treated mice. This suggests possible hepatotoxicity, 

or, in the case of DOX, cardiotoxicity. In the in vivo 

myelotoxicity assay, DOX, L-PAM, CTX, and BCNU in combination 

with low dose BSO did not show any significantly increase 

myelotoxicities. 

In conclusion, high dose BSO appears to increase the 

toxicity and, thereby, decrease the antitumor efficacy of 

most of the SHDAA. Low dose BSO significantly increases the 

toxicity of CTX in acute lethal survival studies. These 

lower doses of BSO also enhanced antitumor efficacy in P-388 



leukemia treated with high dose BCNU, CTX, and L-PAM. DOX 

plus BSO caused reduced acute survival and did not enhance 

the antitumor efficacy of most doses of DOX. 

Although BSO in itself is not toxic, it increases the 

toxicity of the SHDAA significantly and only slightly alters 

the antitumor efficacy in tumor-bearing mice. It is 

therefore recommended that BSO be used with extreme caution 

with chemotherapy regimens using CTX, DOX, L-PAM, and BCNU. 

Monitoring of hepatic enzymes and renal blood chemistries is 

highly recommended if BSO is to be used in combination with 

any of the SHDAA studied in this series. Additionally, only 

low doses of BSO should be used in such combination studies. 

Further studies are needed to look in more detail at 

the effects of the SHDAA in combination with different doses 

and different schedules of BSO in order to see if an optimal 

regimen of BSO can be found. The BSO dosing schedules used 

in the current studies proved extremely toxic and only 

slightly increased the antitumor efficacy of the model SHDAA. 
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