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Abstract--Buthionine sulphoximine (BSO) is an inhibitor of 1,-glutamylcysteine synthetase (I,-GCS) and 
consequently lowers tissue glutathione (GSH) concentrations. In fed male C3H mice, liver and kidney" 
GSH levels were depleted by BSO in a dose dependent manner with maximum effect (35% of initial 
levels) occurring with doses between 0.8 and 1.6 g/kg, i.p. At these doses maximum effects on I/-GCS 
and GSH were observed 2-4 hr after BSO administration; initial ~,-GCS activity and GSH content were 
restored approximately 16 hr post BSO. BSO, either in vioo or in vitro, had no effect on hepatic 
microsomal cytochrome P-450 levels, a range of cytochrome P-450 dependent enzyme activities or p- 
nitrophenol glucuronyl transferase activity. Similarly, BSO had no effect on phenol sulphotransferase 
and two GSH-transferase activities in the 105,000g supernatant fraction. BSO had no effect on the 
duration of hexobarbitone induced narcosis in mice. Consistent with specific inhibition of GSH synthesis, 
BSO pretreatment of mice decreased the proportion of a 50 mg/kg dose of paracetamol excreted in the 
urine as GSH-derived conjugates but did not affect paracetamol clearance through the glucuronidation 
or sulphation pathways. 

Since BSO does not affect cytochrome P-450 or conjugating enzyme activity, its use as a specific 
depictor of tissue GSH in the investigation of mechanisms of xenobiotic-induced toxicities is preferable 
to the standard GSH-depleting agents as these have other enzymic effects. 

In addition to being involved with the maintenance 
of cellular redox states and cell membrane integrity, 
reduced glutathione (GSH) plays an essential role in 
the amelioration of many xenobiotic-induced toxic- 
ities. Indeed depletion of cellular GSH and sub- 
sequent exacerbation of toxicity is an accepted pro- 
cedure for demonstrating that a reactive electrophilic 
compound may be responsible for chemical-induced 
toxicity. Current methods of investigating the 
involvement of GSH in the expression of toxic 
responses to chemicals relies on a depletion of cellu- 
lar GSH by agents (N-ethylmaleimide, diethy! 
maleate, iodoacetate,  iodoacetamide) which act as 
competitive substrates for glutathione-transferases. 
These agents however, produce other cellular 
effects, apart  from depletion of GSH, by reacting 
with other reduced thiol groups in addition to that 
of GSH. In some spatial models of cytochrome P- 
450, thiol groups play an essential role in cytochrome 
P-450 mediated mixed function oxidation of xeno- 
biotics by the liver [1, 2]. Thus, N-ethylmaleimide, 
diethylmaleate, iodoacetate and iodoacetamide have 
all been shown to inhibit the activity of cytochrome 
P-450 [1-5]. Diethylmaleate,  the agent most often 
used to deplete GSH levels, has both inhibitory and 
inductive effects on mixed function oxidase activity 
[4]. It has marked effects on haem oxygenase and 
hence may affect cytochrome P-450 levels [6]. Since 
cytochrome P-450 is involved in the production of 
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many electrophilic reactive metabolites, experiments 
which utilize the above agents to deplete GSH need 
be interpreted with caution. 

~,-Glutamylcysteine synthetase (y-GCS) has a key 
role in the synthesis and maintenance of cellular 
GSH levels [7]. This enzyme catalyses the con- 
jugation of cysteine with glutamate to ~orm y- 
glutamylcysteine which then conjugates with glycine 
to form GSH. With respect to other enzymes of the 
3,-glutamyl cycle, buthionine sulphoximine (BSO) 
(Fig. 1) has recently been shown to be a specific 
inhibitor of y-GCS in the kidney and to markedly 
lower renal and hepatic GSH levels [8]. 

In addition to describing dose and temporal effects 
of BSO on hepatic and renal y-GCS activity and 
GSH levels, this communication reports the effects 
of BSO on other hepatic enzyme systems which are 
involved in the expression of xenobiotic-metabolite 
mediated toxicities and demonstrates that BSO is a 
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Fig. 1. Structure of buthionine sulphoximine. 
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useful, specific agent for indicating the involvement 
of GSH in xenobiotic induced toxicities. 

MATERIALS AND METHODS 

Chemicals. BSO was purchased from Chemical 
Dynamics Corp., South Plainfield, N.J. Biochemical 
cofactors were obtained from Sigma Chemical Co., 
St. Louis. 

Animals. Male C3H mice (20-25g) were used 
throughout the study and allowed food and water ad 
libitum. BSO was dissolved in saline with the aid of 
0 . 1 N N a O H  (final pHS.5) and administered 
intraperitoneally; control animals received an equiv- 
alent volume of saline (pH 8.5, 20 ml/kg). At varying 
times after BSO administration, animals were killed 
by cervical dislocation and the liver and kidneys 
quickly removed for enzyme and GSH analysis. 

Tissue preparation and enzyme analysis. Liver and 
kidneys were rinsed with cold KCI-Tris buffer 
(150raM KCI, 50raM Tris-HC1, pH7.4).  Sub- 
sequent procedures were conducted at 4 ° . Tissues 
were homogenized in 4 vol of KC1-Tris buffer using 
a motor driven Potter-Elvenhjem homogeniser. Ali- 
quots of the homogenate were removed for deter- 
mination of GSH content and y-GCS activity as 
described below. The remaining portion of the liver 
homogenate was centrifuged at 10,000g for 20 min 
and the supernatant removed and further centrifuged 
at 105,000g for 60rain. The resulting microsomal 
pellet was resuspended by hand using a Potter- 
Elvenhjem homogeniser. The protein content of the 
microsomal suspension and 105,000g supernatant 
was determined according to Lowry [9] prior to 
measuring enzyme activities in these fractions. 

GSH content of liver and kidney homogenates was. 
determined by a modification of the method of Cohn 
and Lyle [10]; 0.05 ml of concentrated perchlQric 
acid was added to 0.5 ml of tissue homogenate and 
centrifuged in the cold at 5000g for 10rain and 
the reduced GSH in the supernatant determined 
by conversion to the fluorescent o-phthalaldehyde 
derivative. 

Tissue y-GCS activity was determined according 
to Griffith et al. [11]. Immediately after tissue hom- 
ogenisation an aliquot of homogenate was made 1 
and 5raM with respect to MgCI2 and /3-mer- 
captoethanol. After centrifugation at 5000g for 
10 rain y-GCS activity in the supernatant was deter- 
mined with L-o~-amino-n-butyric acid, L-glutamate 
and ATP as cosubstrates. The reaction was stopped 
with 10% TCA and following centrifugation inor- 
ganic phosphate was determined in the supernatant 
by the method of Fiske and SubbaRow [12]. 

Cytochrome P-450 content of liver microsomes 
was determined from the carbon monoxide dif- 
ference spectrum of dithionite-reduced microsomes 
assuming a molar extinction coefficient of 91cm -1 
mM -1 between 450 and 490 nm [13]. 

Activities of microsomal and soluble enzymes were 
determined with co-factor and substrate concen- 
trations that were not rate limiting and enzyme activi- 
ties were linear with respect to incubation time and 
protein concentration. Aminopyrine N-demethylase 
activity was determined by the method of Cochin 
and Axelrod [14] utilizing the Nash procedure for 
detection of formaldehyde production [15]. Aniline 

hydroxylase was assayed by following the production 
of p-aminophenol as described by Imai et al. [16]. 
Incubation mixtures for aminopyrine demethylase 
and aniline hydroxylase activities consisted of an 
NADPH-generating system (1 mM NADP, 10 mM 
glucose-6-phosphate, 5 mM MgC12 and 2 IU of glu- 
cose-6-phosphate dehydrogenase), Tris-HCl buffer 
(100raM, pH7.4),  microsomal protein ( lmg/ml)  
and either aminopyrine (25 raM) or aniline (5 raM) 
in a final volume of 1.5 ml. Biphenyl hydroxylase 
was assayed by measuring the formation of 4-hydroxy 
biphenyl as described by Creaven et al. [17]. The 
incubation mixture consisted of 160 mM Tris-HC1 
buffer (pH 7.4), 0.75 mg microsomal protein, 50 mM 
biphenyl, 1.2 mM NADP, 12 mM glucose-6-phos- 
phate, 6 mM MgC12 and 2.4 IU of glucose-6-phos- 
phate dehydrogenase in a final volume of 1.0 ml. 7- 
Ethoxycoumarin O-deethylase activity was meas- 
ured by following the formation of 7-hydroxy- 
coumarin as described by Greenlee and Poland [18]. 
The incubation mixture contained 65 mM phosphate 
buffer (pH 7.4), 0.15 mg protein, 0.5 mM 7-ethoxy- 
coumarin, 1.5 mM NADP, 15 mM glucose-6-phos- 
phate, 7.5 mM MgCI2 and 3 IU of glucose-6-phos- 
phate dehydrogenase in a final volume of 1.0 ml. 
Aryl hydrocarbon hydroxylase (AHH) activity was 
determined with benzo(a)pyrene as substrate. The 
microsomal incubation mixture, containing 40 mM 
phosphate buffer (pH 7.4), 0.15 mg microsomal pro- 
tein, 1.88 mM NADP, 18.9 mM glucose-6-phosphate 
5mMMgC12 and 1.2IU of glucose-6-phosphate 
dehydrogenase in a final volume of 1.0 ml was pre- 
incubated for 3 min at 37 ° [19]. The reaction was 
initiated by the addition of benzo(a)pyrene solution 
in acetone (final incubation concentration 83 ktM) 
and after a further 5 min the reaction was stopped 
with 0.2 ml of Triton X-100 in triethylamine 10% 
v/v [20]. The fluorescence of benzo(a)pyrene metab- 
olites was determined using a fluorimeter stan- 
dardised against quinine sulphate (0.3/2g/ml in 0.1 N 
sulphuric acid). Results are expressed as the relative 
fluorescence difference (AF) between emission 
wavelengths of 520 and 490 nm, per minute of incu- 
bation per mg microsomal of protein using an exci- 
tation wavelength of 470 nm [20]. Microsomal UDP- 
glucuronyl transferase using p-nitrophenol (PNP) as 
substrate was assayed by a modified method of Tem- 
ple [21]. The assay was conducted aerobically at 37 ° 
and the incubation mixture consisted of Tris-HC1 
buffer (150 mM, pH 7.4), MgC12 (1.5 raM), UDPGA 
(5raM), microsomal protein ( lmg/ml)  and PNP 
(0.5 mM) in a final volume of 1.5 ml. 

Hepatic 105,000g supernatant GSH transferases 
were measured at 37 ° using 1-(choloro-2, 4- 
dinitrobenzene (DNCB) and 1,2-eOoxy-3-(p-nitro- 
phenoxy) propane (ENPP) as substrates [22,23]. 
The respective incubation mixtures consisted of 
phosphate buffer (200 mM, pH 6.5), GSH (2.0 mM), 
DCNB (2.0 raM) and supernatant protein 
(0.005 mg); and phosphate buffer (200 raM, pH 6.5), 
GSH (5 mM), ENPP (0.5 mM) and supernatant pro- 
tein (1.0 mg) in a final volume of 1.0 ml. Soluble 
sulphotransferase was measured at 37 ° using p-nitro- 
phenyl sulphate as sulphate donor and phenol as 
the acceptor substrate [24]. The incubation mixture 
consisted of Tris-HC1 buffer (100 mM, pH 8.0), p- 
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nitrophenyl sulphate (10mM), phenol (0.SmM), 
3 ' ,5 ' -ADP (0.02mM) and supernatant protein 
(0.5 mg) in a final volume of 1.0 ml. 

The effect of BSO on in vivo drug metabolism was 
assessed by measuring hexobarbitone sleeping times 
and the urinary metabolic profile of paracetamol. 
Hexobarbitone sleeping times were determined 
according to Fouts [25], with hexobarbitone (80 
mg/kg, i.p.) being administered 45 min after BSO 
(1.6 g/kg, p.o.). Separate groups of mice received 
BSO (1.6 g/kg, i.p.) 45 min before and 6 hr after a 
non-toxic dose of paracetamol (50 mg/kg, p.o.). The 
control group of animals received the paracetamol 
alone. Urine was collected for 36 hr and immediately 
assayed by HPLC for unchanged paracetamol and 
its glucuronide, sulphate and glutathione-derived 
conjugates as previously described [26]. 

Results were statistically analysed using the un- 
paired 2-tailed Student's t-test. 

R E S U L T S  

The temporal effect of a single dose of BSO (1.6 
g/kg, i.p.) on liver and kidney y-GCS activity and 
GSH content is shown in Fig. 2. The time course of 
inhibition of y-GCS in both tissues was the same, 
maximum inhibition occurred 2---4hr after BSO 
administration and activity had returned to approxi- 
mately 85% of control values by 15 hr. In contrast 
the depletion and recovery of GSH in liver and 
kidney was different, but was similar to that 
described by Griffith and Meister [8] following 
administration of 4 mmole/kg (890 mg/kg) BSO to 
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Fig. 2. Time course of inhibition and recovery of ?-glutamyl 
cysteine synthetase activity (Panel A) and glutathione con- 
tent (Panel B) in mouse liver and kidney following inter- 
peritoneal buthionine sulphoximine (1.6 g/kg). Results are 
presented as the mean - S.E.M. of 4 animals at each time 

point. 
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Fig. 3. Effect of different doses of buthionine sulphoximine 
(BSO) on liver and kidney ~-glutamylcysteine synthetase 
activity (Panel A) and glutathione content (Panel B). Each 
point represents the mean - S.E.M. of 4 animals 4 hr after 

interperitoneal BSO administration. 

mice that had been starved for 12 hr. GSH depletion 
in the liver paralleled changes in y-GCS activity; 
maximum depletion of GSH (approx. 35% of con- 
trol) occurred 4-6 hr after BSO and at 10 and 15 hr 
GSH content had returned to 62 and 83% of control 
values• On the other hand maximum depletion of 
GSH in the kidney (approx• 33% of control) 
occurred as early as i hr after BSO and remained at 
this low level for 10 hr. At 15 and 24 hr after BSO, 
kidney GSH levels were 53 and 79% respectively of 
control values. 

The changes in y-GCS and GSH content in liver 
and kidney 4 hr after the intraperitoneal admin- 
istration of different doses of BSO are shown in 
Fig. 3. In both tissues y-GCS activity was inhibited 
to approximately 40% of control activity by a BSO 
dose of 400 mg/kg, maximum inhibition of 25-30% 
of control activity was observed with 1600 mg/kg. In 
the kidney, GSH was reduced to 43% of control 
content by 400mg/kg and maximum depletion to 
approximately 35% of control occurred with 800 
mg/kg. Within the dose range employed in these 
experiments the reduction of hepatic GSH showed 
a greater dose dependency than did depletion of 
renal GSH content. Following doses of 400, 800, 
1600 and 3200 mg/kg BSO hepatic GSH levels were 
57, 43, 30 and 24% respectively of control levels. 
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Table 1. Effect of BSO on hepatic GSH content and y-GCS, conjugating and mixed function oxidase activities* 

Time after BSO administration (hr) 
Activity Control 4 13 24 

GSH 6.46 _+ 0.30 2.30 -+ 0.39t 4.81 -+ 0.34:) 5.33 -+ 0.30 
(Nmolc/g liver) 
7-GCS 0.54 _+ 0.06 0.17 -+ 0.01t 0.41 +- 0.04 0.49 -+ 0.06 
GSH-transferase 
(nmoles product/rain/rag protein) 

DNCB 3960 -+ 410 3910 -+ 160 3930 ± 280 3820 -+ 190 
ENPP 78.4 +- 3.5 77.9 ± 3.9 68.9 -+ 3.2 84.0 _+ 2.6 

Phenol sulphotransferase 
(AOD400 x 102/min/mg protein) 2.29 ± 0.10 2.14 +- 0.10 2.37 -+ 0.10 2.00 ± 0.08§ 
p-NP glucuronyl transferase 
(nmoles p-NPG/min/mg protein) 6.26 -+ 0.40 5.52 -+ 0.55 6.44 -+ 0.12 5.79 -+ 0.49 
Cytochrome P-450 
(nmole/mg protein) 0.64 + 0.05 0.69 -+ 0.05 0.62 -+ 0.03 0.63 -+ 0.02 
Aniline hydroxylase 
(nmole PNP/min/mg protein) 9.1 -+ 0.4 8.6 -+ 0.3 7.7 -+ 0.3§ 8.1 -+ 0.4 
Aminopyrine demethylase 
(nmole HCHO/min/mg protein) 18.4 -+ 0.4 19.1 -+ 0.3 16.6 -+ 0.3 16.5 -+ 1.1 
Biphenyl hydroxylase 
(nmole 4-OH BP/min/mg/protein) 1.18 -+ 0.03 1.22 ± 0.03 1.16 ± 0.11 1.22 _+ 0.03 
Aryl hydrocarbon hydroxylase 
(AF/min/mg protein) 239 -+ 12 224 -+ 16 236 ± 14 233 -+ 19 
7-Ethoxycoumarin deethylase 
(nmole 7-OH coumarin/min/mg protein) 4.13 ± 0.21 4.69 ± 0.46 3.94 -+ 0.58 4.81 -+ 0.63 

* Mice were given BSO intraperitoneally (1600 mg/kg) and at the times indicated groups of 4 were killed and various 
hepatic parameters measured as described under Methods. 

Results are expressed as the mean + S.E.M. 
t Significantly different from controls (P < 0.005). 
:~ Significantly different from controls (P < 0.025). 
§ Significantly different from controls (P < 0.05 l. 

Effect on drug metabolising activity in vitro. The  
effect of BSO on drug metabolising enzyme activity 
was studied at various times after an intraperi toneal  
dose of 1600 m g / k g  (Table 1). In this exper iment  the 
changes in hepatic 7-GCS and G S H  were similar 
to those repor ted  in Fig. 2. Gluta thione transferase 
activity using D N C B  and E N P P  as substrates was 
unaffected as was PNP glucuronyltransferase and 
phenol  sulphotransferase activity. Cytochrome P- 
450 content  was unal tered by BSO and although 
aniline hydroxylase was slightly decreased 13 hr after 
BSO the activity of this enzyme was unal tered at 
other  t ime points. Aminopyr ine  demethylase,  
biphenyl hydroxylase,  7-ethoxycoumarin deethylase 
and aryl hydrocarbon hydroxylase activities were 
unaffected at all sampling times. 

The influence of  BSO on enzyme activity was also 
investigated when the compound  was added directly 
to incubation mixtures.  Concentra t ions  up to 
500 mM BSO had no affect on the in vitro activity 
of D N C B -  or  ENPP-glu ta th ione  transferase,  PNP 
glucuronyltransferase,  phenolsulphotransferase,  
aniline hydroxylase or aminopyrine demethylase.  

Effect on in vivo drug metabolism. BSO admin- 
istered 45 min before  hexobarbi tone  had no effect 
on the induction of loss of righting reflex or  on the 
durat ion of hexobarbi tone  induced hypnosis 
(Table 2). The  amount  of paracetamol  excret.ed 
unchanged and as the glucuronide and sulphate was 
not al tered in mice that had received BSO 45 min 
before and 6 h r  after paracetamol  administrat ion 

(Table 2). However ,  the amount  recovered  as glu- 
ta thione-der ived metabol i tes  was decreased by 58% 
following BSO treatment .  Total  recovery of 
unchanged paracetamol  and its metaboli tes  was 
significantly lower in the BSO treated animals. 

DISCUSSION 

The expression of xenobiot ic-metabol i te  mediated 
toxicities is de te rmined  by a number  of interacting 
factors. The  amount  of  electrophilic reactive metab- 
olite available to react with tissue macromolecules ,  
and presumably initiate a toxic response,  is depen- 
dent upon the rate and extent  of formation and 
detoxication of  the metaboli te .  The  microsomal  cyto- 
chrome P-450 dependen t  mixed function oxidase 
system is usually responsible for the formation, of 
reactive metabol i tes  while conjugat ion .with 
sulphate, glucuronide and glutathione largely facili- 
tate detoxication and excret ion of  xenobiotics.  In 
many instances G S H  conjugat ion,  and hence the 
availability of  G S H ,  is qualitatively and quan- 
titatively an important  determinant  of the final 
expression of metabol i te  media ted  toxicity. Thus, 
al terat ion of toxicity by altering tissue G S H  content  
is an indirect approach to implicate the involvement  
of electrophilic reactive compounds  in the aetiology 
of xenobiot ic- induced toxicities. 

Griffith and Meister  [8] have shown that in relat ion 
to the y-glutamyl cycle, B S O  is a potent  and specific 
inhibitor of 7-GCS and hence of G S H  synthesis. 
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Table 2. Effect of BSO on in oioo drug metabolism 

Control BSO-treated 

(a) Hexobarbitone sleeping time (min)* 54.5 +-. 2.9 48.5 -- 2.5 
(b) Paracetamol urinary metabolitest 

glucuronide 3.63 +- 0.27 3.62 - 0.20 
sulphate 1.04 -+ 0.08 1.00 +- 0.11 
GSH 1.67 - 0.13 0.70 -- 0.105 
APAP 0.86 -+ 0.08 0.92 -+ 0.11 
% dose recovered 94.0 +- 4.2 81.9 +-- 4.0~ 

* Mice received BSO (1600 mg/kg, p.o.) 45 min before hexobarbitone (80 
mg/kg, i.p.) and the duration of loss of righting reflex determined. Control 
animals received saline (20 ml/kg, p.o.). Results are the mean -+ S.E.M. of groups 
of 12 animals. 

t Urine was collected for 36hr after paracetamol (50mg/kg, p.o.). BSO 
(1600 mg/kg, i.p.) was administered 45 min before and 6 hr after paracetamol. 
Control animals received saline (20 ml/kg, i.p.) at equivalent times. There were 
at least 5 animals in each group and results are expressed as mean--- 
S.E.M. Paracetamol urinary metabolites are expressed as amount (Mmole of 
paracetamol equivalents) excreted in 36 hr. 

$ Significantly different from controls (P < 0.01). 
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Furthermore, these workers demonstrated that BSO 
did not inhibit glutamine synthetase and produced 
no abnormal behaviour in mice after intraperitoneal 
or oral administration. This communication confirms 
and extends these observations. We have established 
the time course and dose-response relationship of 
y-GCS inhibition and depletion of GSH content 
in liver and kidneys of fed male mice. The optimal 
dose for depletion of hepatic GSH was found to be 
1.6g/kg;  this dose had no effect on conjugating 
enzymes or mixed function oxidase activity in micro- 
somes or 105,000g supernatant prepared from the 
livers of treated mice. Addit ion of BSO to in vitro 
incubation assays for these enzymes also did not alter 
enzymic activity. The duration of hexobarbitone nar- 
cosis, which is often used as an in vivo index of 
mixed function oxidase activity, was similarly not 
altered by BSO. It would therefore appear that BSO 
is able to selectively inhibit the synthesis of GSH and 
lower tissue GSH levels without influencing enzyme 
activities that may contribute to the generation and 
detoxication of reactive metabolites. 

The specificity of action of BSO is in sharp contrast 
to other agents that have been used to alter tissue 
GSH content. Diethylmaleate,  iodoacetate, 
iodoacetamide and N-ethylmaleimide have all been 
used to deplete tissue GSH levels but have also been 
shown to affect mixed function oxidase activity [1- 
6]. In vitro, these agents may inhibit or enhance 
certain mixed function oxidase activities 
[2, 4, 5, 27, 28]. With regard to the role of GSH in 
xenobiotic-induced toxicities, depletion of GSH by 
these agents is subject to different interpretations. 
For example, Chuang et al. [5] hypothesized that 
depletion of skin GSI--I by diethylmaleate would 
increase the dermal tumorigensis of 3-methyl" 
cholanthrene by allowing more of the reactive inter- 
mediate to combine with DNA.  Experimentally how- 
ever, diethylmaleate markedly decreased 3- 
methylcholanthrene-induced skin tumorigensis. It 
was subsequently found that DEM inhibited skin 
(and liver) aryl hydrocarbon hydroxylase, the 

enzyme responsible for generating the reactive 
hydrocarbon metabolite. Chuang et al. [5] al~o 
demonstrated that cyclohexene sulphide, thought to 
be a specific inhibitor of glutathione transferase [29]~ 
similarly inhibited aryl hydrocarbon hydroxyla.se 
activity. It has been argued that GSH does not have 
a protective role in carbon tetrachloride induced 
hepatic injury since GSH depletion by 
diethylmaleate ameliorated CCl4 hepatotoxicity'.in 
rats [30]. Since CCl4 must be metabolised to a reac- 
tive species, an alternative explanation, for 
diethylmaleate protection of CC14 hepatoxicity is 
inhibition of CC14 bioactivation. 

An appreciation of the effects of GSH-depleting 
agents on enzymes involved in bioactivation/inac- 
tivation is important in understanding the changes 
that these agents cause in xenobiotic urinary metab- 
olite profiles. BSO caused a marked decrease in the 
formation of GSH-derived metabolites of par- 
acetamol but no change in the excretion of the 
glucuronide and sulphate conjugates. The decreased" 
excretion of GSH-derived conjugates and the lower 
recovery of paracetamol-derived products in BSO 
treated animals reflects the extent of the dose con- 
verted to the paracetamol reactive metabolite which 
would have been conjugated with GSH in the 
absence of BSO. Further confirmation of the lack of 
effect of BSO on conjugating enzyme activity is 
provided by the paracetamol metabolite data. The 
ratio of metabolite excreted in urine to unchanged- 
paracetamol, commonly called the metabolic rati.~,. 
reflects the clearance to that metabolite and thus the 
activity of the enzyme(s) involved in its .formation 
[26]. Reconsideration of the urinary metabolite data 
in Table 2 in terms of metabolic ratio confirms fhat 
BSO did not affect paracetamol clearance through 
the glucuronidation and sulphation pathways.- 

In conclusion, BSO is a specific inhibitor of GSH 
synthesis and does not affect other enzymes involved 
in the formation/removal of reactive metabolites. 
BSO therefore, has distinct advantages over other 
GSH-depleting agents when used to demonstrate the 
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role of  G S H  in xenobiot ic- induced toxicities and 
should find wide application in the elucidation of 
mechanisms of chemical  induced tissue injury. 
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