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Abstract-Treatment of male Sprague-Dawley rats with buthionine aulfoximine (BSO). prior to adminis- 
tration of carbon-14(‘JC)-labelled 2-methylfuran (2MF) caused a marked decrease in the covalent 
binding of “C-labelled 2MF metabolites to both DNA and protein, although there was no apparent 
change in the distribution of the labelled parent 2MF. BSO pretreatment also protected against 
hepatotoxicity of 2MF, as indicated by lower serum glutamic pyruvic transaminase (GPT) levels. 
Pretreatment with BSO offered protection only if administered 1.5 hr before 2MF dosage. Administration 
of 2MF. 3 and 6 hr after BSO resulted in manifestation of the hepatotoxicity of 2MF. Prior treatment 
with diethylmaleate (DEM). increased covalent binding of [‘%I]2MF to liver proteins and also elevated 
serum GPT levels. Thus, depletion of tissue glutathione (GSH) by two different chemicals acting by 
different mechanisms produced opposite effects on the covalent binding and toxicity of 2MF. Pre- 
treatment with r-2-oxothiazohdine-4-carboxylate (OTZ), a promoter of GSH biosynthesis, increased 
the hepatic covalent binding of [lJC]2MF and potentrated hepatotoxicity. However, administration of 
OTZ and BSO prior to an i.p. dose of 100 mg/kg of 2MF, decreased the hepatic covalent binding of 
[ “C]2MF and decreased the hepatotoxicity. The marked instability of the GSH conjugate of the reactive 
metabolite of ZMF may account for the potentiat~on of hepatotoxicity of 2MF by OTZ. A single S.C. 
dose of BSO, caused a transient increase in plasma cystine levels concurrent with the depletion of liver 
GSH. Administration of 2MF, 1 S hr after BSO. significantly decreased plasma cystine levels as compared 
to control animals that received vehicle alone. Pretreatment with BSO also resulted in increased 
excretion of urinary metabolites in 2MF treated animals as compared to animals receiving 2MF alone. 
Thus. BSO probably protects against hepatoxicity of 2MF by indirectly causing more detoxification of 
the reactive metabolite of 2MF. as it does not alter the distribution of unmetabolized 2MF and does not 
have any apparent effect on the microsomal mixed-function oxidase which mediates the activation of 
2MF. The enhanced detoxification of 2MF in BSO treated animals appears independent of the depleted 
GSH levels; it may result from increased availability of a better alternative nucleophile (i.e. cysteine), 
capable of conjugating with acetyl acrolein. Acetyl acrolein (AA) appears to be the principal reactive 
metabolite of 2MF which binds covalently to tissues. Previous in vitro studies have shown that cysteine 
is a better trapping agent of AA than GSH or N-acetyt cysteine. 

2-,~ethylfuran (2MF). a commonly occurring 
furan, causes centrilobular hepatic necrosis when 
administered to rats. 2MF is metabolically activated 
by hepatic mixed-function oxidase to a reactive 
metabolite that binds covalently to tissue macro- 
molecules [l]. The covalent binding of the reactive 
metabolite(s) to hepaticmacromoleculesiscorrelated 
with the extent of liver damage and a corresponding 
rise in serum GPT levels [l]. 

Oxygen- and NADPH-dependent metabolism of 
2MF by rat hepatic microsomes leads to the formation 
of reactive intermediates that bind covalently to 
microsomal proteins, in vitro [2]. The major 
alkylating metabohte of 2MF in rat hepatic 
microsomal systems has been identified as AA 131. 
Unsaturated aldehydes, Iike AA are very reactive 
and can bind covaiently with tissue macromolecules 
either via Michael addition of sulfhydryls across the 
activated double bond or by nucleophilic addition 
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to the aldehyde. ip1 vitro studies using liver 
microsomes have demonstrated that cysteine is a 
better nucleophilic trap for AA than GSH or N- 
acetyl cysteine [3]. Earlier attempts to isolate the 
reactive metabolite of methylfurans as GSH 
conjugates have failed, as the GSH conjugates of 
the unsaturated aldehydes are extremely unstable 
]31. 

The endogenous thiol nucleophile GSH, generally 
acts as an efficient trapping agent for reactive 
electrophihc metabolites formed in oiuo by forming 
stable GSH adducts. Depletion of intracellular GSH, 
results in potentiation of toxicity of the reactive 
metabohte 14.51. while incr~asingintracelluIar GSH, 
results in protection from the toxicity caused by the 
reactive electrophilic metabolite [6]. However, in 
view of the instability of the GSH conjugate of AA 
and the stability of cysteine adduct of AA, the major 
alkylating reactive metabolite of 2MF, the effect of 
modulation of intracellular GSH and cysteine on 
2MF induced hepatotoxicity might be important. 

A study of the effect of various inhibitors and 
inducers of endogenous GSH on the tissue 
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distribution. metabolic activation and toxicity of 
2MF was therefore undertaken to determine the role 
of GSH in the hepatotoxicity of 2MF. 

MATERIALSANDMETHODS 

Animals. Male Sprague-Dawley rats weighing 
150-200g were obtained from Taconic farms 
(Germantown. NY ). Animals were given laboratory 
diet and water ad lib. and were not fasted prior to 
use. 

Radiochemical. 2-( [ ‘JC]Methyl) furan ([ “C]2MF) 
was synthesized and purified as previously described 
[7]. The specific activity of [ lJC]2MF was 0.1 mCi/ 
mmol and the radiochemical purity was greater than 
98%. 2MF dose solutions were prepared in sesame 
oil such that 1 mL per 100 g body weight was 
administered i.p. to yield the desired dose. Due to 
the high volatility of 2MF, dose solutions were 
prepared just prior to injection. Unlabelled 2MF was 
purchased from Aldrich Chemical Co. (Milwaukee, 
WI) and was distilled before use. All other chemicals 
were of reagent grade. DL-Buthionine sulfoximine 
(BSO) and L-2-oxothiazolidine-4-carboxylate (OTZ) 
were purchased from Chemical Dynamics Cor- 
poration (South Plainfield, NJ) and diethylmaleate 
(DEM) from Eastman Kodak Co. (Rochester, NY ). 

Pretreatments. BSO was administered S.C. as a 
solution in phosphate-buffered saline at a dose of 
900 mg/kg body weight. 1.5 hr before administration 
of 2MF unless otherwise indicated. DEM was 
administered S.C. as a solution in sesame oil at a 
dose of 0.4 mL/kg body weight, U.5 hr before dosing 
with 2MF. The pretreatment time was based on 
earlier experiments [8] with DEM. which indicated 
that 0.5 hr pretreatment time was most suitable, 
since hepatic GSH levels recovered to normal levels 
4 hr after DEM administration. OTZ was given s.c., 
5 min before administration of XF. at a dose of 
lOOOmg/kg body weight. Dose solutions of OTZ 
were prepared in distilled water and adjusted to pH 
7.3 with sodium hydroxide. 

Covalent binding studies. Rats were sacrificed by 
an overdose of pentobarbital and a sample of blood 
was removed by cardiac puncture, serum separated 
and measured for GPT activity [9]. A small portion 
of the liver was removed and immediately frozen in 
liquid nitrogen. Radioactivity covalently bound to 
proteins and DNA was assayed as described 
elsewhere [I]. There was no significant difference in 
the serum GPT levels in control animals treated 
different vehicles. 

Measurement of plasm17 cystine. For the study of 
the effect of BSO on plasma cystine levels. rats were 
killed at specified times after treatment with BSO, 
by an overdose of pentobarbital. Blood (2 mL) was 
removed by cardiac puncture and transferred to a 
test tube containing 50 pL of 0.5 M ethylenediamine 
tetracetic acid disodium salt. Plasma was separated 
by centrifugation and dnalysed for cystine on a 
Beckman System 6300 high performance amino acid 
analyser. The instrument was operated with a cation 
exchange column and eluted with citrate buffers 
using elution sequences recommended by the 
manufacturer. 

Estimation of liver GSH. Rats dosed with DEM. 

BSO or OTZ were killed at specified time intervals 
by an overdose of pentobarbital. A small portion of 
the liver was removed and frozen immediately in 
liquid nitrogen. Liver GSH levels were measured as 
described elsewhere [lo]. 

RESIILTS 

Total radioactivity present in livers of control, 
BSO pretreated and DEM pretreated rats was 
monitored up to 12 hr after a single i.p. dose of 
100 mg/kg of [14C]2MF (Fig. la). In animals that 
received (‘JC]2MF alone. the maximal level of 
radioactivity in liver was observed 4 hr after dosage. 
The total amount of label, however, was decreased 
at the end of 12 hr. Livers of animals pretreated with 
BSO had consistently lower levels of radioactivity 
at all time points. Livers of rats pretreated with 
DEM had lower amounts of total radioactivity 1 hr 
after dosage, compared to unpretreated rats. 
However. at the end of 4 hr. DEM pretreated and 
control rats had the same amount of label in the 
liver (Fig. la). By the end of 8 and 12 hr after a 
single dose of [ lJC]2MF, livers from DEM-pretreated 
rats had significantly higher amounts of label than 
those from the group of that received [‘JC]2MF 
alone, 

Total methanol-extractable radioactivity in liver 
was also measured over a period of 12 hr after 
administration of [ ‘“C]2MF in control, DEM or BSO 
pretreated rats (Fig. lb). DEM pretreated rats had 
lower levels of methanol extractable radioactivit! 
1 hr after dosage, but at 4, 8 and 12 hr after dosage. 
there was no significant difference as compared w’th 
the group that received [‘JC]2MF alone. Prior 
administration of BSO had no effect on the 
distribution of methanol-extractable label in the 
liver: there was no difference between BSO- 
pretreated groups and the control animals that 
received only [ ‘JC]7MF. 

In contrast to the above results. the covalent 
binding of the label derived from [“C]2MF to liver 
protein was markedly affected by the pretreatments 
with DEM or BSO (Fig. 7). Prior administration of 
BSO caused a striking decrease in the covalent 
binding of the label to liver protein measurable I hr 
after administration of [lJC]2MF: the decrease was 
even more prominent at 4. 8 and 17 hr. Prior 
treatment with DEM. which strikingly depleted 
hepatic GSH (data not shown) to a degree consistent 
with previous studied [4], did not cause a marked 
change in the covalent binding to liver proteins up 
to 4 hr after dosage. Thereafter, at the end of 8 and 
12 hr. covalent binding to liver proteins was 
signiticantly higher in DEM pretreated groups ‘is 
compared to rats that received [‘“C]2MF alone. 

Covalent binding of the reactive metabolite to 
DNA was also significantly lower in the livers of 
BSO treated rats at all time points observed (Fig. 
3a and 3b). In rats that received only [‘JC]2MF. 
maximal hepatic covalent binding per mg DNA was 
observed 4 hr after dosage and decreased thereafter. 
Prior administration of DEM did not seem to cause 
any change in the amount of label bound per mg 
DNA at 4. 8 and 13 hr co’npared to the rats that 
received [“C]2MF alone. However. there was an 
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Fig. 1. Distribution of (a) total radioactivity and (b) methanol extractable radioactivity in the liver 
following a single administration of 100 mg/kg of [‘4C]2MF. Rats were pretreated with BSO, DEM or 
vehicle as described in Methods. Rats were killed 1. 4, 8 and 12 hr after administration of ]‘%]2MF. 
Values are expressed as mean + SD (N = 4). Mean values indicated were significantly different from 

control (**P < 0.01 and ***P < 0.001). 
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Fig. 2. Effect of pretreatment of BSO or DEM on the 
covalent binding of [“CJZMF to liver proteins. After 
pretreatment with BSO or DEM as described in Methods. 
rats were administered 100 mg/kg of [ “‘C]2MF and killed 
1, 4. 8 and 12 hr after dosage. Values are represented 
as mean t SD (N = 4). Mean values indicated were 
significantly different from control (“P < 0.05 and 

***p < 0.001). 

increase in DNA content in the liver of rats (- 130%) 
that received both DEM and [‘“C]2MF. and the 
covalent binding to DNA per gram of liver was 
higher in DEM-pretreated groups as compared to 
controls (Fig. 3a), at 8 and 12 hr after dosage. 

Administration of OTZ, an inducer of liver GSH, 
prior to a single dose of [lJC]2MF caused increased 
levels of total radioactivity as compared to control 
(Fig. 4a). However, S.C. administration of both OTZ 
and BSO prior to [ “‘C]2MF resulted in a significantly 
lower amount of total radioactivity in the liver. The 
pretreatments, however, had no effect on the amount 
of methanol extractable radioactivity; ail three 
groups, the control, OTZ-pretreated and OTZ- and 
BSO-pretreated contained comparable amounts of 
the label (Fig. 4b). 

Prior treatment with OTZ caused a large increase 
in the amount of label that was bound covalently to 
liver proteins, while administration of OTZ and 
BSO prior to [‘“C]2MF caused a marked decrease 
in the covalent binding to liver proteins as compared 
to control animals (Fig. 5a). However, the covalent 
binding to DNA was decreased by both of the 
pretreatments (Fig. 5b). Although pretreatment with 
OTZ increased covalent binding to proteins, 
it decreased the covalent binding to DNA. 
Administration of BSO before dosage with tiSC]2MF 
resulted in a decrease in the covalent binding to 
both protein and DNA. 

Serum GPT levels were estimated 24 hr after a 
single i.p. dose of lOOmg/kg body weight of 2MF. 
Administration of 2MF caused an increase in serum 
GPT levels as compared to rats that received vehicle 
alone. Prior administration of DEM or OTZ 
potentiated the hepatotoxicity of 2MF; the serum 
GPT levels were markedly elevated compared to the 
rats that received only 2MF (Fig. 6). Prior 
administration of the GSH synthesis inhibitor, BSO. 
resulted in markedly reduced serum GPT levels. A 
similar effect was noticed when both OTZ and BSO 
were given S.C. before a single i.p. dose of 100 mg/ 
kg of 2MF. Administration of OTZ. BSO or DEM 
alone had no effect on the serum GPT levels (data 
not shown). 

Liver GSH Levels were monitored over a period 
of 4 hr following a single S.C. dose of 1000 mg/kg of 
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Fig. 3. Covalent binding of [“C]2MF to liver DNA in control, BSO or DEM pretreated rats. expressed 
as (a) per g liver and (b) per mg DNA. After pretreatment with DEM or BSO (see Methods) rats were 
administered 100 mg/kg of [“C]ZMF i.p. and killed at 1. 4, 8 and 12 hr. Values are mean 5 SD of four 

rats. Mean values indicated were significantly different from control (‘P < 0.05 and ***P < 0.001). 

Fig. 4. Distribution of (a) total radioactivity and (b) 
methanol extractable radioactivity in liver following a single 
administration of 100 mg/kg of (‘JC]2MF. Rats were 
pretreated with OTZ or OTZ and BSO as described in 
Methods. Rats were killed 8 hr after the administration of 
[‘JC]2MF. Values are expressed as mean + SD (N = 4). 
Mean values indicated were significantly different from 

control (‘P < 0.05, **P < 0.01 and P < 0.001). 

Fig. 5. Effect of pretreatment with OTZ and OTZ and 
BSO on the covalent binding of [“C]2MF to liver (a) 
proteins and (b) DNA. Pretreatment was given as described 
in Methods, followed by a single i.p. dose of lOOmg/kg 
body weight of [“C]2MF. Rats were killed 8 hr after 
administration of [‘“C]2MF. Values are represented as 

mean t SD (N = 4) (‘P < 0.05 and **P < 0.01). 

Fig. 6. Serum CPT levels after a single dose of 100 mgjkg. 
of 2MF with and without pretreatments as described in 
Methods. Rats were killed 24 hr after administration of 
2MF. Values are expressed as mean ? SD (N = 4). Mean 
values indicated were significantly different from control 

(**P < 0.01 and ***P < Il.001 ). 

OTZ (Fig. 7). Within 15 min after dosage, there was 
a significant increase (P < 0.01) in the liver GSH 
levels. It was for this reason that a very short 
pretreatment time (5 min) was used in experiments, 
where both OTZ and 2MF were administered. 
Maximal levels of GSH in the liver were reached 
2 hr after dosage (1.58% of control); liver GSH was 
significantly higher than control levels for up to 1 hr 
after dosage. 

Liver GSH and plasma cystine were measured at 
various time intervals following a single s.c. dose of 
900 mg/kg body weight of BSO (Fig. 8). Plasma 
cystine levels were measured to provide an indirect 
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Fig. 7. Liver GSH levels after a single S.C. dose of 1000 mg/ 
kg of OTZ. Groups of four rats were killed at various time 
intervals after dosage. Values are expressed as mean 2 SD 

(N=4). . 
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Fig. 8. Liver GSH (A-A) and plasma c stine levels 
(u) after a single S.C. dose of 900mg kg of BSO. r 
Groups of four rats were killed at various intervals after 

dosage. Values are expressed as mean % SD (N = 4). 

indication of changes in cysteine levels in the liver. 
Direct measurement of liver cystine or cysteine levels 
proved impractical. Plasma cystine levels at 15 and 
30 min after dosage with BSO were nearly two times 
control levels, and remained significantly higher than 
control for up to 2.5 hr after administration of BSO. 
There was concurrent depletion of liver GSH, at the 
end of 2.5 hr, liver GSH levels were only 50% of 
control (Fig. 8). 

Administration of a single dose of BSO caused a 

CONTROL BSO BSO + 2MF 

Fig. 9. Plasma cystine levels after a single dose of BSO or 
BSO and 2MF. An i.p. dose of lOOmg/kg of [‘JC]2MF 
was administered 1.5 hr after a S.C. dose of 900 mg/kg of 
BSO. All animals were killed 2 hr after the administration 
of [14C]2MF. Values are expressed as mean 2 SD (N = 4). 
Mean values indicated were significantly different from 

control (*P < 0.05). 

significant increase (137% over control) in plasma 
cystine levels over that of control animals that 
received vehicle alone. Administration of a single 
dose of 100 mg/kg of 2MF, 1.5 hr after BSO, lowered 
the plasma cystine levels; they were only 66% of 
control (Fig. 9). Thus, administration of 2MF not 
only counteracted the increase in plasma cystine 
caused by BSO, but also significantly lowered plasma 
cystine as compared to control. BSO-mediated 
increase in cysteine levels are known to be transient 
[ll] and the cysteine levels return to control levels 
by 4 hr after dosage. Hence, rats were killed 2 hr 
after 2MF administration, that is 3.5 hr after BSO 
dose. The time point chosen was such that it 
permitted adequate time for 2MF metabolism to AA 
by hepatic cytochrome P450 and plasma cysteine 
levels also remained high in animals following BSO 
dose. 

[14C]2MF was administered 4 and 6 hr after S.C. 
dose of BSO, instead of the 1.5 hr pretreatment time 
used in earlier experiments. The rats were killed 
2 hr after administration of 2MF and the covalent 
binding to liver proteins was measured. The hepatic 
covalent binding was not affected by pretreatment 
with BSO (Fig. 10). The protective effect observed 
when 2MF was administered 1.5 hr after BSO was 
not evident if the pretreatment time was increased 
to 4 or 6 hr. 

DISCUSSION 

The protective role of endogenous GSH against 
damage by reactive metabolites has been well 
established in hepatic [12]. as well as extrahepatic 
tissues [4]. Depletion of GSH by direct conjugation 
with diethyl maleate typically increases the covalent 
binding of a reactive metabolite to tissue macro- 
molecules and thereby enhances the toxicity caused 
by the parent compound [12]. Such an effect was 
observed with 2MF. Prior administration of DEM 
increased the covalent binding of the label to liver 
proteins and caused a marked enhancement in 
hepatotoxicity (as indicated by the rise in serum 
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Fig. IO. Effect of BSO on the covalent binding of [ “‘C]2MF 
to rat liver protein. (a) [‘*C]2MF was administered 4 hr 
after a single S.C. dose of 900 mg/kg of BSO. (b) [“C]2MF 
was administered 6 hr after a iingie S.C. dose of 906 mg/ 
kg of BSO. Rats were killed 2 hr after administration of 

[‘“CjZMF. Values are mean + SD (N = 4). 

GPT levels). Pretreatment with DEM seemed to 
alter the distribution of 2MF at earlier time intervals 
after dosage; there was a significantly lower amount 
of label 1 and 4 hr after dosage, but at the end of 8 
and 12 hr, there was no difference in the amount of 
extractable label between DEM-pretreated and 
control livers. Thus, the enhanced toxicity and 
covalent binding of [t4C]MF caused by DEM does 
not appear to be due to an alteration in the tissue 
distribution of the parent [“C]2MF. 

Varying pretreatment time has been used for the 
different modulators of hepatic GSH. This is based 
on the pharmacokinetics of the compounds used. A 
short pretreatment time of 5 min was used for OTZ, 
since OTZ induces liver GSH levels within 15 min. 
This induction is sustained for 4 hr and by 8 hr, GSH 
leveis return to normal [13]. Similarly, administration 
of DEM causes a rapid fall in liver GSH, within 
0.5 hr. and by 6 hr, the GSH levels return to control 
levels (data not shown). Hence, the pretreatment 
time used for studies with DEM was OS hr. In 
contrast, dosage with BSO results in depletion of 
hepatic GSH by 50%; 1.5-2 hr after treatment. The 
GSH levels are restored 12 hr after administration 
of BSO (data not shown). Hence, pretreatment time 
of 1.5 hr was used for studies wherein the effect of 
BSO on 2MF toxicity was examined. Further, the 
maximal covalent binding of the radioIabelled 2MF 
administered alone, was observed 4-8 hr after dosage 
(Fig. 2). In view of this fact, animals were killed 8 hr 
after 2MF administration, in experiments wherein 
the combined effect of BSO and OTZ on 2MF 
toxicity was examined. 

Paradoxical effects were, however, observed when 
BSO was administered before 2MF. BSO markedly 
decreased both the hepatic covalent binding 
of [14C]MF and the hepatotoxicity caused by 
administration of 2MF. BSO is an inhibitor of y- 
glutamyl cysteine synthetase, a key enzyme in GSH 
biosynthesis, and hence lowers liver GSH in viuo 
[ 141. BSO does not have any effect on the conjugating 
enzymes or mixed-function oxidase activity in 
105.000 g supernatants or microsomes prepared from 
liver of mice administered 1600 mg/kg of BSO ]lS]. 

Thus, it seems unlikely that BSO significantly inhibits 
the bioactivation of 2MF by the hepatic mixed- 
function oxidase system. Further, BSO does not 
appear to alter the distribution of parent [14C]2MF 
in the rat. The amount of methanol-extractable 
radioactivity in the liver was the same in control and 
BSO-pretreated rats. Thus, the protection against 
hepatotoxicity afforded by BSO is not likely due to 
inhibition of metabolism of 2MF or alteration in the 
distribution of the unmetabohzed compound. Prior 
administration of BSO caused a significant increase 
in urinary excretion of labelled metabolites (20% 
over control) as compared to rats that received 
[*‘C’]2MF alone (data not shown). These results 
seem to suggest that pretreatment with BSO affords 
protection against the damage caused by reactive 
metabolites of 2MF, although the levels of the 
endogenous protective nucleophile. GSH, are 
lowered. All these findings appear consistent with 
an enhanced detoxification of 2MF in BSO treated 
rats, probably through conjugation resulting in 
increased urinary excretion of the label. Unchanged 
2MF was not detected in the urine, which was 
expected considering the extremely volatile nature 
of the parent compound. 

The effect of various nucleophiles has previouslv 
been examined on the in uitro covalent binding o? 
2MF in rat liver microsomal systems in the presence 
of oxygen and NADPH [2]. Cysteine was found to 
be a better trapping agent of acetyl acrolein. the 
reactive metabolite of 2MF. than GSH. Cysteine 
could completely prevent the covalent binding of 
the label from [‘JC]2MF to microsomal protein. 
Cysteine forms a stable cyclic conjugate with a$ 
unsaturated aldehydes [16f which would explain the 
efficient trapping ability of cysteine over other 
nucIeophiles such as GSH and N-acetyl cysteine. 

In light of the above, an increased tissue content 
of cysteine. which could be expected to occur in 
concert with inhibition of GSH biosynthesis by BSO, 
could conceivably account for the enhanced 
detoxification of 2MF in uiuo. Because of its facile 
oxidation to cvstine. we were not able to measure 
tissue cysteinehirectly. We therefore assayed plasma 
cystine as an indirect measure of tissue cysteina 
status. BSO had been previously shown to produce 
an increase in plasma cysteine in mice ] 111. A similar 
result was obtained here in rats (Fig. 8): plasma 
cysteine remained significantly elevated up to 2.5 hr 
after dosage with BSO. Administration of 2MF after 
a S.C. dose of BSO resulted in substant~aily lower 
plasma cysteine levels than control values from 
animals receiving BSO alone. Further pretreatment 
with BSO protected against hepatotoxicity of 2MF, 
only if administered 1.5 hr before 2MF. BSO did 
not protect against 2MF induced hepatotoxicity if 
2MF was administered 4 or 6 hr after BSO treatment. 
The increase in plasma cysteine following BSO 
treatment is known to be transient [ll]. 

Prior administration of BSO potentiates the 
hepatotoxicity of acetaminophen [ 161. It has also 
been observed that the anticancer drug. I -(2-chlor- 
ethyI)-3-(trans-4-methyl-cycfohexyl~-l-nitrosourea, 
methyl-CCNU, produced hepatotoxicity in rats 
pretreated with BSO; liver toxicity is not observed 
when methyl-CCNU is given alone 161. Thus. in 
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coqxtrison to these precedents, the observed 
protection by BSO against the hepatataxicity of 2MF 
is paradoxical, i.e. opposite to that which might have 
been expected, and the mechanism of the effect is 
as yet unclear. Isolation and detailed characterization 
of urinary conjugates of 2MF after the BSO 
pretreatment would help provide an answer* 
Increased urinary excretion of the label is observed 
and preliminary evidence shows that the urinary 
metabolite profile of BSO pretreated rats is markedly 
different from the control rats, as might be expected 
if BSO caused a shift towards more metabolism via 
conjugation with cysteine. Characterization of the 
urinary metabolites of 2MF was attempted, but the 
definitive identification of metabolites has thus far 
been precluded due to difficulty in separation and 
sufficient purification of the many different urinary 
metabolites formed. 

Although there was a decrease in the covalent 
binding to liver protein following pretreatment with 
BSO, the covalent binding to lung and kidney 
proteins was sign~~cant~y increased (data not shown). 
Thus, the paradoxical effect of BSO pretreatment 
was observed only in the liver and not in other 
tissues. 

S-Oxo-L-prolinase is a key enzyme in GSH bio- 
synthesis and converts 5oxoproline to L-glutamate 
that is required for GSH synthesis. OTZ is a substrate 
for 5oxo-L-prolinase, resulting in the formation of 
cyst&e, which in turn is used for the biosynthesis 
of GSH. The administration of QTZ, thus, stimulates 
the formation of hepatic GSH [13]. Administration of 
OTZ protects against acetaminophen hepatotoxicity; 
OTZ is converted to t-cysteine thereby promoting 
the synthesis of GSH which is the actual protectant 
[17f. It was also observed that the effect of OTZ 
in increasing hepatic GSH was prevented by 
coadm~nistration of BSO. Although we found 
increased cystine levels after BSO pretreatment, 
administration of OTZ did not further increase 
cystine levels (data not shown). Moreover, OTZ has 
not been shown to increase plasma cystine levels as 
is observed with BSO. Administration of OTZ 
results in selective increase of hepatic GSH 
concentration, while cysteine levels are not changed 
[ 181, OTZ administration increases cysteine levels 
in brain probably due to the iow turnover of GSH 
in this tissue [19]. 

Although a~inis~ration of OTZ increased 
covalent binding to liver protein and enhanced the 
hepatotoxicity of 2MF, administration of QTZ and 
BSO decreased covalent binding to liver protein and 
protected against hepatotoxicity of 2MF (Fig. 5a). 

The GSH conjugates of u$-unsaturated carbonyl 
compounds vary in their stability [ZO]. The GSH 
conjugate of acetyl acrolein, the in vitro microsomal 
metabolite of 2MF, has been reported to be unstable 
and not readily isolatable [Zl]. Although GSH 
initially forms a conjugate with the reactive 
metabolite of ZMF, the relative instability of this 
conjugate probably precludes any protection that 
might otherwise have been afforded by conjugation 
with GSH. It is also interesting to nore that although 
OTZ treatment increases covalent binding to liver 
protein, it deereases covaIent binding to DNA. 
Further, pretreatment with OTZ had no effect on 

the covalent binding to lung, kidney, blood or heart 
protein (data not shown). Depletion of liver GSH 
by DEM or promotion of GSH synthesis by OTZ 
both cause similar effects on 2MF toxicity, which 
seems to indicate that a GSH threshold exists, above 
or below which there is a stimulation of the toxic 
effects caused by the reactive ~nterme~ates of 2MF. 
Since cysteine acts as a better nucl~~hil~c trapping 
agent for the reactive metabolite of 2MF, cysteine 
levels within the cell are also likely to play an 
important role in 2MF toxicity. 

The toxicity exhibited by 2MF did not seem to 
necessarily require extensive prior depletion of GSH. 
At a dose of 100 mg/kg, 2MF caused hepatic damage 
although the GSH levels were reduced by only 20% 
at this dose [ 11. In addition to the depletion of tissue 
GSH, DEM pretreatment can lead to inhibition or 
induction of hepatic mixed function oxidases and 
changes in the tissue distribution of xenobiotics {8]. 
This may explain the lowered levels of radioactivity 
seen in the Liver at early time points following 
treatment of animafs with ZMF and DEM. 

Development of resistance of tumors to alkyIating 
agents and irradiation has been suggested to be 
related to increased intracellular GSH levels f22j. 
Depletion of intracellular GSH of tumor cell lines 
by BSO has been shown to sensitize the cells to 
irradiation [23] and certain anticancer drugs [24], 
Such studies have led to a growing interest in the 
use of BSO as a chemosensitizing agent in cancer 
chemotherapy. The use of OTZ as an intracellular 
cysteine delivery system that would protect against 
toxicity by promoting GSH synthesis has also been 
suggested 1251. The studies described in this paper, 
however, present instances where BSU or UT2 may 
have an effect that is opposite of the predicted one. 
The precise molecular mechanisms underlying these 
paradoxica1 observations are as yet unclear. How- 
ever, it demonstrates that it is necessary to have an 
understanding of the mechanism of action of the 
anticancer drugs and the specific effect of the 
modulators of intracellular GSH levels in target 
organ toxicity before the use of combination therapy 
can be rationally made in an actual clinical situation. 

Ack~ow~ed~~~~r-~~e authors would like to thank Dr 
D. J. Reed for helpful discussions and for reviewing the 
manuscript. 

REFERENCES 

1. Ravindranath V, McMenamin MG, Dees JH and Boyd 
MR. 2-Methvlfuran roxicitv in rats-role of metabolic 
activation in “viva. Toxicol’Appl Pharmacol85: 78-91, 
1986. 

2. Ravindranath V and Boyd MR. Metabolic activation 
of 2-methylfuran by rat microsomal systems. Toxicol 
Appl Pharmacal78: 370-376, 1985. 

3. Ravindranath V, Rurka LT, Boyd MR. Reactive 
metabolites from the bioactivation of toxic methyl 
furans. fcience 224: 884-886, 1384. 

4. Boyd MR, Stiko A. Statham CN and Jones R3. 
Protective role of endogenous ~u~rn~na~y glutathiane 
and other sutphydryt compounds against lung damuge 
by afkylating agents; investigations with 4-ipomeanol 
in the rat. Biochem Pharmacoi 31: 1579-1583, 1982. 



1318 V. RAVINDRANATH and M. R. BOYD 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15 

Duddy SK and Hsia MT, Alteration of precocene II- 
induced hepatotoxicity by modulation of hepatic 
glutathione levels. Chem Biol Interact 71: 187-199. 
1989. 
Hazelton GA. Hjelle JJ and Klassen CD, Effects 
of cysteine pro-drugs on acetaminophen-induced 
hepatotoxicity. J Pharmacol Exp Ther 237: 341-349. 
1986. 
Ravindranath V, Burka LT and Boyd MR. Synthesis 
of 2-([ “‘C]methyl)furan and 4-oxo[S-“Cl-2-pentenal. J 
Labelled Compd Radiopharm 26: 713-776, 1984. 
Bump EA, Yu NY, Taylor YC, Brown JM. Travis EL 
and Boyd MR. Radiosensitization and chemo- 
sensitization by diethylmaleate. In: Radioprofecfors 
and A&carcinogens (Eds. Nygaard OF and Simic 
MG). pp. 297-323. Academic Press, New York. 1983. 
Reitman S and Frankel S. A colourimetric method for 
the determination of serum glutamic oxalacetic and 
glutamic pyruvic transaminase. Am J C/in Pafhol 28: 
56-63. 1957. 
Smith AC and Boyd MR. Preferential effects of 1,3- 
bis(2-chloroethvl)-1-nitrosourea on pulmonary GSH 
reductase and GSH/GSSH ratio: Possible implications 
for lung toxicitv. .I Pharmacol Exa Ther 229: 658-663, 
1984. ” 

21. Ravindranath V, Burka LT and Boyd MR, Isolation 
and characterization of the reaction metabolites of 2- 
methylfuran and 3-methylfuran. Pharmacologisl 25: 
171. 1983. 

Griffith OW, The role of glutathione turnover in the 
apparent renal secretion of cystine. J Bio[ Chem 256: 
12263-12268. 1981. 
Mitchell JR, Jollow DJ. Potter WZ. Gillette JR and 
Brodie BB. Acetaminophen-induced hepatic necrosis 
IV. Protective role of glutathione. J Pharmacol Exp 
Ther 187: 211-217, 1973. 
Williamson JM and Meister A, Stimulation of hepatic 
glutathione formation by administration of l-2- 
oxothiazolidine--t-carboxylate. A 5-oxo-t_-prolinase 
substrate. Proc Nat1 Acad Sci USA 78: 936-939, 1981. 
Griffith OW and Meister A. Glutathione: interorgan 
translocation, turnover and metabolism. Proc Nat1 
Acad Sci USA 76: 5606-5610, 1979. 

22. Suzukake K, Petro BJ and Vistica DT, Reduction in 
glutathione content of L-PAM resistant L121(1 cells 
confers drug sensitivity. Biochem Pharmtrcol 31: 12 l- 
124, 1982. 

23. Dethmers JK and Meister A. Glutathionc export by 
human lymphoid cells: depletion of glutathione by 
inhibition of its synthesis decreases export and increases 
sensitivity to irradiation. Proc Nut1 Acud Sci C/.%4 78: 
7492-7496, 198 1. 

24. Suzukake K. Vistica BP and Vistica DT. Dechlorination 
of L-phenylalanine mustard by sensitive and resistant 
tumor cells and its relationship to intracellular 
glutathione content. Biochem Pharmcrcol32: 165-167. 
1983. 

Drew R and Miners JO. The effects of buthionine 25. Meister A. Selective modification of glutathione 

sulfoximine (BSO) on glutathione depletion and metabolism. Science 220: 471-477. 19X3. 

xenobiotic biotransformation. Biochem Pharmacol33: 
2989-2994, 1984. 

16. Esterbauer H, Ertl A and Scholz N, The reaction of 
cysteine with u&unsaturated aldehydes. Tetrahedron 
32: 285-289. 1976. 

17. Williamson JM. Boettcher B and Meister A, An 
intracellular cysteine delivery system that protects 
against toxicity by promoting glutathione synthesis. 
Proc Nat1 Acad Sci USA 79: 6246-4249. 1982. 

18. Nishina J, Ohta J and Ubuka T. Effect of I -2. 
oxothiazolidine-4carboxylate administration on glu- 
tathione and cysteine concentrations in guinea pig liver 
and kidney. Phgsiol Chem Phys Med NMR 19: q-13. 
1987. 

19. Anderson ME and Meister A. Marked increase al 
cysteine levels in many regions of the brain 
afteradministrationof2-oxothiazolidine-4-carboxylatr. 
FASEB J 3: 1632-1636, 1989. 

20. Esterbauer H. Zollner H, Scholz N. Reaction of 
glutathione with conjugated carbonyls. Z Narurjorsch 
3oc: 466473, 1975. 


