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Abstract-Incubation of isolated rat hepatocytes with menadione (2-methyl-1,4-naphthoquinone) 
resulted in a dose-dependent depletion of intracellular reduced glutathione (GSH), most of which was 
oxidized to glutathione disulfide (GSSG). Menadione metabolism was also associated with a dose- and 
time-dependent inhibition of glutathione reductase, impairing the regeneration of GSH from GSSG 
produced during menadione-induced oxidative stress. Inhibition of glutathione reductase by pre- 
treatment of hepatocytes with 1,3-bis(2-chloroethyl)-l-nitrosourea (BCNU) greatly potentiated both 
GSH depletion and GSSG formation during the metabolism of low concentrations of menadione. 

Concomitant with GSH oxidation, mixed disulfides between glutathione and protein thiols were 
formed. The amount of mixed disulfides produced and the kinetics of their formation were dependent 
on both the intracellular GSH/GSSG ratio and the activity of glutathione reductase. The mixed disulfides 
were mainly recovered in the cytosolic fraction and, to a lesser extent, in the microsomal and mitochodrial 
fractions. 

The removal of glutathione from protein mixed disulfides formed in hepatocytes exposed to oxidative 
stress was dependent on GSH and/or cysteine and appeared to occur predominantly via a thiol- 
disulfide exchange mechanism. However, incubation of the microsomal fraction from menadione-treated 
hepatocytes with purified glutathione reductase in the presence of NADPH also resulted in the reduction 
of a significant portion of the glutathione-protein mixed disulfides present in this fraction. 

Our results suggest that the formation of glutathione-protein mixed disulfides occurs as a result of 
increased GSSG formation and inhibition of glutathione reductase activity during menadione metabolism 
in hepatocytes. 

Intracellular reduced glutathione (GSH)II plays an 
important role in the detoxication of a variety of 
exogenous compounds [l-4]. GSH can act either as 
a nucleophile, forming conjugates with electrophilic 
drug and carcinogen metabolites, or as a reductant in 
the metabolism of hydroperoxides and free radicals 
[5,6]. Hydroperoxide reduction is catalyzed by glu- 
tathione peroxidases present in both the cytosol and 
mitochondria of mammalian cells [7-lo]. During this 
reaction, glutathione disulfide (GSSG) is formed, 
and the rate of GSSG formation has been proposed 
to represent an index of free-radical-induced oxi- 
dative stress [ll]. 

Most of the GSSG formed in glutathione peroxi- 
dase-catalyzed reactions is subsequently reduced by 
glutathione reductase [12-151, and GSH is regen- 
erated at the expense of NADPH. However, when 
the rate of GSSG formation exceeds that of its 
reduction, or when NADPH becomes rate-limiting 
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for glutathione reductase, intracellular accumulation 
of GSSG occurs [16]. An efflux of GSSG follows 
its intracellular accumulation, and studies on the 
mechanism responsible for this GSSG extrusion have 
provided evidence for the existence of an ATP- 
dependent translocase in erythrocytes [17] and a 
GSSG-stimulated ATPase in the plasma membrane 
fraction of rat liver [18,19]. 

If not reduced to GSH or extruded into the extra- 
cellular space, GSSG can interact with intracellular 
proteins to form glutathione-protein mixed disul- 
fides. This may occur either spont‘aneously or en- 
zymatically, and a specific thiol transferase has been 
isolated from rat liver cytosol [20]. Although the 
physiological significance of this reaction is not yet 
fully understood, early work indicated that protein- 
bound glutathione could serve as an “emergency” 
pool of glutathione which could be mobilized accord- 
ing to cell needs [21]. More recent studies have 
suggested that mixed disulfide formation represents 
a physiological mechanism for the modulation of 
enzyme activity and, thereby, of cell metabolism 
[22,23]. Formation of glutathione-protein mixed 
disulfides has also been reported to occur during the 
development of toxic injury in lung [24] and perfused 
liver [25,26] challenged with the redox active dipy- 
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ridilium compound, paraquat , and organic hydro- 
peroxides, respectively. 

As a continuation of our previous studies of mech- 
anisms of oxidative stress in intact cells 127-291, we 
now report on the formation of mixed disulfides 
between glutathione and protein thiols during the 
metabolism of menadione (2-methyl-1,4-naphtho- 
quinone) by isolated rat hepatocytes. The amount of 
mixed disulfides produced, and the kinetics of their 
formation. were dependent on the intracellular 
GSH/GSSG ratio, the availability of reductants, 
GSH and cysteine, and the activity of glutathione 
reductase. 

MATERIALSANDMETHODS 

Collagenase (grade II) and glutathione reductase 
were purchased from Boehringer (Mannheim, 
F.G.R.) and GSH, GSSG and cysteine from Sigma 
Chemical Co. (St. Louis, MO). 1,3-Bis(2-chloro- 
ethyl)-1-nitrosourea (BCNU) was from Bristol Lab- 
oratories (Stockholm, Sweden). Other reagents were 
obtained from local suppliers at the highest available 
grade of purity. 

Male Sprague-Dawley rats (lSQ--250 g), allowed 
free access to food and water, were used in all 
experiments. Hepatocytes were isolated by col- 
lagenase perfusion of the liver, as described in [30], 
and incubations were performed in rotating, round- 
bottomed flasks at 37” under an atmosphere of 95% 
Or, 5% CO*. Cell concentration was 106cells/m~, 
and cell viability was assayed by the trypan blue 
exclusion test [30]. 

To inhibit glutathione reductase, hepatocytes were 
incubated for 30 min with BCNU (75 PM) in Krebs- 
Henseleit buffer, supplemented with 20 mM Hepes, 
pH 7.4, and amino acids at the concentrations indi- 
cated in [31], except for serine, glutamine, cysteine, 
and methionine which were present at 0.2 mM final 
concentration [15]. At the end of incubation, the 
cells were pelleted at lOOrpm, washed once, and 
resuspended in the same medium, lacking BCNU. 
The cells were then incubated for 2 hr to allow GSH 
(which had been partially depleted by the BCNU 
treatment) to be resynthesized. At the end of this 
second incubation, the cells were harvested, washed 
once, and finally reincubated in amino-acid-free 
Krebs-Heinseleit medium, supplemented with 
20 mM Hepes, pH 7.4. This treatment resulted in 
83-95% inhibition of glutathione reductase. 
However, in the experiments reported here, only 
hepatocytes whose glutathione reductase activity was 
inhibited by more than 90% were employed. 

Glutathione reductase activity was measured by 
monitoring the oxidation of NADPH at 340-37.5 nm. 
The assay mixture contained 0.1 M potassium phos- 
phate buffer, pH7.6, 1 mM MgC12 50mM GSSG, 
0.1 mM NADPH, 1% Triton X-100, and 5-7 x lo4 
hepatocytes, in a total volume of I ml. 

For the quantitation of glutathione-protein mixed 
disulfides in intact cells, 10 ml of the incubation 
mixture was centrifuged to remove proteins which 
could have been released into the medium during 
the incubation procedure. The cell pellet was treated 
with 5% perchloric acid to precipitate proteins and 
the sample was allowed to stand on ice for 30 min. 

The pellet was washed twice in 5% perchloric acid 
and resuspended in 1.5 ml of 0.1 M Tris-HC1, pH 8. 
NaBH, (50 mg) was added together with 2 drops of 
n-octanol to prevent foam. The protein suspension 
was homogenized by treatment for 20sec with a 
Polythron (set at 6), and then incubated at 40” for 
30 min. After cooling on ice, 1 ml of 50% HP03 was 
added to remove NaBH4 and to precipitate proteins, 
which were pelleted by centrifugation at 105~OOOg 
for 15 min. The treatment with NaBHJ caused the 
release of protein-bound glutathione into the 
medium. Subsequent quantitation of GSH was per- 
formed by the HPLC technique described by Reed 
et al. [32], using a Perkin-Elmer Series 4 liquid 
chromatograph equipped with an LCI-100 computer 
intergrator. 

For isolation of subcellular fractions, 50 ml of a cell 
suspension were centrifuged at low speed, the pellet 
was resuspended in 5 vol. of 0.25 M sucrose, con- 
taining 10mM Hepes, pH7.4, and then homo- 
genized with 20 passes in a tightly fitted Potter- 
Elvehjem homogenizer. The mitochondrial fraction 
was recovered as the 9000g pellet, the microsomal 
fraction as the 105,~Og pellet, and the cytosolic 
fraction as the 105,OOOg supernatant. Quantitation 
of glutathione-protein mixed disulfides present in 
subcellular fractions was performed as described for 
intact cells, using 2 mg protein/ml in 0.25 M sucrose, 
in a total volume of 2 ml, as starting material. 

Protein concentration was measured according to 
Lowry et al. 1331. 

RESULTS 

On the role of glutathione reductase in menadione- 
induced glutathione disuljide formation 

Incubation of isolated rat hepatocytes with increas- 
ing concentrations of menadione resuited in a dose- 
dependent decrease in intracellular GSH level and a 
parallel increase in GSSG formation (Fig. 1). At 
low concentrations of menadione (<200 PM), the 
amount of GSSG produced, and the rate of its for- 
mation, were greatly enhanced by pretreatment of 
the cells with the glutathione reductase inhibitor, 
BCNU, indicating that the formation of GSSG was 
followed by its re-reduction to GSH by glutathione 
reductase (Fig. 1). However, at higher concen- 
trations of menadione (~200 PM), there was a rapid 
and extensive accumulation of GSSG, suggesting 
that the rate of GSH oxidation now exceeded the rate 
of its re-reduction or, alternatively, that intracellular 
glutathione reductase activity was inhibited by high 
concentrations of menadione. The data shown in 
Fig. 2 indicate that the latter was in fact the case, 
in that there was a dose-dependent inhibition of 
glutathione reductase during the metabolism of 
menadione by isolated hepatocytes. Two obser- 
vations suggest that oxidation (or arylation) of func- 
ational sul~ydryl group(s) may have been respon- 
sible for glutathione reductase inhibition by 
menadione. First, other thiol reagents such as PCMB 
and diamide also inhibited glutathione reductase 
activity and, second, the thiol reducing agent, dithio- 
threitol, was able to prevent menadione-induced 
enzyme inhibition (H. Thor and C. Orrenius, unpub- 
lished results}. 
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Fig. 1. Menadione-mediated oxidation of GSH in control and BCNU-treated hepatocytes. Hepatocytes 
were preincubated without (0) or with (0) BCNU in order to inhibit glutathione reductase, and then 
incubated without (A) or with 25 PM (B), 5OpM (C), 100,&I (D), 200 PM (E) and 400 @vl (F) 
menadione. At the indicated times, samples were taken and processed for quantitation of intracellular 
GSH (upper panel) or total GSSG (intracellular + extracellular) (lower panel). One experiment typical 

of three is shown. 

[menadione] pM 

Fig. 2. Inhibition of glutathione reductase during the 
metabolism of menadione by isolated hepatocytes. Hepa- 
tocytes were treated for 20min with the indicated con- 
centrations of menadione, then, the activity of glutathione 
reductase was measured as described in Materials and 
Methods. Results are expressed as mean -+ SD of three 

separate experiments. 

Concomitant with GSH oxidation during mena- 
dione metabolism in hepatocytes, glutathione- 
protein mixed disulfides were formed in a dose- 
dependent manner (Fig. 3). The maximal amount 
of glutathione-protein mixed disulfides formed was 
4.8 nmol/mg protein, corresponding to cu. 7.2 nmol/ 
lo6 cells since, in our hands, lo6 cells contain 
1.5 f 0.3 mg protein. It therefore appears that up to 
15% of the total (reduced + oxidized) glutathione 
was bound to cell proteins as a result of menadione 
metabolism. 

The kinetics of glutathione-protein mixed disul- 
fide formation in control cells treated with low doses 
of menadione was biphasic, showing rapid formation 
followed by a slow, but progressive, return to basal 
levels. In Fig. 4, the amount of glutathione-protein 
mixed disulfides formed during the metabolism of 
different concentrations of menadione has been plot- 
ted vs the intracellular GSH/GSSG ratio. Math- 
ematical analysis of the distribution of the exper- 
imental values indicate a negative logarithmic 
correlation with a correlation coefficient (R) of 
-0.987 and a goodness of fit of 0.975, with N = 22. 
Thus, it appears that a critical GSH/GSSG ratio 
must be reached in order for glutathione-protein 
mixed disulfides to be formed. 

Subcellular distribution of glutathione-protein mixed 
disulfides 

Similar to GSSG formation, mixed disulfide for- 
mation was potentiated by pretreatment of the cells 
with BCNU when low concentrations of mena- 

The subcellular distribution of glutathione-protein 
mixed disulfides formed during the metabolism of 
menadione was analyzed by rapid fractionation of 
treated hepatocytes followed by quantitation of 
mixed disulfides in the different subcellular fractions. dione (~200 ,uM) were employed (Fig. 3, panels B, 

C and D). It is of interest to note that a maximal As illustrated in Fig. 5, most of the glutathione- 

level of glutathione-protein mixed disulfides was 
reached already with the lowest concentration of 
menadione in BCNU-treated cells. This may be due 
to the limited reactivity of many protein sulfhydryl 
groups with respect to glutathione disulfide. Thus, 
in a previous study [34] we have found that in liver 
microsomes the maximal amount of mixed disulfides 
formed with glutathione disulfide (5 mM) was 
6.2 nmol/mg protein whereas 18.9 nmol mixed 
disulfides/mg protein were formed with cystamine 
(5 mM). 
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Fig. 3. Formation of glutathione-protein mixed disulfides during the metabolism of menadione by 
control and BCNU-treated hepatocytes. Hepatocytes were pretreated without (0) or with (0) BCNU 
in order to inhibit glutathione reductase. They were then incubated without (A) or with 25 yM (B), 
SO PM (C), 100 JIM (D), 200 PM (E) and 400 ,uM (F) menadione. At the indicated times, samples were 
taken and urocessed for auantitation of elutathione-nrotein mixed disulfides as described in Materials 
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and Methods. One experiment typical of four is shown. 

Gtutathione-protein mIxed dlsulfi&s 
(nmol Img protein) 

Fig, 4. Correlation between intracellular GSH/GSSG ratio 
and formation of giutathione-protein mixed disulfides dur- 
ing the metabolism of menadione by isolated hepatocytes. 
Hepatocytes were incubated with different concentrations 
of menadione as described in Figs 1 and 3, then samples 
were taken at different times for the simultaneous deter- 
mination of intracellular GSH and GSSG and glutathione- 

protein mixed disulfides. 

protein mixed disulfides were recovered in the cyto- 
soIic fraction, with lesser amounts in microsomes 
and mitochondria; the subcellular distribution of the 
mixed disulfides was unaffected by pretreatment of 
the hepatocytes with BCNU. The reason for the 
different distribution of ~Iutathione-protein mixed 
disulfides in the subcellular fractions is not known, 
but it may reflect a greater availability of reactive 
protein thiols in the cytosoiicproteins as compared to 
those present in the mitochondria and endoplasmic 
reticulum. In fact, in these organelles the percentage 
of sulfhydryl groups (expressed per mg protein) 
exposed to the cytosolic surface, and thereby to 
GSSG, is certainly tow when compared to the cyto- 
solic proteins. 

“1 25 pM menadione 
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Fig. 5. Subcellular distribution of glutathione-protein 
mixed disuliides formed during the metabolism of mena- 
dione by control and BCNU-treated hepatocytes. Hepa- 
tocytes were ureincubated without (SI or with K?) BCNU 
in order to inhibit glutathione red&t&e. They‘were then 
incubated with the indicated concentrations of menadione. 
After 10 min, hepatocytes were washed in Krebs-Henseleit 
medium containing 1 mM NEM in order to prevent removal 
of any glutathione bound to proteins and to inhibit thiol- 
disulfide exchange. After standing for 10 min at room tem- 
perature, cells were processed as described in Materials 
and Methods for subcellular fractionation and quantitation 
of glutathione-protein mixed disulfides. One experiment 

typical of three is shown. 
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Fig. 6. Involvement of GSH in the removal of gIutathione from protein mixed disulfides. Hepatocytes 
were incubated with 50 @f menadione. After 5 min, cell suspensions were divided into two aliquots, 
one of which (0) included 100 ,&f NEM in order to immediately deplete intracellular GSH. Samples 
were then taken at the indicated intervals for quantitation of intracellular GSH and glutathione-protein 

mixed disulfides. Results are expressed as mean +- SD of three separate experiments. 

Since it is known that mitochondria contain a 
sequestered pool of GSH [35], the oxidation of this 
pool of glutathione during menadione metabolism 
could result in a compartment-specific formation of 
mixed disulfides. However, in our hands, the mito- 
chondrial fraction isolated from hepatocytes con- 
tained ea. 5 nmol GSH/mg protein, four of which 
were recovered as GSSG after incubation of hepa- 
tocytes with 200 ,LJM menadione for 10min. Since 
more than 3 nmol of GSH were bound per mg of 
mitochondrial protein under these conditions, it 
seems likely that most of the glutathione recovered 
as mixed disulfides with mitochondrial proteins was 
cytosolic in origin. 

On the role of GSH, cysteine, and glutathione 
reductase in the reduction of glutathione-protein 
mixed disuljdes formed during the metabolism of 
menad~one in hepatocytes 

In order to investigate the role of GSH in the 
removal of the glutathione moiety from protein 
mixed disulfides, hepatocytes were treated with low 
concentrations of menadione (50 ,&l) to induce par- 
tial GSH oxidation and a transient formation of 
protein mixed disulfides. Then, after a short incu- 
bation (5 min), 100 PM ~-ethylmaleimide (NEM) 
was added. As demonstrated in Fig. 6, this treatment 
resulted in a complete depletion of intracellular GSH 
and inhibition of the removal of glutathione from 
protein mixed disulfides. In a second set of experi- 
ments, hepatocytes were treated with a high dose of 
menadione (200 ,uM) which, in addition to causing a 
sustained formation of glutathione-protein mixed 
disulfides, induced an almost complete depletion of 
intracellular GSH. The cells were then washed and 
incubated in an amino-acid-containing medium to 
initiate GSH resynthesis. As demonstrated in Fig. 
7(A), this treatment caused the reduction of glu- 
tathione-protein mixed disulfides which, however, 
could not be attributed to the resynthesis of GSH 
since it was not prevented by the simultaneous 
inclusion in the medium of the glutathione synthesis 
inhibitor, buthionine sulphoximine. Moreover, 
during the period of time in which the regeneration 

of protein thiols took place, the intracellular con- 
centration of GSH did not change measurably (G. 
Bellomo and F. Mirabelli, unpublished results). 

The possibility that cysteine, which was one of the 
amino acids present in the incubation medium, could 
act to remove glutathione from protein mixed disul- 
fides was then investigated and found to be true, 
both in intact cells (Fig. 7A) and in microsomes 
isolated from menadione-treated cells (Fig. 7B). 
Moreover, addition of liver cytosol, which had been 
dialyzed to remove low molecular weight 
components, greatly enhanced the rate of cysteine- 
mediated removal of glutathione from protein mixed 
disulfides in microsomes isolated from menadione- 
treated cells (Table l), suggesting that the reduction 
of protein mixed disulfides by cysteine was enzym- 
atically mediated. In addition to cysteine, GSH was 
also effective in reducing glutathione-protein mixed 
disulfides and, again, this process was enhanced by 
addition of dialyzed cytosol (Table 1). Moreover, the 
demonstration that cytosol prepared from BCNU- 
treated cells was still active in accelerating both 
cysteine- and GSH-mediated reduction of mixed 
disulfides suggests that glutathione reductase was not 
involved in this process. 

As mentioned above, NADPH-dependent glu- 
tathione reductase may also be involved in the 
reduction of glutathione-protein mixed disulfides in 
hepatocytes. This possibility was investigated using 
microsomes isolated from menadione-treated cells 
and subsequently incubated with purified glutathione 
reductase. As demonstrated in Fig. 8, neither glu- 
tathione reductase alone, nor NADPH, was able to 
decrease the amount of glutathione-protein mixed 
disulfides present in the microsomes. However, when 
glutathione reductase was added in combination with 
NADPH, ca. 40% of the glutathione bound to micro- 
somal proteins was removed. The amount of GSH 
released was not increased by either prolongation of 
the incubation time, or by increasing the con- 
centration of glutathione reductase and NADPH 
(not shown), suggesting that only a fraction of the 
glutathione bound to microsomal proteins was avail- 
able for reduction by added glutathione reductase. 
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Fig. 7. Effects of dithiothreitol (DTT), amino acids and cysteine on the glutathione-protein mixed 
disulfides formed during the metabolism of menadione by isolated hepatocytes. In (A), hepatocytes 
were incubated for 30 min in the presence of 200 ,uM menadione, then washed and re-incubated in fresh 
Krebs-Henseleit medium alone fe) or supplemented with 2 mM DTI’ (m), 2 mM cysteine (0) or a 
complete amino acid mixture (a, A) containing (A), or lacking (A), 1 mM buthionine sulfoximine. 
In (B), microsomes were prepared from cells treated for 10 mm with 200 PM menadione, then incubated 
(1 mg protein/ml) in a medium containing 0.1 M KC1 and 10mM Hepes, pH 7.4, alone (0) or 
supplemented with 2 mM DTT (m) or 2 mM cysteine (0). Samples were taken at the indicated intervals 
for quantitation of glutathione-protein mixed disuhides. Results are expressed as mean c SD of three 

separate experiments. 

Table 1. Effects of cytosol from control and BCNU-treated cells on cysteine- 
and glutathione-mediated reduction of glutathione-protein mixed disulfides in 

microsomes isolated from menadione-treated cells 

Additions 

None 
Cysteine (2 mM) 
GSH (2 mM) 
Dialyzed cytosol (control cells) 

(100 iug protein/ml) 
Dialyzed cytosol (control cells) 

Glutathione-protein mixed 
disulfides 

(nmol/mg protein) 

4.03 t 0.38 
3.31 h 0.29 
2.92 jc: 0.31 

4.29 + 0.35 

(100 pg protein/ml) + cysteine (2 mM) 
Dialyzed cytosol (control cells) 

(100 pg protein/ml) + GSH (2 mM) 
Dialyzed cytosol (BCNU cells) 

(100 pg protein/ml) 
Dialyzed cytosol (BCNU cells) 

2.11 r 0.45 

1.88 ” 0.21 

4.15 It 0.38 

(100 pg protein/ml) + cysteine (2 mM) 2.36 It 0.14 
Dialyzed cytosol (BCNU ceils) 

(100 pg protein/ml) + GSH (2 mM) 2.09 r: 0.11 

Microsomes were isolated from menadione-treated hepatocytes (200 PM mena- 
dione, 30 min) and then incubated in a medium containing 0.1 KC1 and 10 mM 
Hepes, pH 7.4, at a final concentration of 1 mg protein/ml. Cysteine, GSH and/ 
or dialyzed cytosol (from control or BCNU-treated cells) were added alone, or in 
combination, as indicated in the table. After 5 min at 37”, the reaction was 
stopped and the amount of glutathione-protein mixed disuifides was quantitated as 
described in Materials and Methods. Results are expressed as mean it SD of three 
separate experiments. 

DISCUSSION 

In this paper we have presented data indicating 
that mixed disulfides are formed between glutathione 
and protein thiols during the metabolism of mena- 
dione by isolated hepatocytes. Several mechanisms 
appear to be involved in this process, including the 
oxidation of GSH to GSSG and the inhibition of 
glutathione reductase seen at high concentrations 
of menadione. Our findings are in agreement with 
previous reports by Brigelius et al. 125, Xi], indicating 

that a strict correlation exists between the intra- 
cellular GSH/GSSG ratio and the amount of mixed 
disulfides formed between gIutathione and protein 
thiols. A decrease in the GSHfGSSG ratio does 
not only provide the substrate (GSSG) required for 
protein S-thiolation, but it also appears that GSH 
depletion per se may exert an augmentative role 
in oxidative stress-induced protein mixed disulfide 
formation, since reduced glutathione, as demon- 
strated in this study, is an impo~ant factor in the 
removal of the glutathione moiety from protein 
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Fig. 8. Removal of glutathione from mixed disulfides by 
glutathione reductase. Microsomes, isolated from cells 
treated with 200 PM menadione for 10 min, were incubated 
(1 mg protein/ml) in a medium containing 0.1 M KCI, 
1 mM M&l, and 10 mM Hepes, pH 7.6, alone (a), or 
supplem&teb with 0.5 mM N;?\DeH (0), 5 U/ml‘oi glu- 
tathione reductase (Al. or 0.5 mM NADPH + 5 U/ml of 
glutathione reductase’(A). Samples were taken kt the 
indicated intervals for quantitation of glutathione-protein 
mixed disullides. Results are expressed as mean f SD of 

four separate experiments. 

mixed disulfides. This hypothesis is also supported 
by previous reports on GSH-dependent diurnal vari- 
ations in the content of glutathione-protein mixed 
disulfides in rat liver [36]. The finding that dithio- 
threitol efficiently removed all mixed disulfides 
formed during menadione metabolism provides 
further evidence for an important role of the intra- 
cellular redox status in controlling the formation of 
glutathione-protein mixed disulfides. 

In addition to GSH, cysteine was able to reduce a 
substantial portion of the glutathione-protein mixed 
disulfides formed during the metabolism of mena- 
dione in hepatocytes. The mechanisms by which 
either GSH or cysteine can exert this effect has not 
been investigated in detail. However, it has pre- 
viously been reported that diamide-induced glu- 
tathione-protein mixed disulfides in human eryth- 
rocytes are readily reduced by GSH via a thiol- 
disulfide exchange [37]. It seems very likely that 
cysteine exerts its effect through a similar mechanism 
according to the reaction: 

Prot-S-SG + cysteine z Prot-SH + GS-cysteine 

The detection of soluble cysteine-glutathione mixed 
disulfides when microsomes isolated from mena- 
dione-treated cells were incubated with cysteine (not 
shown) supports this hypothesis. Moreover, the 
finding that dialyzed rat liver cytosol greatly accel- 
erated the rate of cysteine- and GSH-mediated mixed 
disulfide reduction in microsomes isolated from 
menadione-treated cells, suggests that this reaction 
is enzyme-mediated under physiological conditions, 
and probably involves the activity of thiol transferase 
I381. 

The data reported in this study also provide evi- 
dence for a direct participation of glutathione 
reductase in reducing glutathione-protein mixed 
disulfides. However, the physiological significance of 
this reaction remains to be established. There is 
little doubt that the most important function of this 
enzyme in protecting against oxidative stress is 

related to the reduction of GSSG and thereby to 
the prevention of GSSG accumulation and mixed 
disulfide formation. 

Although the metabolism of menadione is associ- 
ated with the formation of glutathione-protein mixed 
disulfides, the role of this process in menadione- 
induced cytotoxicity is difficult to assess. A wide 
variety of enzyme and transport activities have been 
shown to be affected by the formation of mixed 
disulfides with functional protein sulfhydryls I38-431. 
Among these are various Ca2+ transport systems and 
Ca2+-stimulated ATPases [44-461 as well as Ca2’- 
dependent protein phosphatases 147,481. It is there- 
fore conceivable that mixed disulfide formation may 
contribute to the inhibition of Ca2+ transport and 
the perturbation of intracellular Ca2+ homeostasis 
occurring during oxidative stress in hepatocytes [49- 
511. In a recent report we have shown that the 
formation of mixed disulfides between cystamine and 
a small pool of plasma membrane protein thiols 
results in an inhibition of Ca2+ extrusion and a sus- 
tained increase in cytosolic free Ca2+ concentration 
and subsequent cytotoxicity in hepatocytes [46]. 
However, it is not yet known whether a similar 
mechanism is effective in menadione-induced cell 
killing. 
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