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Abstract—The H,O, generated by menadione kills cuitured hepatocytes by a mechanism that depends
in large part on a cellular source of ferric iron. Chelation of this iron by deferoxamine reduced by two-
thirds the number of dead cells without any effect on the loss of 30% of total protein thiols, the formation
of protein mixed disulfides, or the accumulation of oxidized glutathione (GSSG). The loss of protein
thiols was accounted for by the formation of glutathione mixed disulfides from GSSG and the arylation
of protein nucleophiles by menadione. Nevertheless, such a loss occurred despite the chelation of
cellular iron and a substantial reduction in the extent of cell killing. With the H,0, generated by glucose
oxidase, lipid peroxidation and a loss of 40% of the total protein thiols accompanied the cell killing
within 1 hr. Deferoxamine, superoxide dismutase and the antioxidant N,N’'-diphenyl phenylenediamine
(DPPD) prevented the cell killing and two-thirds of the loss of protein thiols. Peroxidation of liver
microsomes in vitro with ADP:Fe’* similarly depleted protein thiols, an effect that was prevented by
DPPD. The supernatant fraction from the peroxidation assay depleted the protein thiols of cultured
hepatocytes without an effect on viability. Thus, lipid peroxidation accounted for the major part of the
loss of protein thiols with glucose oxidase. The 10-15% decrement in protein thiols after 1 hr that
occurred in the absence of cell killing reflected the formation of glutathione mixed disulfides. Finally,
in the presence of DPPD, glucose oxidase killed 75% of the cells between 1 and 3 hr without any further
change in protein thiols. Thus, under the conditions studied, the depletion of protein thiols by the three
mechanisms, namely lipid peroxidation, formation of glutathione mixed disulfides, and arylation, does
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not necessarily have a causal relationship to the killing of cultured hepatocytes.

The depletion of protein thiol groups has been pro-
posed as a critical event in the lethal injury of hepa-
tocytes by an acute oxidative stress [1-3]. The
evidence in support of this hypothesis is derived from
studies of the metabolism and toxicity of quinonoid
compounds, particularly menadione and Adriamy-
¢in®, Quinones undergo a one-electron reduction to
yield the corresponding semiquinone radical [4-6].
Oxidation of such semiquinone radicals by molecular
oxygen produces superoxide anions with regen-
eration of the parent compound [6, 7]. The enzymatic
or spontaneous dismutation of superoxide anions
yields hydrogen peroxide. The latter is then reduced
to water by glutathione peroxidase [8]. As the result
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of these processes, quinones disturb the status of
both soluble and protein-bound thiols. Glutathione
is depleted as a consequence of its oxidation to
GSSGS$ by glutathione peroxidase, and GSSG reacts
with protein thiols to form glutathione mixed disul-
fides [9-11]. In addition, protein thiols may be
depleted as a result of their direct oxidation to disul-
fides, presumably by partially reduced oxygen
species, or by arylation by the quinone itself [12]. A
similar loss of protein thiols has also been argued to
mediate the toxicity of alkylating agents [13, 14].

Depletion of protein thiols generally precedes the
loss of viability in suspensions of hepatocytes
exposed to manadione or Adriamycin® [1,3]. In
turn, conditions that accelerate the loss of protein
thiols sensitize the cells to the toxicity of these quin-
ones. By contrast, sulfhydryl reagents prevent the
loss of protein thiols in hepatocytes intoxicated with
menadione and prevent the Joss of viability [1]. Simi-
larly, the addition of vitamin E to suspensions of
calcium-depleted hepatocytes maintains protein thiol
levels in parallel with the protection against the
cytotoxicity of Adriamycin® [3]. These data were
interpreted as support for the hypothesis that the
loss of protein thiols resulting from an acute oxidative
stress is related to the loss of cellular viability. It has
been suggested that protein thiol loss disrupts the
function of proteins critical to the regulation of cal-
cium homeostasis. This deficit leads to an elevation in
cytosolic calcium concentration and the consequent
loss of viability [1, 2].

We have shown previously that disturbances in
calcium homeostasis could be dissociated from the
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killing of cultured hepatocytes by the hydrogen per-
oxide generated by glucose oxidase or the metab-
olism of menadione {15]. The loss of viability of
cultured hepatocytes with such an oxidative stress
depends on the iron-catalyzed formation of a potent
oxidizing species, presumably the hydroxyl radical
[16]. Chelation of a cellular source of ferric iron
prevents the cell killing by H,O, without effect on
the changes in intracellular calcium homeostasis. In
the present study, we have used a similar approach
to assess the relationship between changes in protein
thiols and the Kkilling of cultured hepatocytes by
hydrogen peroxide. The results demonstrate that
the depletion of protein thiols that accompanies the
exposure of cultured hepatocytes to hydrogen per-
oxide generated intracellularly by the metabolism of
menadione or generated extracellularly by glucose
oxidase can be dissociated from the loss of liver cell
viability.

MATERIALS AND METHODS

Male Sprague-Dawley rats (125-150g) from
Charles River Breeding Laboratories (Wilmington,
MA) were fasted overnight prior to use. Isolated
hepatocytes were prepared by collagenase (Sigma
Chemical Co., St Louis, MO) perfusion according
to Seglen [17]. Yields of 3-6 x 10® cells per liver
with 85-95% viability by trypan blue exclusion were
routinely obtained. The hepatocytes were plated at
a density of 1.33 x 10° cells in 25-cm? flasks (Corning
Glass Works, Corning, NY) in 3 ml of Williams E
medium (Gibco Laboratories, Chagrin Falls, NJ)
containing 10% heat-inactivated (56° for 15 min)
fetal calf serum (Hazelton Dutchland, Inc., Denver,
PA), 10L.U./ml penicillin, 10 ug/ml streptomycin,
52 ug/ml gentamicin and 0.02 units/ml insulin
(complete Williams E). After incubation for 2 hr at
37° in an atmosphere of 5% CO,-95% air, the cul-
tures were washed with prewarmed HEPES (Sigma)
buffer, pH 7.4 (0.14 M NaCl, 6.7 mM KCI, 1.2 mM
Ca(l, and 2.4 mM HEPES), to remove unattached
dead cells. The hepatocytes were then incubated
overnight in 5 ml complete Williams E. Prior to use,
the cultures were washed twice with HEPES buffer,
5ml complete Williams E was replaced, and then
the cultures were treated with menadione or glucose
oxidase as detailed in the text. Viability of cultured
hepatocytes was assayed by the release of lactate
dehydrogenase into the culture medium as described
by Casini et al. [18]. All experiments were performed
on triplicate cultures.

Glucose oxidase (Sigma) was dissolved in 0.9%
saline and added to the medium to yield final con-
centrations of 1, 2 and 5units/ml. Menadione
(Sigma) was dissolved in the culture medium to give
final concentrations of 150, 200 and 250 uM. DPPD
(Eastman Kodak Co., Rochester, NY ) was dissolved
in DMSO and added to the cultures, simultaneously
with glucose oxidase, to a final concentration of 1 uM
(final concentration of DMSO: 0.5%, a con-
centration that had no effect on any of the measure-
ments reported below). Superoxide dismutase
(equine erythrocyte, Sigma) was dissolved in 0.9%
saline and added simultaneously with glucose oxidase
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Fig. 1. Effect of deferoxamine on cell killing and protein
thiols in hepatocytes treated with menadione. Hepatocytes
in culture for 24 hr were washed and placed in fresh
medium. The indicated concentrations of menadione were
added either with (A ) or without (@) 20 mM deferoxamine.
After 3 hr the extent of cell killing (left panel) and the
content of protein thiols (right panel) were determined.
Results are the means + SD of the determinations on three
separate cultures.

at a final concentration of 500 units/ml. Deferox-
amine (Ciba Pharmaceutical Co., Summit, NJ) was
dissolved in 0.9% saline and added to the cultures
simultaneously with menadione or glucose oxidase
to a final concentration of 20 mM.

Protein sulfhydryl content of hepatocytes and liver
microsomal membranes was determined spectro-
photometrically at 412 nm using Ellman’s reagent
(Sigma) according to the method of Sedlak and Lind-
say [19] as modified by Albano et al. [20]. Protein
mixed disulfides were determined according to the
procedure described by Bellomo et al. [11] except
that the released glutathione was quantitated by the
method of Hissin and Hilf [21]. Protein content was
assayed by a modified Lowry procedure as described
by Peterson [22].

GSSG levels in the culture medium were measured
by HPLC as described by Reed ez al. [23]. Briefly,
0.5-ml aliquots of medium was acidified with 50%
PCA (final concentration 10%). After the samples
were centrifuged to removed precipitated protein,
0.4-ml aliquots were treated with 20 mM iodoacetate
and 2.0M KOH/7.5M KHCO;. After 60 min, 1%
dinitrofluorobenzene in absolute ethanol was added
and the reaction stored in the dark for 24 hr. The
resulting derivatives were separated on a uBondapak
Amine column (No. 84040, Waters Associates, Mil-
ford, MA) using a Perkin Elmer (Norwalk, CT)
series 410 pump equipped with an automaticinjector.
GSSG peaks were detected using a Perkin Elmer
LC-95 UV /visible spectrophotometer and quantified
by a Perkin Elmer LCI-100 Computing Integrator.

Liver microsomes were isolated by a modification
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Fig. 2. Effect of deferoxamine on GSSG formation by
hepatocytes exposed to menadione. Hepatocytes in culture
for 24 hr were washed and placed in fresh medium. The
indicated concentrations of menadione were added either
with (A) or without (@) 20 mM deferoxamine. After 3 hr
the content of GSSG in the culture medium was measured.
Results are the means = SD of the determinations on three
separate cultures.
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Fig. 3. Effect of DPPD on cell killing and protein thiols in
hepatocytes treated with glucose oxidase. Hepatocytes in
culture for 24 hr were washed and placed in fresh medium.
The indicated concentrations of glucose oxidase were added
either with (A) or without (@) 1 uM DPPD. After 1 hr the
viability of the cells (left panel) and the content of protein
thiols (right panel) were determined. Results are the means
+ SD of the determinations on three separate cultures.

of the method of Martonosi et al. [24] as described
by Curtis et al. [25]. The microsomes (0.5 mg/ml of
protein) were incubated for 15 min at 37°in a shaker
bath with either 300 uM menadione or 5 mM GSSG
in a buffer containing 0.15 KCl and 50 mM Tris-
HCI, pH7.5. The incubations were terminated by
the addition of ice-cold TCA (final concentration
5%), and the thiol content of the precipitated pro-
teins was measured as described above.
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Peroxidation of the microsomal membrane phospho-
lipids was carried out in a reaction mixture containing
ADP-Fe* (3.0mM ADP, 0.15mM FeCly;
ADP:iron 20:1), 0.5mg/ml microsomal protein,
and 0.04 mM NADPH in 0.15M KCI-50 mM Tris—
HCI, pH 7.5, at 37°. Reactions were initiated by the
addition of ADP-Fe** and carried out in a shaking
water bath. Control microsomes were incubated
without added ADP-Fe3*. After 15 min, 2-m! ali-
quots of the incubation were removed and acidified
with TCA (final concentration of TCA was 5%);
then malondialdehyde was measured fluoro-
metrically by the adaptation of the method of Yagi
[26] as described by Casini et al. [18]. In other studies,
microsomes were peroxidized in the presence or
absence of 1 uM DPPD for 15 min. The reactions
were stopped by addition of EDTA (3 mM final
concentration, and the microsomes were removed by
centrifugation at 100,000 g for 60 min. The resulting
supernatant fractions (5ml) were then added to
1.0 x 10® hepatocytes that had been in culture for
24hr and from which the Williams medium had
been removed. After 1 hr of incubation, protein thiol
levels and cell viability were determined.

The statistical significance of the data was deter-
mined by the paired Student’s r-test.

RESULTS

Loss of protein thiols in hepatocytes exposed to
menadione. Hepatocytes in culture for 24 hr were
treated with 20 mM deferoxamine and from 150 to
250 uM menadione. The release of lactate dehydro-
genase and the content of protein thiols were
measured 3 hr later. As shown in Fig. 1 (left panel),
deferoxamine reduced by two-thirds the number of
cells killed by menadione. Deferoxamine had no
effect on the viability of control cells (data not
shown).

Incubation of hepatocytes with 150-250 uM mena-
dione resulted in a concentration-dependent
decrease in protein thiols (Fig. 1, right panel). The
content of protein thiols in control cells was 75 nmol
GSH equivalents/mg of protein, an amount similar
to that reported previously with suspensions of
freshly isolated hepatocytes [1, 12]. With 250 uM
menadione 30% of the total protein thiols was lost.
Despite the protective effect of deferoxamine against
the cell killing by menadione, the iron chelator did
not prevent the loss of protein thiols (Fig. 1, right
panel). Deferoxamine alone had no effect on the
protein thiol content.

Glutathione is oxidized to GSSG with the catab-
olism of the H,O, that is generated by the redox
cycling of menadione [1, 2]. In turn, GSSG can react
with protein thiols to form mixed disulfides. Table 1
documents the formation of protein mixed disulfides
in cultured hepatocytes that were treated with mena-
dione. With 250 uM menadione, about 10 nmol GSH
equivalents/mg of protein of mixed disulfides were
formed. Thus, mixed disulfides account for approxi-
mately 40% of the loss of total protein thiols. Di
Monte et al. [12] reported the formation of about
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Table 1. Glutathione mixed disulfides in hepatocytes treated with menadione

Treatment

Mixed disulfides

(nmol GSH equivalents/mg protein)

Control (no additions)
Menadione
Menadione + deferoxamine

54+x10
14.7 = 4.0*
14.4 = 2.07

Cultured hepatocytes were treated with 250 uM menadione either in the
presence or absence of 20 mM deferoxamine. Mixed glutathione disulfide
levels were then measured 3 hr later. Results are the means = SD of three

separate cultures.

* Significantly different from control (P < 0.02).
+ Significantly different from control (P <0.01).

7 nmol/mg of protein of mixed disulfides in sus-
pensions of freshly isolated hepatocytes exposed to
200 M menadione.

Figure 2 details the accumulation of GSSG in the
medium of hepatocyte cultures treated with 150—
250 uM menadione for 3 hr. The addition of 150 uM
menadione increased the GSSG content of the
medium 2-fold over the basal level of 11 nmol per
flask. With 200 and 250 uM menadione, the amount
of GSSG in the medium increased 2.5- and 3-fold
respectively. Figure 2 also shows that deferoxamine
was without effect on the accumulation of GSSG. In
addition, the dose-dependent decrease in protein
thiols shown in Fig. 1 correlates quantitatively with
the increase in GSSG depicted in Fig. 2.

Quinones such as menadione are electrophilic and
can react directly with nucleophilic thiols and result
in a loss of protein thiols. The ability of menadione
to deplete protein thiols by arylation is shown by the
experiment detailed in Table 2. Rat liver microsomes
were incubated with 300 uM menadione for 1 hr at
37° with a resultant loss of 15 nmol GSH equivalents/
mg protein of protein thiols, an amount that is 25%
of the total. Di Monte et al. [12] reported a loss of
10~12 nmol/mg of protein as a result of the arylation
by 200 uM menadione of the proteins of freshly
suspended hepatocytes.

The absence of malondialdehyde (data not shown)
ruled out lipid peroxidation as a mechanism to
account for the loss of protein thiols, illustrated by
the data in Table 2. Furthermore, the absence of
NADPH precluded redox cycling of menadione and,
thus, direct oxidation of protein thiols. Deferox-
amine had no effect on the arylation of microsomal
proteins by menadione in our assay (data not shown).
Table 2 shows that incubation of the microsomes
with 5 mM GSSG for 1 hr reduced protein thiols by
20%. Importantly, the loss of protein thiols with
GSSG was entirely accounted for by the formation
of mixed disulfides. Treatment of microsomes with
menadione produced no increase in mixed disulfides.

Loss of protein thiols in hepatocytes treated
with glucose oxidase. The Xkilling of cultured hepa-
tocytes by the H,O, that results from the redox
cycling of menadione is not accompanied by the
peroxidation of membrane phospholipids, and anti-
oxidants do not protect the cells [27]. By contrast,
we have shown previously [28] that the peroxidation
of lipids accompanies the killing of cultured hepa-
tocytes by the H,0O, generated extracellularly by

Table 2. Depletion of microsomal protein thiols in vitro by
GSSG and menadione

Treatment Protein thiols Mixed disulfides
(nmol GSH equivalents/mg pro-
tein)
Control (no additions) 63+2 39%03
Menadione (300 uM) 48 £ 2 4.0x0.3
GSSG (5 mM) 511 17.3 £ 2.0*

Rat liver microsomes were suspended in a Tris-HCl/
KCIl buffer and incubated for 1 hr at 37° with either GSSG
or menadione. Protein thiols and glutathione mixed disul-
fides were then measured. Results are the means * SD of
three separate incubations.

* Significantly different from control and menadione
(P <0.001).

glucose oxidase. Addition to the medium of the
antioxidant DPPD prevents both the lipid per-
oxidation and the loss of viability [28].

Figure 3 (left panel) shows the cell killing 1 hr after
exposing cultured hepatocytes to from 1 to 5 units/
ml glucose oxidase. Almost 60% of the hepatocytes
were killed with 5units/ml of glucose oxidase.
Accompanying the cell injury was a dose-dependent
loss of protein thiols (Fig. 3, right panel). Protein
thiol levels decreased by 40% with 5 units/ml of
glucose oxidase. As shown previously [28], addition
of 1 uM DPPD to the culture medium prevented
this loss of viability (Fig. 3, left panel). DPPD also
prevented a major part of the loss of protein thiols
(Fig. 3, right panel). However, 15% of the total
protein thiols was still lost with concentrations of
glucose oxidase from 1 to 5 units/ml in the absence
of any cell killing.

The formation of mixed disulfides accounted for
the DPPD-insensitive portion of the depletion of
protein thiols with glucose oxidase. Figure 4 docu-
ments the accumulation of GSSG in the culture
medium 1 hr after exposing hepatocytes to the H,O,
generated by 1-5 units/ml of glucose oxidase. One
unit/ml of glucose oxidase resulted in a 4-fold
increase in the amount of GSSG present in the
culture medium. With higher concentrations of glu-
cose oxidase, the GSSG content was not significantly
different from that observed at 1 unit/ml of the
enzyme. Importantly, DPPD had no effect on the
accumulation of GSSG (Fig. 4). Table 3 shows the
formation of protein mixed disulfides in cultured
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Table 3. Glutathione mixed disulfides in hepatocytes treated with glucose
oxidase

Mixed disulfides

3801

Treatment (nmol GSH equivalents/mg protein)
Control (no additions) 5003
Glucose oxidase 14.4 + 2%
Glucose oxidase + DPPD 15.9 = 3*

Cultured hepatocytes were treated with 5 units/ml glucose oxidase either
in the presence or absence of 1 uM DPPD. Mixed glutathione disulfide levels
were then measured 1 hr later. Results are the means *+ SD of three separate

cultures.

* Significantly different from control (P < 0.001).

GSSG in Medium (nmol)
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Fig. 4. Effect of DPPD on the GSSG formation by hepa-
tocytes treated with glucose oxidase. Hepatocytes in culture
for 24 hr were washed and placed in fresh medium. The
indicated concentrations of glucose oxidase were added
either with (A) or without (@) 1 uM DPPD. After 1 hr the
content of GSSG in the culture medium was measured.
Results are the means = SD of the determinations on three
separate cultures.

hepatocytes treated with 5 units/ml of glucose oxi-
dase in the presence or absence of DPPD. The
increment in mixed disulfides was the same with or
without DPPD and reproduced the decrement in
protein thiols that occurred in the presence of DPPD.

As with menadione, the killing of hepatocytes by
glucose oxidase depends on intracellular sources of
ferric iron and superoxide anions [16). Treatment of
the hepatocytes with deferoxamine or superoxide
dismutase prevents the cell killing by glucose oxidase
[16]. Table 4 shows that the killing of 55% of the
hepatocytes was accompanied by a 40% decline in
protein thiol content and a 4-fold accumulation of
GSSG in the culture medium. Addition of either
superoxide dismutase or deferoxamine to the cul-
tures protected against the loss of viability without
any effect on the extent of GSSG accumulation. Both

superoxide dismutase and deferoxamine reduced the
loss of protein thiols (by some 25nmol GSH
equivalents/mg of protein). However, with both of
these agents there was still a loss of about 11% (some
9 nmol GSH equivalents/mg of protein) of the total
protein thiol content.

Importantly, the extent of the deficit of protein
thiols insensitive to chelation of iron by deferox-
amine or to the dismutation of superoxide anions by
superoxide dismutase was identical to that remaining
after treatment of the cultures with DPPD. Neither
deferoxamine, superoxide dismutase nor DPPD
alone had an effect on the viability of the cells,
protein thiol content, or accumulation of GSSG (data
not shown). None of these manipulations had any
effect on the formation of hydrogen peroxide by
glucose oxidase. This makes it unlikely that H,O,
itself (nor superoxide anions or hydroxyl radicals) is
responsible by direct oxidation for the change in
protein thiols produced by glucose oxidase. This is
consistent with the inability to demonstrate an effect
of H,0; in vitro on the content of the protein thiols
of microsomal membranes. The H,0, produced by
5 units/m) of glucose oxidase had no effect on the
protein thiol content of isolated liver microsomes
(data not shown).

Lipid peroxidation as a mechanism of protein thiol
depletion. It will be recalled from Fig. 3 that the
greater proportion of the depletion of protein thiols
with glucose oxidase occurred by a mechanism that
is sensitive to the antioxidant DPPD. That lipid
peroxidation can deplete protein thiols is indicated
by the data in Table 5.

Rat liver microsomal membranes were perox-
idized in the presence of NADPH by the addition of
ADP:Fe’*. The formation of malondialdehyde and
the content of protein thiols were measured 15 min
after addition of the ADP:Fe?*. There was no lipid
peroxidation as assessed by the accumulation of
malondialdehyde in the absence of ADP: Fe**. Simi-
larly, protein thiols did not change. By contrast,
malondialdehyde  accumulation was readily
measured 15 min after addition of ADP: Fe**. Such
lipid peroxidation was accompanied by a loss of 55%
of the protein thiols. Both the accumulation of MDA
and the depletion of protein thiols were prevented
by DPPD. DPPD alone had no effect on the content
of protein thiols.

The supernatant fraction derived from liver micro-
somes that were peroxidized with ADP: Fe3* reacted
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Table 4. Effect of antioxidant treatment on the protein thiol depletion caused by hydrogen
peroxide

Protein thiols GSSG
%Dead cells (nmol/mg protein) (nmol/flask)

Control 1x1 84 x4 7+1

GO 55+3 50 x 6* 302

GO + SOD 14x1 75+3 28+2

GO + deferoxamine 4=x1 75+4 301

GO + DPPD 1x1 74 %5 281

Hepatocytes in culture for 24 hr were washed twice with buffer, fresh medium was
replaced, and the cells were treated with S units/ml of glucose oxidase. Some cultures also
received 500 units/m} of superoxide dismutase, 20 mM deferoxamine, or 1 uM DPPD.
After 1 hr the percentage of dead cells was determined by the release of lactate dehydro-
genase, and the content of protein thiols was measured. An aliquot of the medium was
used for the determination of GSSG. Results are the means = SD of the determinations
on three separate flasks.

* Significantly different from control (P < 0.01).

Table 5. Depletion of protein thiols during the peroxidation of membrane lipids

MDA
(nmol/mg protein)

Protein thiols
(nmol/mg protein)

No ADP:Fe** (0 time) 54+ 4 ND*
No ADP:Fe* (15 min) 56+ 4 ND
ADP:Fe™* (15 min) 25+ 1 16+1
ADP:Fe** + DPPD (15 min) 55+3 ND
No ADP:Fe** + DPPD (15 min) 562 ND

Rat liver microsomal membranes were peroxidized in the presence of NADPH by
ADP:Fe’* at 37°. Lipid peroxidation was quantified by the accumulation of MDA in the
incubation medium at the start of the reaction and again after 15 min. Protein thiol content
of acid-precipitated microsomes was measured over the same time period. All results are

the means = SD of the determinations on three separate incubations.

* Not detectable.

Table 6. Depletion of protein thiols by the soluble products of lipid peroxidation

Protein thiols
(nmol GSH equivalents/mg protein)

Control
Supernatant from peroxidized microsomes
Peroxidized in the presence of DPPD

Peroxidized supernatant; DPPD added to flask

1123
78 £ 3*
105+ 2
74 + 8*

Rat liver microsomal membranes were peroxidized by ADP:Fe* at 37° in the presence or
absence of 1 uM DPPD. After 15 min, EDTA was added and the microsomes were removed by
centrifugation. The resulting supernatant fractions (5 ml) were added to cultured hepatocytes.
After 1 hr the protein thiol content was measured. Controls were exposed to the supernatant
fraction from non-peroxidized microsomes. The results are the means = SD of the deter-

minations on three separate cultures.

* Significantly different from control (P < 0.01).
g y

with the protein thiols of cultured hepatocytes (Table
6). This depletion occurred without a significant loss
of cellular viability (data not shown). DPPD pre-
vented the formation of those products responsible
for the reaction with protein thiols (Table 6). Impor-
tantly, DPPD did not prevent the reaction of the
products of lipid peroxidation with the protein thiols
of cultured hepatocytes. Thus, a loss of protein thiols
can result from the peroxidation of membrane lipids,
presumably as a consequence of their reaction with
the electrophilic aldehydes that are produced. In

addition, it is likely that peroxidation of the lipids of
the hepatocyte is responsible for the greater pro-
portion of the loss of protein thiols that is prevented
by DPPD.

Killing by hydrogen peroxide in the absence of
changes in protein thiols. Figure 5 (left panel) details
the cell killing by 5 units/ml of glucose oxidase over
a 3-hr time course in the presence or absence of
DPPD. The accompanying changes in protein thiols
are shown in the right panel of Fig. 5. In the absence
of DPPD, 54% of the hepatocytes were dead at 1 hr.
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Fig. 5. Effect of DPPD on the time course of cell killing
and changes in protein thiols in hepatocytes treated with
glucose oxidase. Hepatocytes in culture for 24 hr were
washed and placed in fresh medium. Glucose oxidase
(5 units/ml) was added to the cultures either with (A) or
without (A) 1 uM DPPD. After 1 and 3 hr the extent of
cell killing (left panel) and the content of protein thiols
(right panel) were measured. Results are the means = SD
of the determinations on three separate cultures.

By 3 hr an additional 23% of the cells were dead.
The antioxidant DPPD prevented the loss of viability
at 1 hr. However, DPPD did not prevent the cell
killing that occurred between 1 and 3 hr.

The killing of hepatocytes at 1 hr was accompanied
by a decline of 44% in the total protein thiol content
(Fig. 5, right panel). Similar to the results presented
in Fig. 3, DPPD prevented only part of the loss of
protein thiols at 1 hr. Again, protein thiols decreased
by 15% in the absence of cell killing. However, there
was no further decrease in protein thiols between 1
and 3 hr in the presence or absence of DPPD), despite
the continued loss of cell viability in both cases.
Most striking was the observation that 72% of the
hepatocytes died between 1 and 3 hr in the presence
of DPPD without any further loss of protein thiols.
The content of protein thiols was unchanged in con-
trol cells over the 3 hr illustrated in Fig. 5 (data not
shown). Thus, H,0, can lethally injure over three-
fourths of the hepatocytes in culture without a further
depletion in protein thiols.

Figure 6 illustrates the time course of the accumu-
lation of GSSG in the cultures from which the data
in Fig. 5 were derived. The GSSG content of the
medium increased 5-fold in cultures receiving S units/
ml of glucose oxidase for 1 hr. Thereafter, the rate
of GSSG accumulation was insignificant. In addition,
DPPD was without effect on the accumulation of
GSSG. Again, the time course of GSSG accumu-
lation correlated with that of the depletion of protein
thiols in the presence of DPPD illustrated in Fig. S.
The sharp rise in GSSG during the first hour par-
alleled the decline in protein thiols. Thereafter, pro-
tein thiol depletion was complete when GSSG
accumulation ceased.
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Fig. 6. Effect of DPPD on the time course of the formation
of GSSG in hepatocytes treated with 5 units/ml of glucose
oxidase. Hepatocytes in culture for 24 hr were washed and
placed in fresh medium. Glucose oxidase (5 units/ml) was
added either with (B) or without (@) 1 uM DPPD. The
control cells are indicated by the closed triangles. After 1
and 3 hr the content of GSSG in the culture medium was
measured. Results are the means * SD of the deter-
minations on three separate cultures.

DISCUSSION

We have examined the mechanisms of the loss of
protein thiols in two models of the oxidative killing
of cultured hepatocytes, namely the cell killing by
menadione and by glucose oxidase. Whereas three
mechanisms were identified by which protein thiols
are depleted, the same data demonstrate that such
changes in protein thiols can be, to a large extent,
dissociated from the cell killing.

The killing of cultured hepatocytes by menadione
depends in a large part on a cellular source of ferric
iron. The intracellular pool of ferric iron can be
removed by its chelation with deferoxamine. Under
such circumstances, the cell killing by menadione
was reduced without any effect on the content of
protein thiols (Fig. 1). This dissociation of the deple-
tion of protein thiols from much of the toxicity of
menadione is readily explainable. The two mech-
anisms that were identified to account for the deple-
tion of protein thiols were unaffected by the chelation
of intracellular ferric iron. The redox cycling of
menadione generates H,0, that is catabolized to
water by glutathione peroxidase. In the process GSH
is oxidized to GSSG. In turn, GSSG reacts with
protein thiols to form mixed disulfides. Menadione
can also directly arylate such cellular nucleophiles.
Neither of these two mechanisms that deplete protein
thiols has any obvious dependence on intracellular
ferriciron. Furthermore, both GSSG and menadione
were shown to directly deplete rat liver microsomes
in vitro of protein thiols to an extent comparable to
that obtained with the cultured hepatocytes treated
with menadione.
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Thus, we conclude that there are two mechanisms
operating to deplete cultured hepatocytes of protein
thiols upon exposure to menadione. Such mech-
anisms were also invoked previously to account for
part of the protein thiol depletion occurring with
suspensions of hepatocytes exposed to menadione
[12]. However, under our conditions reduction of
protein thiol levels by these two mechanisms did not
correlate with the extent of cell killing by menadione.

Interestingly, the contribution of glutathione
mixed disulfides and the direct arylation of protein
nucleophiles to the thiol depletion reported here
agree closely with the contribution these same mech-
anisms made when suspensions of freshly isolated
hepatocytes were treated with menadione [12]. How-
ever, the total loss of protein thiols reported pre-
viously [12] was greater than that observed here. The
increased loss of protein thiols seen previously was
attributed to other oxidative processes [12]. We have
no evidence for such processes in cultured hepa-
tocytes exposed to either menadione or the hydrogen
peroxide generated in the culture medium by glucose
oxidase. The basis for this discrepancy is not evident,
but may relate to the obvious differences in the
experimental conditions utilized. Here cultured
hepatocytes were exposed to a 5% CO,95% air
atmosphere. By contrast, Di Monte et al. [12]
employed suspensions of freshly isolated hepatocytes
exposed to an atmosphere of 5% CO,-95% oxygen.
Itis conceivable that such a non-physiological oxygen
tension may dispose hepatocytes to oxidative
changes in protein thiols.

The cell killing by the hydrogen peroxide that was
generated in the culture medium by glucose oxidase
was also accompanied by a loss of protein thiols.
When cell killing was avoided by preventing the
peroxidation of lipids with the antioxidant DPPD,
the major part of the loss of protein thiols was
also prevented. The peroxidation in vitro of the
membrane lipids of rat liver microsomes with
ADP:Fe** similarly depleted protein thiols. Pre-
vention of the peroxidation of the microsomal mem-
branes with the antioxidant DPPD prevented the
depletion of protein thiols. Furthermore, per-
oxidation of liver microsomes generated soluble
products that were capable of depleting the protein
thiols of cultured hepatocytes. Thus, lipid per-
oxidation accounts for the major part of the depletion
of protein thiols occurring with the exposure of cul-
tured hepatocytes to the H,O, that is generated in
the medium by glucose oxidase.

The hydrogen peroxide produced by glucose oxi-
dase depleted protein thiols by a second mechanism
that occurred despite the presence of the antioxidant
DPPD. DPPD prevented the peroxidation of cellular
lipids and prevented the cell killing. Thus, the second
mechanism of protein thiol depletion with glucose
oxidase occurs without effect on the viability of the
cells. Deferoxamine and superoxide dismutase simi-
larly reduced the extent of the cell killing. With these
interventions there was again a loss of protein thiols
that occurred despite the reduced or absent cell
killing. The loss of protein thiols produced by glucose
oxidase in the presence of DPPD was shown to be
the consequence of the formation of glutathione
mixed disulfides. Importantly, neither DPPD,
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deferoxamine, nor superoxide dismutase had any
effect on the accumulation of GSSG in the cultures in
response to the H,0, generated by glucose oxidase.

Finally, it should be emphasized that the killing
of a substantial proportion of the hepatocytes by
hydrogen peroxide can occur in the absence of
changes in protein thiols. In the presence of DPPD,
over 75% of the cells were killed between 1 and 3 hr
after exposure to glucose oxidase. By 1 hr there was
a loss of only 10-15% of the total protein thiols that
were related to the accumulation of GSSG. The cell
killing between 1 and 3 hr occurred without any
further change in protein thiols. The mechanism of
cell killing operating in this situation is poorly
defined. However, such cell killing is unlikely to be
a delayed consequence of the loss of 10~-15% of
total protein thiols. Lower doses of glucose oxidase
produced equivalent changes in total protein thiols
(Fig. 3) without any accompanying loss of viability
within 3 hr [28].

In summary, three mechanisms have been ident-
ified by which protein thiols may be lost in cultured
hepatocytes exposed to hydrogen peroxide. Two of
these mechanisms, namely the formation of mixed
disulfides in a reaction with GSSG and the arylation
of protein thiols by menadione, can occur under
circumstances where there is little or no loss of
viability. The third mechanism, namely the loss of
protein thiols that occurs as a result of lipid per-
oxidation, has not been dissociated from the loss of
viability. However, it remains to be shown that this
loss of protein thiols is not simply an epiphenomenon
of the direct destruction of membrane integrity by
the peroxidation of unsaturated fatty acids. Thus,
the data presented in this report suggest that the
depletion of protein thiols by the mechanisms
detailed above does not necessarily have a causal
relationship to the killing of cultured hepatocytes
by hydrogen peroxide under the several conditions
studied.
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