Biochemical Pharmacology, Vol. 38, No. 19, pp. 3323-3330, 1989.
Printed in Great Britain.

A ROLE FOR THE GLUTATHIONE PEROXIDASE/
REDUCTASE ENZYME SYSTEM IN THE PROTECTION
FROM PARACETAMOL TOXICITY IN ISOLATED MOUSE
HEPATOCYTES

GREGORY M. ADAMSON and ANDREW W. HARMAN*
Department of Pharmacology, The University of Western Australia, Nedlands 6009, Western Australia

(Received 17 February 1989; accepted 12 April 1989)

Abstract—The role of the glutathione peroxidase/reductase (GSH-Px/GSSG-Rd) enzyme system in
protection from paracetamol toxicity was investigated in isolated mouse hepatocytes in primary culture.
The effect of inhibitors of these enzymes on the toxicity of paracetamol and on s-butylhydroperoxide
(+-BOOH), uséd as a positive control, was determined. 1,3-Bis(chloroethyl)-1-nitrosourea (BCNU) was
used to inhibit GSSG-Rd, and goldthioglucose (GTG) used to inhibit GSH-Px. Both these inhibitors
increased cell membrane damage in response to oxidative stress initiated by ~-BOOH. However, they
also increased the susceptibility of hepatocytes to paracetamol toxicity, indicating that a component of
paracetamol’s toxic effect involves formation of species that are detoxified by the GSH-Px/GSSG-Rd
enzymes. To further examine the role of these enzymes, age-related differences in their activity were
exploited. Hepatocytes from two-week-old mice were less susceptible to both +-BOOH and paracetamol
toxicity than were those from adult mice. This corresponds to higher activity of cytosolic GSH-Px/
GSSG-Rd in this age group. However, after inhibition of GSSG-Rd with BCNU, hepatocytes from
these postnatal mice were more susceptible to paracetamol toxicity. This suggests that the higher
activity of GSH-Px/GSSG-Rd in hepatocytes from two-week-old mice is responsible for their reduced
susceptibility to paracetamol toxicity. The data indicate that the GSH-Px/GSSG-Rd enzymes contribute
to protection from paracetamol toxicity and suggest that formation of peroxides contributes to this
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drug’s hepatotoxic effects.

The events associated with paracetamol toxicity in
the liver are largely unresolved. Theories such as
binding of the reactive metabolite, N-acetylben-
zoquinone imine (NAPQI)Y, to cellular macro-
molecules [1], lipid peroxidation [2], and oxidation
of critical sulphydryl groups and alteration of calcium
homeostasis [3] have been proposed, but none
appear to explain comprehensively the sequence of
events initiated by this drug that ultimately kills the
cell. '

It has been demonstrated that paracetamol oxi-
dation in the hepatocyte initiates a sequence of
events that eventually leads to cell death [4-7]. Anti-
oxidants can inhibit these events [6] suggesting that
deleterious oxidative changes are involved. The
nature of these events are unknown but one possi-
bility is that reactive oxygen species play a role. If
oxidative mechanisms were involved, the activity
of the glutathione peroxidase/glutathione reductase
(GSH-Px/GSSG-Rd) enzyme system would be
important in protecting against toxicity [8].

Dietary supplementation with selenium has been
shown to reduce [9], while selenium deficiency
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1 Abbreviations: GSH-Px, glutathione peroxidase;
GSSG-Rd, glutathione reductase BCNU, 1,3-bis(chloro-
ethyl)-1-nitrosourea; GTG, goldthioglucose; -BOOH, t-
butylhydroperoxide; NAPQI, N-acetylbenzoquinone
imine; GSH, reduced glutathione; GSSG, oxidized
glutathione; LDH, lactate dehydrogenase.

enhances [2], sensitivity to paracetamol toxicity.
Both of these regimes modulate the selenium-depen-
dent GSH-Px activity. However, other studies have
indicated that these enzymes do not play a major
role, as paracetamol intoxication does not increase
oxidized glutathione (GSSG) excretion from isolated
hepatocytes or whole liver [10, 11].

In the present study we have exploited differences
in the susceptibility of hepatocytes from postnatal
and adult mice to investigate the role of the GSH-
Px/GSSG-Rd enzyme system in paracetamol tox-
icity. We have previously shown that hepatocytes
from postnatal mice are less susceptible to hepato-
toxic agents, including paracetamol, compared to
adults [12]. This reduced susceptibility corresponded
to higher levels of GSH-Px and GSSG-Rd in the
postnatal liver [12]. We postulate that higher activity
of the GSH-Px/GSSG-Rd enzyme system in the liver
of postnatal mice may play a role in the reduced
susceptibility to chemical-induced damage.

This study has examined the influence of the GSH-
Px/GSSG-Rd enzyme system on toxicity of both
paracetamol and t-butylhydroperoxide (+-BOOH) in
isolated hepatocytes. The latter was used as a positive
control as its toxicity is due to the production of an
oxidative stress [13]. In order to examine the role of
these enzymes in the toxic process, we used 1,3-
bis(chloroethyl)-1-nitrosourea (BCNU), a specific
inhibitor of GSSG-Rd [14]. Inhibition of GSSG-Rd
prevents replenishment of the reduced glutathione
(GSH) pool necessary for GSH-Px activity.
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Goldthioglucose (GTG), an inhibitor of GSH-Px
[15, 16] was also used to examine the influence of
this enzyme on the toxicity of both paracetamol and
+-BOOH.

MATERIALS AND METHODS

Chemicals. RPMI 1640 culture media was obtained
from Gibco (Grand Island, NY). Collagenase type
I1 enzyme was purchased from Worthington Biomed-
ical Corp. (Freehold, NJ). BCNU was from Bristol
Laboratories (NY, U.S.A.). All other chemicals
were obtained from Sigma Chemical Co. (St Louis,
MO).

Hepatocyte preparation. Hepatocytes were iso-
lated from two-week-old and adult (8-10-week-old)
Swiss mice (Animal Resources Centre, Murdoch,
WA) by collagenase perfusion of the liver, as
described previously [17]. The cells were suspended
into RPMI 1640 culture media containing 20 mM
HEPES, 100 I.U./ml penicillin, and 100 gg/ml strep-
tomycin, pH 7.4. Following isolation, the viability of
hepatocytes from adult and two-week-old mice were
90 + 4% and 92 = 5%, respectively (Trypan Blue
exclusion). Cells were cultured in monolayer on coll-
agen-coated culture dishes (55 mm dia.) in 3 ml cul-
ture media (4 mg wet wt cells/ml) as described
previously [17]. These were then placed in an incu-
bator (Forma Scientific, Model 3164) and maintained
at 37° in a humidified 95% air: 5% CO, atmosphere.
Hepatocytes were allowed to equilibrate in the incu-
bator for 2 hr, after which time they were washed
with 2 X 3 ml phosphate buffered saline, pH 7.4, to
remove non-viable cells. Microscopic examination of
hepatocytes from both age groups showed > 99%
were parenchymal cells. Hepatocytes were then incu-
bated for up to 24 hr in the presence or absence
of various concentrations of either paracetamol, ¢
BOOH, BCNU or GTG in RPMI 1640 medium.

Incubations. BCNU was dissolved in 50 ul ethanol
prior to addition to 80 ml RPMI culture media. Con-
trol cells were incubated in RPMI containing ethanol
alone. GTG, paracetamol and ~-BOOH were all
dissolved directly into RPMI culture media immedi-
ately before incubation. At various times after
exposure to the toxins, aliquots of cell free super-
natant were measured for leakage of lactate dehydro-
genase (LDH) (EC 1.1.1.27). This activity was
expressed as a percentage of total LDH activity,
determined after treating the cells with Triton X-
100 (0.01% (v/v) final concentration) as described
previously [5]. Total LDH activity was not decreased
by either hepatotoxin, nor did it significantly
decrease during the 24 hr incubation period.

Enzyme assays. Hepatocytes were removed from
culture dishes using a rubber policeman and resus-
pended in the appropriate reaction buffer. The
resulting cell suspensions were sonicated for 20 sec
(Branson Sonifier Cell Disruptor B15, Branson,
U.S.A.), then centrifuged using a Beckman TL-
100 Ultracentrifuge, at 100,000 g for 30 min at 4°.
Aliquots of cytosolic fraction were then assayed for
enzyme activity. Protein was determined using the
method of Hartree [18]. GSH-Px (EC 1.11.1.9) was
measured using the method of Paglia and Valentine
[19]. GSSG-Rd (EC 1.6.4.2) was measured by a
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method adapted from Paglia and Valentine [19]. A
50 pl aliquot of sample was added to 2.95 ml reaction
mixture containing 8.4 mM NADPH. 0.15 M oxid-
ized glutathione (GSSG) and 1.125 M NaN;in 0.1 M
Tris buffer (pH 7.0). Consumption of NADPH was
then followed spectrophotometrically at 340 nm over
2 min at 25°. GSH was measured by a fluorometric
method [20].

Enzyme inhibition. GSSG-Rd activity was
inhibited in hepatocytes from both adult and 2-week-
old mice by exposing cells to BCNU at con-
centrations of either 0.1 mM (adults) or 0.05 mM (2-
week-old), followed by a 2 hr incubation in BCNU-
free culture media. Cells were then exposed to vary-
ing concentrations of either paracetamol or -BOOH.
GSH-Px was inhibited using GTG. Maximal inhi-
bition was achieved after 4 hr incubation in RPMI
containing 1.0 mM GTG. Hepatocytes were then
exposed to either paracetamol or --BOOH in culture
medium containing 1.0 mM GTG.

Statistical analysis.  Analysis of variance
(ANOVA) was performed using the computer stat-
istical package GENSTAT (Lawes Agricultural
Trust, Rothamsted Experimental Station, U.K.).
Individual group differences were compared to con-
trol using Dunnett’s test [21].

RESULTS

Preincubation with BCNU irreversibly inhibited
GSSG-Rdin the mouse hepatocytes (Table 1). Hepa-
tocytes were exposed to BCNU for 30min then
washed and incubated in fresh media for up to 24 hr.
GSSG-Rd was inhibited by 89 = 3% with 0.1 mM
BCNU in hepatocytes from adults. Hepatocytes from
two-week-old mice were more sensitive to BCNU
and GSSG-Rd activity was inhibited by 90 + 2%
with 0.05mM BCNU. This inhibitory effect was
irreversible over a subsequent 24 hr incubation in
BCNU-free medium in hepatocytes from both age
groups (data not shown). BCNU was not toxic at
these concentrations. The toxic threshold con-
centrations of BCNU were 0.1 mM and 0.5 mM for
two-week-old and adults, respectively (data not
shown). In order to examine the effect of GSSG-Rd
inhibition on the toxicity of +BOOH and paracet-
amol, hepatocytes were pretreated with either
0.05 mM (two-week-old) or 0.1 mM BCNU (adult)
for 30 min. These concentrations of BCNU produced
a similar degree of GSSG-Rd inhibition in the two
age groups without producing cell membrane
damage. Since exposure to BCNU decreased GSH
levels, the hepatocytes were washed in phosphate
buffered saline and then incubated for 2 hr in fresh
media in order to allow GSH to return to control
levels (data not shown). The susceptibility of control
(non-pretreated) and BCNU-pretreated hepatocytes
to +-BOOH and paracetamol were then compared.

The effect of BCNU-pretreatment in combination
with ~BOOH exposure on cell viability of hepa-
tocytes from two-week-old and adult mice incubated
for up to 3.5hr is shown in Fig. 1. Three major
conclusions can be drawn from these data. (1) Non-
pretreated hepatocytes from adult mice (Fig. 1A)
were more susceptible to ~BOOH than those from
two-week-olds (Fig. 1B). Comparison of data in Fig.
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Table 1. The effect of BCNU and GTG exposure on GSSG-Rd and GSH-Px activities in
isolated hepatocytes*
BCNU GSSG-Rd activity GTG GSH-Px activity
conc. (nmol/min/mg protein) conc. (nmol/min/mg protein)
(mM) Adult Two-week-old (mM) Adult Two-week-old
0.0 32x4 55+4 0.0 331+ 10 905 = 60
0.01 17x3 7+4 0.1 264 £ 35 487 + 27
0.05 7x2 5*1 0.5 172 £ 59 413 = 17
0.1 4+1 61 1.0 106 * 40 400 = 34
* Hepatocytes were exposed to either BCNU for 30 min, washed and then incubated in fresh
medium for 2 hr, or incubated in GTG for 4 hr, prior to determination of enzyme activities.
All values are mean *+ SE of four separate determinations expressed as nmol NADPH
consumed/min/mg cytosolic protein.
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Fig. 1. The effect of -BOOH on the time course of LDH leakage from non-pretreated hepatocytes

isolated from adult (A) and two-week-old mice (B), and on hepatocytes pretreated with BCNU, from

adult (C) and two-week-old mice (D). The LDH leakage from cells is expressed as activity in the cell-

free supernatant as a percentage of total activity. Hepatocytes were exposed to -BOOH (0.01-1.0 mM)

for up to 3.5 hr. BCNU-pretreatment was for 30 min, followed by a 2 hr recovery period to allow GSH

levels to return to control values prior to exposure to +-BOOH. Individual data points represent the
mean * SE of four separate experiments.

1A with Fig. 1B by ANOVA indicated a significant
effect of age (F=410; df = 1,415; P <0.01). (2)
BCNU-pretreatment potentiated the toxicity of ¢
BOOH in hepatocytes from both adult and two-
week-old mice. Comparison of data in Figs 1A with
1C(F = 165; df = 1,177; P < 0.01), and Figs 1B with
1D (F = 458; df = 1,177; P < 0.01) using ANOVA
indicated a significant effect of BCNU-pretreatment

on t-BOOH-induced toxicity. (3) Following BCNU-
pretreatment, the susceptibility of hepatocytes from
two-week-old mice was now greater than in those
from adult. Comparison of data in Figs 1C to 1D
using ANOVA indicated a significant effect of age
(F=43; df=1,415; P<0.01). Thus, prior to
BCNU-pretreatment the toxic response to ~-BOOH
in hepatocytes from two-week-old mice was less than
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Fig. 2. The effect of paracetamol exposure on the time course of LDH leakage from non-pretreated

hepatocytes isolated from adult (A) and two-week-old mice (B) and on hepatocytes pretreated with

BCNU, from adults (C) and two-week-olds (D). Hepatocytes were exposed to paracetamol (0.01-

5.0mM) for up to 24 hr. BCNU-pretreatment was for 30 min, followed by a 2 hr recovery period to

allow GSH levels to return to control values prior to exposure to paracetamol. Data points represent
the mean * SE of four separate experiments.

that in adults, but after BCNU-pretreatment the
susceptibility in the two-week-olds was now greater
than in adults.

The combination of paracetamol exposure and
BCNU-pretreatment produced similar alterations as
seen with -BOOH described above. (1) Non-pre-
treated hepatocytes from adult mice (Fig. 2A) were
more susceptible to paracetamol toxicity than those
from two-week-old mice (Fig. 2B) (F = 14; df =
1,454; P <0.01). (2) BCNU-pretreatment poten-
tiated the toxicity of paracetamol in hepatocytes
from both adult (Fig. 2A vs Fig. 2C; F=6; df =
1,213; P < 0.01) and two-week-old mice (Fig. 2B vs
Fig. 2D; F =235; df =1,213; P<0.01). (2) Fol-
lowing BCNU-pretreatment, the susceptibility of
hepatocytes from two-week-old mice (Fig. 2D) was
greater than that in adults (Fig. 2C) (F = 110; df =
1,454; P < 0.01). Again, this indicates that BCNU-
pretreatment resulted in a greater increase in sus-
ceptibility of hepatocytes from two-week-old mice
to paracetamol toxicity than in adults.

Inhibition of GSH-Px was also found to enhance
the effects of paracetamol and +-BOOH toxicity.
GTG (1.0mM) inhibited cytosolic GSH-Px by
approximately 60% (Table 1). This concentration of
GTG was not toxic to these cells (data not shown).

Despite producing only 60% inhibition of the GSH-
Px activity, the susceptibility of hepatocytes from
two-week-old and adult mice to paracetamol in the
presence of GTG was increased (Fig. 3). A similar
effect of GTG on susceptibility to ~BOOH toxicity
in hepatocytes from two-week-old and adult mice
was also seen (data not shown).

It is well known that paracetamol exposure deple-
tes GSH levels in hepatocytes. In order to determine
the effect of BCNU-pretreatment or the presence of
GTG on GSH levels in the cell during paracetamol
intoxication, hepatocytes from adult mice were
exposed to paracetamol (5 mM) for up to 24 hr with
or without BCNU-pretreatment (Fig. 4A) or the
presence of GTG (Fig. 4B). BCNU-pretreatment
alone did not result in lower GSH levels after the
2 hr recovery period, but did increase the rate of loss
of GSH in the presence of paracetamol. GTG did
not alter the effect of paracetamol on GSH depletion.
Similar results were obtained when these experi-
ments were performed in hepatocytes from two-
week-old mice (Fig. 5).

DISCUSSION

In a previous study we demonstrated that hepa-
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Table 2. Influence of a-naphthylacetic acid, phenolphthalein and sulfo-
bromophthalein on uptake of ['*C]mersalyl and of mersaly! on uptake of ['*C]a-
naphthylacetic acid in the isolated perfused liver
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Addition to perfusion medium

[**C]Mersalyl uptake
nmoles/min/g liver

None

20 uM a-naphthylacetic acid
20 uM phenolphthalein

20 uM sulfobromophthalein

None
20 uM mersalyl

3.68 =0.23*
1.88 + 0.41*
3.65+043
3.45+0.62

['*C]a~Napthylacetic acid uptake
nmoles/min/g liver

2.18 + 0.68*
1.02 = 0.40*

Uptake values were obtained after 3min perfusion with either 2 uM
[“C]mersalyl or 2 uM ['“C]a-naphthylacetic acid in presence of indicated com-

pounds.

Means of 4 expts + SD, *P <0.05.
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Fig. 2. Stimulation of mersalyl uptake in the isolated perfused liver at different Na* concentrations.
Uptake values were obtained after 3-min perfusion with 10 uM [**C]mersalyl. Na* was replaced in
equimolar amounts by choline.

0°) was therefore determined in each experiment.
This value was subtracted from uptake values at 25°
when transmembrane transport function was
assayed.

Transport of mersalyl into basolateral membrane
vesicles exhibits saturation kinetics within the con-
centration range studied (2.5-250 uM). As already
seen in the perfused liver, uptake into vesicles at low
concentrations (below 10 uM) is lower than expected
for first-order kinetics, revealing also a Hill coef-
ficient of 1.5 (Fig. 1B). From the corresponding
Eadie-Hofstee plot (S)os = 28 uM and V,,,, of 1.6
nmoles/min/mg protein were calculated, values in
good agreement with those obtained for uptake in
the perfused organ.

Extravesicular sodium concentration stimulates
uptake of mersalyl into basolateral membrane ves-
icles. This was analysed at a mersalyl concentration

of 200 uM in the presence of 120 mM NaSCN or
120 mM KSCN either outside the membrane alone
or 60 mM on both sides of the membrane. Compared
to KSCN, NaSCN on both sides stimulates temp-
erature-sensitive initial uptake by 30%, whereas an
increase by 40% is seen when NaSCN was only
present in the extravesicular medium (these two
values being statistically different at a level of
0.2>P > 0.1; Student’s t-test). These data suggest,
that extravesicular sodium increases substrate affin-
ity and, in addition, that the transmembrane sodium
gradient provides a driving force for substrate trans-
port.
Uptake of mersalyl is subjected to transstimul-
ation, i.e. preloading of membrane vesicles with non-
radioactive mersalyl increases uptake of the radio-
labelled compound. Under this condition uptake is
also stimulated by the presence of sodium (Fig. 3).
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Fig. 4. (A) The effect of BCNU-pretreatment on paracetamol-induced GSH depletion in hepatocytes
isolated from adult mice. Non-pretreated hepatocytes (PAR) or BCNU-pretreated hepatocytes
(PAR + BCNU) were exposed to paracetamol (5 mM) for up to 24 hr. BCNU-pretreatment was for
30 min, followed by a 2 hr recovery period. The GSH content in cells not exposed to paracetamol or
BCNU (control) and not exposed to paracetamol but pretreated with BCNU (BCNU) is also shown.
Each data point represents mean * SE of four separate experiments. (B) The effect of GTG treatment
(1 mM) on paracetamol-induced GSH depletion in hepatocytes isolated from adult mice. Non-pretreated
hepatocytes (PAR) or GTG-treated hepatocytes (PAR + GTG) were exposed to paracetamol (5 mM)
for up to 24 hr. The GSH content in cells not exposed to paracetamol or GTG (control) and not exposed
to paracetamol but GTG-treated (GTG) is also shown. Each data point represents mean + SE of four
separate experiments.

The increase in paracetamol toxicity in hepa-
tocytes from adult mice after BCNU-pretreatment
was not pronounced. However, in two-week-old ™~
mice, BCNU-pretreatment resulted in a marked
increase in susceptibility to paracetamol and to *
BOOH. In fact, the increase in susceptibility was
so large that after BCNU-pretreatment, it changed
from being less than that in adults to being con-
siderably more susceptible. This difference in the
magnitude of the change in susceptibility between
the two age groups was not due to a difference in
the degree of inhibition of GSSG-Rd, as this enzyme
activity was inhibited to the same extent in both.

It can be explained if GSSG-Rd is important in
protection from paracetamol toxicity. It is known
that hepatocytes from two-week-old mice have a
faster rate of production of NAPQI than do adults
[12]. If GSSG-Rd is important in protection against
the damaging effects of NAPQI, then inhibition of
this enzyme to the same extent in hepatocytes from
both age groups might be expected to have a greater
effect on the extent of the toxic response in the
postnatal mice, which produce more NAPQI, than
in the less metabolically active hepatocytes from
adults. )
It is known that synthetic NAPQI will directly
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Fig. 5. The effect of BCNU-pretreatment (A) and the
presence of GTG (B) on paracetamol-induced GSH deple-
tion in isolated hepatocytes from two-week-old mice.
Experimental conditions are the same as in Fig. 4.

oxidize GSH to GSSG [24]. As GSSG is reduced to
GSH by GSSG-Rd, inhibition of this enzyme by
BCNU may increase susceptibility to paracetamol
simply by depleting the cell of GSH and rendering
it more susceptible to electrophilic attack. Indeed, it
was found that paracetamol exposure increased the
rate of decline of GSH after BCNU-pretreatment in
cells from both adult and two-week-old mice (Figs
4 and 5). However, part of this increased rate of
depletion after BCNU-pretreatment would be due
to the faster onset of cell damage, particularly in the
hepatocytes from two-week-old mice. In order to
ascertain whether the effects of BCNU were due to
inhibition of the GSH-Px/GSSG-Rd enzyme system
as a whole, and not simply GSSG-Rd itself, the
experiments were repeated using the GSH-Px inhibi-
tor, GTG. Whilst the inhibition of GSH-Px activity
by GTG was not as great as that seen with BCNU
on GSSG-Rd activity, the overall effects on par-
acetamol toxicity (Fig. 3) and ~BOOH were similar.
GTG increased susceptibility to paracetamol and ¢-
BOOH in hepatocytes from both two-week-old mice
and adults. Hence inhibition of GSH-Px activity
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produced qualitatively similar effects as inhibition
of GSSG-Rd. Furthermore, the loss of GSH after
paracetamol exposure in the presence of GTG was
the same as with paracetamol-alone (Figs 4 and 5).
Since GTG also enhanced susceptibility to par-
acetamol but did not lower GSH levels below those
produced by paracetamol alone, it is unlikely that
the difference in the rate of GSH depletionin BCNU-
pretreated cells is the only factor contributing to
increased susceptibility.

Alkylation of key cellular proteins by NAPQI [25],
the loss of calcium homeostasis following protein
thiol oxidation [3] and oxidative stress [2,26, 27]
have been proposed as mechanisms of paracetamol
toxicity. The evidence for a role of oxidative stress
is controversial. It has been discounted by some, as
there is no evidence of increased efflux of GSSG into
the bile in whole rats [11]. On the other hand, lipid
peroxidation has been found to precede liver damage
in the isolated mouse liver [28]. In hepatocytes from
the rat, BCNU has been found to either have no
effect [10] or to potentiate [26, 27] paracetamol tox-
icity. As discussed above, potentiation of toxicity
by BCNU does not necessarily implicate a role for
peroxides in the toxic process, as irreversible oxi-
dation of GSH in the face of electrophilic insult could
account for increased toxicity. The present study
used inhibitors of both enzymes in the glutathione
redox cycle and found that both inhibitors increased
susceptibility to paracetamol toxicity. Furthermore,
the large increase in susceptibility of hepatocytes
from two-week-old mice to both paracetamol and #
BOOH after inhibition by BCNU is consistent with
a major role for the GSH-Px/GSSG-Rd enzymes
in protection from toxicity. Hepatocytes from two-
week-old mice may be less susceptible to hepa-
totoxins by virtue of having higher activity of GSH-
Px/GSSG-Rd [12]. While these results do not rule
out involvement of either protein alkylation or
altered calcium homeostasis in the development of
cell injury, they are consistent with findings that
indicate that reversible oxidative processes are
involved in the secondary events that occur after
NAPQI has initiated the toxic process [4-7].
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