Biochemical Pharmacology, Vol. 52, pp. 1147-1154, 1996.
Copyright © 1996 Elsevier Science Inc.

EL

Effect of Acetaminophen Administration
on Hepatic Glutathione Compartmentation
and Mitochondrial Energy Metabolism in the Rat
Gianluigi Vendemiale,* T Ignazio Grattagliano,*

Emanuele Altomare,* Nicola Turturrof and Ferruccio Guerrierif

*Department of Internal Medicine and fInstitute of Medical Biochemistry and Chemistry and Center for the
Study of Mitochondria and Energy Metabolism (CNR), University of Bari, Bari, Italy

ABSTRACT. Changes in cell energy metabolism and mitochondrial dysfunction have been observed after
acetaminophen administration. Because consumption of hepatic glutathione is closely related to acetaminophen
toxicity, we investigated the kinetics of: 1. glutathione depletion in liver mitochondria and cytosol; 2. State 3
and 4 respiratory rates of succinate-supplemented mitochondria; 3. rate of ATP synthesis; 4. oligomycin-sensitive
ATP hydrolase activity and passive proton conductivity of inside-out vesicles of the inner mitochondrial
membrane; and 5. changes in hepatic and mitochondrial malondialdehyde in the rat after in vivo acetaminophen
administration. Two hours after acetaminophen injection, hepatic glutathione decreased and malondialdehyde
increased. In the same interval, an increase in both State 3 and 4 respiratory rates of succinate-supplemented
mitochondria was observed. This was accompanied by a decrease in the rate of ATP synthesis and the P/O ratio
and by an increase in the passive proton permeability of the inner mitochondrial membrane, which was
insensitive to oligomycin. No significant change in oligomycin-sensitive ATP hydrolase activity was observed.
Four hours after APAP injection, the respiratory rates, as well as the proton conductivity, decreased, the rate of
ATP synthesis was restored, and the mitochondrial glutathione started to increase; the cytosolic levels of
glutathione were still low and the cytosolic and mitochondrial levels of malondialdehyde remained high for 2
more hr. The concentrations of these indices were completely restored 24 hr postdosing. Our findings suggest
that acetaminophen administration selectively depletes (within 2 hr) mitochondrial glutathione, and produces
local toxicity by altering membrane permeability and decreasing the efficiency of oxidative phosphorylation.
This renders mitochondria more susceptible to oxidative damage, especially during increased free radical pro-
duction, as in the case of enhanced mitochondrial respiration in State 4. The concomitant restoration of
mitochondrial respiration, oxidative phosphorylation, membrane permeability, and glutathione levels is consis-
tent with the importance of the mitochondrial glutathione pool for the protection of the mitochondrial mem-
brane against oxidative damage. BIOCHEM PHARMACOL 52;8:1147-1154, 1996.
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It is well known that toxic doses of APAPS, a widely used
antipyretic and analgesic drug, can cause hepatocellular ne-
crosis [1, 2]. In particular, the mechanism of cell damage
appears to be mediated by the metabolic activation
of APAP to a highly reactive metabolite, N-acetyl-p-
benzoquinone imine {NAPQI), which is able to delete he-
patocellular glutathione (GSH) and to covalently bind to
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cellular macromolecules [3]. The concentration of intracel-
lular GSH, therefore, is a key determinant of the extent of
APAP-induced hepatic injury. The binding of GSH to ac-
tivated APAP appears to be an obligatory step in the de-
toxification process, and toxicity occurs only when gluta-
thione stores fall below critical concentrations [4]. Because
mitochondria continually produce and accumulate reactive
oxygen species [5] and contain no catalase [6], they would
be largely, if not entirely, dependent on the GSH-
peroxidase system. GSH, therefore, may be considered as
the principal functional mitochondrial antioxidant [7]. In-
deed, GSH depletion has been suggested to markedly en-
hance the susceptibility to mitochondrial dysfunction from
oxidant stress [8, 9] and to induce mitochondrial structural
degeneration [10]. Recently, a relationship between
changes in intramitochondrial GSH levels and alterations
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of mitochondrial energy metabolism, most likely due to free
radical accumulation, has been observed in ageing [11] and
during liver regeneration [12].

Ultrastructural changes, such as vacuolization and mito-
chondrial and plasma membrane degeneration, have been
observed during the development of APAP hepatoxicity
[13], suggesting that early damage to subcellular organelles
may play a crucial role in APAP hepatotoxicity. Studies in
vivo and in vitro on the effect of APAP and its metabolite
NAPQI showed alterations in cellular energy metabolism,
with changes in the respiratory rates [14—17], depletion of
mitochondrial ATP content [18, 19], and alteration of en-
ergy coupling [17].

Several studies have been carried out on the metabolism
and compartmentation of hepatic GSH [20-22], but little is
known about the time-course of mitochondrial GSH deple-
tion, its re-uptake after APAP intoxication, or the influ-
ence of these processes on mitochondrial function in vivo.

In this study, the relationship between the two effects
induced by in vivo APAP intoxication, has been investi-
gated by the kinetic analysis of: 1. rat hepatic mitochon-
drial and cytosolic GSH depletion and replacement; 2. mi-
tochondrial respiration in State 3 and 4; 3. the rate of ATP
synthesis; and 4. the passive proton permeability of the
inner mitochondrial membrane. Finally, the hepatic cyto-
solic and mitochondrial oxidative state of lipids and pro-
teins was determined.

MATERIALS AND METHODS

Male Wistar rats (230-250 g) fed ad lib with standard stock
diet were injected intraperitoneally with 500 mg/kg body
weight of a 0.25 M APAP saline solution. Four to six rats
from each group were sacrificed by decapitation, at time 0O
(prior to APAP administration) and 2, 4, 6, 8, and 24 hr
after APAP injection. The livers were removed and imme-
diately homogenized in 10 volumes of 0.1 M K-phosphate
buffer pH 7.4 containing 5 mM EDTA. 4 g of livers were
separately homogenized in 40 volumes of MSM buffer pH
7.4 (0.44 M mannitol, 0.07 M sucrose, 5 mM morpholino-
propanesulfonic acid) containing 0.1 M Na,-EDTA for mi-
tochondrial isolation, as previously described [23]; cytosol
was separated from other subcellular organelles by ultracen-
trifugation (105,000 x g, 15 min at 4°C).

Total (GSH) and oxidized (GSSG) glutathione were
measured enzymatically in liver homogenate, cytosol, and
mitochondria according to the methods of Tietze [24] and
Griffith [25], respectively.

From the remaining portion of liver (5-6 grams), mito-
chondria were prepared to measure the rates of respiration,
following the high-yield preparation method described by
Bustamante et al. [26].

A portion of the mitochondrial pellet was fixed in 2%
osmium tetroxide-phosphate buffer (2 hr at 0°C) for elec-
tron microscopy. After dehydration with ethanol, an inclu-
sion in Epon 812 was performed [27]. Thin sections were
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then stained in 5% uranile acetate (1 hr at 45°C) and in
lead hydroxide [28]. For the final observation, a Philips
Tem 301 electron microscope (located at the University of
Bari, Italy) at 60 kWatt was used. Electron microscopy
showed that this mitochondrial preparation exhibited very
little contamination with other organelles, in particular,
lysosomes (Fig. 3; see also [26]). “Inside-out” submitochon-
drial particles (ESMP) were prepared by exposure of rat
liver mitochondria that had been stored frozen at =70°C for
at least 24 hr to ultrasonic energy in the presence of EDTA
at pH 8.5 [29].

The respiratory rate was measured following O, uptake
with Clark oxygen electrode in a 1 mL water-injected
chamber with magnetic stirring at 25°C. Mitochondria (0.5
mg protein/mL) were suspended in 1 mL 200 mM sucrose,
3 mM M¢Cl,, 1 mM EDTA, 10 mM K-phosphate (pH 7.4).
After equilibration for 3 min, 20 mM K-succinate was
added and the respiratory rate in State 4 was followed for
3—4 min; next, 300 uM Mg-ADP was added, and the re-
spiratory rate in State 3 was followed for 3—4 min. Then,
oligomycin (1 pg- mg protein™!) was added, and the oli-
gomycin-inhibited respiration was followed for 3—4 min.
Finally, 4 wM of the uncoupler carbonylcyanide p-
(trifluoromethoxy)phenylhydrazone (FCCP) was added
and the stimulated respiration was measured (Fig. 4). The
rate of ATP synthesis was evaluated on mitochondrial sus-
pension (500 pg protein - mL 1) as described in [11].

The ATP hydrolase activity was spectrophotometrically
determined in ESMP using a regenerating system contain-
ing an excess of lactate dehydrogenase and pyruvate kinase
[30]. Passive proton permeability in ESMP was analyzed
potentiometrically, following anaerobic release of the respi-
ratory proton gradient [31]. Briefly, ESMP, prepared as de-
scribed above, were incubated at a concentration of 3
mg/mL for 5 min under nitrogen flux at 25°C in a mixture
containing 200 mM sucrose, 10 mM KCI, and 20 mM K-
succinate. After this incubation, proton cycles were in-
duced by addition of H,O; in the presence of catalase, and
the rate of passive proton conduction was estimated by
determining the t,, of the anaerobic release of the respira-
tory-induced transmembrane proton gradient [31], which
was inhibited by the Fy inhibitor oligomycin [31].

The content of lipid peroxidation products, evaluated as
malondialdehyde-TBA reactive compound, was detected
spectrophotometrically [32] both in liver homogenate and
mitochondria; 1,1,3,3-tetraethoxypropane was used as a
standard. The cytosolic and mitochondrial content of car-
bonyl proteins was assumed as an index of the protein oxi-
dation process, and evaluated spectrophotometrically as di-
nitrophenyl-hydrazone derivatives [33]. Cytosolic and mi-
tochondrial protein concentrations were determined by the
method of Lowry [34].

All chemicals were purchased from Sigma (Milan) or
represented the best available commercial grades.

The study was approved by the State Commission on
Animal Experimentation.
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Statistical Analysis

Results are expressed as mean + SE. Data were analyzed by
one-way ANOVA; P < 0.05 was assumed as the lowest
significance of differences.

RESULTS

Table 1 shows that the treatment of rats with APAP (500
mg/kg) does not induce any change either in liver weight or
mitochondrial protein content. These data are in agree-
ment with the observation of Katyare and Satav [17]; in
that study, no changes in liver weight and yield of mito-
chondrial proteins were found in rats treated with subtoxic
doses of APAP (375 mg/kg), whereas only a small decrease
(=<20%) was observed after toxic doses of APAP (750
mg/kg). Figure 1 reports that hepatic GSH content imme-
diately decreased after APAP administration; the maxi-
mum depletion was observed 4 hr postdosing (2.13 + 0.33
vs. 532 £ 0.59 pmol/g, P < 0.001). The level of GSH
started to recover after 6 hr and, at 24 hr, had risen to
approximately 73% of the basal value.

Figure 2A shows the kinetics of GSH depletion in cyto-
solic and mitochondrial fractions. As for liver homogenate,
the cytosolic and mitochondrial GSH content immediately
decreased. However, mitochondrial GSH reached its lowest
value 2 hr after APAP injection, and in the cytosol, maxi-
mum GSH depletion was observed only 6 hr after APAP
intoxication. In addition, the recovery of GSH was faster in
mitochondria (beginning 4 hr after APAP injection) than
in cytosol, where the GSH level remained relatively low
until 8 hr after APAP injection (Fig. 2A).

The time-course of cytosolic and mitochondrial GSSG
content appeared to parallel that of total GSH (Fig. 2B);
indeed, GSSG concentrations started to decrease 2 hr after
APAP injection and reached their lowest values after 4-6
hr. Thereafter, GSSG levels slowly recovered, reaching the
basal values 24 hr after APAP injection (Fig. 2B). The
evolution of the GSH/GSSG ratio in both cytoplasm and
mitochondria is also shown in Fig. 2B. No significant varia-
tion was observed in the cytosolic or mitochondrial frac-
tions.

As shown by electron microscopy, mitochondrial swell-
ing with disoriented cristae and vacuolated mitochondria
with loss of matrix were observed 2 hr after APAP intoxi-

cation (Fig. 3). The mitochondria, isolated 2 hr after APAP
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FIG. 1. Effect of APAP administration (500 mg/kg i.p.) on
total hepatic GSH content in the rat. GSH was measured at
time O (before APAP administration) and 2, 4, 6, 8, and 24
hr after APAP injection. Each point represents the mean =
SE of 4-6 rats. *P < 0.001 when compared to basal values.

injection, showed an increase in the respiratory rate in
State 4 (1.70 times the basal values, P < 0.002) and the
respiratory rate in State 3, using succinate as a substrate
(1.17 times the basal values, P < 0.02) (Fig. 4). Therefore,
a decrease in the respiratory control index (R.C.1.), given
by the ratio between the respiratory rate of States 3 and 4,
was observed 2 hr after APAP injection (Fig. 4). However,
at 4 hr, the R.C.1. had returned practically to normal val-
ues; indeed, State 3 respiration continued to increase but
State 4 respiration remained constant between 2 and 4 hr
postdosing. Eight hours after APAP administration, both
State 3 and 4 rates decreased, and at 24 hr the same values
as time O were reached. The respiratory rate in State 3 was
inhibited in control mitochondria as much as 70% by the
ATP synthase inhibitor oligomycin (Fig. 4), indicating that
the mitochondria were well coupled. This was confirmed by
the stimulation of oligomycin-inhibited respiration by the
uncoupler FCCP (Fig. 4). Sensitivity to oligomycin was
lower in mitochondria isolated 2—4 hr after APAP intoxi-

TABLE 1. Liver weights and mitochondrial protein content in control and APAP-

treated rats

APAP-treated rats

Control rats 2 hr 4h 8 hr 24 hr
Liver weight (g) 11.7 + 0.8 11.5+£04 11.9+£08 11.6 £ 0.7 113+ 09
Mitochondrial protein
content (mg/g tissue) 17.8 + 1.1 175+1.1 18.2 £ 0.8 17.9 £ 0.8 183 +1.0

Male Wistar rats (230-250 g) were injected ip with APAP (500 mg/kg) as described in Materials and Methods. Control animals
received only equivalent volumes of saline vehicle. Results are given as mean * SE of 6 rats.
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FIG. 2. Time-course of GSH (A) and GSSG (B) concentrations in liver cytosol (@) and mitochondria (O) of rats at time 0 and
2, 4, 6, 8, and 24 hr after APAP administration (500 mg/kg i.p.). In Fig. 2B, the cytosolic and mitochondrial GSH/GSSG ratios
throughout the study period are inserted. Each point represents the mean + SE of 4-6 rats. *P < 0.01 and ¥*P < 0.001 when

compared to basal values.

cation, suggesting a partial uncoupling. This was confirmed
by the decrease in the ratio of the rate of ATP formed to
that of oxygen consumed ("P/O in Fig. 4) (P < 0.002).
This picture may reflect the removal of respiratory con-
trol by the increase in dissipation, through the inner mito-
chondrial membrane, of the transmembrane proton gradi-
ent set up by the respiratory chain. To verify this hypoth-
esis, we followed the passive release, in anaerobiosis, of the
respiratory proton gradient in the inside-out sonic submi-

tochondrial particles. Table 2 shows that, in ESMP ob-

Aﬂ"A

tained 2 hr after APAP injection (when the mitochondria
showed a decrease in the R.C.L., see Fig. 4), the rate of
passive proton conduction increased. It then started to de-
crease and, 24 hr after APAP injection, the rate of passive
proton conduction was again equal to basal values.

It is noteworthy that the increase in passive proton con-
duction observed at 2 hr was insensitive to oligomycin, the
inhibitor of proton conduction by the membrane sector of
ATP synthase. No significant changes were observed in
oligomycin-sensitive ATP hydrolase activity.

FIG. 3. (A) Electron mlcrograph of mltochondna isolated from an APAP-treated rat 2 hr after intoxication (15600 x).
Mitochondrial swelling with disoriented cristae and vacuolated mitochondria with loss of matrix are shown. (B) Normal

control rat (12500 x).
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ADP
«
i Rates of oxygen consumption Rate of | R.CIL ~P/O
Time after pos Xyg X P ATP Synthesis (i)
APAP injection (NgAtO,/min/mg prot.) nmolATP
= hr State Il State IV Oligomycin min-mg prot.
T
0 119+4 23+2 38+2 179+10 5.2+0.3 1.48+0.02
2 139+4**  39+1* 58+3 14626 35+041 1.04+001%
4 18145 38+2 70+3 213+ 11 47£03 1.170.04*
8 1437 3121 46+5 1797 46201 1.25+0.02
24 11745 22+2 3122 160£7 53+0.2 1.36+0.03

FIG. 4. Effect of in vivo APAP administration on succinate-supported mitochondrial respiration and ATP synthesis. Rat liver
mitochondria were prepared at 0, 2, 4, 8, and 24 hr after APAP administration (500 mg/kg i.p.). The trace on the left represents
a typical polarographic determination of oxygen consumption by succinate-supplemented control mitochondria (see Materials
and Methods). Where indicated, oligomycin (1 pg - mg protein~!) and FCCP (4 pM) were added. The data reported in the table

are the mean = SE of 4 experiments. The R.C.L. was obtained by

the ratio between the respiratory rates in State 3 and State

4. "P/O represents the ratio of the rate of ATP synthesis to the respiratory rate in State 3. *P < 0.002, **P < 0.02 when

compared to basal values.

The depletion of GSH and the increment of passive pro-
ton conduction were accompanied by an increase in MDA
production, both in liver homogenate (Fig. 5A) and mi-
tochondria (Fig. 5B). MDA levels started to increase 2 hr
after APAP injection, remained high until 6 hr, and gradu-
ally returned to basal values within 24 hr.

No increased production of protein carbonyl groups was
observed in cytoplasm and mitochondria throughout the
study period (data not shown).

DISCUSSION

Several reports [14—17] suggest that alterations in mito-
chondrial function may be of great importance in APAP-
induced hepatoxocity and that depletion of mitochondrial

GSH seems to be a major mechanism inducing imbalance
of mitochondrial function [18].

Despite the fundamental role of GSH, mitochondria do
not contain the enzyme activities required for GSH syn-
thesis and effectively transport this tripeptide from the cy-
tosolic compartment with an ATP-dependent mechanism
[35, 36).

The importance of GSH for mitochondrial function is
well established, and several investigations have shown
that a marked decrease in GSH sensitizes mitochondria to
oxidative modifications by drugs or xenobiotics [37, 38].

APAP and its metabolite NAPQI can directly interact
with mitochondria [3], thereby inducing depletion of GSH
content or local toxicity by altering membrane permeability

[18, 39].

TABLE 2. Effect of APAP injection on oligomycin-sensitive proton conduction and ATP
hydrolase activity in sonicated submitochondrial particles (ESMP)

Anaerobic H* conduction

ATP hydrolase activity

K;I:Pa&ict. [1/t (sec™)] [mol ATP hydr. (min~'/mg prot)]
(hr) Control +Oligomycin Control +Oligomycin

0 0.7+0.1 0.32 £0.07 1.58 +0.15 0.12+0.2

2 1.22 £ 0.09+ 1.00 £ 0.10% 1.36 £ 0.11 0.13 £ 0.01

4 1.05 £ 0.07* 0.62 + 0.05F 1.38 £ 0.10 0.12 £ 0.01

8 0.8+0.1 0.46 + 0.06 1.60 £ 0.15 0.16 £ 0.02
24 0.66 + 0.08 0.43 £ 0.06 1.52 £ 0.10 0.12 £ 0.01

ESMP, prepared as reported in Materials and Methods, were suspended (3 mg/mL) in: 200 mM sucrose, 20 mM KCI, 20 mM
K-succinate, pH 7.2. The proton conduction was analyzed as described in Materials and Methods. After oxygen pulses, ~50 g
of proteins (17 L) were taken during anaerobiosis and used to test the ATP-hydrolase activity. Where indicated, oligomycin (0.2
g/mg protein particles) was added and an incubation of 5 min was run before addition of oxygen. The reported data are the mean

+ SE of 5 experiments. *P < 0.01 and 1P < 0.001 compared to Ti

me 0.
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FIG. 5. Time-course of MDA concentrations in liver homogenate (A) and mitochondria (B) of rats at time 0 and 2, 4, 6, 8, and
24 hr after APAP administration (500 mg/kg i.p.). Each point represents the mean + SE of 4-6 rats. *P < 0.01, **P < 0.005

when compared to basal values.

In vitro experiments indicate that APAP can induce
inhibition of mitochondrial respiration supported by
NADH-dependent substrates [14, 39]. By contrast, very
little [39] or no inhibition [14] occurs when succinate is
used as a respiratory substrate. In addition, in vivo treat-
ment of mice with APAP seems to result in an increase in
State 4 respiration and a decrease in the R.C.I. These find-
ings, however, do not completely clarify the role of the
increase in State 4, with succinate as substrate, of alteration
of the organelles in response to energy demand [14].

The data reported in the present study show that in vivo
treatment of rats with APAP produces an immediate
(within 2 hr) depletion of cytosolic and mitochondrial
GSH and GSSG levels that is accompanied by: 1. an in-
crease in the respiratory rate of succinate-supplemented mi-
tochondria in State 4, as previously observed in APAP-
treated mice [14, 16]; 2. an increase in the respiratory rate
of ADP-stimulated State 3; 3. a decrease in the rate of ATP
synthesis; and 4. an increase in the passive proton perme-
ability of the inner mitochondrial membrane.

It should be pointed out that mitochondria isolated from
mice [16] and rats [17] treated in vivo with toxic doses of
APAP (750 mg/kg) and also using succinate as a substrate
showed inhibition of respiratory rates in State 3. However,
our finding of a stimulation of the respiratory rate in State
3, using the same substrate, is in agreement with the pre-
vious reports of Katyare and Satav [17], who observed simi-
lar results after 375 mg/kg APAP. It is likely that APAP
treatment induces inhibition or stimulation of the respira-
tory rate in State 3, according to the dosage used. In any
event, the major finding of our studies appears to be the
decrease in the R.C.I. (see also [16]) and the "P/O ratio,

which represents an impairment of oxidative phosphoryla-

tion. However, the structure of the mitochondrial ATP
synthase complex does not seem to be damaged by APAP
treatment, as shown by the fact that oligomycin-sensitive
ATP hydrolase activity in sonic submitochondrial particles
is unchanged (Table 2). Thus, it is suggested that, following
APAP administration in vivo, the increased oligomycin-
insensitive passive proton permeability of the inner mito-
chondrial membrane (Table 2) results in a partial uncou-
pling of oxidative phosphorylation. The stimulation of
State 3 could represent a compensatory mechanism for res-
toration of the efficiency of oxidative phosphorilation,
which began to be restored 4 hr after APAP injection and
was completely restored at 24 hr postdosing.

The increase in MDA levels observed in liver homog-
enate and mitochondria might be viewed as an additional
index of alteration of membrane permeability, suggesting
that oxidative modifications of unsaturated lipids are also
detectable in vivo after APAP administration.

These findings are in agreement with the increase in the
respiratory rate in State 4, which should increase the pro-
duction of oxygen free radicals by the respiratory chain [40].
As shown by electron microscopy, 2 hr after APAP admin-
istration (time of the maximum impairment of mitochon-
drial function), remarkable morphological alterations of
mitochondria are also detectable.

The faster recovery of GSH in the mitochondria com-
pared to the cytosol may suggest that the ATP synthetized
by mitochondrial oxidative phosphorylation is used to favor
the intramitochondrial transport of cytosolic GSH. Mito-
chondria, indeed, can take up GSH even in the presence of
very low cytosolic GSH levels [6]. This hypothesis could
also explain why cytosolic GSH starts to recover only after
the restoration of most of the mitochondrial GSH (at 8 hr).
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As a possible mechanism to be tested in vitro, it could be
suggested that APAP or its metabolite NAPQI could di-
rectly interact with the inner mitochondrial membrane,
causing changes in its fluidity. This could result in a tran-
sient increase in permeability followed by GSH and GSSG
depletion; experiments to test this hypothesis are in prog-
ress in our laboratories.

In conclusion, we observed that in vivo APAP admin-
istration led to mitochondrial proton permeability damage
that, in turn, could be bound to early GSH depletion. The
latter may enhance the susceptibility of mitochondria to
oxidative damage, especially during conditions of increased
free radical production, as in the case of enhanced mito-
chondrial respiration. The concomitant restoration of mi-
tochondrial energy metabolism and GSH levels is consis-
tent with the important role of GSH compartmentation for
mitochondrial function.

References

1. Boyd EM and Bereczky GM, Liver necrosis from paracetamol.
Br ] Pharmacol 26: 606-614, 1966.

2. Boyer TD and Rouff Si, Acetaminophen-induced hepatic
necrosis and renal failure. ] Am Med Assoc 218: 440441,
1971.

3. Jollow DJ, Mitchell JR, Potter WZ, Davis DC, Gillette JR and
Brodie BB, Acetaminophen-induced hepatic necrosis. II. Role
of covalent binding in vivo. ] Pharmacol Exp Ther 187: 195~
202, 1973.

4. Mitchell JR, Jollow DJ, Potter WZ, Gillette JR and Brodie BB,
Acetaminophen-induced hepatic necrosis. [V. Protective role
glutathione. ] Pharmacol Exp Ther 187: 211-217, 1973.

5. Chance B, Sies H and Boveris A, Hydroperoxide metabolism
in mammalian organs. Physiol Rev 59: 527-605, 1979.

6. Meister A, Glutathione deficiency produced by inhibition of
its synthesis, and its reversal; applications in research and
therapy. Pharmacol Therapeut 51: 155-194, 1991.

7. Pumford NR, Hinson JA, Benson RW and Roberts DW, Im-
munoblot analysis of protein containing 3-(cystein-S-yl) acet-
aminophen adducts in serum and subcellular liver fractions
from acetaminiphen-treated mice. Toxicol Appl Pharmacol
104: 521-532, 1990.

8. Meredith MJ and Reed DJ, Status of the mitochondrial pool
of glutathione in isolated hepatocyte. J Biol Chem 2573 3747—
3753, 1982.

9. Hirano T, Kaplowitz N, Tsukamoto H, Kamimura S and Fern-
andez-Checa JC, Hepatic mitochondrial glutathione deple-
tion and progression of experimental alcoholic liver disease in
rats. Hepatology 16: 1423-1427, 1992.

10. Martensson ] and Meister A, Mitochondrial damage in
muscle occurs after marked depletion of glutathione and is
prevented by giving glutathione monoester. Proc Natl Acad
Sci USA 86: 471-475, 1989.

11. Capozza G, Guerrieri F, Vendemiale G, Altomare E and Papa
S, Age-related changes of the mitochondrial energy metabo-
lism in rat liver and heart. Arch Gerontol Geriatr (suppl) 4:
31-38, 1994.

12. Vendemiale G, Guetrieri F, Grattagliano I, Didonna D,
Muolo L and Altomare E, Mitochondrial oxidative phospho-
rilation and intracellular glutathione compartmentation dur-
ing rat liver regeneration. Hepatology 21: 1450-1454, 1995.

13. Placke ME, Ginsberg GL, Wyand DS and Cohen SD, Ultra-
structural changes during acute acetaminophen-induced hep-

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

1153

atotoxicity in the mouse: a time and dose study. Toxicol Pathol

15. 431_4718 1Q8R7
1383 5301—7I30, 170i.

Meyers LL, Beierschmitt WP, Khairallah EA and Cohen SD,
Acetaminophen-induced inhibition of hepatic mitochondrial
respiration in mice. Toxicol Appl Pharmacol 93: 378-387,
1988.

Burcham PC and Harman AW, Acetaminophen toxicity re-
sults in site-specific mitochondrial damage in isolated mouse
hepatocytes. J Biol Chem 266: 5049-5054, 1991.

Donnelly PJ, Walker RM and Racz W], Inhibition of mito-
chondrial respiration in vivo is an early event in acetamino-
phen-induced hepatotoxicity. Arch Toxicol 68: 110-118,
1994.

Katyare SS and Satav ]G, Impaired mitochondrial oxidative
energy metabolism following paracetamol-induced hepato-
toxicity in the rat. Br J Pharmacol 96: 51-58, 1989.
Andersson BS, Rundgren M, Nelson SD and Harder S, N-
acetyl-p-benzoquinone imine-induced changes in the energy
metabolism in hepatocytes. Chem Biol Interact 75: 201-211,
1990.

Burcham PC and Harman AW, Mitochondrial dysfunction in
paracetamol hepatotoxicity: in vitro studies in isolated mouse
hepatocytes. Toxicol Lett 50: 3748, 1990.

Lauterburg BH, Early disturbance of calcium translocation
across the plasma membrane in toxic liver injury. Hepatology
7: 1179-1183, 1987.

Kaplowitz N, The importance and regulation of hepatic glu-

tathinans Vol TR AT EA. 407507 1QR1
LALLLIULIC. LW ) DIUL IVICEW O FT7(—JIVL, L1T01L.

Griffith OW and Meister A, Origin and turnover of mito-
chondrial glutathione. Proc Natl Acad Sci USA 82: 4668—
4672, 1985.

Hoppel CJ, DiMarco ] and Tandler B, Riboflavin and rat
hepatic cell structure and function. J Biol Chem 254: 4164—
4170, 1979.

Tietze F, Enzymatic method for quantitative determination of
nanogram amount of total and oxidized glutathione: applica-
tion to mammalian blood and other tissue. Anal Biochem 27:
502-522,1 969.

Griffith OW, Determination of glutathione and glutathione
disulfide using glutathione reductase and 2-vinylpyridine.
Anal Biochem 106: 207-212, 1980.

Bustamante E, Soper JW and Pedersen PL, High yield pre-
parative method for isolation of rat liver mitochondria. Anal
Biochem 80: 401-408, 1977.

Luft JH, Improvements in epoxy resin embedding methods. J
Biophys Biochem Cytol 9: 409-414, 1961.

Karnowsky MJ, Simple methods for “staining with lead” at
high pH in electron microscopy. J Biophys Biochem Tycol 11:
729-732, 1961.

Lee CP and Emnster L, Studies of the energy transfer system of
submitochondrial particles. Effects of oligomycin and auro-
vertin. Eur ] Biochem 3: 391-400, 1968.

Guerrieri F, Kopecky ] and Zanotti F, Functional and immu-
nological characterization of mitochondrial F;F; ATP syn-
thase. In: Organelles of Eukaryotic Cells: Molecular Structure
and Interactions (Eds. Tager J, Azzi A, Papa S and Guerrieri F),
pp. 197-208. New York and London, Plenum Press, 1989.
Pansini A, Guerrieri F and Papa S, Control of proton con-
duction by the H"-ATPase in the inner mitochondrial mem-
brane. Eur ] Biochem 92: 545-551, 1978.

Slater T and Sawyer B, The stimulatory effect of carbon tet-
rachloride and other halogenoalkanes on peroxidative reac-
tions in rat liver fractions in vitro. Biochem J 123: 805-814,
1971.

Levine RL, Garland D, Oliver CN, Amici A, Climent I, Lenz
AG, Ahn BW, Shaltiel S and Stadtman ER, Determination
of carbonyl content in oxidatively modified proteins. Methods
Enzymol 186: 464-478, 1990.



1154

34.

35.

36.

37.

Lowry OH, Rosenbrough NJ, Farr AL and Randall R], Protein
measurement with the folin phenol reagent. J Biol Chem 193:
265-275, 1951.

Kurosawa K, Hayashi N, Sato N, Kamada T and Tagawa K,
Transport of glutathione across the mitochondrial mem-
branes. Biochem Biophys Res Commun 167: 367-372, 1990.
Martensson ], Lai JCK and Meister A, High-affinity transport
of glutathione is a part of a multicomponent system essential
for mitochondrial function. Proc Natl Acad Sci USA 87:
7185-7189, 1990.

Meredith MJ] and Reed DJ, Depletion in vitro of mitochon-
drial glutathione in rat hepatocytes and enhancements of
lipid peroxidation by adriamycin and 1,3-bis(2-chloroethyl)-

38.

39.

40.

G. Vendemiale et al.

I-nitrosourea (BCNU). Biochem Pharmacol 32: 1383-1388,
1983.

Fernandez-Checa JC, Garcia-Ruiz C, Qokhetns M and
Kaplowitz N, Impaired uptake of glutathione by hepatic mi-
tochondria from chronic ethanol-fed rats. Tracer kinetic stud-
ies in vitro and in vivo and susceptibility to oxidant stress. ]
Clin Invest 87: 397-405, 1991.

Ramsay RR, Rashed MS and Nelson SD, In vitro effects of
acetaminophen metabolites and analogues on the respiration
of mouse liver mitochondrial. Arch Biochem Biophys 273:
449457, 1989.

Boveris A and Chance B, The mitochondrial generation of
hydrogen peroxide. Biochem J 134: 707-716, 1973.



