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INTRODUCTION 

Glutathione as reduced glutathione (GSH) and as the disulfide (GSSG) is a 
unique peptide that continues to interest toxicologists-as reflected in the 
numerous symposia and reviews ( 1-6). This article undertakes to describe the 
role of mitochondrial glutathione in cellular response to toxic exposures that 
include loss of the homeostases of Ca2+ and protein thiols. Because of the 
numerous reviews on the glutathione S-transferases (7-10), only the per­
oxidase activity of membrane-associated glutathione S-transferases is dis­
cussed. 

Mammalian cells have evolved protective mechanisms to minimize in­
jurious events that result from toxic chemicals and normal oxidative products 
of cellular metabolism. A major endogenous protective system is the glu­
tathione redox cycle (2). Glutathione is present in high concentrations as GSH 
in most mammalian cells (generally in the millimolar range), with minor 
fractions being GSSG, mixed disulfides of GSH and other cellular thiols, and 
minor amounts of thioethers ( 1) .  GSH acts both as a nucleophilic "scavenger" 
of numerous compounds and their metabolites, via enzymatic and chemical 
mechanisms, converting electrophilic centers to thioether bonds, and as a 
substrate in the GSH peroxidase-mediated destruction of hydroperoxides. 
GSH depletion to about 20-30% of total glutathione levels can impair the 
cell's defense against the toxic actions of such compounds and may lead to 
cell injury and death (3, 1 1) .  
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604 REED 

Endogenous oxidative stress is a consequence of aerobic metabolism, 
which, in eucaryotes, occurs mostly in the mitochondria. Reduction of ox­
ygen in the respiratory chain involves the formation of toxic oxygen in­
termediates. About 2-5% of mitochondrial Oz consumption generates hydro­
gen peroxide (HzOz) (12). Sies & Moss ( 13) concluded that mitochondrial 
generation of HzOz under state 4 conditions ( 14-16) could require a turnover 

rate in the glutathione redox cycle of about 10% of the GSH per min. H202, if 
not reduced, can lead to the formation of the very reactive hydroxyl radical 
and cause the formation of lipid hydroperoxides that can damage membranes, 
nucleic acids, proteins, and alter their functions. 

GSH can be depleted directly by conjugation with electrophiles and in­

directly by the addition of inhibitors of GSH biosynthesis and regeneration (3, 
17, 18) . GSH is synthesized in vivo in the liver from y-glutamylcysteine and 
glycine via GSH synthetase (EC 6.3.2.3), with the sulfur functionality of 
cysteine supplied by methionine via the cystathionine pathway (19). Inhibi­
tion of glutamylcysteine synthetase (EC 6.3.2.2), the cytosolic rate-limiting 
enzyme, by buthionine sulfoximine (BSO) diminishes the rate of GSH synthe­

sis. GSH is maintained in a redox couple with GSSG within the cell and is 
regenerated by GSH reductase (EC 1.6.4.2), a cytosoJic NADPH-dependent 
enzyme. Inhibition of this enzyme, and hence GSH regeneration, with 1,3-
bis(2-chloroethyl)-1-nitrosourea (BCNU) also depletes intracellular GSH 
(20). Alternatively, GSH content in isolated hepatocytes can be augmented by 
the addition of its sulfur-containing precursors, such as cysteine (or N-acetyl 
cysteine) or methionine, to maximize biosynthesis (21). 

MITOCHONDRIAL GSH 

The presence of more than one pool of intracellular glutathione in liver was 
first suggested in 1952 (22) and was followed by the report that about 10% of 

the total thiol content of rat liver mitochondria was nonprotein-dialyzable 
thiol compounds such as glutathione (23). A major finding in 1973 was that 
glutathione in the mitochondrial matrix provided a reservoir of reducing 
equivalents capable of preventing the effects of oxidants on sensitive thiol 
groups (24). A complete glutathione rcdox system, which consists of GSH, 
glutathione reductase, glutathione peroxidase, and NADPH generated from 

NADH by transhydrogenation , exists in rat liver mitochondria (Figure 1). 
This system is capable of reduction of a wide range of diazenes and hydroper­
oxides (25). The effects of diamide [diazenedicarboxylic acid bis (N,N'­
dimethylamide)] oxidation of glutathione and membrane thiol groups on 
mitochondrial functions include the perturbation of Ca2+ homeostasis (26). 

Mitochondrial GSH may be important in regUlating inner membrane per­
meability by maintaining intramitochondrial thiols in the reduced state (27, 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



SUBSTRATE X OXIDIZED 
SUBSTRATE 

MITOCHONDRIAL GSH AND CYTOTOXICITY 605 

NAOH 

NAD+ 

ROH 

R NADPH � GSH X Hp 
GLUTATHIONE GLUTATHIONE 

TRANSHYDROGENASE REDUCTASE PEROXIDASE 
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ROOH 

ATP 
Figure 1 Glutathione redox system present in mitochondria. 

28). Certain proteins are highly sensitive to changes in the cellular thiol 
status, including the Ca2+ -dependent ATPases (29), which serve as mem­
brane-bound Ca2+ pumps to maintain cytoplasmic CaH at low levels. In­
terference of Ca2+ homeostasis and increased levels of cytoplasmic-free Ca2+ 
are believed to participate in cell injury (30) that, if not reversed, will 
eventually lead to cell death . Homeostases of Ca2+ and of thiols in the 
mitochondria are believed to be closely linked either directly (28) or through 
the pyridine nucleotides (31); an imbalance in one could affect the status of 
the other, and diminish cell viability. 

Because mitochondria have no catalase (32), they rely solely on GSH 
peroxidase to detoxify hydroperoxides (12). Glutathione peroxidase uses the 
reducing equivalents of GSH, the most abundant cellular nonprotein thiol, 
10-15% of which is located in the mitochondria (33-35). A protective role for 
mitochondrial GSH in cytotoxicity was first proposed by Meredith & Reed 
(35, 36). They showed that the onset of cel1 injury in isolated rat hepatocytes 
by ethacrynic acid correlated with the depletion of mitochondrial GSH, 
whereas the cytosolic pool could be depleted without affecting cell viability . 
Previously, several reports (37--41) had demonstrated that cytotoxicity, as 
measured by lipid peroxidation, liver necrosis, and loss of intracellular en­
zymes in vivo and in vitro, occurred only if the intracellular concentrations of 
GSH fell below 10-15% of the initial value, which is the amount associated 
with mitochondria. 

t-BuOOH treatment is accompanied by a decrease in intracellular GSH and 
NADPH concentrations and a release of GSSG from the perfused rat liver (42) 
and isolated rat hepatocytes (43). The rate of GSSG release is believed to be 
proportional to the activity of GSH peroxidase (44). GSSG is formed in 
isolated mitochondria during oxidative stress induced by t-BuOOH treatment, 
but, despite a drastic decrease in the mitochondrial GSHlGSSG ratio, no 
release of GSSG into the medium occurs (45). This was true when GSSG 
levels were quickly reduced back to GSH, also during a sustained perturbation 
of the GSH/GSSG ratio, or even when GSSG levels were greater than 50% of 
total mitochondrial glutathione for 60 min. The possibility that exported 
GSSG may have been reduced in the media was discounted by the finding that 
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606 REED 

no GSH equivalents were missing inside the mitochondria after glutathione 
levels recovered to those of nontreated mitochondria. These results suggest 
that a transport system for GSSG efflux is absent in liver mitochondria and 
that all GSSG formed inside mitochondria must be reduced in situ. 

These results indicate that the redox status of mitochondrial GSH may 
influence intramitochondrial protein thiol groups and the integrity of 
mitochondrial membranes (27). The lack of ability to export GSSG indicates 
that mitochondria may be more susceptible to protein thiol oxidation than the 
rest of the cell and may explain why the loss of mitochondrial GSH, rather 
than cytosolic GSH, is critical in some types of cell injury (35, 46). 

GSH is continuously lost at a slow rate from coupled mitochondria, which 
suggests an apparent efflux pathway for GSH in rat liver mitochondria. 
Earlier studies had shown an outward diffusion of GSH from mitochondria, 
with 25-56% of the endogenous level gone after 10 min incubation at 30°C 
(33). As coupled mitochondria are impermeable to protons, and 2 mM GSH 
in the medium did not affect the rate of GSH release, a simple diffusion down 
a concentration gradient cannot explain the loss of GSH from isolated 
mitochondria (45). 

A small but significant amount of mitochondrial GSH (approximately 10%) 
could not be depleted by raising the concentration of t-BuOOH during expo­
sure of mitochondria (45). These data are in agreement with the results of 
Jocelyn & Cronshaw (47), who used chlorodinitrobenzene to deplete GSH 
and suggested that GSH might be sequestered within the mitochondrial 
matrix. A major new finding is the ability to oxidize selectively mitochondrial 
glutathione in cultured rat adrenal cells by certain polycyclic aromatic hydro­
carbons such as the potent carcinogen 7, 12-dimethylbenz[a]anthracene and its 
liver metabolite, 7-hydroxymethyl-12-methylbenz[a]anthracene but not the 
unmethylated benzo[a]pyrene or benzo[a]anthracene. The induced cytotoxic­
ity has been suggested to result from uncoupling mitochondrial cytochrome 
P-450s to generate sufficient oxidative stress from reactive oxygen species to 
cause mitochondrial but not cytosolic GSSG formation (48). Chronic ethanol 
feeding to rats impairs the reaccumulation of mitochondrial GSH as the 
cytosolic pool increases and suppresses the mitochondrial GSHIcytosolic 
GSH ratio (49). 

Benzoyl peroxide (BPO) induced mitochondrial damage that is charac­
terized by inhibition of respiration and induction of rapid large-amplitude 
swelling. The mechanism of this damage appears to be dissociated from 
radical production and lipid peroxidation (50). Although BPO is not readily 
metabolized by mitochondrial glutathione peroxidase, the reaction between 
BPO and GSH is rapid and results in the formation of GSSG. Kennedy et 
al (50) have concluded that mitochondrial thiol groups are oxidized dur­
ing BPO-induced swelling. A similar mechanism has been implicated in 
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mitochondrial swelling induced by chlorinated napthoquinones (51, 52). Of 
importance is the view that as BPO inhibits mitochondrial electron transport at 
coupling site II and inhibits respiration, radical production occurs but is 
scavenged in intact respiring mitochondria. 

The results indicate that the mechanism of BPO-induced swelling is differ­
ent from that of hydroperoxide-induced swelling, which is thought to be 
dependent on calcium ion cycling (53-55). Another important aspect of 
hydroperoxide induced-swelling is the consumption of reducing equivalents 
via GSH along with hydroperoxide as a substrate for glutathione peroxidase 
and the competition for the energy required to maintain both cellular ionic 
balance and thiolldisulfide redox status. 

Two mechanisms of mitochondrial damage by exposure of rat hepatocytes 
in culture to t-BuOOH have been based on the effects of an antioxidant, 
N,N' -diphenylenediamine (DPPD). Mitochondrial membrane potential (.1(,0) 
is lost as the principal effect at high hydroperoxide concentration (56). 
Interestingly, lipid peroxidation appears of major importance in the other 
mechanism, which involves hydroperoxide at low concentrations, with both 
mechanisms being dependent on a cellular source of ferric iron (56). Iron 
induces dose-dependent oxidative damage to isolated rat liver mitochondria 
by a proposed interaction with mitochondrial hydrogen peroxide. The damage 
is greater in state 4 than in state 3 respiration, which suggests that superoxide 
anion radical dis mutation and radical damage occur in the mitochondrial 
matrix (57). 

Masaki et al have demonstrated that the toxic consequences of a loss of 
mitochondrial energy due to exposure of cultured hepatocytes to various toxic 
agents can be prevented by a reduction of pH in the culture medium which 
causes intracellular acidosis (58). These workers have concluded that, with 
potassium cyanide treatment, cell killing [loss of lactate dehydrogenase 
(LDH)J is better correlated with a loss of mitochondrial energy and collapse of 
the .1c;o than depletion of ATP. Monensin, a proton/sodium ion ionophore, 
potentiated the toxIcity of cyanide and carbonyl cyanide m­
chlorophenylhydrazone (CCCP) (58). The toxicity of valinomycin was re­
duced, and swelling could be more of a dominant factor in the loss of 
mitochondrial membrane potential with this agent than with cyanide and 
CCCP (58). 

Increased permeability of mitochondrial inner membrane induced by cal­
cium ion plus inorganic phosphate, diamide, or hydroperoxides appears to 
involve oxygen radicals through some mechanism that is very responsive to 
the free radical scavenger, butylhydroxytoluene (59) .  

Acetaminophen hepatotoxicity is characterized by GSH depletion, covalent 
binding of reactive intermediate(s), and increased expiration of ethane and 
pentane. Acetaminophen failed to increase the hepatic content or biliary 
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608 REED 

efflux of GSSG in rats and mice (60). Smith & laeschke have concluded that 
oxidant mechanisms are not participating in hepa1tic injury in vivo by acet­
aminophen.  However, a marked change in production or disposition of fatty 
acid hydroperoxides appears to be occurring. If the ability of glutathione to 
participate in fatty acid hydroperoxide metabolism is localized in the 
mitochondria of the heptocytes, any GSSG formed would not be expected to 
efflux (45). Failure of the mitochondria to efflux GSSG could account for the 
lack in vivo of GSSG efflux into bile. 

Mitochondria energized by substrate oxidation show enhanced reaction of 
protein thiols with N-ethylmaleimide (NEM) and other maleimide derivatives 
(61 ,  62). Unmasking of certain thiol groups, which are positioned in a 
hydrophobic environment , is the reason given for the increase in the thiol 
reactivity (62). Loss of mitochondrial inner membrane selectivity for the 
transport of solutes after alkylation of these hydrophobic thiol groups results 
in the formation of holes 3 nm in size in the inner membrane (62, 63). These 
effects appear closely related to calcium homeostasis.  

CALCIUM AND MITOCHONDRIAL GSH 

Over a decade ago, the release of calcium ion from liver mitochondria was 
found to be stimulated by oxidants that oxidized pyridine nucleotides (31 ) .  
De-energized rat liver mitochondria undergo extensive swelling when in­
cubated in the presence of calcium ion and diamide (an oxidant of GSSG) 
selected protein thiols, and pyridine nucleotides (64). The swelling could be 
inhibited by ruthenium red (RR), and the inhibition completely removed by 
the calcium ion ionophore, ionomycin. Vercesi et al have concluded that 
calcium ion cycling is not necessary and that calcium ion could bind to 
internal sites of the inner membrane to cause mitochondrial damage (64) . 

Calcium ion release from intact mitochondria can be induced by a variety'of 
chemically different prooxidants (65). An important concept is the relation­
ship to the oxidation of pyridine nucleotides leading to the release of calcium 
ion from rat liver mitochondria. According to Richter & Frei (65), the 
oxidized intramitochondrial pyridine nucleotides are hydrolyzed at the bond 
between the nicotinamide and ADP-ribose moiety and, in tum, calcium ion 
release is regulated by protein ADP-ribosylation. The observed transient rise 
in the level of intramitochondrial protein ADP-ribosylation during prooxi­
dant-induced calcium ion release is followed by the return to the starting level 
of ribosylation when calcium ion release diminishes (Figure 2) (65) .  

The lipid soluble ionophore , A23 187 , has bee:n used to study the role of 
divalent cations, principally Ca2+, in various biological systems (66-69) . At 
physiological concentrations of extracellular Ca2+, Reed & Lardy (66) 
observed that A23 1 87 induced the uptake and accumulation of Ca2+ in 
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610 REED 

exchange for proton release from erythrocytes. Th�:y also found that A23187 
inhibited mitochondrial ATPase by releasing endogenous Mg2+, while un­
coupling oxidative phosphorylation by inducing an energy-dissipating cyclic 
flux of Ca2+ (66). At low extracellular Ca2+ concentrations, the ionophore 
induced the efflux of intracellular Ca2+ from isolat�:d rat hepatocytes (67). By 
controlling the Ca2+ concentration in the extracellular medium in the presence 
of A23187, we were able to examine some of the biochemical consequences 
of altered Ca2+ homeostasis in isolated hepatocytes. The expression of chemi­
cally induced toxicity strongly correlated with mitochondrial GSH depletion, 
which was preceded by the loss of cytosolic aSH, whereas the loss of 
protein-SH appeared to occur after the loss of nonprotein thiols (70) . 

Ionophore-induced perturbation of cellular Ca2+ homeostasis suggests that 
increased levels of cytoplasmic-free Ca2+ precede the onset of cell death (30) . 
However, whether this increase results from the influx of Ca2+ from the 
environment (71, 72) or from the release of stored intracellular Ca2+ to the 
cytosol (73, 74) has been extensively debated. Major decreases in the levels 
of cytosolic and mitochondrial GSH, with mitochondrial GSSG being in­
creased, were caused by influx of extracellular Ca2+ induced by A23187 as 
well as the disturbance of intracellular Ca2 + homeostasis induced by A23187 
in the absence of extracellular Ca2+. When mitochondrial GSH was decreased 
to about one half of control level, a good correlation with the loss of cell 
viability was observed. The duration of depletion of mitochondrial GSH 
appears to be important. For example, the level of mitochondrial GSH present 
at 4 and 5 hr is approximately the same for three Ca2+ concentrations; the 
toxicity correlates very well with the length of time mitochondrial GSH levels 
are 50% or less, compared to controls (46). Ionophore-induced cell injury and 
loss of mitochondrial GSH were both decreased by lowering the dose of 
A23187 or by lowering the Ca2+ concentration in the medium. 

Further evidence for the importance of mitochondrial GSH in cell injury is 
provided by the observations that agents which afforded protection against the 
loss of mitochondrial GSH also reduced cell injury. The antioxidants DPPD 
and vitamin E-succinate reduced the loss of mitochondrial GSH during cal­
cium ionophore treatment and lessened the loss of cell viability (46). Since 
ionophore-induced Ca2+ loss or accumulation in the hepatocytes was not 
affected by the presence of vitamin E, the antioxidants did not appear to 
prevent the incorporation of A23187 into cellular membranes. Vitamin E­
succinate prevents both chemical-induced and nonchemical-induced injury to 
hepatocytes and appears to aid in the maintenance of nonprotein (75) and 
protein thiols (70, 76-78). The ability of DPPD to similarly prevent losses of 
protein-SH groups and mitochondrial aSH, concomitant with maintenance of 
cell viability, suggests that the thiol-sparing action is not specific to vitamin 
E, but is related to its antioxidant properties. 
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MITOCHONDRIAL GSH AND CYTOTOXICITY 611 

The absence of extracellular Ca2+ causes oxidative stress that can be 
prevented by various agents (79-81). Particularly striking was the effect of 
the antioxidants on the loss of mitochondrial GSH and cell viability in the 
absence of extracellular Ca2+. Under these conditions, loss of mitochondrial 
GSH was completely prevented by the presence of DPPD or vitamin E­
succinate , which correlated well with their total prevention of cell injury. 
Thus, the ionophore-induced toxicity in the absence of extracellular Ca2+ 
appears related to the consequences of alterations in intracellular Ca2+ 
homeostasis that were preventable by both an increased antioxidant level in 
the cell and even by the ionophore during the first 1-2 hrs of incubation. 

In the presence of extracellular Ca2+ , antioxidants could not totally prevent 
A23187-induced toxicity in hepatocytes (46). This suggests a different mech­
anism of toxicity from that which operates in the absence of extracellular 
Ca2+. Further support for this contention was lent by the differential action of 
RR on A23187-induced toxicity. In the absence of Ca2+, RR partially pre­
vented cell injury, whereas it potentiated toxicity in the presence of Ca2+ 

(46). This indicates that Ca2+ cycling played a role in cell injury when the 
flux of Ca2+ was directed out of the cell due to Ca2+ omission from the 
medium. In the presence of Ca2+, increased toxicity might be due to in­
creased levels of cytoplasmic-free Ca2+, as occurred when reuptake of Ca2+ 
into the mitochondria was inhibited by RR or allowed free exchange by 
A23187. It has been shown that metabolism of toxic concentrations of 
t-BuOOH decreases the intracellular level of free Ca2+ (82). Addition of 
substrates that provide reducing equivalents to the pyridine nucleotides pre­
vented release of Ca2+ from the mitochondria (82). 

GSH and pyridine nucleotide oxidation in mitochondria have been shown 
to increase the permeability of the inner membrane to Ca2+ (26, 31, 83) 
through the oxidation of protein thiol groups (84). This suggests that oxidative 
stress or severe GSH depletion may affect the redox status in the mitochondria 
enough to alter intracellular Ca2+ homeostasis, which is believed to be an 
early step in cell injury (85, 86). During severe oxidative stress, high levels of 
GSSG could have deleterious effects on cell integrity and metabolic pro­
cesses. Several investigators have shown that GSSG is actively released from 
cells undergoing an oxidative challenge (43, 44, 87, 88). Ekl6w et al (43) 
demonstrated a rapid and extensive release of GSSG from hepatocytes treated 
with t-BuOOH, with only a transient increase in GSSG inside the cells before 
efflux. The GSSG efflux was preceded by a marked decrease in the cellular 
NADPH/NADP+ redox level , supporting an earlier contention (89) that the 
GSSG efflux pathway is an important process for the cell to avoid highly 
oxidative states. Although it has been assumed to exist (90), no evidence 
exists for the operation of this pathway in the mitochondria. Therefore, the 
evidence that GSSG fails to efflux from mitochondria during oxidative stress 
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612 REED 

(45) indicates that hepatocyte mitochondria risk loss of thiol-dependent func­
tions. 

OXIDATIVE STRESS BY OMISSION OF 

EXTRACELLULAR CALCIUM 

The preceding section indicated the occurrence of oxidative stress associated 
with changes in calcium and thiol homeostases. However, the role of oxida­
tive stress, and lipid peroxidation in particular, in chemically induced cell 
injury remains controversial (81). In the absence of extracellular Ca2+ alone, 
significant formation of malondialdehyde (MDA) occurs prior to LDH leak­
age. Also, a marked loss of GSH and vitamin E can be noted immediately, 
thereby indicating an acute oxidative stress in these cells (79, 80) . Incubation 
under an atmosphere of 100% O2, rather than 95%, resulted in nearly 100% 
LDH leakage by 3 hr, whereas significant K+ leakage, but little LDH 
leakage, occurred under an atmosphere of 95% air (i. e. 21% O2) (91). 
Although it is difficult to demonstrate conclusively that oxidative stress is 
responsible for cell death, the available evidence suggests that, in the absence 
of extracellular Ca2+ , alterations in cellular function and/or integrity induced 
by oxidative stress are responsible for the resultant cell injury. Therefore, 
aspects of this hepatocyte model system will be discussed in some detail. 

Neither the nature of the event(s) initiated by the lack of Ca2+ which 
apparently induces the enhanced production of active oxygen species, nor the 
exact underlying cause of loss of cell viability is presently understood. The 
importance of the mitochondria in both cellular Ca2+ homeostasis (92) and 
thc maintenance of cellular integrity (35) has led to speculation that the 
absence of extracellular Ca2-t- may markedly affect normal mitochondrial 
function. The contention that mitochondria are affected by the omission of 
extracellular Ca2+ is supported by the rapid and nearly complete loss of 
mitochondrial GSH (79, 80). 

These data suggest that mitochondrial Ca2+ cycling may be involved in 
oxidant stress and cell injury (Figure 3). Such a cycling process can be 
inhibited with RR, which even at concentrations as low as 10 fLM, is very 
protective against oxidative stress as determined by MDA production, GSH 
oxidation, protein thiol oxidation, and vitamin E loss (79, 80). The protective 
effects of RR exhibited no dose response in the range of 10-100 pM, in 
agreement with the demonstration that RR binds to the uniport and inhibits 
Ca2+ passage in a noncompetitive manner (93). 

Ca2+ cycling, resulting from efflux through the antiport, and subsequent 
uptake through the uniport can also decrease Ll<p (94), and thus it is clear that 
Ll<p and mitochondrial Ca2+ homeostasis are intimately related. Therefore, it 
was of interest to determine whether thc lack of extracellular Ca2+ affected 
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� / Ruthenium red and La3+ 
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Figure 3 Diagrammatic representation of mitochondrial Ca2+ cycling_ Depicted are the mech­
anisms by which the redox state of mitochondria fNAD(P)H/NAD(P)] can affect the uptake and 
efflux of Ca2+ via processes involving GSH and ADP-ribosylation_ Also indicated is the 
possibility of Ca2+ cycling and the site at which ruthenium red and La3+ block Ca2+ uptake. 

Llcp. It was observed that the omission of Caz+ resulted in a marked drop of 
Llcp in viable hepatocytes (viability defined as the ability to centrifuge through 
a layer of dibutyl phthalate). The loss of [3H]methyltriphenylphosphonium 
([3H]TPMP) indicated that Llcp declined to less than 50% of initial values prior 
to significant LDH leakage (80). RR and EGTA both effectively prevented 
the loss of Llcp (80). 

It has been speculated that Ca2+ leaves the mitochondria in response to 
lowered cytosolic free-Ca2+ levels (95), which may occur in the absence of 
extracellular Ca2+. Although the role of the mitochondria in regulation of 
cytosolic free Ca2+ has been questioned (96), this pathway for efflux cannot 
be discounted. The finding that vitamin E and desferrioxamine also prevented 
the decrease in Llcp induced by the omission of extracellular Ca2+ (80) 
suggests several other alternative means by which mitochondrial Ca2+ efflux 
may be induced. First, it has been reported that the oxidation of pyridine 
nucleotides promotes the efflux of Ca2+ through the antiport (3 1,  97). The 
absence of Ca2+ promotes GSH oxidation which stimulates NADH and 
NADPH oxidation via the activity of the mitochondrial NAD(P)+ transhydro­
genase and the GSH redox cycle (31, 98). Subsequent Ca2 + cycling is a 
potentially deleterious energy-consuming process leading to a depression of 
Llcp as demonstrated by Bellomo et al (54). Recent work also has provided 
evidence that lipid peroxidation of mitochondria induces the activation of a 
specific Ca2+ -release route without damaging mitochondrial integrity and that 
resultant Ca2+ cycling leads to a loss of Llcp (99). 

Alternatively, initial oxidative damage to the mitochondria may lead to 
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alterations in permeability properties of the inner membrane. Thus, it is 
conceivable that, in the absence of Ca2+ , subtle changes such as oxidation of 
critical membrane-bound protein thiols may cause Ca2+ efflux and cycling. 

The underlying question remains: how does the absence of extracellular 
Ca2+ generate this oxidative stress? It has been demonstrated that superoxide 
(01) and H

2
0

2 
production by the mitochondria is sensitive to the mitochon­

drial Ca2+ content (100). This may account for an initial oxidant stress 
capable of inducing Ca2+ efflux. Masini et al (99) have verified that 
mitochondria are sensitive to peroxidative damage by demonstrating that 
treatment of isolated mitochondria with iron chelates can induce Ca2+ efflux 
and loss of Llcp. 

Perhaps the most striking finding from the calcium omission model is the 
apparent amplification by Ca2+ cycling of the initial, perhaps minor, oxidant 
stress as evidenced by the ability of RR to totally prevent MDA production, 
GSH oxidation, and vitamin E loss (79,80). This may be related to the recent 
observation of Yoshihara & Thurman (101) that RR blocked the stimulation 
of oxygen uptake by hepatocytes under high oxygen tension, prompting them 
to suggest that oxygen uptake in hepatocytes may be regulated by Ca2+­
dependent processes. 

The finding that altered cell Ca2+ content affects viability of cells different­
ly, depending on the constituent makeup of the extracellular environment, 
was exploited to examine the relationship of GSH and the glutathione redox 
cycle during the course of events leading to chemical-induced cell death. In 
the isolated hepatocyte model system there are several means by which the 
GSH level and associated enzyme systems can be modulated (78). 

Plasma membrane alteration is indicated by the formation of morphological 
surface protrusions known as blebs, as visualized under scanning electron 
microscopy (78), and by the diffusion of MDA to the incubation medium as a 
product of peroxidation of membrane fatty acids (75). Since the extent of 
injury described by these parameters is reversible (74, 102), it thereby 
constitutes early stages in the pathway to cell death. 

The mechanism whereby lowered cell Ca2+ leads to these biochemical and 
morphological changes is apparently due to the redistribution of intracellular 
Ca2+ stores. Omission of extracellular calcium eradicates the usually high 
Ca+ concentration gradient across the plasma membrane, leading to an initial 
loss of cytosolic Ca2+ as it is continually displaced from the cell (74). 
Lowering of cytosolic Ca2+ is proposed to trigger the release of Ca2+ stored 
in internal membrane sites into the cytosol, thf:reby raising cytosolic Ca2+ 
above physiological levels, in spite of lowered total cell calcium. Also, a rise 
in cytosolic Ca2+ has been proposed to stimulate calcium-dependent mem­
brane-bound phospholipases (103-105) and to activate certain calcium­
dependent nonlysosomal proteases (106). The activation of these enzymes 
would be expected to alter lipids and proteins of the mitochondrial and plasma 
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membranes, and, in particular, the cytoskeletal structure, resulting in the loss 
of mitochondrial function and leaky plasma membranes. During massive 
oxidative stress, this would lead to cell death. 

In a series of reports, Orrenius et al (30, 107) demonstrated that during 
menadione-induced H202 production in isolated hepatocytes the depletion of 
intracellular GSH and the modification of key protein thiols result in the 
perturbation of the normal flux and storage of intracellular Ca2+ at internal 
organelle sites, particularly the mitochondrial and endoplasmic reticular 
membranes. This results in the release of free Ca2+ into the cell cytosol. The 
thiol-containing plasma membrane Ca2+ pumps are also damaged, which may 
contribute to a decreased ability of the cell to extrude the increased Ca2+ load. 
The net result of this disruption in calcium homeostasis is increased cytosolic 
Ca2+. This reasoning has been extended to earlier studies on the role of 
extracellular Ca2+ in cell death (108-110) whereby an intracellular dis­
turbance in calcium homeostasis, rather than an influx of extracellular Ca2+ , 
is considered to have been responsible for the events leading to cell death 
(30), as described above. Accumulating evidence thus implicates the dis­
turbance of intracellular calcium homeostasis as a major event that triggers 
membrane-degenerative process within chemically intoxicated cells and has 
been proposed to be a common mechanism in the pathway to chemically 
induced cell death (86, 106, 111) . However, substantial evidence has been 
presented equally to claim that increased cytosolic Ca2+ concentration plays 
no major role in cytotoxicity during exposure of hepatocytes to H202 or CC14 
(112, 113). 

ROLE OF MITOCHONDRIA 

In the calcium omission model, the internal site of Ca2+ storage that is 
immediately affected by altered cytosolic Ca2+ content remains uncertain. 
Mitochondria are capable of taking up large amounts ofCa2+ (114), driven by 
the proton translocation-generated membrane potential, which is sensitive to 
RR (93). This has led to the general belief that the mitochondrion can be a 
major regulator of cytosolic Ca2+ concentration. Under pathological con­
ditions, it appears that mitochondrial membrane storage sites are responsible 
solely for the regulation of intramitochondrial calcium homeostasis (ll5) 
since they can apparently maintain extramitochondrial Ca2+ concentration 
only at levels 5-10 times higher than normal cytosolic levels (96). 

Although mitochondrial regulation of cytosolic Ca2+ concentration appears 
somewhat untenable, recent observations that RR prevents the oxidative stress 
and associated cell injury in the calcium omission model (81) does suggest a 
role for mitochondrial Ca2+ cycling in the generation of oxidative cell injury 
associated with calcium depletion. Mitochondrial GSH is a compart-
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616 REED 

mentalized pool of GSH, which is sequestered fmm cytosolic GSH, and is 
critical in protection against cytotoxicity (35, 46). After the initial Caz+ 

redistribution within the calcium-depleted hepatocyte, mitochondrial GSH 
diminishes in parallel with cytosolic GSH (91, 102). Alterations in the 
mitochondrial GSH redox system correlate with changes in mitochondrial 
Ca2+ concentration (28), probably as a result of secondary alterations of 
mitochondrial membrane sulfhydryl groups that are involved in Ca2+ reten­
tion ( l16). Both CCl4 and formaldehyde toxicities have been shown to be 
strongly related to mitochondrial functional changes secondary to changes in 
mitochondrial thiols and Ca2+ concentration (117, 118). 

Exposure of renal mitochondria to oxygen free radicals during disruption of 
calcium homeostasis reduces mitochondrial· ATPase activity and other func­
tions that are related to mitochondrial membrane damage (119). Nephrotoxic­
ity of a variety of alkyl and alkenyl halides is mediated by S-conjugates that 
form {3-lyase-dependent reactive metabolites (for a review see 120). Interac­
tion of these reactive metabolites with the mitochondrial inner membrane, 
loss of membrane potential, and disturbance of calcium ion homeostasis has 
been conduded from studies of S-pentachlorobutadienyl-L-cysteine toxicity 
with isolated rat renal cortical mitochondria (121) . Together ( l19-121), these 
studies indicate a major, if not critical, role for the mitochondrion in oxida­
tion-associated cell injury that in some instances also involves covalent 
binding . Covalent binding damage may have similar consequences in acet­
aminophen toxicity. Acetaminophen administered intraperitoneally to fasted, 
phenobarbital-induced mice produced hepatotoxicity that included alterations 
in mitochondrial calcium levels and a decreased ability of isolated mitochon­
dria to sequester calcium. These effects were not produced by 3'­
hydroxy acetanilide and covalent binding to mitochondria was much lower 
with this agent than with acetaminophen (122). 

An important aspect of altered mitochondrial functions is the nature of the 
change in Llcp. Thomas & Reed (79, 80) have observed that RR and La3+ , 
which block Ca2+ translocation through the mitochondrial uniport, totally 
prevented MDA formation, GSH and protein  thiol oxidation, and Q­

tocopherol loss induced by Ca2+ omission. Accordingly, these agents also 
prevented leakage of intracellular K +. Similar protective effects were pro­
vided by the Caz+ chelator EGTA. In these studies, the absence of ex­
tracellular Ca2+ resulted in a marked decline of the Llcp which could be 
prevented by RR, EGTA, vitamin E, and the iron chelator, desferrioxamine. 
In contrast, oxidative stress induced by treatment with the redox active agent 
paraquat and BCNU had little effect on Llcp, and MDA formation and K+ 
leakage were not affected by RR or La3+. Oxidative stress induced by Caz+ 
omission or paraquat and BCNU also led to a marked loss of cellular ATP 
which was prevented by RR only in the Ca2+ omission model. The ability of 
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vitamin E and desferrioxamine to inhibit the loss of .:iff> indicates that oxida­
tive damage is involved in producing mitochondrial dysfunction. Further­
more, the potent inhibitory effects of RR and La3+ suggest that Ca2+ move­
ment through the uniport, perhaps indicative of mitochondrial Ca2+ cycling, 
plays a major role in generating this oxidative stress and promoting cell injury 
(79, 80). Also, because the studies on the oxidative stress induced by paraquat 
have demonstrated its lack of effect on .:iff>, the type of oxidative stress 
associated with calcium depletion is believed to be fundamentally distinct 
from that incurred with redox active chemicals (79, 80). 

CHEMICAL-INDUCED CELL INJURY AND 

MAINTENANCE OF PROTEIN THIOLS 

Various investigations have indicated that protein thiols, more so than non­
protein thiols, are critical for the maintenance of cell viability during toxic 
chemical insult (84, 85, 121). Oxidative stress, which can enhance S­
thiolation, causes formation of 1 nmol protein-SSG/l nmol GSSG during 
t-BuOOH oxidation of mitochondria. This is consistent with the equilibrium 
constant for the reaction between GSSG and protein thiols, which is close to 1 
(123). Iodoacetamide, a protein inhibitor of thioltransferase, did not inhibit 
the formation of protein glutathione mixed disulfide (protein-SSG) in isolated 
mitochondria, suggesting that the disulfide formation occurred nonenzymati­
cally or via a different enzyme that was not inhibited by iodoacetamide (45). 
Although the formation of protein-SSG in the rat lung is a mechanism for 
maintaining NADPH levels during oxidative stress (124), oxidation of protein 
thiols has been correlated with increased toxicity of several agents (76, 85, 
121), possibly by affecting membrane permeability. 

At extremely low concentrations of intracellular GSH, cell viability corre­
lated with the maintenance of protein thiol levels (76). Thus, intracellular 
Ca2 + homeostasis and the mitochondrial thiol redox system for both protein 
and nonprotein thiols may be closely linked in maintaining cell viability. 

POSSIBLE ROLE OF (1-TOCOPHEROL IN THE 

MAINTENANCE OF PROTEIN THIOLS 

Calcium omission places stress on the protective systems of the hepatocytes 
by alteration of intracellular calcium homeostasis and by enhancement of 
oxidative stress, and thus it affccts the contents of cellular thiols and level of 
a-tocopherol. Because toxic chemicals enhance these effects, it is possible to 
examine the relationships among inhibitors and enhancers of oxidative stress. 
The stressed hepatocytes become predisposed to the toxic effects of numerous 
chemicals, including those of such chemical diversity as CCI4, hromo-
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benzene, adriamycin (ADR), ethyl methanesulfonate (EMS), and the cationic 
ionophore A23187 (109, 110). Despite the differences in mechanisms of 
initiation of toxicity, most of these compounds induce cell membrane damage 
to isolated hepatocytes (stimulation of lipid peroxidation and production of 
plasma membrane blebs). Accordingly, protection against the toxicity of 
EMS, A23187, and ADR/BCNU is proportional to the a-tocopherol content 
of the cells ( l 09). 

In addition to a-tocopherol, a balanced intracellular thiol redox system is 
also important for cell viability. A component of this redox system is the 
status of thiol groups essential for the activities of many enzymes, including 
the membrane-bound Ca2+ translocases (125, 126). It has been proposed that 
GSH maintains cell viability via the maintenance of membrane protein thiol 
groups, including those of the critical Ca2+ translocases, through thiol­
disulfide exchange reactions (30). The relationship between thiol status and 
a-tocopherol during cytotoxicity induced in the calcium omission model has 
been examined with two chemical protocols that deplete intracellular GSH by 
different mechanisms. One involved the indirect depletion of GSH by ADR­
mediated generation of reactive oxygen species. ADR, an anthracycline 
quinone compound, is known to undergo redox cycling between the quinone 
and the semiquinone radical to produce H202 and 01 (127, 128). H202 is 
reduced to O2 and H20 by GSH peroxidase, with the oxidation of GSH 
cofactor to GSSG. Since ADR-mediated depletion of GSH is only observed 
during the inhibition of GSH regeneration, BCNU was added along with the 
quinone to inhibit GSH reductase (20). The second mechanism of GSH 
depletion utilized ethacrynic acid (EA) to directly conjugate intracellular GSH 
( 129). 

EA (100 J-LM) or ADR (350 J-LM)/BCNU (100 J-LM) lowered intracellular 
GSH to nondetectable levels in hepatocytes at 1 hr, and to less than 50/0 of 
initial levels at 3 hr, respectively (77). GSH decline was accompanied by 
decreased cellular a-tocopherol content and followed by losses in protein thiol 
levels as well as cell viability. Although depletion of GSH was independent of 
cell Ca2+ concentration, the losses in all three parameters were maximal in 
calcium-depleted cells. Supplementation with a-tocopherol succinate to both 
calcium-depleted and calcium-adequate cells elevated cellular a-tocopherol 
levels, but, in contrast to that observed in cells exposed to the simple Ca2+ 
omission-induced stress described above, intracellular GSH concentrations 
were unaffected by a-tocopherol succinate treatment and remained below 
detectable levels. A similar lack of antioxidant ability to maintain intracellular 
GSH during its chemical depletion and stimulation of lipid peroxidation was 
not unexpected and had been observed by others (130). 

In spite of this severe depletion of GSH, protein thiol levels continued to 
reflect the a-tocopherol content of the cells, such that at the highest a-
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tocopherol content (approximately 1.0 nmol/106 cells in calcium-depleted 
cells), protein thiol remained above 75% of initial levels. At these levels of 
a-tocopherol and protein thiol, the toxic effects of GSH-depleting agents were 
completely prevented (76). By loading both calcium-depleted and calcium­
adequate cells with equal intracellular concentrations of a-tocopherol (0.8-
1.0 nmol/106 cells) during the 5-hr incubation period, both protein thiol 
content and cell viability were maintained at initial levels regardless of the 
depleted intracellular aSH stores or the status of cell calcium (77). Thus, 
during the total depletion of intracellular aSH, the levels of protein thiol in 
isolated hepatocytes, in parallel with cell viability, correlate with cellular 
a-tocopherol content. Although depletion of intracellular aSH levels below-
20% of physiological levels in general has been considered to be detrimental 
to the cell (38, 41, 72, 131), these recent findings place further limits on the 
significance of the GSH threshold when the a-tocopherol level is elevated 
(132) . 

The observation that cell viability directly correlated with protein thiol 
levels strongly supports the hypothesis of Orrenius and coworkers that loss of 
protein thiol groups is one of the critical factors leading to cell death (106). 
However, in their experimental model, chemical modulation of protein thiol 
alters the mechanisms involved in the maintenance of calcium homeostasis, 
thereby increasing cytosolic Ca2+ concentration-believed by them to be the 
ultimate step leading to damage of the cytoskeletal structure and cell mem­
branes (86). This compares to the present model whereby, regardless of 
altered calcium homeostasis, maintenance of protein thiol groups prevents the 
loss of cell integrity. Human platelets exposed to the redox-active quinone, 
menadione, undergo cytoskeletal alterations that are mediated by metabolical­
ly induced oxidation and depletion of thiols as well as ATP depletion (133). 
Both oxidative and calcium ion-dependent mechanisms are implicated in the 
increase in amount of cytoskeleton-associated protein and loss of protein 
thiols. High ATP levels correlated with prevention of menadione-induced 
increase in cytosolic calcium ion (133). Addition of dithiothreitol (DTT) 
solubilized a considerable amount of the polypeptides associated with the 
cytoskeletal fraction isolated from hepatocytes exposed to quinone, including 
menadione (134). 

Interestingly, loss of cellular protein thiols can be prevented by a wide 
variety of antioxidants and metal in chelators, all of which control free 
radical-mediated oxidative events. It is unclear whether a-tocopherol­
mediated maintenance of protein thiols prevents the release of com­
partmentalized Ca2+ into the cell cytosol during lowered total cell calcium 
concentrations and thereby prevents associated membrane degradative pro­
cesses, or whether damage is prevented in spite of elevated cytosolic Ca2+ 
concentration. 
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The hypothesis that a-tocopherol prevents oxidative stress and associated 
injury by maintenance of protein thiol has been only alluded to by other 
investigators using erythrocyte models of oxidative stress ( 135-137). The 
ability of a-tocopherol to prevent oxidative damage to an integral membrane 
protein has received very little attention, even though it has been noted that 
vitamin E deficiency alters the activities of numerous membrane-bound en­
zymes ( 138) .  For example , in rabbit skeletal mmde, a-tocopherol has been 
shown to stabilize Caz + -ATPase activity of sarcoplasmic reticulum and pre­
vent the loss of transport of Ca2+ ions during damage by exposure to 
thermal-irradiated unsaturated fatty acids ( 1 39). The loss of activity of this 
enzyme by oxidizing agents has been advocated to result from the direct 
oxidation of SH groups, rather than being secondary to lipid peroxidation 
( 140). It would appear then that a-tocopherol maintains this Caz+ ATPase 
activity via direct maintenance of thiols and is not secondary to its inhibition 
of lipid peroxidation. Whichever mechanism is operative, the close similarity 
between this enzyme and that of the endoplasmic reticulum suggests a com­
monality in a-tocopherol action. 

S-THIOLATION OF PROTEIN IN CELLS 

Increased oxidation of GSH to GSSG in vivo can promote protein S-thiolation 
with the protein mixed disulfide being formed presumably by thiolldisulfide 
exchange. The rate of thiolldisulfide exchange of protein thiols is related to 
the reactivity of each specific protein thiol with the oxidized thiol (141) .  

Reactivity of  each protein thiol is  a property of the overall chemical nature of 
the thiol reaction site. In addition to protein disulfides , low molecular weight 
disulfides that may participate in vivo are GSSG, cystine, and cystamine. 
Cellular S-thiolation has been shown to occur with four enzymes, glycogen 
phosphorylase, ( 14 1 ,  142) creatine kinase ( 142), a proteinase inhibitor ( 143), 

and glyceraldehyde 3-phosphate dehydrogenase (GPD) (144). 

Dethiolation of S-thiolated protein depends on the reaction between S­
thiolated protein and one or more reduced thiols. GSH could have a key role 
in the maintenance of protein thiols in their dethiolated forms. If so , then 
maintenance of GSH/GSSG redox status is important to the degree of S­
thiolation of those protein thiols that are sufficiently reactive to undergo 
thiolldisulfide exchange processes. 

The reduction of protein mixed disulfide (dethiolation) has been examined 
with thioredoxin as the thiol reductant. Electrofocusing methodology was 
used to determine the rate of dethiolation of glycogen phosphorylase b and 
creatine kinase ( 145). Because thioredoxin displays a broad specificity for 
reduction of disulfide bonds in low-molecular-weight disulfides and protein 
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disulfides and is present in almost all mammalian cells , it appears to have an 
important role in dethiolation of specific proteins ( 145) . 

The enzymatic activity of the thiol-dependent enzyme, glyceraldehyde 
3-phosphate dehydrogenase in vertebrate cells can be modulated tenfold by a 
change in the intracellular thiolfdisulfide redox status (146). Human lung 
carcinoma cells (A549), which contain high levels of GPD, lost 90% of GPD 
activity when incubated with appropriate levels of hydroperoxides or thiol 
reagents . Loss of protein thiol and loss of GPD enzymatic activity occurs in a 
dose-dependent manner. 

Following oxidant treatment, DTT partially reversed loss of thiol and 
enzymatic activity of cellular GPD. Cellular recovery of GPD enzymatic 
activity after oxidant treatment occurred without addition of low-molecular­
weight thiols, however, at a slower rate than if thiols were added to the 
incubation medium. Thioredoxin and GSH-dependent processes may contrib­
ute to the reduction of the essential thiol group that is lost due to oxidant 
exposure ( 146) . 

MICROSOMAL AND NUCLEAR aSH-DEPENDENT 

PEROXIDASES 

GSH, either alone ( 1 47) or in conjunction with added protein ( 148 , 149), can 
protect micro somes against lipid peroxidation. Addition of GSH produced a 
40% reduction in NADPH-induced peroxidation without addition of rat liver 
microsomes or other proteins ( 1 50) . A membrane-bound glutathione S­
transferase possessing glutathione peroxidase activity has been purified from 
rat liver micro somes ( 1 5 1 ) .  After solubilization, the enzyme, which has a 
monomer molecular weight of 14,000, can reduce cumene hydroperoxide. 
This enzyme appears unique with respect to soluble GSH S-transferases in 
that it is activated by NEM (152) . A microsomal glutathione S-transferase has 
been purified from human liver and found to have characteristics similar to 
those of the rat microsomal S-transferase as described by Morgenstern & De 
Pierre, ( 1 5 1 )  and McLellan et al ( 1 53).  

Glutathione S-transfeiase activity present in rat liver microsomes may be 
regulated by reversible thiol/disulfide exchange. Activation of microsomal 
glutathione S-transferase by diamide or cystamine can be reversed by the 
addition of DIT whereas GSSG increased the activity of only membrane­
bound enzyme ( 1 54) . 

Mouse liver microsomal glutathione S-transferase has been purified in the 
NEM-activated as well as in an inactivated form. Inhibitor studies indicate a 
cooperative effect involving conversion of activated enzyme into the in­
activated form (155). Lipid peroxidation inhibits microsomal glutathione S-
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transferase from rat, and such inhibition appears moduh�ted by dietary anti­
oxidants ( 1 56) . 

The existence of a membrane-associated peroxidase has been demonstrated 
by the purification of a selenium-containing glutathione peroxidase from pig 
heart ( 148) . The enzyme is distinct from the classical glutathione peroxidase 
by virtue of differences in substrate specificity requirements even though the 
similar amino acid composition was noted ( 148) . 

Administration of allyl alcohol to rats leads to an activation of microsomal 
glutathione S-transferase; however, a reduction of the GSH-dependent protec­
tion against lipid peroxidation also occurs. Haenen et al have proposed that 
the activation of glutathione S-transferase in vivo by allyl alcohol proceeds 
via alkylation ofthiol group ofthe glutathione S-transferase by acrolein ( 1 57).  
Further, these workers speculate that acrolein decreases the GSH-dependent 
protection against lipid peroxidation by alkylation of the thiol(s) group on a 
proposed vitamin E free radical reductase: In this regard, Gibson et al ( 149) 
have reported that a cytosolic, GSH-dependent protein can protect microsom­
al membranes against peroxidation. GSH did not appear to be utilized in 
glutathione peroxidase activity but rather in the inhibition of the initiation of 
peroxidation-possibly by serving in a reduction system for a-tocopherol 
( 149) . A recent report provides indirect evidence for a rat liver, free radical 
reductase in mitochondria and microsomal membranes that prevents vitamin 
E (chromanoxyl) radical accumulation ( 1 58). GSH increased the efficacy of 
NADPH in preventing the accumulation of the chromanoxyl radical, but was 
without effect in the absence of NADPH. Since NADH , NADPH and ascor­
bate prevent the accumulation, these workers speculate that microsomes and 
mitochondria have both enzymatic and nonenzymatic mechanisms for reduc­
ing the chromanoxyl radical of vitamin E .  These findings support the earlier 
speculation that GSH delays microsomal lipid peroxidation via the reduction 
of the chromanoxyl radical of vitamin E which purportedly is catalyzed by a 
free radical reductase ( 159), and they explain why lipoic acid is limited to a 
nonenzymatic mechanism for protection against microsomal lipid peroxida­
tion ( 160). 

Little is known about the susceptibility of the cell nucleus to lipid peroxida­
tion and possible damage to nuclear nucleic acids. The nuclear membrane 
regulates the transport of mRNA into the cytoplasm and aids in the process of 
nuclear division. Since DNA is associated with certain regions of the nuclear 
membrane ( 16 1 ) ,  nuclear membrane peroxidation may disrupt many of these 
critical functions. The proximity of the nuclear membrane to DNA could 
contribute to the interactions of DNA with reactive intermediates generated in 
lipid peroxidation and known to be mutagenic and carcinogenic (162). 

A protection system that prevents or limits oxidative events in the nucleus 
has been reported. The threshold or minimum levels of vitamin E necessary to 
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control lipid peroxidation and the nature of the possible "sparing" effects that 
GSH and vitamin E may have during lipid peroxidation protection are related 
via GSH-dependent peroxidase activity (163-165). Endogenous a-tocopherol 
levels in isolated rat liver nuclei were measured and found to be 0.045 mole % 

(mole a-tocopherol per mol phospholipid x 100) . This value corresponds to 
970 polyunsaturated fatty acid moieties to one molecule of a-tocopherol in the 

nuclear membrane . Exogenous a-tocopherol when incorporated in isolated rat 
liver nuclei above a threshold level of 0 .085 mole % effectively inhibited 
NADPH-induced lipid peroxidation. Addition of GSH lowered the threshold 
levels of a-tocopherol needed to inhibit lipid peroxidation to about 0.04 
mole %.  GSH protected against lipid peroxidation by inducing a lag period 

prior to onset of peroxidation. This aSH-induced lag period was abolished 
by treatment of nuclei with trypsin, thiol reagents, disulfides, or heating nu­
clei at 60 °C for 15 min , which destroys the peroxidase activity . 

In the presence of aSH, isolated nuclei catalyzed the conversion of cumene 
hydroperoxide to cumyl alcohol but failed to metabolize H202. aSH S­
transferases display such a substrate specificity pattern (166, 167). The 

GSH-dependent peroxidase activity and inhibition of lipid peroxidation were 
abolished by exposing isolated nuclei to the GSH S-transferase inhibitor 
S-octylglutathione ( 165) .  S-Octylglutathione abolished, as well, the conjuga­
tion of chloro-dinitrobenzene with GSH and aSH-dependent reduction of 
cumene hydroperoxide. About 70% of the glutathione S-transferase activity 
associated with isolated nuclei was solubilized with 0.3% Triton X-lOO. This 
solubilized glutathione S-transferase was partially purified by utilizing a 
S-hexylglutathione affinity column. The partially purified nuclear glutathione 
S-transferase exhibited glutathione peroxidase activity towards lipid hydro­

peroxides in solution. Glutathione S-transferase activity associated with the 
nucleus, which may contribute to the aSH-dependent protection of isolated 
nuclei against lipid peroxidation, is distinct from the microsomal glutathione 
S-transferase activity ( 168). 

CONCLUSIONS 

The relationship between GSH and cell viability has received much scientific 
inquiry. Unfortunately , many investigations that report glutathione depletion 
as related to some cellular or biochemical endpoint have failed to provide a 

clear explanation of the role of glutathione in the maintenance of cellular 
integrity. Rarely are chemical intoxications understood in terms of the events 
that occur when cell injury becomes so intense that irreversible changes cause 

cell death. Events leading to cell death will involve the loss of energy 
production and L1f,O, not merely ATP depletion, loss of ionic homeostasis 
(such as calcium ion regulation), and a complex series of events that involve 
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the redox status of both pyridine nucleotides and thiols. Oxidative stress , both 
endogenous and exogenous that includes lipid peroxidation and other . per­
oxidative and hydrolytic processes, may occur depending on the type of 
chemical agent. These latter events are related in some intoxications to 
alterations in oxygen metabolism and the lack of calcium ion control needed 
to prevent modulation of calcium-dependent enzymes . 

An emerging area' 0f research inquiry is the pathological implications of 
loss of mitochondrial functions and the role of protein thiols in the mainte­
nance of cellular integrity. GSH has important cellular relationships to protein 
thiols, even though little can be said about them due to limited information . It 
is possible to speclilate , however, that eventually an even greater amount of 
research will be focussed on protein thiols than is now focussed upon GSH .  
Thcse studies will require u s  to . learn much more about the specificity of 
protein thiol reactivity and participation in both alkylating and oxidant events 
at the cellular and subcellular levels . The paucity of knowledge about the 
molecular events that influence the status of protei n  thiols within the cell and, 
particularly within the mitochondria and nucleus;,seriously limits our ability 
to understand the roles of both protein and nonprotein thiols. The kinetics of 
maintenance of thiol homeostasis, which is energy-driven, along with calcium 
ion regulation can have a significant impact on thc total energy-generation 
capacity of intoxicated cells and in tum on the survival of such cells. Future 
research will need to address the question of the dynamics of homeostasis of 
thiols and the rate of energy consumption for cellular processes related to such 
homeostasis during pathological conditions. 

ACKNOWLEDGMENTS 
This review was supported in . part by NIEHS grant ESO 1978 and grant 
CH - 1 09 from the American Cancer Society. 

Literature cited 

I .  Kosower, N. S . ,  Kosower, E. M. 1 978.  
The glutathione status of the cell. Int. 
Rev. Cytol. 54: 1 09-60 

2. Reed, D .  J. 1 986. Regulation of reduc­
tive processes by glutathione. Biochem. 
Pharmacol. 35:7- 1 3  

3 ,  Reed, D .  J . ,  Fariss, M,  W .  1 984, Glu­
tathione depletion and susceptibility. 
Pharmacol. Rev. 36:25S-33S 

4.  Kaplowitz, N . ,  Aw, T. Y . ,  Ookhtens, 
M. 1 985.  The regulation of hepatic glu­
tathione. Annu. Rev. Pharmacol. Tox­
icol. 25:7 1 5-44 

5 .  Larsson, A . ,  Orrenius, S . ,  Holmgren, 
A . ,  Mannervik, ·  B . ,  eds. 1 983. Func­
tions o/Glutathione: Biochemical, Phys-

iological. Toxicological. and Clini­
cal Aspects. New York: Raven. 393 
pp. 

6.  Sakamoto, Y . ,  Higashi, N . ,  Meister, 
A . ,  eds. 1 989. Glutathione Centennial: 
Molecular Perspectives and Clinical Im­
plications. New York: Academic 

7. Boyer, T. D. 1 989. The glutathione S­
transferases: An update. Hepatology 
9:486-96 

8. Ketterer, B. 1 988. Protective role of glu­
tathione and glutathione transferases in 
mutagenesis and carcinogenesis. Mutat. 
Res. 202:343-61 

9. Manncrvik, B "  Danielson, U. H. 1 988.  
Glutathione transferases-structure and 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



MITOCHONDRIAL GSH AND CYTOTOXICITY 625 

catalytic actlVlty. CRC Crr. Rev. 
Biochem. 23:283-337 

1 0 .  Sato, K.  1 988.  Glutathione S-
transferases and hepatocarcinogenesis. 
Jpn .  J. Cancer Res. 79:556-72 

1 1 .  Moldeus, P . ,  Quanguan, 1. 1 987 . Im­
portance of the glutathione cycle in drug 
metabolism. Pharmacol. Ther. 33 :37-
40 

1 2 .  Chance, B . ,  Sics, H . ,  Boveris, A. 1979. 
Hydropcroxidc metabolism in mamma­
lian organs. Physiol. Rev. 59:527-605 

1 3 .  Sies, H . ,  Moss, K. M .  1 978. A role of 
mitochondrial glutathione peroxidases in 
modulating mitochondrial oxidations in 
liver. Eur. J. Biochem. 84: 377-83 

14 .  Chance, B . ,  Oshino, N. 1 97 1 .  Kinetics 
and mechanisms of catalase in per­
oxisomes of the mitochondrial fraction . 
Biochem. J. 1 22:225-33 

1 5 .  Loschen, G . ,  Flohe, L . ,  Chance, B .  
1 97 1 . Respiratory chain linked H202 
production in pigeon heart mitochon­
dria. FEBS Lett. 1 8 :26 1-264 

1 6 .  Boveris, A . ,  Chance, B. 1 973.  The 
mitochondrial generation of hydrogen 
peroxide. General properties and effect 
of hyperbaric oxygen. Biochem. J. 
1 34:707- 1 6  

1 7 .  Griffith, O. W. 1 98 1 . Depletion o f  glu­
tathione by inhibition of biosynthesis. 
Methods Enzymol. 77:59-63 

1 8 .  Plummer, J. L . ,  Smith, B. R . ,  Sies, H . ,  
Bend, J .  R .  1 98 1 .  Chemical depletion of 
glutathione in vivo. Methods Enzymol. 
77:50-59 

1 9 .  Beatty, P. W . ,  Reed, D. J. 1980. In­
volvement of the cystathionine pathway 
in the biosynthesis of glutathione by iso­
lated rat hepatocytes. Arch . Biochem. 
Biophys. 204:!\(Hi7 

20. Babson, J .  R . ,  Abell, N. S . ,  Reed, D. J .  
1 98 1 .  Protective role of the glutathione 
redox cycle against adriamycin­
mediated toxicity in isolated hepato­
cytes. Biochem . Pharmacol. 30:2299-
304 

2 1 .  Reed, D. 1 . ,  Orrenius, S . 1977 . The role 
of methionine in glutathione biosynthe­
sis by isolated hepatocytes. Biochem. 
Biuphys. Res. Cummun. 77: 1 257-64 

22. Edwards, S . ,  WesteIfeld, W. W. 1 952. 
B lood and liver glutathione during pro­
tein deprivation. Proc. Bioi. Exp . Med. 
79:57-59 

2 3 .  Riley, M. V . ,  Lehninger, A. L. 1 964. 
Changes in sulfhydryl groups of rat liver 
mitochondria during swelling and con­
traction. J. Bioi. Chem. 239:2083-89 

24. Vignais,  P. M . ,  Vignais, P. V. 1 973. 
Fusein, an inhibitor of mitochondrial 
S H-dependent transport-linked func-

tions. Biochem. Biophys. Acta 325:357-
74 

25. Jocelyn, P.  1 978. In Functions of Glu­
tathione in Liver and Kidney, ed. H .  
Sies, A .  Wendel, pp. 1 27-3 8 ,  Berlin: 
Springer-Verlag 

26. Si1iprandi ,  N . ,  Siliprandi , D . ,  B indoli , 
A . ,  Toninellos, A. 1 978. Effect of 
oxidation of glutathione and membrane 
thiol groups on mitochondrial funtions. 
See Ref. 25, pp. 1 39-147 

27 . Kosower, N. S . ,  Kosower , E. M. 1983.  
Glutathione and cell membrane thiol sta­
tus. See Ref. 5, pp. 307-1 5  

2 8 .  Beatrice, M .  C . ,  Stiers, D .  L . ,  Pfeiffer, 
D. R. 1 984. The role of glutathione in 
the retention of Ca2+ by liver mitochon­
dria. J. Bioi. Chern. 259: 1 279-87 

29. Bellomo, G . ,  Mirabelli, F . ,  Richelmi, 
P . ,  Orrenius, S. 1 98 3 .  Critical role of 
sulfhydryl group(s) in the ATP­
dependent Ca2+ -sequestration by the 
plasma membrane fraction from rat liv­
er. FEBS Lett. 1 63 : 1 36-39 

30. Bellomo, G . ,  Orrenius, S. 1 985. Altered 
thiol and calcium homeostasis in oxida­
tive hepatocellular injury. Hepatology 
5 :876-82 

3 1 .  Lehninger, A .  L., Verces ,  A . ,  Bababun­
mi,  E. 1 978.  Regulation of Ca2+ release 
from mitochondria by the oxidation­
reduction state of pyridine nucleotides. 
Proc. Natl. Acad. Sci. USA 75: 1 690-
94 

32.  Neubert, D . ,  Wojtszak, A. B . ,  Lehnin­
ger, A. L. 1 962. Purification and 
enzymatic identity of mitochondrial con­
traction-factors I and II. Proc. Natl. 
A cad. Sci. USA 48: 1 65 1 -58 

33. Jocelyn, P. 1 975 . Some properties of 
mitochondrial glutathione. Biochirn. 
Biophys. Acta 396:427-36 

34. Wahl Hinder, A . ,  Soboll ,  S . ,  Sies, H . ,  
Linke, 1 . ,  Mueller, M .  1 979. Hepatic 
mitochondrial and cytosolic glutathione 
content and the subcellular distribution 
of GSH-S-transferases. FEBS Lett. 
97 : 1 38-40 

35.  Meredith, M .  J . ,  Reed, D. J. 1 982.  Sta­
tus of mitochondrial pool of glutathione 
in the isolated hepatocyte. J. Bioi. 
Chem. 257: 3747-53 

36. Meredith , M. J . ,  Reed , D. J. 1 983.  De­
pletion in vitro of mitochondrial glu­
tathione in rat hepatocytes and enhance­
ment of lipid peroxidation by Adriamy­
cin and 1 ,3-bis(2-chlorocthyl)-I -nitro­
sourea (BCNU). Biochem . Pharmacal. 
32: 1 383-88 

37. Anundi, I . ,  Hogberg, J . ,  Stead, A. H .  
1 979. Glutathione depletion i n  isolated 
hepatocytes: Its relation to lipid per-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



626 REED 

oxidation and cell damage. Acta Phar­
macol. Toxicol. 45:45-5 1 

38 .  Younes, M . ,  Siegers, c.-P. 1980. Lipid 
peroxidation as a consequence of glu­
tathione depletion in rat and mouse liver. 
Res. Commun. Chem. Pathol. Pharma­
col. 27: 1 1 9-28 

39. Younes, M . ,  Siegers, C . -P. 1 98 1 . 
Mechanistic aspects of enhanced lipid 
peroxidation following glutathione de­
pletion in vivo. Chem. Bioi. Interact. 
34:257-66 

40. Mitchell ,  D. B . ,  Acosta, D . ,  Bruckner, 
J. V. 1985. Role of glutathione deple­
tion in the cytotoxicity of acetaminophen 
in a primary culture system of ral 
hepatocytes.  Toxicology 37: 127-46 

4 1 .  Casini, A. F . ,  Pompella, A . ,  Comporti, 
M. 1985. Liver glutathione depletion in­
duced by bromobenzene, iodobenzene, 
and diethylmaleate poisoning and its 
relation to lipid peroxidation and necro­
sis. Amer. 1. Pachol. 1 1 8:225-37 

42. Sies, H . ,  Gerstenecker, C . ,  Menzel, H . ,  
FloM, L .  1 972. Oxidation i n  the NADP 
system and release of CSSG from 
hemoglobin-free perfused rat liver dur­
ing peroxidatic oxidation of glutathione 
by hydroperoxides. FEBS Lett. 27: 1 7 1-
75 

43.  Ekliiw, L . ,  Moldeus, P . ,  Orrenius, S .  
1 984. Oxidation of glutathione during 
hydroperoxide metabolism. A study us­
ing isolated hepatocytes and the glu­
tathione reductase inhibitor 1 ,3-bis(2-
chloroethyi)-I -nitrosourea. Eur. 1. 
Biochem. 1 38 :459-63 

44. Akerboom, T. P. M . ,  Bilzer, M . ,  Sies, 
H. 1980. The relationship of biliary glu­
tathione disulfide efflux and intracellular 
glutathione disulfide content in perfused 
rat liver. 1. Bioi. Chem. 257:4248-52 

45. Olafsdottir, K . ,  Reed, D. J. 1988. 
Retention of oxidized glutathione by iso­
lated rat liver mitochondria during hyd­
roperoxide treatment. Biochim. Biophys . 
Acta 964:377-82 

46. Olafsdottir, K . ,  Pascoe, G. A . ,  Reed, 
D. J. 1 988.  Mitochondrial glutathione 
status during Ca2 + ionophore-induced 
injury to isolated hepatocytes. Arch. 
Biochem. Biophys. 263:226-35 

47. Jocelyn, P. C . ,  Cronshaw, A. 1985. 
Properties of mitochondria treated with 
l -chloro-2,4-dinitrobenzene. Biochem. 

Pharmacol. 34: 1 588-90 
48. Hallberg, E . ,  Rydstrom, J. 1989. Selec­

tive oxidation of mitochondrial glu­
tathione in cultured rat adrenal cells and 
its relation to polycyclic aromatic hydro­
carbon-induced cytotoxicity. Arch. 
Biochem. Biophys. 270:662-7 1 

49. Femandez-Checa, J. C . ,  Ookhtens, M . ,  
Kaplowitz, N .  1989. Effects of chronic 
ethano:, feeding on rat hepatocytic glu­
tathione. Relationship of cytosolic glu­
tathione to efflux and mitochondrial 
seques':ration. 1. Clin. Invest. 83: 1 247-
52 

50. Kennedy, C .  H . ,  Winston, G .  W . ,  
Church, D. F . ,  Pryor, W. A.  1989. 
Benzoyl peroxide interaction with mito­
chondria: Inhibition of respiration and 
induction of rapid, large-amplitude 
swelling. Arch. Biochem. Biophys. 27 1 :  
456-70 

5 1 .  Pritsos, C. A . ,  Jensen, D. E. , Pisani , 
D . ,  Pardini, R. S. 1 982. Involvement of 
superoxide in the interaction of 2 ,3-
dichloro- 1 ,4-naphthoquinone with mi­
crochondrial membranes. Arch . 
Biochem. Biaphys. 2 17:98-109 

52. Pritsos, C.  A . ,  Pardini, R.  S .  1984. A 
redox cycling mechanism of action for 
2 ,3-dichloro- 1 A-naphthoquinone with 
mitochondrial membranes and the role 
of sulfhydryl groups. Biachem. Pharma­
col. 33:377 1-77 

53. Bellomo, G . ,  Martino, A . ,  Richelmi, 
P . ,  Muore, G.  A. , Jewell,  S .  A . ,  Orre­
nius, S .  1984. Pyridine-nucleotide 
oxidation, Ca2+ cycling and membrane 
damage during tert-butyl hydroperoxide 
metabolism by rat-liver mitochondria. 
Eur. J. Biochem. 140: 1-6 

54. Moore, G. A . ,  Jewell, S. A . ,  Bellomo, 
G . ,  Orrenius, S .  1983. On the relation­
ship between Ca2+ efflux and membrane 
damage during t-butyl hydroperoxide 
metabolism by liver mitochondria .  
FEBS Lett. 1 53 :289-92 

55. Baumhuter, S . ,  Richter, C. 1982. The 
hydroperoxide-induced release of 
mitochondrial calcium occurs via a dis­
tinct pathway and leaves mitochondria 
intact. FEBS Lett. 148:271-75 

56. Masaki, N . ,  Kyle, M. E . ,  Serroni, A . ,  
Farber, J .  L. 1989. Mitochondrial dam­
age a,. a mechanism of cell injury in the 
killing of culture hepatocytes by tert­
butyl hydroperoxide. Arch. Biochem. 
Biophys. 270:672-80 

57. Burkitt, M. J . ,  Gilbert, B .  C. 1989. The 
control of iron-induced oxidative dam­
age in isolated rat-liver mitochondria by 
respiration state and ascorbate. Free 
Rad. Res. Comm. 5:333-44 

58.  Masaki , N . ,  Thomas, A. P . ,  Hoek, J .  
B . ,  Farber, J. L. 1989. Intracellular aci­
dosis protects cultured hepatocytes from 
the toxic consequences of a loss of 
mitochondrial energization . A rch. 
Biachem. Biuphys. 272 : 1 52-61 

59. Carbonera, D. , Azzone, G. F. 1988.  

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



MITOCHONDRIAL GSH AND CYTOTOXICITY 627 

Permeability of inner mitochondrial 
membrane and oxidative stress. 
Biochim. Biophys. Acta 943:245-55 

60. Smith, C. V . ,  Jaeschke, H. 1989. Effect 
of acetaminophen on hepatic content and 
biliary efflux of glutathione disulfide in 
mice. Chem.-Biol. Interact. 70:241-48 

6 1 .  Le-Quoc, K. , Le-QuOc, D . ,  Gaudemcr, 
Y. 1 98 1 .  Evidence for the existence of 
two classes of sulfhydryl groups es­
sential for membrane-bound succinate 
dehydrogenase activity. Biochemistry 
20: 1 705- 10 

62.  U-Quuc, K. , U-QuOc, D .  1 985. Cru­
cial role of sulfhydryl groups in the 
mitochondrial inner membrane struc­
ture. J. Bioi. Chem. 260:7422-28 

63 . U-Quoc , K. ,  U-Quoc, D. 1 982. Con­
trol of the mitochondrial inner mem­
brane permeability by sulfhydryl groups. 
Arch. Biochem. Biophys. 2 16:639-5 1 

64. Vercesi, A. E. ,  Ferraz, V. L . ,  Macedo, 
D. V . ,  Fiskum, G. 1 988. Ca2+­
dependent NAD(P)+ -induced alterations 
of rat liver and hepatoma mitochondrial 
membrane permeability. Biochem. Bio­
phys. Res. Commun. 1 54:934-4 1 

65. Richter, c . ,  Frei , B .  1988. Cal " release 
from mitochondria induced by pro­
oxidants. Free Rad. Bioi. Med. 4:365-
75 

66. Reed, P. W. , Lardy, H. A. 1 972. Anti­
biotic A23 1 87 as a probe for the study of 
calcium and magnesium function in 
biological systems. In  Role oj Mem­
branes in Metabolic Regulation, ed. M .  
A .  Mehiman, R .  W. Hanson, p p .  1 1 1-
3 1 .  New York: Academic 

67 . Kleineke, J . , Stratman, F. W. 1 974. 
Calcium transport in isolated rat hepato­
cytes. FEBS Lett. 43:75-80 

68. Shier, W .  T" Dubourdieu , D. J. 1 985. 
Evidence for two calcium-dependent 
steps and a sodium-dependent step in the 
mechanism of cell killing by calcium 
ions in the presence of ionophore 
A23 1 87. Am. J. Pathol. 1 20:304-1 5  

69. Costa, A .  K . ,  Schieble, T .  M . ,  Heffel , 
D. F. , Trudell, J. R. 1986. Toxicity of 
calcium ionophore A23 1 8 7  in monolay­
ers of hypoxic hepatocytes. Toxico!. 
Appl. Pharmacol. 87:43-47 

70. Pascoe, G. A . ,  Reed, D. J. 1 989. Cell 
calcium, vitamin E, and the thiol redox 
system in cytotoxicity. Free Rad. Bioi. 
Med. 6:209-24 

7 1 .  Schanne, F. A .  X . .  Kane. A. B . .  
Young, E .  E . ,  Farber, J .  L .  1 979. Cal­
cium dependent of toxic cell death: A 
final common pathway. Science 206: 
700-2 

72. Chenery. R . ,  George, M . .  Krishna. G. 

198 1 .  The effect of ionophore A23 1 87 
and calcium on carbon tetrachloride­
induced toxicity in cultured rat hepato­
cytes. Toxicol. Appl. Pharmacol. 60: 
241-52 

73. Jewell, S .  A . ,  Bellomo, G . ,  Thor, H. , 
Orrenius, S . ,  Smith, M. T. 1 982. Bleb 
formation in hepatocytes during drug 
metabolism is caused by disturbances in 
thiol and calcium ion homeostasis. Sci­
ence 2 1 7 : 1 257-59 

74. Fariss, M .  W . ,  Reed, D. J. 1 985. Mech­
anism of chemical-induced toxicity. II. 
Role of extracellular calcium. Toxicol . 
Appl. Pharmacol. 79:296-306 

75. Pascoe, G. A . ,  Fariss, M .  W . ,  OIafsdot­
tir, K . ,  Reed, D. 1 .  1987 . A role of 
vitamin E in protection against cell in­
jury. Maintenance of intracellular glu­
tathione precursors and biosynthesis. 
Eur. J. Biochem. 166:241-47 

76. Pascoe, G .  A . ,  0lafsdottir, K . ,  Reed, 
D. J. 1 987. Vitamin E protection against 
chemical-induced cell injury. I. Mainte­
nance of cellular protein thiols as a 
cytoprotective mechanism. Arch. 
Biochem. Biophys. 256: 1 50-58 

77. Pascoe, G. A . ,  Reed, D. J. 1987. Vita­
min E protection against chemical­
induced cell injury. II. Evidence for a 
threshold effect of cellular atocopherol 
in prevention of adriamycin toxicity . 
Arch. Biochem. Biophys. 256: 1 59-66 

78. Reed, D. J . ,  Pascoe, G .  A. ,  Olafsdottir, 
K. 1987. Some aspects of cell defense 
mechanisms of glutathione and vitamin 
E during cell injury. Arch. Toxicol. 
Suppl. 1 1 :34-38 

79. Thomas, C. E . ,  Reed, D. J. 1 988. Effect 
of extracellular Ca2+ omission on iso­
lated hepatocytes. I . Induction of oxida­
tive stress and cell injury. J. Pharmacol. 
Exp. Ther. 245:493-500 

80. Thomas, C. E . ,  Reed, D. J. 1 988. Effect 
of extracellular Ca2+ on isolated hepato­
cytes . II. Loss of mitochondrial mem­
brane potential and t:rotection by in­
hibitors of uniport Ca + transduction. J. 
Pharmacol. Exp. Ther. 245:501-7 

8 1 .  Thomas. C. E . ,  Reed. D. J. 1 989. Cur­
rent status of calcium in hepatocellular 
injury. Hepatology 10:375-84 

82. Bellomo. G . ,  Jewell. S. A . . Thor, H . .  
Orrenius, S.  1982. Regulation of in­
tracellular calcium compartmentation: 
Studies with isolated hepatocytes and t­
butyl hydroperoxide. Proc. Natl. Acad. 
Sci. USA 79:6842-46 

83. Liitscher. H.-R. , Winterhalter, K. H . ,  
Carafoli, E . ,  Richter, C. 1980. Hydro­
peroxide-induced loss of pyridine nucle­
otides and release of calcium from rat 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



628 REED 

liver mitochondria. 1. Bioi. Chern. 255: 
9325-30 

84. Nicotera, P . ,  Moore, M . ,  Mirabelli, F . ,  
Bellomo, G . ,  Orrenius, S .  1985. Inhibi­
tion of hepatocyte plasma membrane 
Ca2+ -ATPase activity by menadione 
metabolism and its restoration by thiols. 
FEBS Lett. 1 8 1 :  1 49-53 

85.  DiMonte, D . ,  Bellomo, G . ,  Thor, H . ,  
Nicotera, P . ,  Orrenius, S .  1984. Mena­
dione-induced cytotoxicity is associated 
with protein thiol oxidation and altera­
tion in intracellular Ca + + homeostasis.  
Arch. Biochern. Biophys. 235:343-50 

86. Moore, M . ,- Thor, H . ,  Moore, G . ,  Nel­
son, S . ,  Moldeus, P . ,  Orrenius, S .  
1 985.  The toxicity of acetaminophen 
and N-acetyl-p-benzoquinone imine in 
isolated hepatocytes is associated with 
thiol depletion and increased cytosolic 
Ca2+ . 1. Bioi. Chern. 260: 1 3035-40 

87 . Eklow, L . ,  Thor, H . ,  Orrenius, S. 1 9R 1 .  
Formation and efflux of glutathione dis­
ulfide studied in isolated rat hepatocytes. 
FEBS Lett. 1 27 :  1 25-28 

88.  Adams, J. D . ,  Jr. ,  Lauterburg, B .  H . ,  
Mitchell, J .  R.  1983. Plasma glutathione 
disulfide as an index of oxidant stress in 
vivo: Effects of carbon tetrachloride, di­
methylnitrosamine, nitrofurantoin, met­
ronidazole, doxorubicin and diquat. 1. 
Pharmacol. Exp . Therap . 227:749-54 

89. Oshino, N . ,  Chance, B .  1977. Proper­
ties of glutathione release observed dur­
ing reduction of urganic hydroperoxide, 
demethylation of aminopyrine and 
oxidation of some substances in perfused 
rat liver, and their implications for the 
physiological function of catalase. 
Biochem. 1. 1 62:509-25 

90. Griffith, O. W . ,  Meister, A. 1985. Ori­
gin and turnover of mitochondrial glu­
tathione. Proc. Natl. Acad. Sci. USA 
82:4668-72 

9 1 .  Fariss, M. W . ,  Olafsdottir, K . ,  Reed, 
D. J .  1 984. Extracellular calcium pro­
tects isolated rat hepatocytes from in­
jury. Biochem. Biophys. Res. Cornmun. 
1 2 1 : 1 02-1 0  

92. Murphy, E.  1 986. Mitochondrial regula­
tion of cytosolic free calcium. In 
Mitochondrial Physiology and Patholo­
gy, ed. G. Fiskum, pp. 1 00--1 9 .  New 
York: Van Nostrand Reinhold 

93. Reed, K. c . ,  Bygrave, F. L. The inhibi­
tion of mitochondrial calcium transport 
by lanthanides and ruthenium red. 
Biochem. 1. 1 40: 1 43-55 

94. Nicholls, D. G. 1 980. The regulation of 
extramitochondrial free calcium ion con­
centration by rat liver mitochondria. 
Biochem . l. 1 76:463-474 

95 . Nicholls, D. G . ,  Crompton, M .  1 980. 
Mitochondrial calcium transport. FEBS 
Lett. 1 1 1 :261-68 

96. Carafoli, E. 1 987. Intracellular calcium 
homeostasis. Annu. Rev. Biochem. 
56:395-433 

97. Lotscher, H. R . ,  Winterhalter, K. H . ,  
Carafoli, E . ,  Richter, C .  1 979. Hydro­
peroxides can modulate the redox state 
of pyridine nucleotides and the calcium 
balance in rat liver mitochondria. Proc. 
Natl. Acad. Sci. USA 76:4340-44 

98. Vercesi, A .  E.  1987. The participation 
of NADP, the transmembrane potential 
and the energy-linked NAD(P) transhy­
drogenase in the process of Ca2+ efflux 
from rat liver mitochondria. Arch. 
Biochern. Biophys . 252 : 1 7 1-78 

99. Masini, A . ,  Trenti ,  T . ,  Ceccarelli, D . ,  
Muscatello, V. 1 987.  The effect of a 
ferric iron complex on isolated rat-liver 
mitochondria. III . Mechanistic aspects 
of iron-induced calcium efflux. 
Biochim. Biophys. Acta 891 : 150--56 

1 00. Cadenas, E., Bovcris, A .  1 980. 
Enhancement of hydrogen peroxide 
formation by protophores and 
ionophores in antimycin-supplemented 
mitochondria. Biochem. 1. 1 88:3 1-37 

1 0 1 .  Yoshihara, H . ,  Thurman, R .  G .  1 987. 
Involvement of calmodulin-calcium 
complex in regulation of O2 uptake in 
regions of the liver lobule. Am. 1. Physi-
01. 253:G383-G89 

1 02.  Trump, B. F . ,  Berezesky, I. K . ,  Osor­
nio-Vargas, A. R. 198 1 .  Cell death and 
the disease process. The role of calcium. 
In Cell Death in Biology and Pathology, 
ed. I. D. Bowen, R. A. Lockshin, pp. 
209-42. New York: Chapman & Hall 

1 03 .  Trump, B. F. , Berezesky, I .  K . ,  Collan, 
Y . ,  Kahng, M. W . ,  Mergner, W. J.  
1 976. Recent studies on the 
pathophysiology of ischemic cell injury. 
Beitr. Pathol. 1 58:363-88 

104. Smith, M. W. , Collan, Y . ,  Kahng, M .  
W . ,  Trump, B .  F. 1 980. Changes i n  
mitochondrial lipids o f  rat kidney during 
ischemia. Biochirn. Biophys . Acta 
6 1 8 : 1 92-201 

l OS .  Orrenius, S. 1985 . Biochemical mech­
anisms of cytotoxicity . Trends Pharma­
col. Sci. FEST Supp!. pp. 1-4 

1 06.  Nicol.era, P . , Hartzell , P . ,  Baldi, C . ,  
Svensson, s.-A, Bellomo, G . ,  Orrenius, 
S. 1 986. Cystamine induces toxicity in 
hepalocytes through the elevation of 
cytosolic Ca2+ and the stimulation of a 
nonlysosomal proteolytic system. 1. 
Bioi. Chem. 261 : 14628-35 

1 07 .  Orrenius, S . ,  Jewell, S. A . ,  Bellomo, 
G . ,  Thor, H . ,  Jones, D. P . ,  Smith, M .  

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



MITOCHONDRIAL aSH AND CYTOTOXICITY 629 

T. 1 983.  Regulation of calcium com­
partmentation in the hepatocyte. A cri­
tical role of glutathione. See Ref. 5, pp. 
261-7 1 

108. Smith, M. T . ,  Thor, H. , Orrenius, S .  
1 98 1 .  Toxic injury to  isolated hepato­
cytes is not dependent on extracellular 
calcium. Science 2 1 3 : 1 257-59 

109. Fariss,  M. W. , Pascoe, G. A . ,  Reed, D. 
J. 1 985. Vitamin E reversal of the effect 
of extracellular calcium on chemically 
induced toxicity in hepatocytes . Science 
227:75 1-54 

1 10 .  Smith, M. T . ,  Sandv, M. S. 1 98 5 .  Role 
of extracellular Cat+ in toxic liver in­
jury: Comparative studies with the per­
fused rat liver and isolated hepatocytes. 
Toxicol. Appl. Pharmacol. 8 1 :2 1 3- 1 9  

I I I . Todd, E. C . ,  Tsokos-Kuhn, J .  0.,  
McMillin-Wood, J .  B . ,  Mitchell,  J .  R .  
1 984. Plasma membrane Ca2+ pump in­
hibition: Final common pathway for tox­
ic cell death? Fed. Proc . 43:361 

1 1 2.  Brattin, W. J . ,  Glende, E.  A . ,  Reck­
nagel,  R. O. 1 985.  Pathological mech­
anisms in carbon tetrachloride hepato­
toxicity. 1. Free Rad. Bioi. Med. 1 :27-
38 

1 1 3 .  Starke, P. E. , Hoek, J .  B . ,  Farber, 1 .  L. 
1 986 . Calcium-dependent and calcium­
independent mechanisms of irreversible 
cell injury in cultured hepatocytes . 1. 
Bioi. Chem. 261 :3006-1 2  

1 14. Fiskum, G.  1986. Mitochondrial 
respiration and calcium transport in 
tumor cells. In Mitochondrial Physiolo­
gy and Pathology, ed. G. Fiskum, pp. 
1 80-201 .  New York: Van Nostrand 
Reinhold 

l I S .  McCormack, J. G . ,  Denton, R. M .  
1 986. Ca2+ a s  a second messenger with­
in mitochondria. Trends Biochem. Sci. 
1 1 :258-62 

1 16.  Harris,  E. 1 . ,  Baum, H. 1980. Protec­
tion of thiol groups and retention of cal­
cium ions by cardiac mitochondria. 
Bioehem. 1. 1 86:725-32 

1 1 7 .  Brattin, W. J . ,  Waller, R. L. 1984. 
Effect of halomethanes on intracellular 
calcium distribution in hepatocytes. Life 
Sci. 35: 1 23 1--40 

l l8 .  Ku, R .  H . ,  Billings, R. E. 1986. The 
role of mitochondrial glutathione and 
cellular protein sulfhydryls in formal­
dehyde toxicity in glutathione-depleted 
rat hepatocytes.  Arch. Bioehem. Bio­
phys. 247 : 1 83-89 

1 19. Malis, C. D. , Bonventre, J. V. 1 986 . 
Mechanism of calcium potentiation of 
oxygen free radical injury to renal 
mitochondria , J. Bioi. Chem. 261 :  
14201-8 

120. Anders, M.  W . ,  Lash, L . ,  Dekant, W . ,  
Elfarra, A. A . ,  Dohn, D .  R .  1988 .  
Biosynthesis and biotransformation of 
glutathione S-conjugates to toxic 
metabolites. CRC Crit. Rev. Toxieol. 
1 8 : 3 1 1 --4 1  

1 2 1 . Wallin, A . ,  Jones, T ,  W . ,  Vercesi,  A .  
E. , Cotgreave, I . ,  Ormstad, K . ,  Orre­
nius, S. 1987. Toxicity of S­
pentachlorobutadienyl-L-cysteine stu­
died with isolated rat renal corticoid 
mitochondria . Arch. Biochem. Biophys . 
258:365-72 

122. Tirmenstein, M. A . ,  Nelson, S. D. 
1 989. Subcellular binding and effects on 
calcium homeostasis produced by aceta­
minophen and a nonhepatotoxic re­
gioisomer, 3 '  -hydroxyacetanilide, in 
mouse liver. 1. Bioi. Chem. 264:98 14-
19 

123. Creighton, T. E.  1983 . Pathways and 
energetics of protein disulfide forma­
tion. See Ref. 5, pp. 205-1 3  

1 24 .  Keeling, P .  L . ,  Smith, L.  L . ,  Aldridge, 
W. N. 1 982. The formation of mixed 
disulfides in rat lung following paraquat 
administration. Correlation with changes 
in intennediary metabolism. Bioehim. 
Biophys. A cta 7 1 6:249-57 

1 25 .  Brigelius, R. 1 985. Mixed disulfides: 
Biological function and increase in ox­
idative stress. In: Oxidative Stress, ed. 
H. Sies, pp. 243-72. London: Academic 

1 26 .  Ziegler, R. 1 985 . Role of reversible 
oxidation-reduction of enzyme thiols­
disulfides in metabolic regulation. Annu. 
Rev. Biochem. 54:305-29 

1 27 .  Young, R. C. , Ozols, R. F . ,  Myers, C. 
E. 198 1 .  The anthracycline neoplastic 
drugs. N. Engl. 1. Med. 305 : 1 39-53 

128. Olson, R. D . ,  Boerth, R. C . ,  Gerber, J .  
G. ,  Nies, A. S .  1 98 1 .  Mechanisms of 
adriamycin cardiotoxicity: Evidence for 
oxidative stress. Life Sci. 29: 1 393-401 

1 29. Gaudemer, Y . ,  Latraffe, N .  1975. Evi­
dence for penetrant and nonpenetrant 
thiol reagents and their use in the loca­
tion of rat liver mitochondrial D( - )-g­
hydroxybutyrate dehydrogenase. FEBS 
Lett. 54:30-34 

1 30 .  Stacey, N. H . ,  Klaassen, C. D. 1 98 1 .  
Inhibition of lipid peroxidation without 
prevention of cellular injury in isolated 
rat hepatocytes. Toxieol. Appl. Pharma­
col. 58:8--1 8  

1 3 1 .  Hogberg, J . ,  Kristofersson, A. 1977. A 
correlation between glutathione levels 
and cellular damage in isolated hepato­
cytes. Eur. 1. Biochem. 74:77-82 

1 32. Anundi, I . ,  Hogberg, J . ,  Stead, A. H. 
1979. Glutathione depletion in isolated 
hepatocytes: Its relation to lipid per-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



630 REED 

oxidation and cell damage. Acta Phar­
macol. Toxicol. 45:45-5 1 

1 3 3 .  Mirabelli, F. , Salis, A . ,  Vairetti , M. , 
Bellomo, G . ,  Thor, H . ,  Orrenius, S.  
1 989. Cytoskeletal alterations in human 
platelets exposed to oxidative stress are 
mediated by oxidative and Ca2+ -
dependent mechanisms. Arch. Biochem. 
Biophys. 270:478--88 

1 34.  Thor, H., Mirabelli, F., Salis, A . ,  
Cohen, G. M . ,  Bellomo, G . ,  Orrenius, 
S. 1 988.  Alterations in hepatocyte cyto­
skeleton caused by redox cycling and 
alkylating quinones. Arch. Biochem. 
Biophys. 266:397-407 

1 3 5 .  Costagliola, c. ,  Libondi, T . ,  Menzionr, 
M . ,  Rinaldi, E . ,  Auricchio, G. 1985. 
Vitamin E and red blood cell glu­
tathione. Metabolism 34:71 2- 1 4  

1 3 6 .  Costagliola, C . ,  Iuliano, G . ,  Menzione, 
M . ,  Rinaldi, E . ,  Vito, P . ,  Auricchio, G. 
1986. Effect of vitamin E on glutathione 
content in red blood cells , aqueous 
humor and lens of humans and other 
species. Exp. Eye Res. 43:905-14 

137. Brownlee. N. R .• Huttner. J. J . . Pan­
ganamala, R. V . ,  Cornwell, D. G .  
1977. Role o f  vitamin E i n  glutathione­
induced oxidant stress: Methemoglobin, 
lipid peroxidation, and hemolysis. J. 
Lipid Res. 1 8:635-44 

138.  Molennaar, I . ,  Hulstaert, C .  E . ,  Har­
donk, M. J. 1 980. Role in function and 
ultrastructure of cellular membranes. In 
A Comprehensive Treatise ed. L. 1. 
Machlin, pp. 372-89. New York: Mar­
cel Dekker 

1 39. Ananieva, L. K . ,  Ivanov, I. I . ,  Tabidze, 
L. V . ,  Kagan, V. E. 1984. Mechanism 
of sarcoplasmic reticulum Ca2+ ATPase 
stabilization by a-tocopherol against 
thermodenaturation, activated by fatty 
acids. Biokhimiya 49:421-26 

140. Scherer, N. M . ,  Deamer, D. W. 1986. 
Oxidative stress impairs the function of 
sarcoplasmic reticulum by oxidation of 
sulfhydryl groups in the Ca2+ -ATPase. 
Arch. Biochem. Biophys. 246:589--601 

1 4 1 .  Collision, M. W . ,  Beidler, D . ,  Grimm, 
L. M . ,  Thomas, J. A. 1 986. A compari­
son of protein S-thiolation (protein 
mixed-disulfide formation) in heart cells 
treated with t-butyl hydroperoxide or di­
amide. Biochim. Biophys. Acta 885:58--
67 

142. Collison, M . ,  Thomas, J. A. 1987. 
S-thiolation of cytoplasmic cardiac 
creatine kinase in heart cells treated with 
diamide. Biochim. Biophys. Acta 928: 
1 2 1-29 

143. Tsukahara, T . ,  Kominami, E . ,  Katunu­
rna, N. 1987. Formation of mixed di-

sulfide of cystatin-f:l in cultured mac­
rophates treated with various oxidants. 
J. Biochem. 1 0 1 : 1447-56 

144. Brodie . A. E . ,  Reed, D, J. 1987. Re­
versibk oxidation of glyceraldehyde 3-
phosphate dehydrogenase thiols in hu­
man lu.ng carcinoma cells by hydrogen 
peroxide. Biochem. Biophys. Res. Com­
mun. 1 48 : 1 2(}" 1 25 

145. Park, E. M . , Thomas, J. A. 1989. 
Reduction of protein mixed disulfides 
(dethiolation) by Escherichia coli thiore­
doxin: A study with glycogen phos­
phorylase b and creatine kinase. Arch. 
Biochem. Biophys. 272:25-31 

146. Brodie , A. E . ,  Reed, D. J. 1989. Cellu­
lar wcovery of glyceraldehyde 3-
phosphate dihydrogenase activity and 
thiol status after exposure to hydro­
peroxides. Arch. Biochem. Biophys. 
In press 

1 47 .  Burk, R. F. 1 983.  Glutathione­
dependent protection by rat liver micro­
somal protein against lipid peroxidation. 
Biochim. Biophys. Acta 757:21-28 

1 48. Ursini, F. , Maiorino, M . ,  Valente, M . ,  
Ferri , L . ,  Gregolin, C. 1982. Purifica­
tion from pig liver of a protein which 
protects liposomes and biomembranes 
from peroxidative degradation and ex­
hibits glutathione peroxidase activity on 
phosphatidylcholine hydroperoxides. 
Bichim. Biophys. Acta 7 10: 1 97-2 1 1 

149. Gibson, D. D . ,  Hawrylkd, J . ,  McCay, 
P. B .  1985 . GSH-dependent of lipid per­
oxidation: Properties of a potent cytosol­
ic system which protects cell mem­
branes. Lipids 20:704--1 1  

150. Beloqui, 0 . ,  Cederbaum, A .  I .  1986. 
Prevention of microsomal production of 
hydroxyl radicals, but not lipid per­
oxidation, by the glutathione-glutathione 
peroxidase system. Biochem. Pharma­
cal. 35 :2663--69 

1 5 1 .  Morgenstern, R. Y. ,  DePierre, J. W. 
1983 . Microsomal glutathione trans­
ferase. Purification in unactivated form 
and further characterization of the 
activation process, substrate specificity 
and amino acid composition. Eur. J. 
Bioci'tem. 134:591-97 

152. Morgenstern, R . ,  DePierre, J. W . ,  Erns­
ter, L. 1979. Activation of microsomal 
glutathione S-transferase activity by sul­
fhydryl reagents . Biochem. Biophys. 
Res. Commun. 87:657-63 

1 53 .  McLellan, L. I . ,  Wolf, C .  R . ,  Haynes, 
J .  D. 1989. Human microsomal glu­
tathione S-transferase. Its involvement 
in the conjugation of hexachlorobuta-
1 ,3-diene with glutathione. Biochem. J. 
258:87-93 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



MITOCHONDRIAL GSH AND CYTOTOXICITY 63 1 

154. Aniya , Y . ,  Anders , M .  W. 1 989. Regu· 
lation of rat liver microsomal glutathione 
S·transferase activity by thiol/disulfide 
exchange. Arch. Biochem. Biophys. 
270:330-34 

1 5 5 .  Andersson, c . ,  Soderstrom, M . ,  Man­
nervik, B .  1988. Activation and inhibi­
tion of microsomal glutathione trans­
ferase from mouse liver. Biochem. J. 
249:819-23 

1 56. Harris , C. M . ,  Stone, W. L. 1988. The 
effects of in vitro lipid peroxidation on 
the activity of rat liver microsomal glu­
tathione S-transferase from rats sup­
plemented or deficient in antioxidants. 
Life Sci. 42:415-20 

1 57. Haenen, G. R . ,  Vermeulen, N. P. , Tai 
Tin Tsoi, J. N . ,  Ragetli , H. M . ,  
Timmerman, H . ,  Blast, A .  1988. 
Activation of the microsomal gIu­
tathione-S-transferase and reduction of 
the glutathione-dependent protection 
against lipid peroxidation by acrolein . 
Biochem. Pharmacal. 37:1933-38 

158. Packer, L . ,  Maguire , J. J . ,  Mehlhorn, 
R. J . ,  Serbinova, E . ,  Kagan, V. E .  
1 989. Mitochondria and microsomal 
membranes have a free radical reductase 
activity that prevents chromanoxyl 
radical accumulation. Biochem. Bio­
phys. Res. Commun. 149:229-35 

159. Haenen, G. R . ,  Tai Tin Tsoi, J. N . ,  
Vermeulen, N.  P. , Timmerman, H . ,  
Bast, A. 1987. 4-Hydroxy-2 ,3-trans­
nonenl stimulates microsomal lipid per­
oxidation by reducing the glutathione­
dependent protection. Arch. Biochem. 
Biophys. 259:449-56 

160. Bast, A . ,  Haenen, G. R. 1988. Interplay 
between lipoic acid and glutathione in 
the protection against microsomal lipid 

peroxidation . Biochim. Biophys. Acta 
963:558-61 

1 6 1 .  Franke, W. W. 1974. Structure, bio­
chemistry, and functions of the nuclear 
envelope. Int. Rev. Cytol. Suppl. 4:71 -
236 

162. Ames, B. N.  1989. Mutagenesis and 
carcinogenesis: Endogenous and ex­
ogenous factors. Environ. Mol. 
Mutagen. 14 (Suppl . 1 6):66-77 

163. Tirmenstein, M. A . ,  Reed, D. J. 1988. 
Characterization of glutathione-depen­
dent inhibition of lipid peroxidation of 
isolated rat liver nuclei. Arch. Biochem. 
Biophys. 261 : 1-1 1 

164. Tirmenstein,  M . ,  Reed, D. 1. 1989. 
Effects of glutathione on the a­
tocopherol-dependent inhibition of nu­
clear lipid peroxidation. J. Lipid Res. 
30:959-65 

1 65 .  Tirmenstein, M. A . ,  Reed, D. J. 1989. 
Role of a partially purified glutathione 
S-transferase from rat liver nuclei in the 
inhibition of nuclear lipid peroxidation. 
Biochim. Biophys. Acta 995 : 174-80 

1 66. Prohaska, J. R . ,  Ganther, H .  E. 1 977. 
Glutathione peroxidase activity of glu­
tathione-S-transferases purified from rat 
liver. Biochem. Biophys. Res. Commun. 
76:437-45 

1 67.  Lawrence, R. A . ,  Burk, R. C. 1976. 
Glutathione peroxidase activity in sele­
nium-deficient rat liver. Biochem. Bio· 
phys. Res. Commun. 7 1 :952-58 

168. Gilbert, H. F. 1984. [20] Redox control 
of enzyme activities by thio/disulfide ex­
change. Meth. Enzymol. 107:330-51 

1 69.  Houk, 1 . ,  Singh , R . ,  Whitesides , G. M .  
1987. Measurement of thiol disulfide in­
terchange reactions and thiol pKa val­
ues. Meth. Enzymol. 143 : 1 29-40 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
03

-6
31

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



