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SUMMARY

Mitochondria are an important source of reactive oxygen inter-
mediates because they are the major consumers of molecular
oxygen in cells. Respiration is associated with toxicity, which is
related to the activation of oxygen to reactive intermediates.
The purpose of the present study was to examine the role of
reduced glutathione (GSH) in the maintenance of mitochondrial
functions during oxidative stress induced through selective in-
hibition of the complex Il segment of the electron transport
chain. Hydrogen peroxide monitored by the fluorescence of
dichlorofiuorescein increased in a time- and dose-dependent
manner on incubation of mitochondria with antimycin A (AA), an
inhibitor of complex lll. However, blockade of complex | or Ii
with rotenone or thenoyltrifluoroacetone, respectively, did not
result in accumulation of hydrogen peroxide. Depletion of mi-
tochondrial GSH to 10-20% of control by preincubation with
diethylmaleate (0.8 mm) or ethacrynic acid (250 um) also in-
creased dichlorofluorescein and malondialdehyde levels and
resulted in an additional (2-3-fold) increase after AA. Similar
results were obtained when mitochondrial GSH depletion was
produced by treatment with buthionine L-sulfoximine before

mirochondria isolation. The endogenous oxidative stress in-
duced by AA was accompanied by a moderate loss of activity
of ATPase complex (77% of control) and complex IV of respi-
ration (75% of control), which was accentuated after depletion
of mitochondrial GSH (51% and 45% of control, respectively).
Similar results were observed in isolated hepatocytes in which
depletion of mitochondrial GSH and AA led to peroxidation and
mitochondrial dysfunction. In addition, with electrophoretic mo-
bility shift assay of the transcription factor nuclear factor-xB
(NF-«B), we detected its activation in response to AA (2-3-fold).
Depletion of mitochondrial GSH in hepatocytes (20% of control)
led to further enhancement of NF-xB activation (2-4-fold),
which correlated with generation of hydrogen peroxide. Thus,
our results suggest that GSH protects mitochondria against the
endogenous oxidative stress produced at the ubiquinone site of
the electron transport chain. Mitochondrial GSH depletion po-
tentiates oxidant-induced loss of mitochondrial functions. Ox-
idant stress in mitochondria can promote extramitochondrial
activation of NF-«xB and therefore may affect nuclear gene
expression.

Oxidants are produced at a high rate as a byproduct of aer-
obic metabolism. These oxidants include superoxide, hydrogen

peroxide, hydroxyl radical, and, possibly, singlet oxygen. They
can damage cellular macromolecules, including DNA, protein,
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and lipids (1-4). Mitochondria constitute the greatest source of
ROS as the mitochondrial electron transport system consumes
~85-90% of the oxygen utilized by the cell (3). Intrinsic to this
process is the generation of ROS derived from specific segments
of the electron transport chain, mainly at the ubiquinone site of
the complex ITI of respiration, which activates molecular oxygen
to superoxide anion and, in turn, can lead to formation of other
potent oxygen-derived free radicals (5).

In eukaryotes, regulation of gene transcription can be dra-
matically enhanced by the binding of sequence-specific DNA

ABBREVIATIONS: AA, antimycin A; BSO, buthionine L-sulfoximine; DCF, dichlorofluorescein; DCFDA, 2'-7’-dichlorofluorescin diacetate; DEM,
diethylmaleate; GSH, reduced glutathione; MDA, malondialdehyde; ROS, reactive oxygen species; TTFA, thenoyltrifluoroacetone; NF-«xB, nuclear
factor-xB; HEPES, 4-(2-hydroxyethyi)-1-piperazineethanesulfonic acid; EMSA, electrophoretic mobility shift assay; DTT, dithiothreitol; EA,
ethacrynic acid.
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binding proteins to promoter cis-acting elements (6, 7).
NF-«B is a well-studied pleiotropic, multisubunit transcrip-
tion factor protein originally described as binding to an im-
munoglobulin « enhancer site of B cells. Subsequently, a wide
variety of inducible genes have been shown to contain «B
binding sites in enhancer regions (8). NF-xB resides in the
cytoplasm of different cell types as an inactive complex of the
subunits p50 and p65 and an inhibitory subunit (IxB). The
p50 and p65 subunits are the best-characterized members of
a larger protein family (NF-«xB/Rel/Dorsal). A wide variety of
extracellular stimuli, including oxidative stress, lead to acti-
vation of NF-«B (9-13). NF-«B controls the inducible expres-
sion of various genes that are involved in immune responses
as well as inflammatory and cellular defense mechanisms.
Target genes of NF-«B include cytokines, cytokine receptors,
and several viral enhancers that become up-regulated by the
release of IkB with subsequent translocation of the p50-p65
heterodimer into the nucleus (9, 10).

Mitochondria from most mammalian cells do not contain
catalase, implying that GSH in the mitochondrial matrix is
the only defense available with which to cope with the poten-
tial toxic effects of hydrogen peroxide produced endogenously
in the electron transport chain (5). The only known exception
is heart, where the presence of catalase has recently been
demonstrated, which might reflect a unique metabolism of
hydrogen peroxide in this organ (14). It has long been known
that the mitochondrial respiratory chain generates superox-
ide anion secondary to the interruption of electron flow be-
tween the rotenone- and antimycin-sensitive sites through
one-electron reduction (5, 15-17). This mitochondrial-derived
oxygen-activated species formation has been shown to be a
contributory mechanism to the injury observed in several
tissues during chemical hypoxia or ischemia/reperfusion
(18-20). However, in these studies, the role of mitochondrial
GSH was not examined. In addition, we know of no reported
studies on the role of GSH in the maintenance of mitochon-
drial and extramitochondrial functions in a situation where
oxidative stress is imposed by interference of electron flow in
the respiratory chain in the absence of hypoxia or without the
addition of exogenous oxidants. Thus, the purpose of the
present study was to evaluate the modulation of mitochon-
drial GSH in the maintenance of mitochondrial function and
activation of transcription factor NF-xB when the mitochon-
drial respiration chain at the complex III is inhibited to
induce an endogenous oxidative stress.

Experimental Procedures

Materials. Coenzyme A, GSH, glutathione disulfide, EA, BSO,
DEM, AA (mixture of antimycins A, and Ag), 2-heptyl-4-hy-
droxyquinoline-N-oxide, rotenone, TTFA, and sucrose were obtained
from Sigma Chemical Co. (St. Louis, MO). ATP and DTT were
purchased from Boeringher Mannheim (Mannheim, Germany).
DCFDA and parinaric acid were obtained from Molecular Probes
(Eugene, OR).

Isolation of rat liver mitochondria and hepatocytes and
fractionation of hepatocytes. Rat liver mitochondria were iso-
lated from liver homogenates (in 220 mM mannitol, 70 mM sucrose, 3
mM TrissHC], pH 7.4, containing 0.1 mM EDTA and 0.1% bovine
serum albumin) by differential centrifugation (21). The final mito-
chondrial preparation was typically enriched in succinic dehydroge-
nase (3—4-fold) compared with homogenate and de-enriched in lactic
dehydrogenase and oleoyl-CoA oxidase with oleoyl-CoA (200 uMm),

indicating the absence of cytosol and peroxisomes, respectively.
Hepatocytes were isolated as described previously (22, 23). Initial
cell viability was determined with the use of trypan blue. Time-
dependent cell viability during the course of incubation of cells in the
presence of AA was determined by either measurement in the me-
dium of glutathione-S-transferase by the formation of 1-chloro-2,4-
dinitrobenzene/GSH conjugate at 340 nm or trypan blue exclusion.
Separation of cytosolic and mitochondrial compartments from iso-
lated hepatocytes was accomplished through selective permeabiliza-
tion of the plasma membrane with digitonin followed by centrifuga-
tion through an oil-mixture layer (silicon/paraffin, 6:1). The intact
mitochondrial fraction was recovered at the bottom of the tube,
whereas the cytosolic fraction was found at the top, with minimal
cross-contamination (24). ATP levels from cells were determined by
high performance liquid chromatography as previously described
(22).

Mitochondrial respiration. Mitochondrial respiration was
monitored with the use of a 1200-ul reaction vessel and a Clark
oxygen electrode in respiration buffer (225 sucrose, 5 mm MgCl,, 10
mM KH,PO,, 20 mM KCl, 10 mM Tris, and 5§ mm HEPES, pH 7.4)
using glutamate/malate or succinate as substrates for complex I or
II. States 3 and 4 of respiration were determined in the presence or
absence of ADP as described previously (23).

Depletion of mitochondrial GSH. GSH was depleted in vitro by
preincubation of mitochondria or hepatocytes with DEM (0.2-0.8
mM) or EA (250 uM) for 10-15 min, followed by removal of the agent
through washing. In other instances, in vivo depletion of GSH was
accomplished through administration of BSO (3 mmol/kg/day i.p. in
saline) for 4 days before isolation of mitochondria (25).

Determination of ROS. Production of ROS was monitored with
a fluorescent probe, DCFDA, which oxidizes in the presence of hy-
drogen peroxide (26). Mitochondria (5-10 mg/ml) or hepatocytes (1-2
X 10° cells/ml in Krebs-Henseleit buffer) were incubated with the
fluorescent probe (2 uM) in the absence or presence of AA (4 ul of an
ethanolic stock solution of 15 mM). The mitochondrial suspension
was incubated under room air for various periods of time. Fluores-
cence was determined at 529 nm for emission and 503 nm for exci-
tation, with a slit width of 10 and 5 nm, respectively, according to the
spectral characteristics of DCF. Spectra features of AA solution
showed no emission maximum at 529 nm when excited at 503 nm.
Preliminary experiments with isolated mitochondria indicated that
the presence of AA did not interfere with the emission of fluorescence
of DCF, with an emission maximum at 529 nm (not shown), which
indicates that under these conditions the fluorescence of DCF was
due to the formation of hydrogen peroxide and not to the presence of
AA. The presence of ethanol as solvent for AA did not affect the
spectra of DCF. Additional incubations included the presence of
rotenone (15 uM) and TTFA (20 uM) to block complex I or II of the
electron transport chain, respectively.

Measurement of lipid peroxidation. Lipid peroxidation was
determined by MDA formation according to the method of Uchiyama
and Mihara (27). Alternatively, lipid peroxidation was determined by
quenching the fluorescence of parinaric acid as described previously
(28). Mitochondrial or cell suspensions were incubated with pari-
naric acid at 5 pug/ml, and fluorescence was determined at 318 nm for
excitation and at 410 nm for emission.

Determination of mitochondrial complex IV and ATPase.
Complex IV of electron transport chain was determined by measur-
ing the consumption of oxygen with the use of tetramethyl-p-phe-
nylenediamine/ascorbate (0.2 mM/1 mM) as an artificial electron do-
nor. Because experiments were done in the presence of AA, the
electron flow from complex III to cytochrome ¢ was inhibited. The F,
component of ATPase activity was determined by linking ATP hy-
drolysis to NADH oxidation, as described previously (29).

Preparation of nuclear extracts. Nuclear extracts from hepa-
tocytes were prepared according to Schreiber et al. (30) by lysing cells
with Nonidet P-40 (0.25%) in 10 mm HEPES, pH 7.8, containing 10
mM KCl, 2 mm MgCl,, 1 mM DTT, 0.1 mM EDTA, 0.1 mM phenyl-
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methylsulfonyl fluoride, and 0.05 mg/ml aprotinin. Cells were vigor-
ously mixed and centrifuged at 4° at 13,000 X g. Pelleted nuclei were
resuspended in 50 ul with 50 mM HEPES, pH 7.8, containing 50 mM
KCl, 300 mM NaCl, 1 mM DTT, 0.1 mm EDTA, 0.1 mM phenylmeth-
ylsulfonyl fluoride, 0.05 mg/ml aprotinin, and 10% glycerol. After
gentle mixing for 20 min, supernatant resulting from spinning at
13,000 X g was collected and stored at —70°.

EMSAs. EMSAs were performed with the use of oligonucleotide
probes encompassing the underlined binding site of NF-«xB and
Oct-1: NF-xB, 5'-AGT TGA GGG GAC TTT CCC AGG C-3', 3'-TCA
ACT CCC CTG AAA GGG TCC G-5'; Oct-1, 5'-TTC TAG TGA TTT
GCA TTC GAC A-3', 3'-AAG ATC ACT AAA CGT AAG CTG T-5'.

Probes were labeled at the 5’ end with T4 kinase and [y->2P]ATP
(3000 Ci/mmol). Excess unreacted ATP was separated from the la-
beled probe through sequential ethanol precipitation. Binding reac-
tions were performed according to Sen and Baltimore (8) and Fried
and Crothers (31) and contained 3-5 ug nuclear protein, 1 ug
poly(dI-dC), 32P-labeled probe, 50 mM NaCl, 0.2 mM EDTA, 0.5 mM
DTT, 2% glycerol, and 10 mM Tris-HCI], pH 7.5. Proteins were sepa-
rated through native 6% polyacrylamide gel electrophoresis and
visualized by autoradiography.

Statistical analysis. Statistical analyses for comparison of mean
values for multiple comparisons between mitochondrial preparations
were made by one-way analysis of variance followed by Fisher’s exact
test.

Results

Inhibition of complex III of the electron transport
chain increases hydrogen peroxide. Peroxides can be
detected through the use of the nonfluorescent dye DCFDA,
which is freely permeable to membranes. Thereafter, it be-
comes hydrolyzed to 2'-7’-dichlorofluorescin. This precursor
then interacts with peroxides and is oxidized to the fluores-
cent compound DCF. Emission spectra of AA solution in the
absence of 2'-7'-dichlorofluorescin revealed a maximum
emission at 503 nm when excited at 503 nm that was depen-
dent on the dose of AA added (not shown). The addition of
hydrogen peroxide did not affect the emission spectra of AA.
However, on addition of 2’'-7'-dichlorofluorescin, there was a
maximum emission at 529 nm that was increased by the
addition of hydrogen peroxide, demonstrating that the fluo-
rescence observed at 529 nm with excitation at 503 nm was
due to DCF and not to AA. Because the fluorescence of DCF
is specific for detection of peroxides (18, 26), we related the
fluorescence of DCF with the concentration of hydrogen per-
oxide, which was linear up to 150 uM of hydrogen peroxide
(Fig. 1A), allowing us to determine the production of hydro-
gen peroxide by AA by measuring the fluorescence of the
mitochondrial suspension in the presence of DCF and AA.
The time course and dose-dependency of DCF production
reflecting hydrogen peroxide generation in isolated mito-
chondria are shown in Fig. 1. Mitochondria were energized
by succinate to drive electron flow through complex II. No
significant increase of hydrogen peroxide was detected dur-
ing as long as 2 hr of incubation. However, in the presence of
AA, there was an increase in the production of hydrogen
peroxide that was dependent on the dose of AA (1-15 um or
0.2-3 nmol AA/mg protein) being linear up to 60 min of
incubation (Fig. 1B). Greater concentrations of AA in the
mitochondrial suspension led to fluorescence quenching of
DCF, probably reflecting nonspecific effects of AA at concen-
trations of >3 nmol AA/mg protein (Fig. 1C). Therefore, we
used AA at a dose of 3 nmol/mg protein in the incubations.

Endogenous Mitochondrial Oxidative Stress 827

Previous studies (17) have revealed a maximum capacity of
mitochondria to generate superoxide anion at a similar range
of AA (1-3 nmol/mg protein). Thus, our results obtained with
AA at the highest dose maximally inhibited electron flow at
complex III and oxygen uptake (Table 1), resulting in pro-
duction of hydrogen peroxide. In addition, to discount possi-
ble nonspecific effects of AA produced under study condi-
tions, we determined the effect of another complex III
inhibitor, 2-heptyl-4-hydroxyquinoline-N-oxide (10-15 uM);
results were similar to those obtained with AA (not shown).
The maximum capacity of AA concentration in inducing ROS
by mitochondria was related to its ability to block oxygen
consumption (Table 1; 15 uM or 3 nmol/mg protein). That the
increase in fluorescence of DCF detected with study assay
conditions is not due to the presence of AA was indicated by
the fact that mitochondrial suspension incubated with AA in
the absence of DCFDA resulted in a fluorescence signal of
2-5% of that detected when DCFDA was added. By relating
the fluorescence of DCF to the calibration curve, we deter-
mined the actual rate of production of hydrogen peroxide by
mitochondria (0.33 and 2.3 nmol/min/mg protein in the ab-
sence and presence of AA, respectively) to be in the same
range as previously described in isolated mitochondria with
the use of different assays to detect hydrogen peroxide for-
mation (Refs. 5 and 32, including citations).

To further support the view that inhibition of electron flow
distal to the ubiquinone pool at complex III is the major
producer of reactive oxygen intermediates, specifically hydro-
gen peroxide, we inhibited electron flow at complexes I and II
with known blockers of electron transfer at these sites, i.e.,
rotenone and TTFA, separately or in combination. Mitochon-
dria (energized with glutamate/malate and succinate and
incubated with rotenone and/or TTFA) did not exhibit signif-
icant increased production of hydrogen peroxide (Fig. 2).
However, inhibition of electron flow at complexes I and II
significantly prevented the increase of DCF production re-
sulting from blockade of electron flow at complex III with AA.
Although complex I also is a potential source of superoxide
anion, its capacity to produce hydrogen peroxide is lower
than that of complex III. The ability of rotenone to partially
block AA-induced hydrogen peroxide production by mito-
chondria is in agreement with previous described studies
an.

DCF production within the electron transport chain
is controlled by availability of GSH. Because hydrogen
peroxide is a product of oxygen activation within the electron
transport chain, its detoxification could be controlled by de-
fense systems found in mitochondria. Preincubation of mito-
chondria with DEM or EA led to depletion of GSH levels (Fig.
3A, inset). This resulted in a significant increase in DCF after
60 min (Fig. 3A). However, inhibition of complex III by AA in
mitochondria that were depleted of GSH potentiated the
increase of DCF compared with the addition of AA in mito-
chondria with repleted GSH levels (Fig. 3A). To rule out
nonspecific effects of EA or DEM pretreatment of mitochon-
dria, we depleted mitochondrial GSH in vivo using a selective
inhibitor of GSH synthesis and therefore of mitochondrial
GSH, i.e., BSO. Administration of BSO to rats resulted in a
significant 40-50% mitochondrial GSH depletion compared
with rats injected with saline (Fig. 3B, inset). Mitochondria
from BSO-treated animals showed greater DCF fluorescence
than saline-injected control animals. Incubation of mitochon-
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Fig. 1. Time course and dose-dependence of hydrogen peroxide production in isolated mitochondria treated with AA. A, Correlation between
fluorescence of 2'-7’-dichlorofluorescein in the presence of increasing concentrations of hydrogen peroxide. Fluorescence was determined with
excitation at 503 nm and emission at 529 nm. B, Mitochondria (5-10 mg/ml) were incubated with AA (0.2-3 nmol/mg protein) and DCFDA (2 um)
to detect hydrogen peroxide production by fluorescence of DCF. At various times of incubation, aliquots were transferred to a fluorimetric cuvette,
and production of DCF was determined as described in Experimental Procedures. C, Hydrogen peroxide production determined as DCF
fluorescence of mitochondria incubated with the indicated doses of AA for 60 min. Results are given as mean + standard deviation for four cell
preparations. *, p < 0.05 versus the absence of AA; 1, p < 0.05 versus the presence of AA (5 nmol/mg).

dria from BSO-treated animals with AA resulted in a greater
increase in DCF (Fig. 3B). However, this degree of DCF
production by AA in BSO-treated animals was not as great as
that observed after in vitro incubation of mitochondria with
EA. Because these maneuvers resulted in a wide range of
initial GSH levels, we sought to relate the production of DCF
by AA to the starting GSH of mitochondria. As observed in
Fig. 4, there was a dependence of DCF production on the level
of GSH in mitochondria. Depletion of mitochondrial GSH
below a critical level of 3 nmol/mg protein resulted in signif-
icant increased production of DCF by AA. Without AA, in-
creased DCF production was seen at lower mitochondrial
GSH levels (<1 nmol/mg protein). DCF was not a substrate
for glutathione-S-transferase, suggesting that the decline of
fluorescence of DCF at high mitochondrial GSH concentra-
tions cannot be explained by limited availability of the fluo-
rescent probe to oxidization by hydrogen peroxide (not
shown).

Increased production of ROS by AA results in lipid
peroxidation and loss of mitochondrial functions.
Lipid peroxidation is one of the manifestations of excessive
production of prooxidants. We determined lipid peroxidation
by MDA production. Increased generation of hydrogen per-
oxide within mitochondria by AA resulted in significant pro-
duction of MDA (Figs. 3 and 5). Depletion of mitochondrial
GSH by EA, DEM, or BSO resulted in greater production of
MDA. Incubation of mitochondria with EA or DEM in the
absence of AA did not result in toxic manifestations as seen
by maintenance of coupled respiration for the period of ob-
servation (not shown). Incubation with AA of mitochondria
depleted of GSH by these agents led to a further potentiated
increase in MDA (Fig. 5). Similar results were obtained when
lipid peroxidation was determined fluorimetrically with pari-
naric acid (not shown). To evaluate the impact of generation
of ROS on functional activities of mitochondria, we deter-
mined the activity of the F, component of the ATPase com-
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TABLE 1

Oxygen consumption of mitochondria and isolated hepatocytes
and effect of respiratory inhibition

Oxygen consumption rates at different states were induced by addition of suc-
cinate with or without ADP and oxygen consumption was determined polar-
ographically with an Oxygraph (Gilson Electronics) equipped with oxygen clark-
electrode. Data the end of a 60-min incubation of mitochondria in the
absence of AA. States 4 and 3 of respiration at the beginning of incubation were
22.7 + 3.4 and 137.1 + 18 nmoVmin/mg protein, respectively. The effect of AA on
the oxygen consumption was determined at different dose of the blocker of
complex lll in the absence of ADP.

Mitochondria Oxygen consumption
nmol 0x/min/mg protein
State 4 19.1 £ 3.1
State 3 123 =+ 16
AA dose
(nmol/mg protein)
0 232 2.1
0.2 11.2+1.2
1 46 1.1
2 06+04
3 0.2 *+0.1
Hepatocytes
AA dose
(nmol/10® cells) nmol/min/10° cells
0 19.7 £ 1.2
0.5 14109
25 72+03
5 13+0.2
7.5 0.6 0.1
150

-
'

[ J=]-]u]=]=]_] ]

Hydrogen peroxide,
nmol/mg protein
3

0 60
Time, min

Fig. 2. Hydrogen peroxide production of mitochondria after inhibition
of electron flow at complexes |, ll, and lll of the electron transport chain.
Mitochondria were incubated in the presence of rotenone (20 um), TTFA
(15 um), and AA (15 um, 3 nmol/mg protein). For the combination of the
three inhibitors, mitochondria were preincubated with rotenone/TTFA
for 15 min before the addition of AA to the mixture. After 60 min of
incubation, DCF was detected as described in Experimental Proce-
dures. Results are given as mean * standard deviation of four cell
preparations. *, p < 0.05 versus control; 4, p < 0.05 versus AA.

plex and the consumption of oxygen at the complex IV seg-
ment of the electron transport chain. As shown in Fig. 6,
incubation of mitochondria with AA did not result in reduc-
tion in ATPase compared with mitochondria not treated with
AA. However, depletion of mitochondrial GSH in vivo
through treatment with BSO or in vitro through preincuba-
tion of mitochondria with EA led to a significant loss of
activity of both functional mitochondrial parameters in the
presence of AA (Fig. 6). Although in vivo BSO treatment
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Fig. 3. Production of DCF by AA at different levels of mitochondrial
GSH. A, In vitro depletion of GSH was accomplished through incuba-
tion of mitochondria with EA (250 um) or DEM (0.8 mm) for 15 min
followed by washing of mitochondria. B, /n vivo depletion was per-
formed by treating rats with BSO as described in Experimental Proce-
dures. Control, mitochondria not depleted of GSH. Inset, starting mi-
tochondrial GSH levels before incubation with AA. After GSH depletion,
mitochondria were incubated with AA (15 um) for 60 min, and DCF
fluorescence was determined as described in Experimental Proce-
dures. Results are given as mean * standard deviation of four cell
preparations. *, p < 0.05 versus control in the absence of AA. 1, p <
0.05 versus control in the presence of AA.

resulted in less quantitative mitochondrial GSH depletion
than in vitro incubation of mitochondria with DEM or EA, it
reached depletion below a critical level that resulted in al-
teration of mitochondrial function by AA. Similar results
were obtained when mitochondrial GSH depletion was in-
duced by DEM pretreatment in vitro (not shown). States 3
and 4 of mitochondrial respiration remained stable during
the 60-min incubation period, indicating that our results
regarding mitochondrial function were not the consequence
of nonspecific loss of mitochondrial functions (Table 1).
Increased production of ROS and activation of
NF-xB by AA treatment in GSH-depleted hepatocytes.
In isolated hepatocytes, selective depletion of either cytosolic
or both cytosolic and mitochondrial GSH can be accomplished
through incubation of cells with different doses of DEM (24).
Incubation of cells with 0.2 mM DEM resulted in a rather
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Fig. 4. Dependence of DCF production on mitochondrial GSH. A wide
range of mitochondrial GSH levels were achieved through in vitro
treatment of mitochondria with various doses of DEM or EA or through
isolation of mitochondria from rats pretreated with BSO. Mitochondria
were then incubated in the presence (filled symbols) and absence (open
symbols) of 15 um AA (3 nmol/mg protein) for 60 min, and DCF was
determined as described in Experimental Procedures. Solid line, fit to
the data by polynomial equation up to 3 nmol of GSH/mg protein and
1 nmol/mg protein and linearly from 3-56 nmol/mg protein and 1-5
nmol/mg protein for cells in the presence or absence of AA, respec-
tively. DCF in the presence of AA was statistically significantly greater
than in the absence of AA at all GSH concentrations.

selective depletion of cytosolic GSH by 80%, whereas the
mitochondrial pool of GSH was depleted by 20% of control
(Fig. 7). In contrast, 0.8 mM DEM led to 92% and 88% deple-
tion of cytosolic and mitochondrial GSH, respectively. Under
these circumstances, exposure of cells to AA increased the
fluorescence of DCF, an increase that was greater in cells
severely depleted of mitochondrial GSH (Table 2). This re-
sponse was accompanied by greater lipid peroxidation in the
form of MDA or loss of parinaric fluorescence and decrease in
complex IV of respiration during the incubation of cells with
AA. However, there was no significant change in cell viability
under these various conditions up to 60 min of incubation,
although extended incubation in the presence of AA indicated
a greater vulnerability of cells pretreated with 0.8 mmM DEM
compared with 0.2 mm DEM (Table 3). Blockade of complexes
I and II by rotenone and TTFA protected against killing of
cells by AA (Table 3).

Because NF-«B is a transcription factor that becomes ac-
tivated in the nucleus of cells exposed to prooxidant condi-
tions (9-12), we next investigated the activation of NF-xB in
response to AA in cells that were pretreated with DEM. First,
we determined the presence in cytosol of hepatocytes of an
inducible NF-«B. Activation of inactive cytosolic NF-«kB can
be achieved through treatment with detergents that dissoci-
ate IkB from the DNA-binding competent heterodimer. De-
oxycholate pretreatment of cytosol resulted in the presence of
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Fig. 5. AA-induced mitochondrial lipid peroxidation. Lipid peroxidation
was determined as MDA formed during 60 min of incubation of mito-
chondria with AA. See Fig. 3 legend for description of conditions used
to deplete GSH. Results are given as mean + standard deviation of four
cell preparations. *, p < 0.05 versus the absence of AA. {, p < 0.05
versus the corresponding value without AA.

a band detected by EMSA that was completely displaced
when binding assays were performed in the presence of a
molar excess of unlabeled NF-xB (Fig. 8A). We determined
the degree of activation of NF-«B by AA and the influence of
severe depletion of mitochondrial and cytosolic GSH versus
selective depletion of cytosolic GSH. Nuclear extracts of cells
pretreated with DEM were obtained after incubation with
AA for 10 min. AA treatment resulted in the presence of a
retarded band that was displaced by excess unlabeled NF-«B.
The pattern of activation of NF-xB by AA treatment of cells
preincubated with 0.2 mm DEM was greater than that in cells
not treated with DEM but less than that in cells pretreated
with 0.8 mM DEM (Fig. 8, B and C). The activation of NF-«xB
under these circumstances was paralleled by greater produc-
tion of DCF compared with cells not treated with DEM (Fig.
8D). Nuclear extracts from cells pretreated with rotenone
and TTFA before exposure to AA did not exhibit an increase
in DCF and activation of NF-xB (not shown).

We next determined the time course of activation of NF-xB
and DCF production by AA in response to DEM pretreatment
of hepatocytes. As seen in Fig. 9, nuclear extracts from cells
incubated with AA led to activation of NF-«kB that was max-
imal at 15 min of incubation with AA (Fig. 9A). However, the
addition of AA to cells that were preincubated with 0.8 mm
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Fig. 6. Effect of AA with or without GSH depletion on mitochondrial
function. ATPase activity (A) and complex IV respiration (B) were de-
termined in mitochondria pretreated with EA or BSO to induce in vitro
or in vivo GSH depletion as in Fig. 3. Results are given as mean *
standard deviation of three cell preparations. *, p < 0.05 versus the

absence of AA. 1, p < 0.05 versus the presence of AA in mitochondria
not depleted of GSH.

DEM resulted in earlier activation of NF-«xB, peaking at 5
min of incubation with AA. This pattern of activation was
mirrored by the increase in DCF by AA (Fig. 9B). In contrast,
Oct-1, a constitutive transcription factor, was not activated
in response to AA or GSH depletion (Fig. 9A). Interestingly,
the activation of NF-xB declined under both conditions at 30
min of incubation with AA, despite maintenance of increased
levels of DCF up to 30 min of incubation. Although the
specific pattern of activation of this transcription factor var-
ies among cell types, similar transient activation has been
obtained in other cell types exposed to prooxidants such as
hydrogen peroxide, lipopolysaccharide, or phorbol-12-my-
ristate-13-acetate (12, 33). This transient activation has also
been observed not only in relation to time but also in relation
to the dose of hydrogen peroxide exposure.

Discussion

Most oxygen consumption in mitochondria occurs at cyto-
chrome c oxidase, where dioxygen undergoes a four-electron
reduction to 2 molecules of water. In this process, dioxygen is
tightly bound to the heme group of cytochrome a3, and elec-
trons are transferred with no release of partially reduced
oxygen intermediates. The present studies are based on pre-
vious observations on isolated mitochondria showing that
molecular oxygen can undergo a one-electron reduction, with
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Fig. 7. Depletion of cytosolic or mitochondrial GSH of hepatocytes by
DEM. Hepatocytes were incubated with 0.2 or 0.8 mm DEM for 15 min.
Cells were then washed and fractionated into cytosol and mitochondria
(24). GSH was determined in either compartment by high performance
liquid chromatography. Results are given as percentage of untreated
control values. Numerical values refer to GSH levels expressed as
nmol/10® cells. Results are given as mean + standard deviation of five
cell preparations. p < 0.05 for cytosol depletion by 0.2 mm DEM versus
control hepatocytes.

formation of superoxide anion and hydrogen peroxide (5,
15-17). Recent studies have provided evidence that oxidative
phosphorylation is a source of oxygen radicals in both cell
suspension and intact organs, suggesting that mitochondrial
respiration might be an important contributor to the patho-
genesis of reperfusion injury (18-20). The results of the
present study have extended these previous reports to deter-
mine the importance of mitochondrial GSH in controlling
both mitochondrial and extramitochondrial functional conse-
quences of an oxidative stress arising in mitochondria as
generated by the interruption of mitochondrial respiration at
complex III. To our knowledge, there have been no previous
reports specifically aimed at this issue. Our results confirm
that the one-electron transfer of ubisemiquinone to oxygen at
complex III can induce endogenous oxidative stress in mito-
chondria because inhibition of complex III by AA results in
increased production of hydrogen peroxide. In addition,
blockade of other segments of the respiratory chain, such as
complexes I and II of respiration, not only did not result in
increased generation of ROS but also prevented the AA-
induced formation of hydrogen peroxide. This outcome is
similar to what has been previously reported for submito-
chondrial particles incubated with rotenone and antimycin
7).

Oxidative stress can be viewed as an imbalance between
prooxidants and antioxidants. Increased production of reac-
tive oxygen intermediates or decreased availability of the
defenses that detoxify and protect against them result in
endogenous oxidative stress. The GSH redox system is the
only way mitochondria can maintain a low steady state con-
centration of hydrogen peroxide, which is being constantly
formed as a result of mitochondrial respiration because mi-
tochondria from most cells do not contain catalase (4, 5, 14).
Our data clearly show that GSH within the mitochondrial
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TABLE 2

DCF, MDA, and complex IV respiration in hepatocytes treated with AA

Results were obtained after 60 min of incubation of cells (2 x 10° cells, 5 ml, Krebs-Henseleit buffer) with 15 um AA. Results are expressed as relative fluorescence
of DCF and nmol of MDA produced per 1 million cells. Compiex IV was measured polarographically by addition of ascorbate and TMPD as described in Experimental
Procedures. Initial values of GSH in cytosol and mitochondria achieved after preincubation of cells with DEM for 15 min are shown in Fig. 7. Initial values of DCF, MDA,
and complex IV are 789 + 123 fluorescence/10° cells, 0.010 + 0.001 nmol/10° cells, and 173 + 22 nmol O,/min/mg protein, respectively. Values in the presence of

AA are statistically different compared with absence of AA.

DCF MDA Complex IV
Condition
—AA +AA —AA +AA -AA +AA
Control 1989 *+ 312 9456 + 934 0.012 + 0.003 0.052 + 0.008 165 + 21 131 17
0.2 mm DEM 2876 + 437 11424 + 1032* 0.041 + 0.006 0.081 + 0.01* 148 + 18 119+ 16
0.8 mm DEM 5345 + 654 15676 + 1767° 0.062 + 0.008 0.189 + 0.02° 151 19 106 * 21°

Results are mean *+ standard deviation of three to five cell preparations.
# p < 0.05 versus control cells +AA.
®p < 0.05 versus 0.2 mm DEM cells +AA.

TABLE 3

Time-dependent viability of hepatocytes exposed to AA

Results represent viability determined by GST activity found in medium of cells
incubated with 15 um AA for the indicated period of time or by trypan blue
obtaining similar results. Starting GSH levels in cytosol and mitochondria are
shown in Fig. 7. Initial cell viability did not differ between different cell groups
87-91%.

60 min 120 min
Condition
+AA + rotenone +
-AA +AA -AA +AA TTFA
Control 867 82+6 80*x8 79*8 7787
0.2 mm 83*+*6 815 82*+8 62+7* 725
0.8 mm 817 79+7 757 44+7% 69 + 4

* p < 0.05 versus control cells +AA.
®p < 0.05 versus 0.2 mm DEM celis +AA.

matrix is critical not only in the direct detoxification of hy-
drogen peroxide but also in interrupting the sequence of
reactions that lead to hydroxyl radical formation from super-
oxide anion and hydrogen peroxide. In accord with this, our
results demonstrated that the availability of ROS generated
within the electron transport chain is controlled by matrix
GSH, so depletion of mitochondrial GSH below a critical
value results in significant potentiated production of ROS by
AA as reflected in DCF and production of lipid peroxidation
as MDA. However, despite direct evidence of production of
hydrogen peroxide in these circumstances, this species might
not be solely responsible for mitochondrial lipid peroxidation
and loss of functions because hydroxyl radicals or other hy-
drogen peroxide-derived oxidants might have been formed
through the participation of transition metals. In keeping
with this, we observed that pretreatment of mitochondria
with desferrioxamine before exposure to AA partially pre-
vented lipid peroxidation and loss of mitochondrial functions
without a significant effect on the production of DCF (not
shown).

Our observations with isolated mitochondria have been
confirmed in isolated hepatocytes. In addition, this system
allowed us to examine the relative importance of mitochon-
drial and cytosolic GSH pools when faced with hydrogen
peroxide production in mitochondria. Cells with marked de-
pletion of cytosolic GSH in the presence of an intact pool of
mitochondrial GSH show moderate consequences of oxidative
stress imposed by the generation of ROS within the mito-
chondria, as reflected in lipid peroxidation, production of
DCF, and activation of NF-kB, compared with cells not de-
pleted of GSH. However, these manifestations of oxidative
stress were markedly enhanced when the pool of mitochon-

drial GSH was diminished to <20% of control cells. Cells
depleted of mitochondrial GSH were much more sensitive to
the effects of excessive production of ROS, including lipid
peroxidation, loss of mitochondrial complex IV activity, and
activation of transcription factor NF-xB. In addition, in-
creased vulnerability of these cells was demonstrated by the
increased cell killing by AA when both mitochondrial and
cytosolic GSH levels were depleted compared with selective
depletion of cytosolic GSH. Hepatocytes not depleted of GSH
were fairly resistant to cell killing by AA. However, pro-
longed exposure of cells to AA alone eventually resulted in
cell killing at 2-3 hr compared with the absence of AA.
However, by 60 min of incubation of cells with AA, ATP levels
were lower (12.7 + 1.3 versus 21.4 + 3.7 nmol/106 cells)
compared with cells in the absence of AA, but this ATP
depletion was the same after preincubation with DEM to
deplete the mitochondrial pool of GSH. Thus, in this para-
digm, the loss of cell viability induced by AA might not
necessarily be due to limited ATP availability to support cell
functions but probably was caused by the mitochondrial ox-
ygen radical formation by complex III of respiration. Further-
more, blockade of complexes I and II prevented killing by AA
plus mitochondrial GSH depletion, which supports the criti-
cal role of excess hydrogen peroxide rather than impaired
ATP synthesis. These findings confirm and support the im-
portance of mitochondrial GSH in maintaining functional
competent mirochondrial and cell viability (24, 34-37). Al-
ternatively, contribution to the production of ROS by calcium
should also be considered because the inner mitochondrial
membrane may become very sensitive to the noxious effects
of calcium when the mitochondrial reducing power (GSH,
NADH) becomes limited (38, 39). However, this issue is re-
lated to the steps in cell killing that are enhanced by the
combination of AA and mitochondrial GSH depletion. Thus,
our data do not address whether the enhanced hydrogen
peroxide exerts its toxicity by promoting lipid peroxidation or
eliminating the reducing equivalents that modulate calcium
effects.

Our study has demonstrated a previously unrecognized
effect of mitochondrial oxidative stress and mitochondrial
GSH defense on transcription factor activation. Our data not
only provide evidence for the importance of GSH in main-
taining vital mitochondrial functions but also suggest that
GSH status in mitochondria may influence nuclear gene reg-
ulation. Oxygen intermediates may act as signal transducers
and represent a versatile cellular control mechanism for gene
regulation. Recent evidence has shown that activation and
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DNA binding of several transcription factors depend on the
cellular redox state (13, 40—42). Specifically, recent observa-
tions have shown that mitochondrial electron transport is
required for the activation of NF-xB and subsequent gene
induction by tumor necrosis factor-a. However, this study did
not address the role of mitochondrial GSH (40). Thus, be-
cause mitochondria are a major source of ROS in cells and
because GSH in mitochondria controls the basal tone of ROS
generated in the respiratory chain, mitochondrial GSH, by
controlling the availability of the ROS, may affect nuclear
gene regulation. We have shown that depletion of both cyto-
solic and mitochondrial GSH in hepatocytes results in
greater activation of NF-«xB than in cells depleted of only
cytosolic GSH. In the present study, GSH depletion of mito-
chondria produced oxidative stress that was insufficient to
impair mitochondrial function, and activation of NF-xB. AA
alone was able to produce sufficient oxidative stress to impair
mitochondrial function and activation of NF-«xB. Because
inhibition of complexes I and II prevented these effects of AA,
our results suggest that oxidative stress originating in mito-

Fig. 8. Induction of NF-«xB by
AA. Hepatocytes were treated
with AA for 10 min after preincu-
bation with DEM (0.2 mm and 0.8
mm). Starting GSH levels are
given in Fig. 7. A, EMSA of induc-
ible NF-xB. Cytosol was treated
with 1% sodium deoxycholate
before the addition of labeled oli-
gonucleotide probe for NF-xB. To
verify specificity of induction, the
binding mixture was incubated
with excess (100-fold) unlabeled
NF-«B. B, Activation of NF-xB by
AA is dependent on the starting
cytosolic and mitochondrial GSH
levels of hepatocytes treated with
AA. C, Fold induction of NF-xB by
AA from cells pretreated with
DEM. D, DCF formation of hepa-
tocytes incubated with AA. », p <
0.05 versus no AA. 1, p < 0.05
versus AA at 0.2 mm DEM. Re-
sults are given as mean * stan-
dard deviation of three cell prep-
arations.
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Fig. 9. Time-dependent increase

of NF-x<B by AA. Hepatocytes
- were incubated with AA with or
without pretreatment with DEM.
A, Representative EMSA using oli-
gonucleotide probe for NF-xB and
Oct-1. B, Time-dependent pro-
duction of DCF under the same
conditions. Results are given as
mean * standard deviation of
three cell preparations. *, p <
0.05 versus no AA.
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chondria was directly responsible for activation of NF-«B in
intact cells. Depletion of mitochondrial GSH markedly accen-
tuated the effect of AA on mitochondrial function and NF-«B.
Thus, in disease states and tissue injury where increased
oxidant stress occurs in mitochondria (e.g., ischemia-reper-
fusion, chronic ethanol ingestion, tumor necrosis factor-a-
induced cytotoxicity associated with inflammatory response,
programmed cell death; Refs. 24, 40, and 43—-46), mitochon-
drial GSH status will be critical in determining loss of mito-
chondrial function and cell viability as well as transcription
factor activation and gene regulation. Mitochondrial GSH
depletion will accentuate these effects, whereas repletion will
minimize them.
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