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ABSTRACT

It has been suggested that one key feature of mitochondrial permeability transition (PT) regulation is its con-
trol by the proton electrochemical gradient and that depolarization favors pore opening, swelling, and reac-
tive oxygen species (ROS) production. Moreover, ROS have been suggested to facilitate the process of mito-
chondrial PT pore opening. The aim of this study was to show that collapsing the mitochondrial membrane
potential with the mitochondrial uncoupler, carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP),
at concentrations of up to 10 pM, does not induce mitochondrial swelling and, in fact, stabilizes mitochondria
exposed to oxidant, protecting them from fert-butyl hydroperoxide (TBH)-induced high-amplitude swelling.
FCCP decreased polyethylene glycol-induced mitochondrial contraction following exposure to TBH, indicat-
ing closing of the PT mega-channel. In the presence of the calcium uniporter inhibitor ruthenium red, FCCP
induced PT due to suppression of calcium efflux. Under PT-favorable conditions, ROS production was evalu-
ated in mitochondria following treatments with TBH, inorganic phosphate, or FCCP (with or without ruthe-
nium red). FCCP alone and in combination with ruthenium red attenuated mitochondria-derived ROS pro-
duction. FCCP also decreased the augmented ROS production induced by inorganic phosphate. It is
concluded that mitochondrial depolarization protects and prevents high-amplitude swelling and PT-derived
ROS production. Antioxid. Redox Signal. 4, 647-654.

INTRODUCTION

after matrix calcium accumulation (14). Although the PT can
be favored by a large series of heterogeneous compounds and
conditions, it is generally agreed that it is mediated by the

IN ADDITION TO THEIR CRITICAL FUNCTION IN ENERGY METAB-
opening of a cyclosporin A (CsA)-sensitive complex channel

OLISM, mitochondria are known to regulate cell viability as

well as cell death (4, 12, 20, 21, 28). Four interrelated mito-
chondrial pathways have been suggested to facilitate cell
death: (a) mitochondrial permeability transition (MPT) and
the release of cell death apoptotic-promotion factors; (b) cy-
tochrome ¢ release by proapoptotic members of the BCL-2
family of proteins (16); (c) disruption of ATP production, and
(d) alteration of the cell’s redox status and production of reac-
tive oxygen species (ROS) (8, 11, 22,23,29, 32).

The permeability transition (PT) is an increase in the inner
mitochondrial membrane’s permeability most easily observed

(31, 36).

Dissipation of the mitochondrial membrane potential is a
hallmark of cell- death processes. This has been suggested to
occur in both apoptosis and necrosis (21). It has been sug-
gested that one key feature of MPT regulationis its control by
the proton electrochemical gradient and that the pore is mod-
ulated by the transmembrane electrical potential difference
(where depolarization favors pore opening) (2, 24, 31). Evi-
dence that pore opening is voltage-controlled in intact iso-
lated mitochondria is largely based on the effects of the
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protonophoric uncoupler carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone (FCCP), whereas other uncouplers have not
been reported to induce PT (3).

Despite the evidence in the literature of MPT-promoting
properties of FCCP, some articles have suggested that mito-
chondrial uncoupling by FCCP prevents cellular apoptosis
(33). FCCP did not induce cytochrome ¢ release and cell
death in MHI1C1 rat hepatoma cells, whereas arachidonic
acid, another PT inducer, did (25). Recently, it has been re-
ported that in mitochondria isolated from livers of healthy
fasted rats, opening of the pore by active permeability agents
such as inorganic phosphate (P;) and the oxidant fers-butyl
hydroperoxide (TBH) is associated with cytochrome c¢ release
into the supernatant of the suspensions; such release was not
induced by exposure to an uncoupler (15).

ROS (TBH, peroxynitrite) have been suggested to facilitate
the process of MPT pore opening (9, 19, 35). In addition, ele-
vation in the production of endogenous mitochondrial ROS
was demonstrated in P-induced PT (17). However, it is still
not clear whether ROS are the effectors of PT or are simply
the released product of several PT inducers. In a recent publi-
cation, induction of MPT was shown not to be facilitated by
ROS as demonstrated by several antioxidants, which were un-
able to prevent PT (27).

One theory suggests that during uncoupling, the electron
transport chain works more efficiently. The increase in effi-
ciency leads to less leakage of electrons and therefore much
lower ROS generation (5-7), obscuring the mechanism by
which FCCP or lower membrane potential promotes pore
opening.

It has therefore become critical to: (a) to evaluate the role
of membrane potential during PT pore opening and (b) the
role of ROS production in the induction of PT pore opening;
(c) explore further the mechanism of elevated endogenous
mitochondrial ROS production during the progress of P;-
induced PT; and (d) to search for common denominators ex-
plaining the PT effect of all inducers.

MATERIALS AND METHODS

Materials

Materials were obtained from the following sources: cal-
cium chloride, rotenone, potassium hydrogen phosphate,
FCCP, ruthenium red (RR), p-hydroxyphenylacetic acid
(p-HPAA), and horseradish peroxidase (HRP) (Sigma, Re-
hovot, Israel); mannitol, sucrose, HEPES, EDTA, succinate,
and TBH (Aldrich Chemical Co., Rehovot, Israel); polyethyl-
ene glycol 5000 monomethyl ether (PEG) (Fluka Chemie AG,
Rehovot, Israel); dichlorodihydrofluorescein (H,DCF), and
MitoTracker Orange CMTMRos (Molecular Probes, Eugene,
OR, US.A)).

Animals

Male Sprague-Dawley rats (4 months old and ~250 g) re-
ceived food and water ad libitum. They were kept in plastic
cages with wire tops in a room with controlled lighting. All
animal experiments and handling protocols were approved by
the ethics committee of the Faculty of Agricultural, Food and
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Environmental Quality Sciences, The Hebrew University of
Jerusalem.

Isolation of rat liver mitochondria (RLM)

After an overnight fast, animals were anesthetized and
killed by decapitation. Livers were removed with scissors and
immediately immersed in ice-cold 210 mM mannitol, 70 mM
sucrose, 5 mM HEPES, pH 7.35 (MSH buffer) containing
1 mM edta. Livers were freed of fat and connective tissue, cut
to pieces with scissors, and homogenized in 60 ml of
MSH/EDTA buffer per liver using a glass homogenizer with a
Teflon pestle. Mitochondria were then isolated in MSH buffer
by a conventional differential centrifugation method (30).

Standard incubation procedure

Isolated mitochondria (0.5-1 mg of protein/ml) were incu-
bated at ambient temperature with calcium (60 pwmol/mg of
mitochondral protein) with stirring, in a buffer consisting of
210 mM mannitol, 70 mM sucrose, 5 mM HEPES, pH 7.4.
5 mM succinate was used as a substrate in the presence of
2 wM rotenone. Rotenone was added to succinate-energized
mitochondria to prevent pyridine nucleotide oxidation by the
electron-transfer chain during incubation and the PT treat-
ments. Following the incubation, different treatments were
applied as indicated in the figure legends.

ROS measurements

Intramitochondrial ROS were detected using H,DCF (34).
H,DCF was selected for mitochondrial ROS measurements
because (a) the probe is lipophilic, can cross membranes, and
can be loaded and activated (deacetylated) inside the mito-
chondria, and (b) the probe is not positively charged and its
accumulation by mitochondria is not dependent on the mem-
brane potential. Mitochondria were resuspended and incu-
bated with H,DCF (25 wM) for 10 min at room temperature.
For the detection of ROS at the single mitochondrion level,
fluorochrome-loaded mitochondria were excited using a
488-nm argon-ionlaser in a flow cytometer (FACSort, BD). The
dichlorofluorescen (DCF) emission was recorded at 530 nm.
Data were collected from at least 50,000 mitochondria.

Production of peroxides was also evaluated by following
total DCF fluorescence in the mitochondrial suspension using
a microfluorometer plate reader (GENios, Tecan, Austria).

Determination of mitochondrial hydrogen
peroxide (H,0,) release (extramitochondrial
H,0,-like activity)

The release of H,0, from isolated mitochondria was ob-
tained using p-HPAA, which, when used as a substrate, is
converted by HRP to a fluorescent compound in the presence
of H,0,: 0.1 mM p-HPAA and 10 U/ml HRP at room temper-
ature were used (13, 33).

Determination of mitochondrial
membrane potential

Mitochondrial membrane potential was detected by flow
cytometry (FACSort). For this assay, the membrane potential-
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sensitive fluorescent probe MitoTracker Orange CMTMRos
was used, at the following fluorescence settings: excitation at
488 nm and emission at 575 nm (FL2 channel). Isolated mito-
chondria (1 mg) were stained with 0.5 pM CMTMRos,
samples were exposed to various treatments as described in
the figure legends and analyzed for membrane potential
Under the experimental conditions used in this article, Mito-
Tracker Orange CMTMRos did not induce any significant
mitochondral high-amplitude swelling (data not shown). The
probe was found to be highly sensitive to changes in the
energy status of the mitochondria.

Swelling and treatment with PEG,,,

Mitochondrial swelling was measured by the drop in A,
using a Spectronic Unicam spectrophotometer. Mitochondria
were incubated in the standard incubation medium at 0.5 mg
of mitochondrial protein/ml. PEG,, (38 mM, 300 mOsmol)
dissolved in water was added to mitochondral solution at a
ratio of 2 to 3 (26) in order to induce mitochondrial contrac-
tion. Mitochondrial contraction was immediately followed at
OD

540°

Calcium measurements

Calcium efflux and influx were monitored with an
Orion Ca?+ ion selective electrode (Orion Research Inc.,
Beverly, MA, U.S.A.). Mitochondria were incubated in the
standard incubation medium with constant stirring at 1 mg
of protein/ml.

Respiration control

Isolated mitochondria (0.5 mg of protein/ml) were incu-
bated at ambient temperature. Mitochondrial oxygen con-
sumption was measured polarographically using a computer-
ized Clark-type oxygen electrode.

Statistics

The results shown are representative of a series of at least
three experiments. Comparisons between multiple groups
were made by analysis of variance; p < 0.05 was considered
statistically significant.

RESULTS

FCCP-induced MPT in the presence
and absence of RR

Collapsing the RLM membrane potential with the mito-
chondrial uncoupler, FCCP, at concentrations of up to 10 wM
did not induce mitochondrial swelling (Fig. 1A). In fact, the
treatment stabilized the mitochondria against high-amplitude
swelling. Only when adding the calcium uniporter inhibitor
RR at concentrations of 2 uM did the mitochondria become
resensitized to FCCP-induced swelling: FCCP at concentra-
tions as low as 0.2 wM induced rapid swelling, and at 10 pM
FCCP, the combined effect with RR was further potentiated.
RR alone did not induce high-amplitude swelling (Fig. 1A).
CsA (1 wM) potently inhibited the observed swelling (Fig. 1B),
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FIG. 1. Swelling induced by FCCP in the presence or

absence of RR. Swelling was monitored at OD,,: (A) RR
(2 wM) was added 20 s before the FCCP as MPT-inducing
treatment. (B) CsA (1 wM) prevents PT pore opening by FCCP
(10 wM) in the presence of RR. CsA was added to the mito-

chondrial incubation medium.

confirming that the combined treatment of FCCP and RR fa-
cilitated PT via opening of the mega-channel.

The mechanism by which RR promotes FCCP-dependent
swelling is unclear. It has been hypothesized that inhibition of
calcium efflux may contribute to the observed swelling. Mea-
surement of calcium efflux from mitochondria revealed that
RR significantly slows calcium release in mitochondria
treated with FCCP (uncoupled mitochondria). Mitochondrial
calcium retention in the presence of RR under depolarization
conditions was observed in the presence of both low and high
concentrations of FCCP (Fig. 2).

Protection by FCCP against oxidative stress

RLM loaded with calcium were exposed to oxidative
stress. TBH (250 wM) promoted extensive swelling (Fig. 3A).
FCCP added to the RLM after the exposure to oxidative stress
prevented mitochondrial swelling in a dose-dependent fash-
ion. At a concentration of 0.2 wM, FCCP attenuated the rate
of occurrence and magnitude of the swelling, and at 10 wM,
FCCP completely prevented TBH-induced swelling (Fig. 3A).
In agreement with previous reports, CsA potently prevented
TBH-induced swelling, confirming PT pore opening by the
oxidant (data not shown). Following swelling, PEG was
added to the mitochondrial solution. PEG induced shrinkage
of the mitochondria due to removal of water through the open
pore (Fig. 3B). Addition of FCCP, 2 min and 12 min after
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FIG. 2. Effect of RR and FCCP on calcium efflux. (A) Ef-
fect of low concentration of FCCP (0.2 wM): the experiments
were performed using 2 uM RR followed by 0.2 wM FCCP.
(B) Effect of high concentration of FCCP (10 uM).

TBH, attenuated the PEG-induced mitochondrial contraction,
indicating that FCCP facilitated closing of the PT pore
(Fig. 3B).

Measurements of calcium-retention capacity showed that
FCCP potently releases calcium from the mitochondria,
whereas in the absence of an uncoupler, calcium was retained
in the matrix during swelling (up to 350 s after TBH); at 550 s
after TBH, most calcium had left the matrix and swelling was
significantly attenuated (Figs. 3A and 4A).

Calcium efflux was found to be redox-sensitive. A syner-
gistic effect was observed when a low concentration of
0.2 wM FCCP was used in combination with TBH. Treatment
of mitochondria with TBH for 1 min prior to the addition of
FCCP resulted in an almost twofold increase in the amount of
calcium released from the mitochondria (Fig. 4B).

Evaluation of mitochondrial
ROS generation during MPT

Oxidant treatment in mitochondria has been suggested to
instigate the opening of the mega-channel. Total fluorescence
was used to monitor ROS production. An analysis of the ef-
fects of FCCP in the presence or absence of RR indicated in-
hibition of endogenous mitochondrial ROS production during
the MPT (Fig. 5A and B). Treatment with an uncoupler
slowed ROS production relative to the untreated control
(Fig. 5A and B). In addition to the effect of FCCP on
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calcium-loaded mitochondria undergoing PT (state 4 respira-
tion), FCCP attenuated ROS production in mitochondria in
state 3 respiration (data not shown). Using P, another PT-
inducing treatment, elevation in endogenous mitochondrial
ROS production was observed. In the presence of FCCP, the
augmented ROS production in P-treated mitochondria was
completely abrogated (Fig. 5C).

In addition to total fluorescence measurements, the oxida-
tion status in the mitochondrial matrix was evaluated di-
rectly, using a flow cytometer. The isolated RLM showed
rapid kinetics of DCF (the oxidized form of H,DCF) accu-
mulation in the matrix (data not shown). The different MPT-
inducing treatments were then compared. The results of the
total fluorescence reading (spectrofluorometer) reflected the
oxidation status in the RLM matrix. P, induced stronger ma-
trix oxidation, whereas FCCP + RR suppressed the produc-
tion of ROS (Fig. 6). TBH was used as a positive control and,
indeed, such treatment elevated ROS in the RLM matrix
(Fig. 6).

Alteration in membrane potential and

mitochondrial respiration

All MPT-inducing treatments depolarized the mitochon-
dria relative to untreated control. However, a high residual
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FIG. 3. Protective effect of FCCP against oxidants.
(A) Swelling effect: FCCP was added after exposure to
250 wM TBH. (B) PEG,,, induced contraction of mitochon-
dria treated with 250 wM TBH in the presence or absence of
FCCP. TBH was added as in A, and FCCP was added where in-
dicated 2 min and 12 min after the TBH.
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FIG. 4. Effect of TBH and FCCP on calcium efflux.
(A) The experiments were performed using MPT-inducing
treatment of 250 wM TBH in the presence or absence of FCCP
(10 wM) that was added after the TBH. (B) Calcium efflux:
synergistic effect of oxidant (250 wM TBH) with FCCP.

membrane potential was observed in mitochondria treated
with either TBH or P,. These treatments resulted in partially
polarized membranes, whereas FCCP (0.2 uM) + RR further
depolarized them (Fig. 7A). Control of mitochondria treated
with FCCP (10 wM) were used to demonstrate loss of mem-
brane potential without PT.

As P, was the one PT-inducing treatment that elevated en-
dogenous mitochondrial ROS, mitochondrial oxygen con-
sumption was monitored. An evaluation of oxygen consump-
tion kinetics in mitochondrial respiration, in the absence of
ADP, showed that both FCCP and P, uncouple mitochondria
and allow rapid oxygen consumption of all dissolved oxygen
(Fig. 7B).

Effects of phosphate and TBH

Treatment with oxidant (TBH) consistently promoted less
swelling than did P, (Fig. 8A). The effect of P, was faster and
more potent than that of pure oxidant in RLM isolated from
the same animal (Fig. 8 A). According to extramitochondrial
calcium measurements, TBH-induced swelling came to a halt
following the calcium’s release to the incubation medium. In
contrast, P, high-amplitude swelling was not accompanied by
extensive mitochondrial calcium release (Fig. 8B). High con-
centrations of FCCP were unable to prevent P,-induced
swelling although FCCP totally prevented the effect of Pi
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augmenting ROS production (Fig. 5C.). However, FCCP at-
tenuated the swelling amplitude (Fig 8C). FCCP did not in-
duce calcium efflux from P, treated mitochondria (data not
shown).
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FIG. 5. Mitochondrial ROS (peroxide) production: regu-
lation by FCCP, RR and P,. (A) ROS accumulation kinetics:
H,DCF (25 pM) was used as an oxidation-sensitive probe.
FCCP (10 pM) and RR (2 pM) were added as MPT-inducing
treatments, and the production of ROS was compared with
controls. (B) ROS accumulation kinetics: HRP (10 U/ml) and
p-HPAA (100 wM) were used as oxidation-sensitive probes.
FCCP (10 pM) and RR (2 pM) were added as MPT-inducing
treatments, and the production of ROS was compared with
controls. (C) Effect of P, (20 mM): Mitochondria were loaded
with H,DCF. FCCP (10 pM) prevented the augmented P-
dependent ROS production. *Significantly different compared
with control (p < 0.05). 2Significantly different from P -treated
mitochondria (p < 0.05).
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FIG. 6. Intramitochondrial ROS production measure-
ments, effect of P, FCCP + RR, and TBH. P, (20 mM), TBH
(250 wM), or FCCP (0.2 pM) + RR (2 wM) was added as MPT-
inducing treatments, and the production of ROS was compared
with controls. Mitochondria were then loaded with 25 pM
H,DCF for 10 min and analyzed by flow cytometer. Fluores-
cence emission was monitored at the FL1 channel, and data
were collected from 50,000 mitochondria. *Significantly dif-
ferent compared with controls (p < 0.05).

DISCUSSION

Collapsing mitochondrial membrane potential has been
reported to promote calcium efflux from mitochondria, and
this was suggested to facilitate mitochondrial damage (1).
Here we show that mitochondria can protect themselves via
this mechanism. In the presence of the calcium-uptake in-
hibitor RR, low membrane potential instigates PT pore open-
ing. Slow calcium release in the presence of RR indicates that
this calcium-uptake inhibitor can prevent such efflux under
depolarization conditions, thereby facilitating PT.

Depolarization of the mitochondrial membrane prevented
oxidant-induced swelling by closing the PT pore. FCCP could
afford protection when added after exposure to oxidative
stress. Therefore, attenuated membrane potential under ox-
idative stress may permit the mitochondria to regulate
swelling by releasing calcium. Introducing a small amount of
FCCP together with an oxidant exacerbated calcium release.
This interesting observation implies that mitochondria ex-
posed to oxidative stress are more receptive to low membrane
potential-dependent calcium release.

Mitochondria are considered a major cellular source of
ROS (6, 10). Increased mitochondrial ROS leakage was mon-
itored in the presence of P, (17, 18). Here we show that ROS
production is potentiated by P,. FCCP suppressed such ROS
production, but did not prevent P-induced high-amplitude
swelling. The kinetics of ROS production lagged behind the
P.-dependent PT pore opening. Therefore, ROS, although ca-
pable of instigating PT (TBH effect), cannot serve as the rate-
limiting component in the process, but rather is a by-product
of the P-induced PT. To understand the mechanism by which
P, treatment elevates mitochondrial ROS, oxygen consump-
tion and membrane potential were measured. P, had the same
uncoupling effect as FCCP (accelerated oxygen consumption
in the absence of ADP) as monitored by RLM oxygen con-
sumption in the presence of high residual mitochondral
membrane potential. This demonstrates that higher mem-
brane potential during PT pore opening in conjunction with
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accelerated electron flow favors the generation of ROS. In-
deed, FCCP completely abrogated the ROS-production effect
of P.

Conclusion

The data presented in this article demonstrate the follow-
ing: (a) Low membrane potential attenuates high-amplitude
swelling and prevents mitochondrial ROS production during
PT pore opening. (b) High membrane potential during P.-
induced swelling and respiration uncoupling explain the ob-
served increase in ROS production. (¢) PT-induced swelling
can be exacerbated independently of endogenous mitochon-
drial ROS production. (d) The presence of calcium in the ma-
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FIG. 7. Mitochondrial membrane potential and respira-
tion control. (A) Membrane potential: mitochondria were in-
cubated with 0.5 wM of the membrane potential-sensitive
probe CMTMRos, and membrane potential was evaluated
5 min after MPT treatment by flow cytometer. Fluorescence
emission was recorded at FL2, and data were collected from
50,000 mitochondria. P, (20 mM), FCCP (0.2 pM) + RR
(2 wM), or TBH (250 wM) was added as MPT-inducing treat-
ments, and the membrane potential was compared with control.
FCCP (10 uM) was used as control for complete mitochondrial
depolarization (right column). *Significantly different com-
pared with control (p < 0.05). 2Significantly different from
P-treated mitochondria (p < 0.05). (B) Mitochondrial respira-
tion: the incubation medium contained MSH buffer, pH 7.4, to
a final volume of 2.5 ml. Mitochondria (0.5 mg of protein/ml)
were used; 5 mM succinate, 2 wM rotenone, and Ca2*
(60 nmol/mg of protein) were then added (substrate). Both
0.2 wM FCCP and 20 mM P, induced accelerated mitochon-
drial respiration (treatment).


http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260220157&iName=master.img-005.png&w=215&h=111
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260220157&iName=master.img-006.png&w=228&h=280

DEPOLARIZATION AND PERMEABILITY TRANSITION

Cca® MPTindlcing

Treatment Lils,

600 800 1000 1200 1400
Time (see)

0 200 400

Mitochondria

0.025 4
0.02 1

0.0154
; Treatment

0.01-
0.005 4 J Pi

-0.003

(mM)

TBH

Caletum cone

o
i

600 800 1000 1200 1400
Time (sec)

0 200 400

MPT induci

treatment Pi+FCCP

0 200 400 600 800 1000 1200 1400

Time (sec)

FIG. 8. Effect of TBH and Pi on PT pore opening. (A)
Swelling effect monitored at OD,,,: TBH (250 wM) or P,
(20 mM) was added as MPT-inducing treatments. (B) Calcium
efflux: experiments were performed using the same MPT-
inducing treatment as in A. (C) Swelling effect monitored at

OD,,,: 10 pM FCCP and 20 mM P, were used (MPT-inducing

540°
treatment).

trix is an obligatory component for the progression of high-
amplitude swelling, because with both P, and RR (in the pres-
ence of FCCP), calcium is retained in the matrix during mito-
chondrial swelling and the effect of TBH is prevented by
FCCP-induced calcium release.

Perspective for redox signaling

As mitochondria are one of the most important cellular
sources of ROS production, during programmed cell death at-
tenuation of membrane potential might lead to low ROS gen-
eration. For example, during receptor-mediated apotosis, in-
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hibition of ROS production and low mitochondrial membrane
potential were observed by us (unpublished observations).
Such a redox imbalance (low ROS) may alter redox-signaling
processes that are oxidant-dependent and vital to the cell fa-
cilitating process of cell death.
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ABBREVIATIONS

CsA, cyclosporin A; DCEF, dichlorofluorescein; FCCP, car-
bonyl cyanide p-(trifluoromethoxy)phenylhydrazne; H,DCF,
dichlorodihydrofluorescein;H,0,, hydrogen peroxide; p-HPAA,
hydroxyphenylacetic acid; HRP, horseradish peroxidase; MPT,
mitochondrial permeability transition; P,, inorganic phosphate;
PEG, polyethylene glycol 5000 monomethyl ether; PT, per-
meability transition; RLM, rat liver mitochondria; ROS, reac-
tive oxygen species; RR, ruthenium red; TBH, tert-butyl
hydroperoxide.
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