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1 The mitochondrial respiratory chain produces reactive oxygen species (ROS) during normal
electron transport. Despite producing ROS, mitochondria are vulnerable to oxidative stress.
Mitochondrial dysfunction has been associated with many degenerative diseases, making it important
to identify compounds that protect mitochondria from ROS-mediated toxicity. Here we report that
ciclopirox (CPX) blocks H2O2-induced mitochondrial injury by maintaining mitochondrial
transmembrane potential (Dcm).

2 CPX completely blocked H2O2-stimulated release of lactate dehydrogenase (a marker of cell death)
and decrease in MTT reduction (a marker of mitochondrial function) in adenocarcinoma SK-HEP-1
cells.

3 H2O2 rapidly depolarized the Dcm, and CPX blocked this H2O2-stimulated Dcm decrease. Similar
data were obtained in experiments using mitochondria isolated from rat liver.

4 Furthermore, CPX effectively inhibited H2O2-induced mitochondrial permeability transition pore
(MPTP) opening. In de-energized mitochondria, however, CPX did not inhibit Ca2þ -evoked MPTP
opening, indicating that CPX is not a direct inhibitor of the MPTP.

5 Oxygen consumption studies showed that in the presence of pyruvate and malate CPX restored the
rate of state 3 to state 4 respiration decreased by H2O2. Consistent with this, CPX replenished ATP
levels lowered by H2O2.

6 The present results indicate that CPX protects SK-HEP-1 cells from H2O2 cytotoxicity by
inhibiting Dcm decrease and indirectly preventing MPTP opening.
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Introduction

The mitochondrial respiratory chain is a rich source of reactive

oxygen species (ROS) (Boveris et al., 1972; Loschen et al.,

1974). While passing through the mitochondrial electron

transport chain, some electrons leak out and interact with

oxygen molecules to form O2
� that is quickly dismutated to

H2O2 by mitochondrial manganese superoxide dismutase

(Fridovich, 1986). Under normal physiological conditions,

the concentration of H2O2 in cells remains low through the

actions of catalase and glutathione peroxidase. However,

H2O2 can accumulate in some pathological states despite

the presence of these enzymes (Hyslop et al., 1995; Auerbach

and Segal, 1997; Cadenas & Davies, 2000) and is associated

with cell damage. The Fenton reaction converts H2O2 to the

highly toxic hydroxyl radical.

Although mitochondria produce ROS, they are also

vulnerable to oxidative stress (Hyslop et al., 1988). Mitochon-

drial dysfunction is associated with many human diseases

and aging (Shigenaga et al., 1994). When complex I of the

respiratory chain is suppressed, oxidative stress induced by

H2O2 can lower and destroy the mitochondrial transmembrane

potential (Dcm) (Chinopoulos et al., 1999; Zhuang et al.,

2000). This Dcm collapse may be a critical event in cell injury

during ischemia and Parkinson’s disease (Murakami et al.,

1998; Schapira, 1998). Among enzymes involved in the Krebs

cycle, aconitase may be the most sensitive to H2O2 (Tretter &

Adam-Vizi, 2000), and inhibition of a-ketoglutarate dehydro-
genase (KGDH) and succinate dehydrogenase (SDH) by the

oxidant also limits the amount of NADH available to the

respiratory chain (Nulton-Persson & Szweda, 2001). H2O2
opens mitochondrial permeability transition pores (MPTP) in

the inner membrane (Madesh & Hajnoczky, 2001; Takeyama
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et al., 2002), and this is strongly associated with release of

apoptogenic factors (Hirsch et al., 1998; Crompton, 1999).

Dcm depolarization facilitates MPTP opening Petronilli et al.

(1993); Bernardi (1992). Upon consumption of ROS, intact

mitochondria are required for reactivation of KGDH and

SDH that have been inactivated by H2O2 (Nulton-Persson &

Szweda, 2001). Therefore, mitochondria must remain intact

for cells to overcome cytotoxicity caused by H2O2 and other

oxidants.

Recently, we reported that ciclopirox (CPX), a well-

established synthetic antifungal agent (Bohn & Kraemer,

2000), protected astrocytes from peroxynitrite toxicity by

inhibiting peroxynitrite-induced mitochondrial dysfunction

(Choi et al., 2002). Our preliminary experiments showed

that CPX effectively blocked H2O2-induced injury/death in

the adenocarcinoma cell line SK-HEP-1. Using SK-HEP-1

cells and isolated rat liver mitochondria preparations, in

the present study we demonstrate that CPX does not directly

inhibit the MPTP but prevents H2O2-induced MPTP opening

and cell death by inhibiting Dcm decrease. Further delineation

of the mechanisms underlying CPX action would provide

a new clinical approach for inhibiting cytotoxicity caused by

H2O2 or other oxidants via protection of mitochondrial

function.

Methods

Cell culture and measurement of lactate dehydrogenase
(LDH) release and MTT reduction

SK-HEP-1 cells were grown on 100-mm dishes in DMEM

supplemented with 10% heat-inactivated fetal bovine serum

(GIBCO/BRL), at 371C in a humidified atmosphere contain-

ing 5% CO2. Cell death was assessed by morphological

examination of cells using phase-contrast microscopy and

quantified by measuring the activity of LDH released into the

medium. Cell viability was also determined by MTT assay.

In brief, cells were added to MTT (5mgml�1 in PBS) and

incubated at 371C for 2–3 h. The resulting dark blue crystals

were dissolved with an equal volume of isopropanol containing

40mM HCl. Absorbance was determined at a test wavelength

of 570 nm and a reference wavelength of 630 nm using a

Microplate reader (SpectraMax 340pc, Molecular Devices,

CA, U.S.A.).

Measurement of ATP

The level of intracellular ATP was measured using a method

previously described (Tombaugh & Sapolsky, 1992) with

slight modification. Briefly, cells were lysed with 10%

trichloroacetic acid, sonicated for 1min on ice, and added

with 2mM EDTA and 2mgml�1 bovine serum albumin (BSA).

After centrifugation, the supernatant was collected, neutra-

lized with 4N KOH and the ATP content determined using

a luminescence detection kit (Molecular Probes, Eugene,

OR, U.S.A.).

Measurement of Dcm in cells

Cells in culture medium were loaded with JC-1 (1.0 mgml�1;
Molecular Probes) for 20min at 371C. Depolarization of

Dcm was assessed by measuring fluorescence intensities at

530 and 590 nm emission wavelengths using a fluorescence

microplate reader (SpectraMax GeminiXS, Molecular

Devices, CA, U.S.A.). During measurements, cells were

maintained at 371C and protected from light. Fluorescence

intensity was measured every 15min or 30min. All fluorescent

measurements were corrected for autofluorescence, which was

determined in cells not loaded with JC-1. Autofluorescence

was constant throughout the experiment. In control experi-

ments, no photobleaching was observed during fluorescence

monitoring.

Isolation of liver mitochondria

Mitochondria were isolated from livers of male (220–280 g)

Sprague–Dawley rats (Charles River Breeding Lab, Seoul,

Korea). Rats were starved overnight before killing. All steps of

the mitochondria isolation were carried out on ice and in a

cold medium containing 0.25M sucrose, 2mM Kþ -EDTA, and

3mM HEPES, adjusted to pH 7.4 with KOH. The tissue was

washed, minced and homogenized on ice using a ground-glass

homogenizer. The homogenate was centrifuged at 600� g for

10min and the supernatant collected and centrifuged for

20min at 8000� g. The subsequent mitochondrial pellet

washed in EDTA-free medium and used in experiments.

Mitochondrial protein concentration was determined by the

Bradford (1976) method using BSA as the standard.

All experimental procedures using animals were in accor-

dance with the NIH Guide for the Care and Use of Laboratory

Animals and were approved by the Committee of Ewha

Women’s University College of Medicine.

Measurement of Dcm in isolated mitochondria

Dcm in isolated mitochondria was measured according to the

method described previously (Emaus et al., 1986). Mitochon-

dria (0.5mg protein) were incubated in 2ml buffer containing

150mM sucrose, 5mM MgCl2, 5mM succinate, 2.7mM rote-

none, 0.2mM rhodamine 123 (Molecular Probes), 2mM Ca2þ ,
50mM potassium phosphate, and 20mM HEPES (pH 7.4). The

fluorescence intensity was measured at 371C for 10min using a

Shimadzu spectrofluorophotometer RF-5301PC (Shimadzu,

Kyoto, Japan). Cyclosporin A (CsA, Sigma, St Louis, MO,

U.S.A.) and other inhibitors were added to the buffer prior to

addition of mitochondria.

Measurement of MPTP opening in isolated mitochondria

MPTP opening was assessed by measuring mitochondrial

swelling under energized and de-energized conditions, as

described previously (Halestrap et al., 1997). Mitochondrial

swelling was determined spectrophotometrically (Shimadzu

UV-2401PC, Kyoto, Japan) by measuring absorbance changes

at 540 nm. Mitochondria (0.5–1mg protein) were incubated

at 251C under energized conditions in 2ml medium containing

213mM mannitol, 70mM sucrose, 3mM HEPES (pH 7.4),

10mM succinate, and 1 mM rotenone. When required, de-

energization was achieved by incubating in KSCN buffer

(150mM KSCN, 20mM MOPS, 10mM Tris, 0.5mM rotenone,
0.5mM antimycin, pH 7.4). CsA and other inhibitors were

added to the buffer prior to addition of mitochondria.
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Determination of sucrose entry into the mitochondria

MPT after H2O2 treatment was also investigated by [U-
14C]

sucrose accumulation in mitochondria, as described before

(Al-Nasser and Crompton, 1986). A mitochondrial suspen-

sion (0.5ml) was transferred to test tubes containing H2O2
(final concentration¼ 200 mM), [U-14C]sucrose (0.6 mCiml�1;
Amersham Biosciences, Seoul, Korea) and CPX (10 mM)
in a final volume of 1ml of buffer A (130mM KCl, 10mM

HEPES, 5mM MgCl2, 2mM potassium phosphate, 5mM

potassium succinate, 10mM glutamate, 5mM L-malate,

2mgml�1 essentially fatty-acid free BSA, pH 7.2). Aliquots

(200ml) were withdrawn at the times indicated in the

figures, incubated for 30 s with ice-cold 0.25M sucrose,

5mM Mops, 5mM EGTA and 1.5mM CyA, filtered through

Millipore filters (0.45 mm pore size) under a vacuum, and

rinsed three times with the same buffer. The radioactivity

remaining on the filters was counted by liquid-scintillation

spectrometry.

Measurement of mitochondrial oxygen consumption

Mitochondrial oxygen consumption was measured polar-

ographically using a Clark-type oxygen electrode (Yellow

Springs Instrument Co., Yellow Springs, OH, U.S.A.).

Mitochondria (1mgml�1) were added to 1.5ml medium

containing 0.25M sucrose, 10mM potassium phosphate,

5mM MgCl2, 20mM KCl, 20mM Tris-Cl (pH 7.4), and 1mM

EDTA. All assays were performed at 251C. A measure of

10mM glutamate plus 5mM malate, or 5mM pyruvate plus

5mM malate, were used to quantify complex I-dependent

respiration, while 3.3mM succinate was used to quantify

complex II-dependent respiration. The respiratory control

ratio (RCR) was the ratio of the rates of state 3 (with

300 mM ADP and substrate) to state 4 (with substrate only)

respiration. The state 4 respiration was measured after the full

consumption of ADP.

Measurement of H2O2

The concentration of H2O2 was measured spectrophotome-

trically at 546 nm by the peroxidase-catalysed conversion of

4-aminophenazone to a pink-colored substance (Ioannidis

& de Groot, 1993). Cells were incubated with 1mM H2O2
for indicated times at 371C. After 15min, the concentration

of H2O2 in supernatants (20 ml) was measured by adding
1ml reaction mixture composed of 10 parts solution A (4.2mM

3,5-dichloro-2-hydroxybenzenesulphonic acid, dissolved in

MOPS buffer (50mM MOPS, 50mM KCl, pH 7.4)) and 1

part solution B (33mM 4-aminophenazone and 2.3Uml�1

peroxidase (final activity)).

Assay of aconitase activity

Aconitase activity was determined after exposure of liver

mitochondria to various experimental conditions using a

previously described method (Hausladen & Fridovich, 1996)

with slight modification. Mitochondria (0.05mgml�1 in 50ml

Tris–HCl, pH 7.4) were sonicated for 30 s. Aconitase activity

was determined as the rate of NADP reduction (340 nm,

e¼ 6200M�1 cm�1) by isocitrate dehydrogenase following

addition of 2mM sodium citrate, 0.4mM NADPþ , and

1.25U/ml isocitrate dehydrogenase (Sigma) to sonicated

mitochondria.

Statistical analysis

Data are expressed as the mean7standard error of mean
(s.e.m.) and analysed for statistical significance using ANOVA

followed by Scheffe’s test for multiple comparison. A P-value

o0.05 was considered significant.

Results

CPX inhibits H2O2 cytotoxicity

H2O2 induced release of LDH from SK-HEP-1 cells in a time-

and concentration-dependent manner (Figure 1a), and this

release was completely blocked by CPX (Figure 1b). H2O2
significantly decreased MTT reduction (a marker of mito-

chondrial function) prior to inducing LDH release (Figure 2a).

This decreased MTT reduction was completely prevented by

CPX (Figure 2a and b).
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Figure 1 LDH release in SK-HEP-1 cells. (a) H2O2 stimulates
LDH release in a time- and concentration-dependent manner. (b)
CPX inhibits H2O2 (1mM)-induced LDH release. LDH levels were
determined after 12 h exposure to H2O2. All data are expressed as a
percent of total LDH and represent the mean7s.e.m. N¼ 4.
*Po0.05, ***Po0.001: (Scheffe’s test) significantly different from
the levels of LDH release in the cells treated with 1mM H2O2 in the
absence of CPX.
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CPX blocks H2O2-stimulated Dcm decrease and MPTP
opening

As MTT is reduced by mitochondrial reductases, MTT

reduction is likely to be related to mitochondrial function

(Mosmann, 1983). We further examined the effect of H2O2 on

mitochondrial function by studying the Dcm using the Dcm-

sensitive fluorescent dye JC-1. H2O2 concentration-depen-

dently decreased the Dcm prior to release of LDH (Figure 3).

The H2O2-induced Dcm depolarization was completely

blocked by CPX (Figure 3). This effect of CPX might not be

due to interference with JC-1 fluorescence, because the spectral

properties of JC-1 were not changed by CPX (data not shown).

Using mitochondria isolated from rat liver, we further

examined whether CPX acted directly on mitochondria. Under

energized conditions, H2O2 rapidly depolarized Dcm, and

CPX concentration-dependently blocked this depolarization

(Figure 4). Mitochondrial depolarization was previously

reported to facilitate MPTP opening (Bernardi, 1992; Petro-

nilli et al., 1993). In the present study, trapping of [U-14C]su-

crose within the mitochondrial matrix was employed to assess

pore formation. The mitochondrial membrane pore formation

was induced by adding H2O2 and then resealed using EGTA

and CyA. We found that CPX concentration-dependently

blocked the entry of [U-14C]sucrose into mitochondria

(Figure 5).

CPX is not a direct inhibitor of the MPTP

Our preliminary mitochondrial swelling experiments showed

that at a concentration (1mM) used here H2O2 alone did not

induce the MPTP opening but promotes the MPTP opening
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Figure 2 MTT reduction in SK-HEP-1 cells. (a and b) CPX
prevents H2O2-induced inhibition of MTT reduction in time (a)- and
concentration (b)-dependent manners. MTT reduction in (b) was
measured after 3 h exposure to H2O2. Data represent the mean7
s.e.m. N¼ 4. *Po0.05, **Po0.01, ***Po0.001: (Scheffe’s test)
significantly different from the levels of MTT reduction in the cells
treated with 1mM H2O2 in the absence of CPX.
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caused by 20 mM Ca2þ . CPX effectively inhibited Ca2þ -

induced MPTP opening facilitated by H2O2 (Figure 6a). CsA

(1 mM) and NEM (10 mM) completely blocked H2O2-facilitated
MPTP opening (Figure 6b). We further confirmed the

inhibitory effect of CPX or CsA on the MPTP opening using

[14C]sucrose: thus, mitochondrial entrapment of [14C]sucrose

caused by 200 mM or 1mM H2O2 and 20 mM Ca2þ was largely
blocked by CPX (3 mM) and CsA (1 mM) (data not shown).
Under de-energized conditions, however, MPTP opening

caused by 60mM Ca2þ alone was not altered by CPX, but

completely inhibited by CsA (Figure 7). This finding indicates

that CPX is not a direct inhibitor of the MPTP.

CPX restores the rate of state 3 to state 4 respiration
decreased by H2O2

Previously, H2O2 was shown to alter mitochondrial respiration

(Sims et al., 2000). Mitochondrial respiration is normally

divided into several states, with state 3 respiration coupled to

ATP synthesis and state 4 respiration not coupled to ATP

synthesis. Thus, the rate of state 3 to state 4 respiration (RCR)

can be used to evaluate the functional health of mitochondria.

When the complex II substrate succinate was used, H2O2 did

not change the RCR (data not shown). However, when

complex I substrates glutamate or pyruvate plus malate were

used, H2O2 reduced both RCR values. CPX partially restored

the RCR diminished by H2O2 in the presence of pyruvate and

malate, but not in the presence of glutamate plus malate

(Table 1). To avoid influence of cytochrome c and NADþ

leakage through H2O2-induced pore opening, we further

performed the RCR experiments in the presence of 50mM
cytochrome c and 1mM NADþ . Inclusion of cytochrome c

and NADþ , however, did not recover RCR decreased by H2O2
(data not shown).

CPX inhibits aconitase inactivation by H2O2

Previously, assessment of electron transport chain complexes

and Krebs cycle enzymes revealed that aconitase, KGDH and

SDH were susceptible to H2O2 inactivation (Janero &

Hreniuk, 1996; Tretter & Adam-Vizi, 2000; Nulton-Persson

& Szweda, 2001). As we found that CPX inhibited the RCR

change by H2O2 only in the presence of pyruvate and malate,

we investigated the inhibitory effect of CPX on aconitase, not

KGDH and SDH, inactivated by H2O2. Consistent with our

previous data, we found that CPX largely protected aconitase

from inactivation by H2O2 (Figure 8).

CPX restores the level of ATP decreased after H2O2

treatment

We measured time-dependent changes in H2O2 concentration

following its addition to cell cultures. H2O2 was very stable

in cell-free culture medium, whereas the concentration of

H2O2 rapidly decreased in SK-HEP-1 cell cultures (Figure 9a).

Initially, H2O2 rapidly reduced intracellular ATP levels, with

levels decreasing 85% after 10-min exposure to 1mM H2O2
(Figure 9b). Cotreatment of CPX could not inhibit the initial

decrease of ATP levels but gradually restored ATP levels.

Pretreatment with CPX for 1 h before H2O2 treatment also did
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S.J. Lee et al CPX protects H2O2-evoked Dwm decrease 473

British Journal of Pharmacology vol 145 (4)



not prevent the initial depletion of ATP, indicating that the

lack of effect of CPX on the initial ATP depletion in the

previous experiments was not due to slow permeation of CPX.

Discussion

In pathophysiological conditions, H2O2 will be continuously

generated and its level remains high above normal conditions.

Hyslop et al. (1995) reported that a significant rise in striatal

H2O2 levels was observed for about 1 h during reperfusion

after middle cerebral artery occlusion, amounting to an

increase of approximately 100mM at the peak. As shown in

Figure 8, in the present study the level of H2O2 added

exogenously was rapidly decreased below 100mM within an

hour in cultured cells possibly by the activity of cellular

catalase. Although speculative, therefore, the concentrations

of H2O2 used in the present study may be within the range of

concentrations that occur in some pathological states.

Mitochondria dysfunction is one of the prominent features

of ROS-mediated cell death. Oxidative stress including H2O2
depolarizes the Dcm by inhibiting the activities of Krebs cycle

enzymes (Chinopoulos et al., 1999; Zhuang et al., 2000).

Oxidative stress can also facilitate Ca2þ -evoked MPTP open-

ing, possibly by oxidizing thiols (Madesh & Hajnoczky, 2001;

Takeyama et al., 2002). In order to protect mitochondria from

oxidant-mediated injury, these two distinct, but interactive,

events Dcm depolarization and MPTP opening should be

inhibited. In the present study, CPX protected SK-HEP-1

cells from H2O2 cytotoxicity mainly by inhibiting the Dcm

depolarization and indirectly the MPTP opening.

In general, maintaining intact mitochondria is very im-

portant for survival of cells exposed to oxidative stress. Our

present study shows that in energized mitochondria exposed

to H2O2 CPX inhibits the MPTP opening, as assessed by

measuring mitochondrial [U-14C]sucrose trapping (Figure 5)

and swelling (Figure 6). Our preliminary electromicroscopy

studies also showed that CPX completely blocked mitochon-

drial enlargement caused by in energized mitochondria
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Table 1 Effect of ciclopirox on H2O2-treated mitochondrial respiratory activity

Treatment Respiratory activity
Pyruvate plus malate Glutamate plus malate

State 3 State 4 RCR State 3 State 4 RCR
(ng O2/min/mg protein) (ng O2/min/mg protein)

No addition 508731.0 160714.3 3.2670.24 12397219.0 168724.7 7.2970.63
200mM H2O2 404731.0 237718.9* 1.7470.16* 14467292.8 284733.3* 4.9470.44*
10mM CPX+H2O2 456728.0 198715.9 2.3370.11** 17387372.7 344762.1 4.9970.43
3mM CPX+H2O2 465735.3 198720.7 2.4070.14** 14847225.4 284753.6 5.2070.13
0.3mM CPX+H2O2 376751.1 19475.1 1.9270.25 14467225.0 310766.7 5.1070.44
10mM CPX 467730.6 157710.2 2.9770.31 13107221.7 201717.4 6.5270.54
3mM CPX 423733.7 161711.0 2.6470.19 12767198.2 196720.3 6.5170.75
0.3mM CPX 416740.1 156713.7 2.7170.28 13097201.9 167720.6 7.8470.63

*Po0.05; significantly different compared with the corresponding ‘No addition’ control. **Po0.05; significantly different compared with
the corresponding ‘200mM H2O2’ control.
States 3 and 4 respiration rates were measured using 10mM glutamate plus 5mM malate or 5mM pyruvate plus 5mM malate as substrates.
H2O2 was added to the incubation mix immediately after addition of the mitochondria and CPX was added to the incubation mix before
addition of the mitochondria. Values are shown as mean7s.e.m. for four separate experiments.
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Figure 8 CPX inhibits H2O2-induced inactivation of aconitase.
Intact mitochondria were incubated in the absence or presence of
200 mM H2O2 or 3 mM CPX. Aconitase activity was measured after
incubation with H2O2 and CPX for 5min. In the control samples
the activity of aconitase was 15.371.76 nmolmin�1mg�1 protein,
and this value was deemed 100% activity. Enzyme activities are
expressed as percent of control. Data represent mean7s.e.m. of five
separate experiments, and were analyzed for statistical significance
using analysis of variance (ANOVA), followed by Scheffe’s test for
multiple comparison. *Po0.05: compared with the group treated
with H2O2 alone.
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exposed to H2O2 (J.-J. Choi & W.-K. Kim, unpublished

observations). H2O2 was reported to inactivate Krebs cycle

enzymes such as aconitase, KGDH and SDH (Janero &

Hreniuk, 1996; Tretter & Adam-Vizi, 2000; Nulton-Persson &

Szweda, 2001). After removal of H2O2 by cellular catalase and

other antioxidant enzymes, normal mitochondrial function

requires Krebs cycle enzymes to recover their activity. There-

fore, aconitase regaining its activity in the presence of CPX

may contribute to the normal mitochondrial function.

In this study CPX initially and rapidly increased the basal

MTP level (Figure 3). Previously, we found that the MPTP

blocker CsA also similarly increased the basal MTP level (Ju

et al., 2000). Results obtained both in intact cells (Ichas et al.,

1997) and in isolated mitochondria (Hueser et al., 1998) also

suggested basal MPT activity under resting conditions that the

pore opens transiently and reversibly (Petronilli et al., 1999),

contributing to propagation of electrical and calcium signals

(Ichas et al., 1997). Transient and reversible openings of the

MPT might thus result in some change in MTP, which would

not have any detrimental effect on cell viability (Petronilli

et al., 1999). Like CsA, therefore, CPX is thought to block

the basal openings of the MPTP. We are currently investigat-

ing which exact molecular targets in mitochondria are

modified by CPX. Understanding the exact mechanism for

the regulation of MPTP opening by CPX should provide

the basis for therapeutic strategies in the hypoxia/ischemia-

related diseases.

Mitochondria exposed to abnormally high levels of

Ca2þ become nonselectively permeable to small molecules

(o1500Da). The sensitivity of mitochondrial permeability to
Ca2þ level is markedly enhanced by oxidative stress, low Dcm

and adenine nucleotide depletion (Bernardi, 1992; Petronilli

et al., 1993; Halestrap et al., 1997). In contrast, MPTP opening

is prevented by high Dcm and low pH (Bernardi, 1992;

Petronilli et al., 1993; Bernardi et al., 1994). In the present

study, CPX did not inhibit Ca2þ -evoked mitochondrial

swelling in de-energized mitochondria, indicating that CPX

is not a direct inhibitor of the MPTP. Thus, the inhibitory

effect of CPX on the MPTP opening by H2O2 in energized

mitochondria is thought due to its maintaining or even

hyperpolarizing the Dcm.

CPX has been clinically used as an antifungal agent, and

its action may involve disruption of fungus membrane function

(Jue et al., 1985). In addition to its antifungal activity,

CPX also has significant antibacterial activity via targeting

different metabolic (respiratory) and energy-producing

processes (Bohn & Kraemer, 2000). CPX was shown to

impair microbial metabolism by affecting mitochondrial

electron transport processes in the course of energy produc-

tion. However, our present and previous (Choi et al., 2002)

studies demonstrate that CPX prevents H2O2- and peroxyni-

trite-induced impairment of mitochondria in SK-HEP-1 cells

and murine astrocytes. More studies are needed to determine

how CPX affects microbial and mammalian mitochondria

differently.

Recently, we reported that CPX did not scavenge H2O2,

hydroxyl radicals (HO), NO, peroxynitrite (ONOO�) or O2
K�

(Choi et al., 2002). Thus, the inhibitory effect of CPX on H2O2-

induced Dcm depolarization is not simply caused by scaven-

ging oxidants. This may also explain why CPX was not able to

inhibit the initial depletion of ATP (see Figure 7) and GSH

(data not shown) in H2O2-treated cells.

In summary, CPX protects mitochondria in H2O2-treated

cells mainly by inhibiting Dcm depolarization. CPX inhibits

inactivation of aconitase by H2O2 and, although speculative,

indirectly reactivates H2O2-inactivated KGDH and SDH by

keeping mitochondria intact. Unlike the well-known mito-

chondria protectors CsA and bongkrekic acid that do not

readily permeate the cell membrane, CPX readily enters cells

to prevent H2O2-stimulated mitochondrial injury. Defining the

exact mechanism (including target molecules) underlying CPX

inhibition of Dcm depolarization and Krebs cycle enzymes

inactivation may provide the basis for treatment of hypoxia/

ischemia-related diseases.
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levels were determined in cell-free culture media (open triangle) and
cell cultures (closed triangle). (b) ATP concentrations were
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