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Abstract Cardiolipin peroxidation plays a critical role in mito-
chondrial cytochrome c release and subsequent apoptotic pro-
cess. Mitochondrial pore transition (MPT) is considered as an
important step in this process. In this work, the effect of perox-
idized cardiolipin on MPT induction and cytochrome c release in
rat heart mitochondria was investigated. Treatment of mitochon-
dria with micromolar concentrations of cardiolipin hydroperox-
ide (CLOOH) resulted in a dose-dependent matrix swelling,
DW collapse, release of preaccumulated Ca2+ and release of
cytochrome c. All these events were inhibited by cyclosporin A
and bongkrekic acid, indicating that peroxidized cardiolipin be-
haves as an inducer of MPT. Ca2+ accumulation by mitochon-
dria was required for this effect. ANT (ADP/ATP
translocator) appears to be involved in the CLOOH-dependent
MPT induction, as suggested by the modulation by ligands and
inhibitors of adenine nucleotide translocator (ANT). Together,
these results indicate that peroxidized cardiolipin lowers the
threshold of Ca2+ for MPT induction and cytochrome c release.
This synergistic effect of Ca2+ and peroxidized cardiolipin on
MPT induction and cytochrome c release in mitochondria, might
be important in regulating the initial phase of apoptosis and also
may have important implications in those physiopathological sit-
uations, characterized by both Ca2+ and peroxidized cardiolipin
accumulation in mitochondria, such as aging, ischemia/reperfu-
sion and other degenerative diseases.
� 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Mitochondria play a central role in the apoptosis induction.

Release of cytochrome c from mitochondria is considered a

critical, early event in the induction of apoptosis cascade that

ultimately leads to programmed cell death [1,2]. Calcium is
Abbreviations: ANT, adenine nucleotide translocator; Atr, atractyl-
oside; BKA, bongkrekic acid; CSA, cyclosporin A; CLOOH, cardio-
lipin hydroperoxide; RR, ruthenium red
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considered as an important trigger for the release of cyto-

chrome c from mitochondria [3,4]. The currently recognized

mechanism for Ca2+-induced cytochrome c release from mito-

chondria involves opening of the permeability transition pore

[5,6]. Pore transition results in a dramatic drop in the mito-

chondrial transmembrane electrical potential, osmotic swelling

of the mitochondrial matrix, rupture of the outer mitochon-

drial membrane and release of intermembrane proapoptotic

proteins, such as cytochrome c, apoptosis inducing factor

(AIF) and Smac-DIABLO. The MPT is thought to occur after

the opening of a putative channel complex, located at the mito-

chondrial site and consisting of modified and assembled inner

and outer membrane components, including the ADP/ATP

translocator, cyclophillin D, the voltage dependent anion

channel (VDAC) and hexokinase [5,6]. Recently, doubt has

been cast on the role of adenine nucleotide translocator

(ANT) as an essential component of MPT, because mitochon-

dria isolated from livers of ANT-knock-out mice appear capa-

ble of undergoing MPT [7]. However, these data have been

questioned by Halestrap [8].

Cardiolipin, a phospholipid localized almost exclusively

within the inner mitochondrial membrane, is emerging as an

important factor in the regulation of many mitochondrial bio-

energetic processes, including electron transport, inner mem-

brane supermolecular assembly, anion transport, efficient

ATP synthesis, binding of cytochrome c and the function of

multiple other mitochondrial inner membrane enzymes (for re-

view see [9]). Cardiolipin is also emerging as an important

player in the control of the mitochondrial phase of apoptosis

[10–14].

MPT appears to be accompanied by a burst of ROS and this

phenomenon is proposed to be involved in the autoamplifica-

tion phase of MPT. ROS production can cause oxidative dam-

age of cardiolipin changing its physical and functional

properties. In fact, either because of its content of unsaturated

fatty acids (around 90% represented by linoleic acid) or be-

cause of its location in the inner mitochondrial membrane,

near to the sites of ROS production (mainly complexes I and

III of the respiratory chain), cardiolipin molecules are particu-

larly susceptible to peroxidative attack by oxyradicals [15].

Oxidative damage to cardiolipin would negatively impact the

biochemical function of the mitochondrial membranes, alter-

ing membrane fluidity, ion permeability, surface charge, pas-

sive electric properties, membranous enzyme activity in
blished by Elsevier B.V. All rights reserved.
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various physiopathological conditions [16–18]. Involvement of

peroxidized cardiolipin in the mitochondrial permeability tran-

sition was recently suggested [19].

The present study was undertaken to provide a more defin-

itive understanding of the role of peroxidized cardiolipin as a

possible inducer of MPT and to gain information of its

mechanism of action. The results indicate that micromolar

concentrations of peroxidized cardiolipin could enhance

Ca2+-dependent permeability transition and cytochrome c re-

lease in rat heart mitochondria. ANT appears to be involved

in this processes, as suggested by the modulation exerted by

ANT ligands and inhibitors.
2. Materials and methods

2.1. Preparation of mitochondria
Rat heart mitochondria were isolated in an ice cold medium contain-

ing 250 mM sucrose, 10 mM Tris–HCl, 1 mM EGTA, pH 7.4, by
differential centrifugation of heart homogenates essentially as previ-
ously described [17]. Mitochondrial pellet was resuspended in
250 mM sucrose, 10 mM Tris–HCl pH 7.4 and stored in ice.

Mitochondrial protein concentration was measured by the biuret
method, using serum albumin as standard.

2.2. Standard incubation procedure
Mitochondria were incubated at 25 �C in a standard reaction med-

ium containing 150 mM sucrose, 50 mM KCl, 5 mM Tris (pH 7.4),
10 lM EGTA, 1 mM Pi, 2 mM pyruvate and 5 mM malate, with con-
tinuous stirring. CL and CLOOH were added to mitochondria dis-
solved in methanol. Other additions are indicated in the figure legends.

2.3. Measurement of Ca2+ flux
Changes in the concentration of free extramitochondrial Ca2+, due

to movement of the ion across the inner mitochondrial membrane,
were followed spectrophotometrically at 675–685 nm in the presence
of 50 lM Arsenazo III [20], as a free Ca2+ indicator, with an HP
8453 diode array spectrophotometer.

2.4. Measurement of mitochondrial membrane potential
The membrane potential of intact heart mitochondria was measured

following the safranine O fluorescence quenching at 525 nm (excita-
tion), 575 nm (emission) with a Jasco FP-750 spectrofluorometer.
Freshly isolated mitochondria (0.5 mg protein) were suspended in
3 ml of the standard reaction medium in the presence of 8 lM safra-
nine O and the formation of membrane potential was induced by the
addition of 2 mM pyruvate and 5 mM malate as substrates.

2.5. Mitochondrial swelling
Changes in absorbance of rat heart mitochondria were monitored

spectrophotometrically at 540 nm with an HP 8453 diode array spec-
trophotometer.

2.6. Detection of cytochrome c release
Cytochrome c content in the supernatant was determined by using a

5 mm C4 reverse-phase column (150 · 4.6 mm) on an HP series 1100
HPLC chromatograph. A gradient of 20% acetonitrile in water with
trifluoroacetic acid (0.1% vol:vol) to 60% acetonitrile in water with tri-
fluoroacetic acid (0.1% vol:vol) over 12 min with a flow rate of 1 mL/
min was used. Absorption at 393 nm was used. To improve the sensi-
tivity of the method, the supernatants were supplemented with bovine
serum albumin (BSA) to a final concentration of 25 lM [21]. The
amount of cytochrome c was quantitated by the peak area derived
from integrating the chromatographic peak.

2.7. Preparation of peroxidized cardiolipin
Cardiolipin oxidation was carried essentially as reported by Pari-

nandi [22]. Bovine heart cardiolipin (25 mg) was suspended in 5 ml
of buffered saline medium (0.15 M NaCl, pH 7.4) with vigorous vor-
texing. The milky suspension was sonicated with a Branson sonifier
(mod. 250) for 5 min. The resultant vesicular preparation was flushed
for 2 min with 100% oxygen gas, tightly sealed and kept at 37 �C for
20 h. Cardiolipin was extracted, dissolved in methanol and phosphorus
content was estimated as described previously [23].

2.8. Analysis of peroxidized cardiolipin
Peroxidized cardiolipin was analyzed by the HPLC method [17] and

monitored at 206 and 233 with a diode array detector. Non-oxidized
cardiolipin was used as internal standard. Normal non-oxidixed cardi-
olipin showed a single specific absorbance peak at 206 nm, without
absorbance at 233, while peroxidized cardiolipin showed a small peak
at 206 nm and a large peak a 233 nm, indicating the formation of con-
jugated dienes. The amount of conjugated dienes was calculated using
e233 = 25.2 mM�1 cm�1 as described by Buege and Aust [24].

2.9. Cardiolipin hydroperoxide (CLOOH) assay
The level of CLOOH was measured by the FOX2 method using the

peroxide-mediated oxidation of ferrous ion in the presence of xylenol
orange [25]. The FOX2 reagent was composed of 100 lM xylenol or-
ange, 4.4 mM butylated hydroxytoluene, 25 mM sulfuric acid and
250 lM ammonium ferrous sulfate. Peroxidized cardiolipin was solubi-
lized in 100 ll of methanol and incubated with 900 ll of FOX2 reagent
for 30 min at room temperature. The amount of CLOOH was calcu-
lated using e560 of 4.52 · 104 M�1.
3. Results

In the first series of experiments, the response of isolated rat

heart mitochondria to peroxidized cardiolipin was examined

(Fig. 1A). Addition of micromolar concentrations of CLOOH

to heart mitochondrial suspension, respiring with pyru-

vate + malate and supplemented with 30 lM Ca2+, caused a

concentration-dependent change in the apparent absorbance

that is indicative of large amplitude swelling (traces b–d).

The maximal rate and extent of swelling was obtained at

2 lM CLOOH (trace d). This effect of peroxidized cardiolipin

could not be replaced by intact non-oxidized cardiolipin (trace

a). No osmotic alteration was observed in the control curve

obtained in the presence of 30 lM Ca2+ or 2 lM CLOOH

alone (not shown).

As observable in Fig. 1B, the CLOOH-dependent swelling

was almost completely blocked by cyclosporin A (CSA) (trace

c) as well as by BKA (trace b), two typical inhibitors of MPT,

indicating that the CLOOH-dependent mitochondrial absor-

bance changes are indicative of MPT induction. The addition

of ruthenium red (RR), an inhibitor of mitochondrial Ca2+ up-

take, also prevented the CLOOH-induced absorbance changes

(trace d), suggesting that Ca2+ entry into mitochondria is nec-

essary for the induction of MPT by CLOOH. The addition of

dithiothreitol (DTT) had practically no protective effect

against CLOOH-induced swelling. This minimizes the possibil-

ity that CLOOH-dependent MPT induction resulted from an

oxidative reaction at the level of critical thiol groups.

The effect of ANT ligands and inhibitors on the CLOOH-

dependent mitochondrial swelling was examined (Fig. 1C).

Both ATP (trace c) and ADP (trace b) exerted a strong inhib-

itory effect on the CLOOH-dependent swelling (trace a).

Atractyloside (Atr), an inhibitor of the ANT carrier, at con-

centration at which, per se, did not affect the permeability of

the mitochondrial membrane, stimulated the rate of the

CLOOH-dependent swelling (trace d).

To further demonstrate the induction of MPT by peroxi-

dized cardiolipin, experiments were carried out recording the

changes in the mitochondrial membrane potential (DW)
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Fig. 1. Mitochondrial swelling induced by peroxidized cardiolipin in rat heart mitochondria. Mitochondria (0.5 mg protein/3 ml) were incubated in
the standard reaction medium and supplemented with 30 lM Ca2+. (A) CLOOH, dissolved in methanol, was added at concentrations 0.5, 1, 2 lM
(traces b–d, respectively). Non-oxidized cardiolipin, dissolved in methanol, was added at 2 lM (trace a). Changes in mitochondrial volume were
monitored at 540 nm. (B) CLOOH was added at concentrations 2 lM in the absence (trace a) and in the presence of CSA 2 lM (trace c) or BKA
5 lM (trace b) or RR 1.5 lM (trace d) or dithiothreitol 1 mM (trace e). (C) CLOOH was added at concentrations 2 lM in the absence (trace a) and in
the presence of ADP 200 lM (trace b) or ATP 200 lM (trace c). Atr 30 lM was added 1 min before CLOOH (trace d). The traces shown are typical
of at least five similar experiments.
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(Fig. 2A). Mitochondrial DW was generated by the addition of

pyruvate + malate as substrates. The addition of 30 lM Ca2+

to mitochondria (trace a) resulted in a transient reduction in

DW, as Ca2+ uptake occurs via an electrophoretic uniporter

that draws upon the DW for active Ca2+ accumulation.

Approximately 3 min after the addition of Ca2+, DW recovered

back to its control level and remained stable for at least

10 min. The addition of CLOOH, 3 min after that of Ca2+,

caused a decrease in membrane potential (trace b), while the

addition of equimolar concentration of non-oxidized cardio-

lipin had practically no effect (trace e). When CLOOH was

added to mitochondria in the absence of Ca2+, no decrease

in membrane potential was observed (trace c). The mitochon-

drial depolarization induced by CLOOH + Ca2+ was pre-

vented by the addition of CSA (trace f) or BKA (trace d).

By using the Ca2+ indicator arsenazo III, we tested the abil-

ity of heart mitochondria to accumulate and retain Ca2+ in the
presence or in the absence of peroxidized cardiolipin (Fig. 2B).

Heart mitochondria, energized with pyruvate + malate and

incubated in the presence of 30 lM Ca2+, were able to accumu-

late and retain for at least 10 min almost all the Ca2+of the

medium (trace a). The addition of CLOOH, 3 min after Ca2+

addition, caused the release of the accumulated Ca2+ (trace

b). Non-oxidized cardiolipin could not replace peroxidized car-

diolipin in this effect (trace c). Inclusion of CSA (trace d) or

BKA (trace e) in the incubation medium, protected mitochon-

dria against the CLOOH-induced decrease in mitochondrial

Ca2+ accumulation.

As an additional index of MPT opening by peroxidized car-

diolipin, the release of cytochrome c from heart mitochondria

supplemented with oxidizable substrates pyruvate + malate,

was measured. For direct evaluation of cytochrome c release

from heart mitochondria, extramitochondrial cytochrome c

was analyzed by a new, very rapid and sensitive method based
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on reverse phase HPLC [21,26]. As shown in Fig. 3, the addi-

tion of 30 lM Ca2+ or 2 lM CLOOH alone, did not induce

significant cytochrome c release compared to control samples.

However, when Ca2+ and CLOOH were added together, the

amount of cytochrome c released from mitochondria was sig-

nificantly higher than that of the control sample. Similar re-

lease of cytochrome c was not observed in the presence of

non-oxidized CL and Ca2+ (not shown). The Ca2+/CLOOH-

dependent release of cytochrome c from mitochondria was

completely abolished by CSA, an inhibitor of MPT, as well

as by RR, which prevents Ca2+ influx into the mitochondrial

matrix by inhibiting Ca2+ uniporter.

In Fig. 4, the results of the effect of ANT ligands and inhib-

itors on Ca2+/CLOOH-induced release of cytochrome c in rat

heart mitochondria, are reported. ADP, ATP and BKA almost

completely inhibited this process, while Atr had no effect.
4. Discussion

An important mediator in the apoptotic cascade is the re-

lease of cytochrome c from the mitochondrion, leading to

the assembly of the apoptosome and activation of caspase.

Cytochrome c release is regulated by the Bcl2 family proteins,

and one possible target of these proteins in the cell is the mito-

chondrial permeability transition pore. The molecular nature
of this MPT and the precise mechanism by which it is linked

to cytochrome c release is still a matter of debate.

Cardiolipin is a significant player in the apoptotic cell death

program [27] and one of the major factor in the t-Bid-induced

destabilization of mitochondrial bioenergetics [28]. Cardiolipin

is believed to significantly contribute to the outer membrane

permeabilization and cytochrome c release during apoptosis.

A growing body of evidences indicate that oxidized cardiolipin

rather than non-oxidized cardiolipin is the real player in mito-

chondrial cytochrome c release [11,13,14,19]. The mechanism

by which oxidized cardiolipin may trigger cytochrome c release

from mitochondria and subsequent apoptotic process is still

not well understood.

The results presented in this study demonstrate that treat-

ment of rat heart mitochondria with micromolar concentrations

of peroxidized cardiolipin results in a concentration-dependent

matrix swelling, DW collapse, release of preaccumulated Ca2+

and release of mitochondrial cytochrome c. These effects were

not observed with non-oxidized cardiolipin. All these events

were inhibited by the endecapeptide immunosuppressant

CSA, a ligand of mitochondrial cyclophillin and BKA, an

inhibitor of the ADP/ATP carrier, both typical inhibitors of

MPT induction. Together these results indicate that peroxidized

cardiolipin behaves as an inducer of MPT.

Peroxidized cardiolipin alone did not induce pore opening,

nor cytochrome c release from mitochondria. Ca2+ accumula-
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tion by mitochondria was required for both these processes to

occur, as indicated by the inhibitory effect exerted by RR, an

inhibitor of the Ca2+ uniporter. It should be noted that the

level of Ca2+ used in these experiments did not, per se, induce

pore opening. Thus, it is conceivable that peroxidized cardio-

lipin lowers the threshold of Ca2+ for inducing MPT and/or

potentiates the effect of this cation in MPT opening. Interest-

ingly, the induction of pore opening in a similar manner, has

also been reported for other reactive lipid peroxidation prod-

ucts, including 4-hydroxynonenal [29] and 15-deoxy-D12-14-

prostaglandin J2 [30] and is another example of the ‘‘two

hit’’ hypothesis leading to pore opening [31].

The synergistic effect of Ca2+ and peroxidized cardiolipin on

the MPT induction, suggests that both these compounds play a
coordinated role in this process, by interacting with compo-

nents of MPT. The fact that the effect of peroxidized cardio-

lipin on the MPT induction is modulated by ligands and

inhibitors of ADP carrier, points to an involvement of this

protein system in this process. Cardiolipins were shown to be

tightly associated with ANT with a stoichiometry of 3 cardio-

lipins per protein monomer [32]. It was suggested that inter-

actions between two monomers of the ANT is mediated by

cardiolipins, which could stabilize the dimer and structure,

by controlling the conformational changes and participate

in triggering a concerted ADP/ATP exchange [33]. Oxidized

cardiolipin, by interacting with ANT, would destabilize the

appropriate conformation of this protein, favouring a con-

formation of ANT for opening of MPT pore. Bivalent cation

calcium could be involved in this transition. Indeed, it was pro-

posed by Brustovetsky and Klingemberg that the channel

opening in ANT is caused by binding of Ca2+ to the cardio-

lipin tightly bound to ANT [34].

Besides inducing MPT, oxidized cardiolipin, in the presence

of Ca2+, promotes also cytochrome release from mitochondria.

It is well established that cardiolipin molecules bind cyto-

chrome c to the outer surface of the inner mitochondrial mem-

brane [35]. Oxidized cardiolipin would induce cytochrome c

release from mitochondria, by disturbing the interaction of this

hemoprotein with non-oxidized cardiolipin, thus promoting

cytochrome c detachment from mitochondrial inner mem-

brane. Our results are compatible with the two-steps model

for cytochrome c release from mitochondria, whereby cardio-

lipin oxidation is required for both cytochrome c detachment

from the inner mitochondrial membrane and for MPT open-

ing, followed by the release of cytochrome c [13,15].

The synergistic effect of Ca2+ and oxidized cardiolipin in the

induction of MPT and in the release of cytochrome c from

mitochondria, might be important in regulating, together with
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other factors, the initial phase of apoptosis and also may have

implications in those physiological situations, characterized by

Ca2+ influx and accumulation of oxidized cardiolipin in mito-

chondria, such as aging, ischemia and reperfusion and other

degenerative diseases.
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