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Two Critical Factors Affecting the Release of Mitochondrial
Cytochrome c as Revealed by Studies Using
N,N′-Dicyclohexylcarbodiimide as an Atypical
Inducer of Permeability Transition
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N,N′-dicyclohexylcarbodiimide (DCCD) was earlier reported to have stimulatory effects on mito-
chondrial respiration and to induce mitochondrial swelling, when it was added to mitochondrial
suspensions. These data seem to imply that DCCD caused the mitochondrial permeability transition
(PT), but this possibility had never been investigated. In the present study, effects of DCCD on the
mitochondrial structure and function were studied in detail. DCCD was found to induce mitochon-
drial PT in a cyclosporine A-insensitive manner. Electron microscopic analysis also supported the
induction of the mitochondrial PT by DCCD. However, different from many other PT inducers,
DCCD failed to cause massive release of mitochondrial cytochrome c. To understand the relationship
between the induction of mitochondrial PT and the release of mitochondrial cytochrome c, we com-
pared the actions of DCCD on mitochondrial structure and function with those of Ca2+, known as an
ordinary PT inducer. As a result, two parameters considered to be critical for controlling the release
of mitochondrial cytochrome c on the induction of PT were mitochondrial volume and the velocity
of mitochondrial oxygen consumption.

KEY WORDS: N,N′-Dicyclohexylcarbodiimide (DCCD); mitochondria; permeability transition; apoptosis;
cytochrome c release.

INTRODUCTION

The inner mitochondrial membrane is highly re-
sistant for permeation of solutes and ions, because the
electrochemical gradient of H+ across the inner mem-
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brane is utilized as the driving force for ATP synthesis.
However, under certain conditions, such as in the pres-
ence of Ca2+ and inorganic phosphate (Pi), the perme-
ability of inner mitochondrial membrane is known to be
markedly increased. Today, this transition is referred to
as the permeability transition (PT), and is believed to re-
sult from the formation of a proteinous pore, PT pore,
which makes the mitochondrial membrane permeable to
various solutes and ions smaller than 1500 Da (for recent
reviews, see Gunter and Pfeiffer, 1990; Zoratti and Szabo,
1995; Bernardi, 1999). The physiological importance of

Key to abbreviations: CsA, cyclosporine A; DCCD, N,N′-
dicyclohexylcarbodiimide; PEG, polyethylene glycol; Pi, inorganic
phosphate; PT, permeability transition; SF6847, 3,5-di-tert-butyl-4-
hydroxy-benzylidene malononitrile; TEM, transmission electron mi-
croscopy; VDAC, voltage-dependent anion channel.
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the PT has long been uncertain; however, recent stud-
ies have revealed that cytochrome c is released from
mitochondria on the induction of the PT and that this
release then triggers subsequent steps of programmed
cell death, i.e., apoptosis (for reviews, see refs. Vander
Heiden and Thompson, 1999; Kroemer and Reed, 2000;
Bernardi et al., 2001). Thus, the PT is considered to be
one of the major regulatory steps of apoptosis. However,
the molecular features of the PT pore are still uncertain.
Furthermore, the question as to how the release of cy-
tochrome c is effected by the induction of the PT is also
still obscure. Thus, for an understanding of how the re-
lease of mitochondrial cytochrome c is regulated, mea-
surement of such release from isolated mitochondria un-
der various experimental conditions would seem to be very
important.

N,N′-dicyclohexylcarbodiimide (DCCD), a chemi-
cal generally used for the formation of peptide bonds, is
known to be reactive with various side chains of amino
acids such as carboxyl groups and sulfhydryl groups,
when it is added to an aqueous solution of proteins (for
review, see Azzi et al., 1984). Thus, when DCCD is
added to a mitochondrial suspension, chemical modifi-
cation of several proteins would be expected to occur,
resulting in changes in the functions of particular ones
(Azzi et al., 1984). Of these effects, the most well stud-
ied is the effect of DCCD on FoF1-ATPase. DCCD is
known to inhibit FoF1-ATPase by covalent modification
of subunit c in Fo. Chemical modifications of other mi-
tochondrial proteins such as porin, which exists in the
outer mitochondrial membrane (De Pinto et al., 1985,
1993; Nakashima et al., 1986; Nakashima, 1989), and
those of the respiratory complex (Azzi et al., 1984), have
also been reported. In addition to these effects, DCCD
was also shown to accelerate mitochondrial respiration
and mitochondrial swelling (Chavez et al., 1990). The
effects of DCCD on mitochondrial structure and func-
tion were similar to those of Ca2+; however, the mech-
anisms by which DCCD causes these effects are still
uncertain.

In this study, we characterized the detailed ef-
fects of DCCD on mitochondrial structure and func-
tion. As a result, DCCD was found to cause a PT
that could be distinguished from the ordinary PT in-
duced by Ca2+ by a difference in either cyclosporine
A (CsA) sensitivity or the size of the PT pore formed.
Thus DCCD was concluded to be an atypical PT in-
ducer. Interestingly, the PT induced by DCCD was not
accompanied by any significant change in the release
of mitochondrial cytochrome c. Based on these results,
critical parameters controlling cytochrome c release are
discussed.

MATERIALS AND METHODS

Materials

DCCD and polyethylene glycol (PEG) were pur-
chased from Wako Pure Chemical Industries, Ltd.
(Osaka) and Nacarai Tesque (Kyoto), respectively.
Cyclosporin A (CsA) was kindly provided by No-
vartis Pharma Inc. (Tokyo). SF6847 (malonoben,
code 0479) was obtained from Tocris Cookson Ltd.
(Bristol).

Preparation of Mitochondria

Liver mitochondria were isolated from normal male
Wistar rats according to the method described ear-
lier (Shinohara et al., 1998, 2002; Yamamoto et al.,
2004).

Measurements of Mitochondrial Oxygen
Consumption and Swelling

Mitochondrial function and absorbance change were
examined essentially as described earlier (Shinohara et al.,
1998, 2002; Yamamoto et al., 2004). Briefly, mitochon-
dria (0.7 mg protein/ml) suspended in − Pi medium
(200 mM sucrose, 10 mM KCl, 10 mM Tris-Cl buffer;
pH 7.4) were energized with 10 mM succinate in the pres-
ence of rotenone (0.5 µg rotenone/mg protein), and their
respiration was measured at 25◦C with a Clark oxygen-
electrode (Yellow Springs, code 5331) in a total volume of
2.2 ml. Mitochondrial swelling in the same medium was
monitored by measuring the absorbance at 540 nm with
a Shimadzu spectrophotometer, model UV-3000. When
actions of Ca2+ were measured, + Pi medium (250 mM
sucrose, 10 mM potassium phosphate buffer, pH 7.4) was
used instead of − Pi medium.

Measurement of Permeability of Mitochondrial
Membrane to PEG

To examine the permeability of the mitochondrial
membrane, we measured the effects of PEGs of various
molecular sizes on the turbidity of mitochondrial sus-
pensions, as described (Pfeiffer et al., 1995; Sultan and
Sokolove, 2001). Briefly, mitochondria were first treated
with a certain reagent; and then, after complete induc-
tion of swelling, 1.1 ml of 300 mOsM PEG solution was
added. Changes in the turbidity of the reaction mixture
were monitored at 540 nm.
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Transmission Electron Microscopic Analysis
of Mitochondrial Configuration

Mitochondrial configuration was analyzed by trans-
mission electron microscopy according to the method
published earlier (Shinohara et al., 1998, 2002; Yamamoto
et al., 2004).

Detection by Western Blotting of Cytochrome c
Released From Mitochondria

Antiserum against cytochrome c was prepared as de-
scribed previously (Shinohara et al., 2002). To determine
the amount of cytochrome c released from the mitochon-
dria, after treatment under certain conditions, we placed
an aliquot (500 µl) of mitochondrial suspension in an
Eppendorf centrifuge tube, promptly centrifuged it, and
separated the supernatant from the pellet. The pelleted
mitochondria were resuspended in 500 µl of the incuba-
tion medium, and 9 µl of this suspension and 15 µl of the
supernatant were individually subjected to SDS-PAGE.
Western blotting was carried out essentially as described
earlier (Shinohara et al., 2002; Hashimoto et al., 1999).

RESULTS

Previously, Chávez et al. reported that addition of
DCCD to mitochondria accelerated mitochondrial oxygen
consumption and swelling of the mitochondria (Chavez
et al., 1990). Although these results would seem to indi-
cate that DCCD induced mitochondrial PT, this possibility
has never been investigated. Thus, we examined whether
the actions of DCCD on the mitochondria reflect the in-
duction of mitochondrial PT.

Induction of mitochondrial swelling is one of the
common features of mitochondria PT. Further addition of
a PEG solution to preswollen mitochondria causes shrink-
age of the mitochondria, reflecting the increased perme-
ability of the inner mitochondrial membrane (Pfeiffer
et al., 1995; Sultan and Sokolove, 2001). When mito-
chondrial PT is induced by Ca2+, both of these reactions,
i.e., mitochondrial swelling and shrinkage of preswollen
mitochondria by PEG, are observed; and they can be com-
pletely prevented by the addition of CsA, known as a spe-
cific inhibitor of the ordinary PT. This experimental sys-
tem is one of the most reliable procedures to judge whether
mitochondrial PT is induced. Thus, we first compared the
actions of DCCD with those of Ca2+ in this experimental
system. Different from the actions of Ca2+, which exclu-
sively require inorganic phosphate (Pi) in the incubation
medium for induction of the mitochondrial PT, accelera-

Fig. 1. Turbidity change in mitochondrial suspension induced by DCCD.
In panel A, typical traces of the turbidity change in a mitochondrial
suspension induced by 100 µM Ca2+ (upper trace) or by 100 µM DCCD
(lower trace) are shown. It should be noted that the effects of Ca2+ and
DCCD were measured in the presence and absence of Pi, respectively.
Effects of CsA (1 µM) on Ca2+- and DCCD-induced mitochondrial
swelling are also shown. In panel B, the degree of mitochondrial swelling
observed with DCCD at various concentrations is shown as relative
to the degree of maximum swelling observed with 100 µM Ca2+ in
the presence of Pi (�A540 = 0.29) and as mean values ± SD of three
independent runs.

tion of mitochondrial oxygen consumption and induction
of mitochondrial swelling caused by DCCD were much
stronger in the absence of Pi than in its presence (Chavez
et al., 1990). Thus, in this study, we compared the ac-
tions of DCCD in the absence of Pi with features of the
ordinary PT induced by Ca2+ in the presence of Pi. The
actions of DCCD on mitochondrial structure and function
in the presence of Pi were more moderate than those ob-
served in the absence of Pi, but their characteristics were
essentially the same as those in the presence of Pi.

As shown in Fig. 1(A), DCCD induced remarkable
swelling of the mitochondria, as well as Ca2+. Effects of
DCCD were dose-dependent up to 150 µM; and above
this concentration, the degree of mitochondrial swelling
was rather decreased (Fig. 1(B)). However, the effects
of DCCD were different from those of Ca2+ in the fol-
lowing two points: First, the magnitude of the maximum
absorbance change induced in the mitochondrial suspen-
sion by DCCD was slightly smaller than that induced
by Ca2+ (about 80% of Ca2+-induced swelling). Second,
different from the action of Ca2+, that of DCCD was
insensitive to CsA, known as a specific inhibitor of the
ordinary PT (Fig. 1(A)). We next compared the effects
of DCCD and Ca2+ on the permeability of mitochondrial
membrane by measuring the changes in the turbidity of the
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Fig. 2. Effects of PEG on the turbidity of preswollen mitochondrial
suspensions. In panel A, typical traces of the turbidity change following
the addition of a PEG6000 solution to a suspension of mitochondria
preswollen by 100 µM Ca2+ (upper traces) and 150 µM DCCD (lower
traces) are shown. In panel B, the degree of shrinkage of preswollen
mitochondria induced by the addition of PEGs having various sizes is
shown as relative to the maximum increase in mitochondria turbidity
induced by the addition of PEG6000 to the Ca2+-treated mitochondria
(�A540 = 0.135). Open and closed symbols represent the results of
mitochondria preswollen by 100 µM Ca2+ and 150 µM DCCD, re-
spectively. Results are given as mean values ± SD of three independent
runs.

reaction mixture on the addition of PEG to mitochondria
preswollen by these reagents. As shown in Fig. 2(A), the
addition of PEG to mitochondria preswollen by DCCD
caused an increase in mitochondrial turbidity, reflecting
mitochondrial shrinkage, as in the case of mitochondria
preswollen by Ca2+. Thus, DCCD was concluded to in-
duce mitochondrial PT as well as Ca2+. The PEG-induced
shrinkage of mitochondria preswollen by Ca2+ was CsA
sensitive, whereas the PEG effect on the mitochondria
preswollen by DCCD was almost completely insensi-
tive to CsA, consistent with the fact that mitochondrial
swelling induced by DCCD was insensitive to CsA. Fur-
thermore, when the effects of PEG on mitochondria were
titrated with PEGs having various molecular weights, the
half exclusion size of the PT pore induced by Ca2+ was
about 1500 Da; in contrast, that induced by DCCD was es-
timated to be approximately 3500 Da, thus indicating that
the size of the PT pore induced by DCCD was larger than
that induced by Ca2+ (Fig. 2(B)). These results clearly
indicate that DCCD opened a PT pore that was distinct
from that induced by Ca2+ with respect to sensitivity to
CsA and exclusion size.

In the case of Ca2+, respiration was accelerated on
the induction of the PT. Thus, we next measured the
effects of DCCD on the velocity of mitochondrial oxygen

Fig. 3. Effects of DCCD on the rate of mitochondrial oxygen consump-
tion. The rate of mitochondrial oxygen consumption in the absence or
presence of DCCD at various concentrations was measured in the − Pi
medium (200 mM sucrose, 10 mM KCl, 10 mM Tris-Cl buffer; pH 7.4)
at 25◦C, with 10 mM succinate (plus 0.5 µg rotenone/mg protein) used
as a respiratory substrate. Results are shown as relative to the maximum
rate of oxygen consumption induced by DCCD (112 natomsO/mg/min)
and as mean values ± SD of three independent runs.

consumption. As shown in Fig. 3, DCCD caused acceler-
ation of oxygen consumption in a dose-dependent man-
ner up to 100 µM; but above this concentration, the rate
of oxygen consumption was significantly decreased. This
inhibitory effect of the higher concentrations of DCCD on
the mitochondrial oxygen consumption was attributable
to the inhibition of the respiratory chain by DCCD,
because the slow oxygen consumption observed in the
presence of higher concentrations of DCCD was not ac-
celerated even by the addition of a protonophoric uncou-
pler, SF6847 (data not shown; see also Azzi et al., 1984).
It is noteworthy that even under the condition at which mi-
tochondrial respiration was significantly inhibited (150–
200 µM DCCD), significant swelling of mitochondria was
still observed (see Fig. 1(B)).

When the ordinary PT is induced by Ca2+, disap-
pearance of the inner mitochondrial membrane, reflecting
the increased permeability, is observed (Shinohara et al.,
1998, 2002; Yamamoto et al., 2004; Beatrice et al., 1982;
Petronilli et al., 1993; Jung et al., 1997). Thus, we next
examined the effects of DCCD on the TEM appearance of
mitochondria. As shown in Fig. 4, Ca2+ caused remark-
able swelling of mitochondria and disappearance of inner
membrane structure, as reported previously (Shinohara
et al., 1998, 2002; Yamamoto et al., 2004; Beatrice et al.,
1982; Petronilli et al., 1993; Jung et al., 1997). Likewise,
DCCD also showed similar effects on the mitochondrial
morphology and membrane structure; however, its effect
seemed to be much more moderate than that of Ca2+. First,
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Fig. 4. Effects of DCCD on mitochondrial configuration. Configurations of control mitochondria (A), Ca2+-
treated (B), and DCCD-treated mitochondria (C) were examined by transmission electron microscopy. These
mitochondrial samples were prepared as follows: For control mitochondria, mitochondria were brought to the
energized state for 5 min in the + Pi medium (250 mM sucrose, 10 mM potassium phosphate buffer, pH 7.4) at
25◦C by using 10 mM succinate (plus 0.5 µg rotenone/mg protein) as a respiratory substrate. For Ca2+-treated
mitochondria, mitochondria were incubated under the same conditions as used for the control mitochondria except
for the further supplementation with 100 µM Ca2+. For DCCD-treated mitochondria, they were brought to the
energized state for 5 min in − Pi medium containing 100 µM DCCD. After these treatments, mitochondria were
promptly harvested and subjected to the fixation processes. Bar under “C” indicates 1 µm for all panels.

in comparison to the Ca2+-treated mitochondria, DCCD-
treated ones showed an inner membrane that was not to-
tally damaged; and some of their crista structure remained.
Second, sizes of mitochondria treated with DCCD were
slightly smaller than those of Ca2+-treated mitochon-
dria. Namely, in comparison to the diameter of control
mitochondria, 0.87 ± 0.21 µm (n = 50), those of Ca2+-
and DCCD-treated mitochondria were determined to be

2.01 ± 0.55 µm (n = 35) and 1.65 ± 0.36 µm (n = 40),
respectively. These differences in TEM appearances be-
tween Ca2+-treated and DCCD-treated mitochondria do
not reflect the differences in the degree of progression of
PT-induction, but reflect the different status of the PT-
induced mitochondria, because similar results were ob-
tained even when incubation time was prolonged (data
not shown). Furthermore, the observed difference in size

M P S P P P PS S S S

+ CsA 100 µM 150 µM 200 µM

Ca2+ DCCD

Fig. 5. Effects of DCCD on the location of cytochrome c. To examine the effects of DCCD
further, mitochondria were first incubated in − Pi medium with DCCD at the indicated con-
centration, and then they were separated from the medium by prompt centrifugation. Both
the pelleted mitochondria and supernatant were subjected to the SDS-PAGE and subsequent
Western analysis using specific antibody against cytochrome c. “M” indicates the results for
non-treated mitochondria (6.3 µg). The typical effect of 100 µM Ca2+ on the release of mito-
chondrial cytochrome c observed in the +Pi medium, and the sensitivity of the release to CsA,
are also shown as a control.
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between Ca2+-treated and DCCD-treated mitochondria is
in agreement with the fact that magnitude of mitochon-
drial swelling induced by DCCD was smaller than that
induced by Ca2+ (Fig. 1(B)).

Upon induction of the ordinary PT, the release of mi-
tochondrial cytochrome c is often observed (Scarlett and
Murphy, 1997). Since cytochrome c released from mito-
chondria to the cytosol is known to trigger subsequent
steps of apoptosis, it was very interesting to us to examine
whether cytochrome c could be released from mitochon-
dria when they were treated with DCCD. As shown in
Fig. 5, Ca2+ caused a significant release of cytochrome c
from mitochondria, and this release was completely abol-
ished by cyclosporine A. In contrast, DCCD failed to in-
duce massive release of cytochrome c. However, it should
be noted that a small amount of cytochrome c was detected
in the supernatant of mitochondrial suspension treated
with 100 µM DCCD but not in those treated with DCCD
at higher concentrations.

DISCUSSION

DCCD was previously reported to stimulate mito-
chondrial oxygen consumption, but its action mechanism
was uncertain (Chavez et al., 1990). In the present study,
we further characterized its effects on mitochondria by ex-
amining whether it could induce the mitochondrial PT. As
a result, DCCD was found to induce mitochondrial PT in
a CsA-insensitive manner. As described above, one of the
major reaction sites of DCCD in mitochondria is the Fo,
and covalent modification of Fo by DCCD causes inhibi-
tion of FoF1-ATPase. It is noteworthy that oligomycin, a
well-known specific inhibitor of FoF1-ATPase, is known
to inhibit the ordinary PT induced by Ca2+ (Novgorodov
et al., 1994). Thus, with respect to the PT, these two
inhibitors of Fo show opposite effects of induction and
inhibition of the mitochondrial PT.

We also examined whether release of cytochrome
c could be observed when the mitochondria PT was in-
duced by DCCD. As a result, different from the case of the
ordinary PT induced by Ca2+, when mitochondria were
treated with DCCD, no massive release of mitochondrial
cytochrome c was observed. Since DCCD may cause in-
termolecular cross-linking of proteins, possible immobi-
lization of cytochrome c by formation of cross-linking
between cytochrome c and the other mitochondrial pro-
teins, resulting the inhibition of cytochrome c release from
mitochondria, should be considered. However, in such a
case, changes in the mobility of cytochrome c in an acry-
lamide gel containing SDS would be expected. However,
this was not the case, for the mobility of cytochrome c

from DCCD-treated mitochondria was completely identi-
cal to that in those from control mitochondria. Thus, we
simply concluded that DCCD did not induce cytochrome
c release even under the condition in which permeability
of the inner mitochondrial membrane was elevated.

The molecular mechanism causing cytochrome c re-
lease from mitochondria is still in controversy and un-
certain (Vander Heiden and Thompson, 1999; Kroemer
and Reed, 2000; Bernardi et al., 2001). Until now, release
of mitochondrial cytochrome c is believed to occur when
the mitochondrial PT is induced. In contrast, we recently
reported that cytochrome c could be released from mito-
chondria by valinomycin, even though this reagent does
not induce mitochondrial PT (Shinohara et al., 2002).
Conversely, the present results clearly showed that the
mitochondrial PT could be induced without inducing the
release of mitochondrial cytochrome c. Therefore, we ex-
pect these findings to give us clues regarding the process
involved in the release of mitochondrial cytochrome c.
Presently, we would like to further discuss probable fac-
tors controlling the release of mitochondrial cytochrome c.

Shimizu et al. (1999) reported that cytochrome c is
released via the voltage-dependent anion channel (VDAC)
present in the outer mitochondrial membrane. This ob-
servation is very interesting, for VDAC is also known
to be modified by DCCD (De Pinto et al., 1985, 1993;
Nakashima et al., 1986; Nakashima, 1989), and inhibi-
tion of channel activity of VDAC by DCCD could be
considered as a probable answer to the question as to why
DCCD failed to induce the release of cytochrome c, even
though it caused the mitochondrial PT. In this context, the
question as to whether the transport function of VDAC is
inhibited by DCCD or not, is very important. Although
this function of VDAC was reported to be insensitive
to DCCD treatment (De Pinto et al., 1985; Nakashima
et al., 1986), Shafir et al. (1998) showed that the chan-
nel activity of VDAC in the sarcoplasmic reticulum could
be inhibited by DCCD when VDACs were purified, re-
constituted into a planar lipid membrane, and exposed
to the high electric potential, thus indicating that the ef-
fects of DCCD on channel activity of VDAC may be de-
pendent on the experimental conditions. However, under
the present experimental conditions, possible inhibition
of VDAC by DCCD could be excluded, since externally
added PEGs could still penetrate the outer membrane of
DCCD-treated mitochondria to stimulate mitochondrial
shrinkage (Fig. 2).

For understanding the key factors controlling the re-
lease of mitochondrial cytochrome c, comparison of the
actions of Ca2+ and DCCD should be effective, because
these two reagents showed remarkable differences in the
aspect of cytochrome c release, although both of them
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could induce mitochondrial PT, as was shown in Figs. 1,
2, and 4. The actions of DCCD were different from those
of Ca2+ in terms of the following points: First, different
from the PT induced by Ca2+, that induced by DCCD
was CsA insensitive. Second, Ca2+ requires Pi for in-
duction of mitochondrial PT, but DCCD did not. Third,
the degree of mitochondrial swelling induced by DCCD
was smaller than that induced by Ca2+. Results of TEM
analysis also supported this difference. Finally, the effect
on the rate of mitochondrial oxygen consumption was
also different between Ca2+ and DCCD. Namely, Ca2+

stimulated mitochondrial respiration in a dose-dependent
manner up to approximately 100 µM; and above this con-
centration, the rate of respiration was constant at almost
maximum (data not shown). In contrast, DCCD acceler-
ated mitochondrial oxygen consumption up to 100 µM;
but above this concentration, acceleration of mitochon-
drial oxygen consumption was significantly inhibited in
a dose-dependent manner (Fig. 3), due to its inhibitory
effects on the respiratory complex.

In addition to the ordinary PT sensitive to CsA, PT
insensitive to it was reported to be induced by atypical PT
inducers such as cyanine dyes (Yamamoto et al., 2004;
Yamashita et al., 2003) or metal ions (Jiang et al., 2001;
Almofti et al., 2003; Li et al., 2003). Even in the case of
the PT insensitive to CsA, when it was induced, the re-
lease of cytochrome c could be observed, indicating CsA
sensitivity of induced PT not to be correlated with the re-
lease of cytochrome c. The presence or absence of Pi was
also not well correlated with the release of cytochrome c
(data not shown). Therefore, the remaining two parame-
ters of (i) degree of mitochondrial swelling and (ii) status
of the mitochondrial respiratory system would seem to
be important for the regulation of cytochrome c release.
As stated above, when mitochondria were treated with
100 µM DCCD, both of massive mitochondrial swelling
and acceleration of mitochondrial oxygen consumption
were observed. Under this condition, slight release of mi-
tochondrial cytochrome c was observed (Fig. 5). When
mitochondria were treated with DCCD at concentrations
higher than 100 µM, the amplitude of the mitochondrial
swelling was not markedly different from that induced by
100 µM DCCD. However, under these conditions, mi-
tochondrial oxygen consumption was significantly inhib-
ited; and the release of mitochondrial cytochrome c was
not observed. Based on these results, not only induction
of mitochondrial swelling but also functionally active mi-
tochondrial respiration would seem to be required for the
release of cytochrome c. Furthermore, differences in mito-
chondrial size between Ca2+-treated and DCCD-treated
mitochondria are noteworthy. As stated above, the size
of mitochondria treated with DCCD was slightly smaller

than that of those treated with Ca2+. Therefore, extensive
swelling would appear to be required to induce massive
release of mitochondrial cytochrome c.

Recently, extensive studies have been performed on
the functional properties of mitochondria prepared from
genetically modified animals or cells (Bauer et al., 1999;
Li et al., 2004; Zamora et al., 2004; Kokoszka et al.,
2004; Baines et al., 2005; Nakagawa et al., 2005; Basso
et al., 2005). For better understanding of the relationship
between the release of mitochondrial cytochrome c and
the induction of the mitochondrial permeability transition,
in addition to such studies using genetically modified ex-
perimental animals or cells, the characterization of the PT
induced by various chemicals is also important.

ACKNOWLEDGMENTS

This work was supported by grants-in-aid for scien-
tific research (No. 14370746 [to Y.S.]) from the Ministry
of Education, Science, and Culture of Japan, and by a
fellowship from Katayama Chemical Industries, Co., Ltd.
(Osaka) to T.Y.

REFERENCES

Almofti, M. R., Ichikawa, T., Yamashita, K., Terada, H., and Shinohara,
Y. (2003). J. Biochem. (Tokyo) 134, 43–49.

Azzi, A., Casey, R. P., and Nalecz, M. J. (1984). Biochim. Biophys. Acta
768, 209–226.

Baines, C. P., Kaiser, R. A., Purcell, N. H., Blair, N. S., Osinska, H.,
Hambleton, M. A., Brunskill, E. W., Sayen, M. R., Gottlieb, R. A.,
Dorn, G. W., Robbins, J., and Molkentin, J. D. (2005). Nature 434,
658–662.

Basso, E., Fante, L., Fowlkes, J., Petronilli, V., Forte, M. A., and
Bernardi, P. (2005). J. Biol. Chem. 280, 18558–18561.

Bauer, M. K., Schubert, A., Rocks, O., and Grimm. S. (1999). J. Cell.
Biol. 147, 1493–1502.

Beatrice, M. C., Stiers, D. L., and Pfeiffer, D. R. (1982). J. Biol. Chem.
257, 7161–7171.

Bernardi, P. (1999). Physiol. Rev. 79, 1127–1155.
Bernardi, P., Petronilli, V., Di Lisa, F., and Forte, M. (2001). Trends

Biochem. Sci. 26, 112–117.
Chavez, E., Zazueta, C., and Diaz, E. (1990). J. Bioenerg. Biomembr.

22, 679–689.
De Pinto, V., Al Jamal, J. A., and Palmieri, F. (1993). J. Biol. Chem. 268,

12977–12982.
De Pinto, V., Tommasino, M., Benz, R., and Palmieri, F. (1985). Biochim.

Biophys. Acta 813, 230–242.
Gunter, T. E., and Pfeiffer, D. R. (1990). Am. J. Physiol. 258, C755–

C786.
Hashimoto, M., Shinohara, Y., Majima, E., Hatanaka, T., Yamazaki, N.,

and Terada, H. (1999). Biochim. Biophys. Acta 1409, 113–124.
Jiang, D., Sullivan, P. G., Sensi, S. L., Steward, O., and Weiss, J. H.

(2001). J. Biol. Chem. 276, 47524–47529.
Jung, D. W., Bradshaw, P. C., and Pfeiffer, D. R. (1997). J. Biol. Chem.

272, 21104–21112.
Kokoszka, J. E., Waymire, K. G., Levy, S. E., Sligh, J. E., Cai, J., Jones,

D. P., MacGregor, G. R., and Wallace, D. C. (2004). Nature 427,
461–465.

Kroemer, G., and Reed, J. C. (2000). Nat. Med. 6, 513–519.



306 Yamamoto, Terauchi, Tachikawa, Yamashita, Kataoka, Terada, and Shinohara

Li, M., Xia, T., Jiang, C. S., Li, L. J., Fu, J. L., and Zhou, Z. C. (2003).
Toxicology 194, 19–33.

Li, Y., Johnson, N., Capano, M., Edwards, M., and Crompton, M. (2004).
Biochem. J. 383, 101–109.

Nakagawa, T., Shimizu, S., Watanabe, T., Yamaguchi, O., Otsu, K.,
Yamagata, H., Inohara, H., Kubo, T., and Tsujimoto, Y. (2005).
Nature 434, 652–658.

Nakashima, R. A. (1989). J. Bioenerg. Biomembr. 21, 461–470.
Nakashima, R. A., Mangan, P. S., Colombini, M., and Pedersen, P. L.

(1986). Biochemistry 25, 1015–1021.
Novgorodov, S. A., Gudz, T. I., Brierley, G. P., and Pfeiffer, D. R. (1994).

Arch. Biochem. Biophys. 311, 219–228.
Petronilli, V., Cola, C., Massari, S., Colonna, R., and Bernardi, P. (1993).

J. Biol. Chem. 268, 21939–21945.
Pfeiffer, D. R., Gudz, T. I., Novgorodov, S. A., and Erdahl, W. L. (1995).

J. Biol. Chem. 270, 4923–4932.
Scarlett, J. L., and Murphy, M. P. (1997). FEBS Lett. 418, 282–286.
Shafir, I., Feng, W., and Shoshan-Barmatz, V. (1998). Eur. J. Biochem.

253, 627–636.

Shimizu, S., Narita, M., and Tsujimoto, Y. (1999). Nature 399, 483–487.
Shinohara, Y., Almofti, M. R., Yamamoto, T., Ishida, T., Kita, F.,

Kanzaki, H., Ohnishi, M., Yamashita, K., Shimizu, S., and Terada,
H. (2002). Eur. J. Biochem. 269, 5224–5230.

Shinohara, Y., Bandou, S., Kora, S., Kitamura, S., Inazumi, S., and
Terada, H. (1998). FEBS Lett. 428, 89–92.

Sultan, A., and Sokolove, P. M. (2001). Arch. Biochem. Biophys. 386,
37–51.

Vander Heiden, M. G., and Thompson, C. B. (1999). Nature Cell Biol.
1, E209–E216.

Yamamoto, T., Tachikawa, A., Terauchi, S., Yamashita, K., Kataoka,
M., Terada, H., and Shinohara, Y. (2004). Eur. J. Biochem. 271,
3573–3579.

Yamashita, K., Ichikawa, T., Yamamoto, T., Kataoka, M., Nakagawa,
Y., Terada, H., and Shinohara, H. (2003). J. Health Sci. 49, 448–
453.

Zamora, M., Granell, M., Mampel, T., and Vinas, O. (2004). FEBS Lett.
563, 155–160.

Zoratti, M., and Szabo, I. (1995). Biochim. Biophys. Acta 1241, 139–176.


