
This article focuses on three mitochondrial proteins. The
first of these, the voltage-dependent anion channel
(VDAC), resides in the mitochondrial outer membrane,
where it forms a large H2O-filled pore (2.5–3.0 nm
diameter), allowing low Mr solutes to permeate freely and
to gain access to the solute-specific transport systems of
the inner membrane. The second, the adenine nucleotide
translocase (ANT), is found in the inner membrane where
it mediates ADP–ATP exchange, which is essential for
the basic bioenergetic function of the organelle in
exporting ATP to the cytosol. VDAC and ANT can
interact strongly to form a complex. Since VDAC and
ANT are the major integral membrane proteins of their
respective membranes, mitochondria may contain many
such junctional complexes at contact sites between the
two membranes. The VDAC–ANT complex can recruit
additional proteins depending on the function to be
executed (Fig. 1). One of these is cyclophilin-D (CyP-D),
the third protein protagonist of this article. CyP-D is
located in the mitochondrial matrix, where it can
facilitate protein conformational change.

Current interest in the VDAC–ANT–CyP-D complex
stems from its emerging involvement in cell death, in
particular that caused by ischaemia and related
conditions, i.e. hypoxia and hypoglycaemia (brain).

Ischaemia impairs energy metabolism, culminating in cell
death. With moderate periods of ischaemia the depressed
cellular energy state is reversed on reperfusion, and the
cells remain viable. However, with prolonged ischaemia,
reperfused cells also become dysfunctional, and may even
die, a phenomenon termed reperfusion injury. The
mechanisms underlying these forms of cell death are of
major importance. Most obviously, they define the
severity of strokes and heart attacks. They also influence
the outcome of clinical procedures in which reperfusion
injury is encountered, e.g. cardiac bypass surgery
(elective cardiac arrest) and organ transplantation. It is
generally agreed that major metabolic factors in the
pathogenesis of these forms of injury are the loss of ATP
and adenine nucleotides, as they are degraded to
nucleosides and bases, increases in intracellular Ca2+, and
oxidative stress (reviewed in Crompton, 1999). These
changes provoke both necrotic and apoptotic cell death.
Characteristically, the core of ischaemic tissue becomes
necrotic, while initially surviving cells in the surrounding
regions that have been less severely compromised die
subsequently by apoptosis (Veinot et al. 1997; Anversa et
al. 1998). This duality is also seen when the critical
metabolic factors are manipulated experimentally. Thus,
neurons exposed to massive Ca2+ overload become
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A mitochondrial complex comprising the voltage-dependent anion channel (outer membrane),
the adenine nucleotide translocase (inner membrane) and cyclophilin-D (matrix) assembles at
contact sites between the inner and outer membranes. Under pathological conditions associated
with ischaemia and reperfusion the junctional complex ‘deforms’ into the permeability
transition (PT) pore, which can open transiently, allowing free permeation of low Mr solutes
across the inner membrane. This may be a critical step in the pathogenesis of lethal cell injury
in ischaemia and reperfusion. Moreover, it is argued, the degree of pore opening may be an
important determinant of the relative extent of apoptosis and necrosis under these conditions.
In addition, mitochondria are the major sites of action of Bax and other apoptotic regulatory
proteins of the Bcl-2 family. These proteins control a mitochondrial amplificatory loop in the
apoptotic signalling pathway in which cytochrome c and other apoptogenic proteins of the
mitochondrial intermembrane space are released into the cytosol. There are indications that the
junctional complex, or components of it, may also mediate the action of Bax, but in a way that
does not involve PT pore formation.
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necrotic, but with ‘moderate’ Ca2+ overload they undergo
delayed death by apoptosis (Ankarcrona et al. 1995).
Similarly, the form of cell death caused by oxidative
stress changes from necrotic to apoptotic as the intensity
of the insult lessens (Leist et al. 1997). 

The VDAC–ANT–CyP-D complex has been implicated in
both forms of cell death. In seeking to understand the role
of the complex in cell death, however, it is important that
we distinguish between the physiological process of
programmed cell death, which specifically selects
apoptosis, and the ‘accidental’ apoptosis that accompanies
necrosis during ischaemic injury. Here, it is argued that
‘accidental’ apoptosis and necrosis may well share a
common feature, namely ‘deformation’ of the
VDAC–ANT–CyP-D complex into the permeability
transition (PT) pore. In contrast, any participation of the
complex in the apoptotic pathway during programmed
cell death, when necrosis is excluded, must also exclude
PT pore formation as a mechanism, and utilize a subtler
mode of involvement. 

VDAC–ANT–CyP-D complexes at intermembrane

contact sites

Contact sites between the inner and outer mitochondrial
membranes were first observed in electron micrographs
over 30 years ago (Hackenbrock, 1968). Subsequent work
detected an enrichment of VDAC and ANT at these sites,
suggesting that an association of these two proteins could
provide the basis for contact site formation (Brdiczka,
1991). When isolated by conventional protein purification
procedures, VDAC–ANT complexes retain numerous other
proteins (see for example Marzo et al. 1998), indicating
that the contact sites can participate in various aspects of
mitochondrial function. Much of this relates to the poor
diffusibility of cytosolic ADP; this means that there is a
need to bring ATP-consuming reactions close to the sites

of ATP production and to make use of a more diffusible
energy currency. Consequently, several cytosolic kinases
bind to the junctional complexes. For example,
hexokinase co-purifies with the VDAC–ANT complex,
and ImmunoGold studies show enrichment of hexokinase
at contact sites in vivo (Kottke et al. 1988); this creates a
microdomain in which mitochondrially generated ATP
can be used efficiently in the first step of glycolysis
(McCabe, 1994). The association of creatine phosphokinase
(intermembrane space) with the junctional complexes
facilitates the use of the more diffusible creatine–creatine
phosphate couple as a means of energy transport in the
cytosol (Yoshizaki et al. 1990). However, other functions
of the junctional complexes are also evident. Binding of
the mitochondrial benzodiazepine receptor to VDAC in
the junctional complexes (McEnery et al. 1992) may
regulate the transfer of extramitochondrial cholesterol to
the inner membrane of steroidogenic cells for conversion
to pregnenolone (Papadopoulos et al. 1999). Thus the
junctional complexes have emerged as a multifunctional
reaction centre, assembling and disassembling the
appropriate reaction microdomains, depending on the
physiological process to be executed.

A particularly pure form of the junctional complex can be
isolated using CyP-D. When mitochondrial membrane
extracts (prepared using CHAPS as the detergent) were
applied to a glutathione-S-transferase (GST)–CyP-D
fusion protein affinity matrix, a 1:1 VDAC–ANT
complex was selectively and tightly retained (Crompton
et al. 1998; see also Woodfield et al. 1998). But why
should VDAC–ANT bind CyP-D? CyP-D is the
mitochondrial isoform of a family of cyclophilins found
throughout the cell. Like all cyclophilins, CyP-D catalyses
the cis-trans-isomerization of accessible Xaa-Pro peptide
bonds in proteins. It can, therefore, catalyse protein
conformational change. In addition, cyclophilins (or, at
least, CyP-A in E. coli) preferentially bind cis-Pro isomers
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Figure 1. VDAC–ANT complexes

VDAC and ANT bind to each other and to a number of other proteins. These may, or may not, include
Bax (see text). Under pathological conditions associated with ischaemia, the VDAC–ANT–CyP-D
complex can deform into the PT pore, by which the inner membrane becomes permeabilized to low Mr
solutes.



(Konno et al. 1996). In theory, then, catalysis may
combine with isoform selection to stabilize a particular
conformation of CyP-bound proteins. In the case of CyP-
D, we know that it is located in the mitochondrial matrix
(Johnson et al. 1999) and would bind to ANT of the
VDAC–ANT complex. Accordingly, the fact that CyP-D
fusions ‘pull down’ equimolar amounts of VDAC and
ANT from extracts containing far more ANT than VDAC
probably means that CyP-D establishes the particular
ANT conformation that can also bind to VDAC
(Crompton et al. 1998). In other words, CyP-D may have
a general role in directing the assembly of the junctional
complexes.

The VDAC–ANT–CyP-D complex in ischaemic injury

Under pathological conditions in vitro the VDAC–ANT–
CyP-D complex can ‘deform’ into the so-called
permeability transition (PT) pore. The PT pore was first
detected in isolated mitochondria. When isolated
mitochondria accumulate excessive amounts of Ca2+ in
the presence of inorganic phosphate (Pi) and peroxides (or
other pro-oxidants), and in the absence of external
adenine nucleotides, the PT pore opens in the inner
membrane (Hunter & Haworth, 1979; Al Nasser &
Crompton, 1986a,b). Basic PT pore effectors are listed in
Table 1. The internal diameter of the open pore has been
estimated to be 2–2.5 nm, large enough to allow free
diffusion of metabolites and hydrated metal ions across
the inner membrane (Crompton & Costi, 1988, 1990). The
pore is blocked by the cyclophilin ligand cyclosporin A
(CSA; Crompton et al. 1988). The use of a differential
photolabelling procedure with a photoactive CSA
derivative positively identified CyP-D as the CSA
receptor of the pore (Andreeva et al. 1995; Tanveer et al.
1996), in line with earlier approaches (McGuinness et al.
1990; Halestrap & Davidson, 1990; Griffiths & Halestrap,
1991). Subsequently CyP-D was used as an affinity

matrix to identify VDAC and ANT as the other PT pore
components. When the purified VDAC–ANT–recombinant
CyP-D fusion (above) was incorporated into phospholipid
vesicles, entrapped fluorescein sulphonate was released
on addition of Ca2+ and Pi, and the release was blocked by
CSA, in line with the basic properties of the PT pore.
VDAC–ANT complexes containing CyP-D and other
attached proteins show similar properties (Beutner et al.
1996, 1998). Thus, the VDAC–ANT–CyP-D complex
most probably provides the core components of the PT
pore. Although other proteins may associate with the
complex, possibly modifying PT pore activity, the pore
itself seems to comprise these three proteins.

How Ca2+, Pi and oxidative stress bring about PT pore
formation from junctional complexes is unclear, but it
seems likely that ‘deformation’ of ANT into an open-pore
state most probably provides the basic pore structure in
the inner membrane. In particular, arsenite can substitute
for peroxides as the PT pore activator, indicative of vic-
dithiol oxidation (Petronilli et al. 1994), and the use of a
phenylarsine affinity matrix has tentatively identified
ANT as the constituent with the relevant vic-dithiols
(Halestrap et al. 1997). It is generally assumed that agents
which trigger PT pore opening do so by causing CyP-D to
bind to ANT, e.g. oxidative stress (Halestrap et al. 1997)
and Ca2+ (Halestrap & Davidson, 1990), and that CyP-D is
only recruited by ANT under the influence of these
factors. However, our own studies reveal that CyP-D
binds very tightly to VDAC–ANT (at least, in membrane
extracts) irrespective of the presence or absence of Ca2+,
and in the presence of dithiothreitol to maintain reduced
thiols (Crompton et al. 1998). From this, it seems more
likely that the VDAC–ANT–CyP-D complex is a
permanent feature of healthy cells, in line with the
proposed role (above) of CyP-D in directing the assembly
of the junctional complexes.

Mitochondrial intermembrane junctional complexesJ. Physiol 529.1 13

Table 1. PT pore effectors

Agent Comments Reference

Ca2+ Activates Hunter & Haworth (1979)
> 1 µM extramitochondrial Ca2+ (resting) required Duchen et al. (1993)
Non-saturated by 25 µM matrix-free Ca2+ Al Nasser & Crompton (1986a)

Pi Activates Hunter & Haworth (1979)

Oxidants Activate, e.g. peroxides Crompton et al. (1987)
e.g. hyperoxia Crompton & Andreeva (1993)

ATP Inhibits
> 1.5 mm ATP required for full inhibition Duchen et al. (1993)

ADP Facilitates open–closed pore interconversion Crompton & Costi (1990)

CSA Inhibits Crompton et al. (1988)
30 nM free CSA needed for full inhibition

(isolated mitochondria) McGuinness et al. (1990)

Principal agents are listed that promote and inhibit PT pore opening and that are relevant to its
involvement in cell death.



Twelve years ago, we put forward a hypothesis that the
PT pore might be a key lesion in the pathogenesis of
necrotic cell death during ischaemia and reperfusion
(Crompton & Costi, 1988; Crompton et al. 1988). This was
based on the fact that the pore is opened in a synergistic
manner by Ca2+, Pi, oxidative stress and falling ATP
concentration, corresponding to the critical changes that
unfold during ischaemia–reperfusion (Fig. 2). By
rendering the inner membrane freely permeable to
protons, PT pore opening would uncouple oxidative
phosphorylation, so that mitochondria would hydrolyse
ATP rather than synthesize it. We proposed a vicious
cycle in which PT pore opening would impair energy
metabolism, causing further Ca2+ deregulation, further
PT pore opening, and so on, leading to cell death
(reviewed in Crompton, 1990a,b). We also found that
CSA was a potent PT pore inhibitor (Crompton et al.
1988), and that CSA protected cardiomyocytes against
anoxia-induced injury (Nazareth et al. 1991; Crompton et
al. 1992; Crompton & Andreeva, 1993). CSA protection
has been confirmed in the reperfused heart (Griffiths &
Halestrap, 1993), in cardiomyocytes subjected to
reoxygenation (Griffiths et al. 2000), and in hepatocytes
following anoxia (Pastorino et al. 1993), reoxygenation
(Shimizu et al. 1994) and treatment with peroxides
(Niemenen et al. 1995). 

However, CSA protection cannot confidently be
attributed to inhibition of CyP-D and the PT pore since
cells contain numerous isoforms of CyP, any one of which
may be the relevant target. Crucially, therefore, several
laboratories have provided direct evidence for PT pore
opening in ischaemia and related conditions. Lemasters
and co-workers (Niemenen et al. 1995; Qian et al. 1997)
loaded the cytosol of cells with the fluorescent probe
calcein. The calcein remained cytosolic until the cells were
subjected to hypoxia or oxidative stress, when it diffused
into the mitochondria. Since the redistribution of calcein
was blocked by CSA, PT pore opening was indicated. In a
variant of this approach, Scorrano et al. (1999) loaded
calcein into both the cytosolic and mitochondrial
compartments, and then selectively quenched the
cytosolic calcein fluorescence with cobalt ions. CSA-
sensitive calcein loss from the mitochondria was observed
under the influence of GD3 ganglioside, a further PT pore
effector (below). Griffiths & Halestrap (1995) loaded
perfused hearts with radiolabelled deoxyglucose, which
becomes entrapped in the cytosol as deoxyglucose-6-
phosphate. After tissue homogenization in the presence of
EGTA (to close PT pores), the recovery of radiolabel in the
mitochondrial fraction was used as an index of PT pore
opening before homogenization. This technique detected
PT pore opening following tissue ischaemia and
reperfusion (Kerr et al. 1999). Duchen et al. (1998) imaged
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Figure 2. A model for the involvement of the PT pore in necrotic and apoptotic cell death during
ischaemia and reperfusion

Ischaemia leads to ATP dissipation, with consequent rises in cell Ca2+ and Pi. On reperfusion, these three
factors, together with oxidative stress, trigger PT pore opening. If widespread, PT pore opening
overwhelms the ATP-generating capacity of the cell, and the cells become necrotic. If PT pore opening is
more limited, enabling the cell to maintain sufficient ATP for viability, then outer membrane rupture
may spark a caspase cascade, leading to apoptotis. The degree of PT pore opening may determine the
balance between necrotic and apoptotic cell death.



the inner membrane potential of heart mitochondria in
situ with the fluorescent probe TMRME. TMRME
accumulates in mitochondria and also photodecomposes
with the production of reactive oxygen species.
Individual mitochondria were seen to undergo occasional
transient depolarizations, the occurrence of which was
blocked both by an inhibitor of mitochondrial Ca2+

uptake and by CSA (Jacobsen & Duchen, 1998), consistent
with transient opening of the PT pore under these
conditions. Similar, transient PT pore opening was
detected in isolated mitochondria subjected to oxidative
stress (Huser et al. 1998). Taken as a whole, therefore,
results from many laboratories over the last 12 years
coalesce into a consistent pattern. Ischaemia and
reperfusion can induce PT pore opening preceding cell
death, and CSA is frequently beneficial in limiting the
extent of lethal cell injury. Thus PT pore opening may
well be an important factor in the progression to
irreversible cell injury during ischaemia and reperfusion.

Mitochondria in apoptosis

Mitochondria are, of course, the well-known
‘powerhouses’ of the cell, producing ATP to drive the
various physiological functions and to maintain life itself.
But they are also intimately involved in cell demise. The
first sign that mitochondria play an active role in
apoptosis came in 1994 with the observation that
induction of nuclear apoptotic changes (chromatin
condensation, nuclear fragmentation) in extracts of

Xenopus eggs required the presence of mitochondria
(Newmeyer et al. 1994). The stage was thus set for a
period of rapid advance, leading to radically new insights
into mitochondrial function. Apoptosis is executed by
caspases, proteolytic enzymes that are expressed
constitutively as inactive proenzymes, and that are
activated by cleavage of the N-terminal prodomain.
Caspases can be grouped structurally and functionally
into two classes. Class I caspases contain long prodomains
and are mutually cleaved after aggregation into
complexes, a process mediated by adaptor proteins. These
caspases then cleave and activate class II caspases, which
have short prodomains. For example, apoptosis in
response to occupation of the tumour necrosis factor
(TNF) superfamily of receptors leads to assembly of
upstream procaspases and adaptor proteins at the plasma
membrane receptor, forming a so-called DISC (death-
inducing signalling complex). Here the upstream (class I)
caspases are processed to their active forms, leading in
turn to the activation of the downstream (class II)
caspases. In some cells, receptor occupancy leads to rapid
induction of the caspase cascade, and these cells have been
termed type I cells (Scaffidi et al. 1999). But in many
other types of cell, gross activation of upstream and
downstream caspases is delayed. In these cells (type II
cells), occupation of death receptors causes only a limited
direct activation of upstream caspases at the DISC, and a
mitochondrial amplificatory loop is required to spark the
caspase cascade (Fig. 3).
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Figure 3. The mitochondrial amplificatory loop

Mitochondria can be recruited into the apoptotic signalling pathway by Bid and Bax, which translocate
from the cytosol to the mitochondrial outer membrane under apoptotic stimuli. Bid translocates as a
truncated form (t-Bid) after cleavage by caspase-8. Bax is processed on the outer membrane to an active
form (Bax*), a process possibly facilitated by t-Bid. Bax induces the release of apoptosis-inducing factor
(AIF), procaspase-9, cytochrome c (cyt c) and other intermembrane space proteins to the cytosol.
Cytochrome c binds to the adaptor protein Apaf-1, which is then able to bind procaspase-9 and -8, which
are thus cleaved to their active forms.



Bid, Bax and the release of mitochondrial apoptogenic
proteins. Mitochondria amplify the apoptotic signal by
releasing apoptogenic proteins from the intermembrane
space. The first to be recognized was cytochrome c (Liu et
al. 1996). Released cytochrome c binds to the cytosolic
(adaptor) protein Apaf-1, which is then able to recruit
upstream caspases into a complex, where they are cleaved
into their active forms (Zou et al. 1997). Of these,
procaspase-9 is recruited most strongly. A proportion, at
least, of procaspase-9 is also released from the
mitochondrial intermembrane space (Krajewski et al.
1999), along with apoptosis-inducing factor (AIF), a
flavoprotein that induces nuclear apoptotic changes
(Susin et al. 1999). Current indications are that these
apoptogenic proteins are released non-selectively
together with other proteins of the intermembrane space,
e.g. adenylate kinase and sulphite oxidase (100 kDa)
(Pastorino et al. 1999; Kluck et al. 1999). The general loss
of intermembrane space proteins suggests that large holes
or breaks must appear in the outer membrane. The release
of intermembrane space proteins is triggered by
proapoptotic proteins of the Bcl-2 family, notably Bid,
Bax and Bak. These proteins migrate to mitochondria
under apoptotic stimuli. Bid is retained in the cytosol of
healthy cells as an inactive precurser; this is cleaved by
caspase-8 (Fig. 3) to produce a 15 kDa C-terminal
fragment which binds avidly to mitochondria (Luo et al.
1998; Li et al. 1998). Bax is distributed diffusely as a
monomer in the cytoplasm of unstimulated cells (Hsu &
Youle, 1997; Wolter et al. 1997; Gross et al. 1998). The
mechanisms leading to its translocation and binding to
mitochondria are unclear; however, certain features are
evident. It seems that Bax binds to mitochondria as both
a peripheral and an integral membrane protein. The N-
terminal region of Bax is inaccessible in the cytosolic and
the peripherally associated states, but becomes reactive to
trypsin and antibodies after membrane insertion (Goping
et al. 1998; Nechushtan et al. 1999). The C-terminal
region contains a hydrophobic stretch of about 20 amino
acids, deletion of which impairs binding to mitochondria
(Wolter et al. 1997) and to bilayers in general (Montessuit
et al. 1999). From this it seems that integration of Bax
into the mitochondrial outer membrane entails a
profound conformational change such that the N-
terminus becomes exposed on the membrane surface,
while the C-terminus facilitates membrane insertion. The
proapoptotic Bak may undergo similar changes. Thus, N-
terminal-specific antibodies were unreactive with
mitochondrially (peripherally?) associated Bak, but
became reactive after induction of apoptosis (Griffiths et
al. 1999). The conformational changes in Bax (and
possibly also in Bak?) leading to membrane insertion may
involve oligomerization. Gross et al. (1998) found that
peripherally bound Bax was not cross-linkable
(homobifunctional reagent), whereas it became so
(forming dimers) on membrane insertion following a
death signal. Moreover, cells transfected with chimeric
FK506 binding protein (FKBP)-Bax became apoptotic

when dimerization was enforced with the bivalent FKBP
ligand FK1012. 

The picture that emerges is that Bax and, possibly, Bak
are initially recruited by mitochondria in an inactive
form, and become conformationally changed to their
active forms on the membrane surface concomitant with
membrane insertion. But how are these changes brought
about? Intriguingly, there is evidence that the changes
are facilitated by Bid (Desagher et al. 1999). In particular,
mutations in Bid that impaired its capacity to bind to Bax
also depressed the conformational change in Bax (N-
terminal immunoreactivity), and Bid was unable to
release cytochrome c from mitochondria prepared from
Bax-deficient cell lines. Conversely, Bid-deficient mice
were resistant to fas-mediated apoptosis (Yin et al. 1999).
In addition, there are indications that Bax associates with
anti-apoptotic Bcl-2 family proteins in unstimulated
cells. Thus, coexpression of the fusion proteins Bax–green
fluorescent protein and Bcl-2–blue fluorescent protein
led to tight interactions between the two in mitochondria
as detected by fluorescence resonance energy transfer
(Mahajan et al. 1998). Bax and Bcl-XL coimmuno-
precipitate from extracts of untreated cells, but this is
greatly reduced under apoptotic stimuli (Griffiths et al.
1999). It may be, then, that Bid displaces Bax (and possibly
also Bak?) from resident Bcl-2–Bcl-XL complexes. The
‘catalytic’ requirement for Bid may explain why
extremely low amounts of it, relative to Bax, need to be
added to isolated mitochondria to elicit cytochrome c
release (Zou et al. 1997). One can speculate that the
requirement for both Bid and Bax provides a ‘dual switch’
mechanism for release of intermembrane space proteins,
thereby minimizing the risk of ‘unauthorized’ apoptosis. 

Involvement of junctional complexes? The trans-
location of Bax and truncated Bid to mitochondria under
apoptotic stimuli raises the question of whether they
target specific ‘receptor’ proteins on the mitochondrial
surface. To date no ‘receptor’ as such has been positively
identified. Nevertheless, there are gathering indications
that the junctional complexes, or components of these
complexes, participate in the action of Bax on mito-
chondria in some capacity.

Narita et al. (1998) provided various lines of evidence
that Bax and Bcl-XL can bind to VDAC. Recombinant
Bax coimmunoprecipitated with VDAC from mito-
chondrial extracts. Overexpressed Bax and VDAC could
be cross-linked by cell-permeant reagents. A Bcl-XL
affinity matrix bound both VDAC and ANT (Shimizu et
al. 1999). The same group also analysed these interactions
in liposomes. Sucrose permeation in VDAC proteoliposomes
was largely blocked by recombinant Bcl-XL. Conversely,
the low rate of sucrose permeation into VDAC
proteoliposomes at low pH (pH 5.2) was enhanced by
recombinant Bax. Thus Bax and Bcl-XL not only bind to
VDAC, but also can modify its permeability properties.
Indeed, Bax and Bak were able to induce the movement
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of cytochrome c (12 kDa) across VDAC proteoliposomes,
although a larger protein (GST–green fluorescent protein)
was retained. Further evidence comes from work with
yeast. It is possible to mimic certain stages of
mitochondrial involvement in apoptosis by transfection
of Bax into yeast cells. This results in the loss of
cytochrome c to the cytosol, and the cells die. Bax is non-
toxic in petite cells (lacking mitochondria). Narita et al.
(1998) found that Bax was unable to release cytochrome c
from mitchondria isolated from VDAC-deficient yeast
mutants, and that Bax action was restored after
transfection with the VDAC1 isoform. 

Other lines of enquiry point to a role for ANT. Bauer et al.
(1999) screened an expression library for dominant,
apoptosis-inducing genes. This led to the identification of
the ANT1 isoform as a proapoptotic protein. Over-
expression of ANT1 in a range of cell types produced
extensive apoptosis, whereas overexpression of the ANT2
isoform was inocuous. The proapoptotic property of
ANT1 was clearly independent of its transport activity
(ADP–ATP exchange), since transport-deficient mutants
were equally proapoptotic. Further, intriguing
indications for an apoptotic role of ANT come from
studies of virus-infected cells. Infected cells undergo
apoptosis as an anti-viral defence mechanism, but the
viruses fight back by producing proteins that suppress
apoptosis of the host cells. Goldmacher et al. (1999)
identified one such protein, vMIA, produced by human
cytomegalovirus, by screening an expression library of
the viral DNA. vMIA blocked fas-mediated apoptosis at a
stage between Bid cleavage and cytochrome c release.
vMIA in transfected cells was located to mitochondria
(ImmunoGold studies) and coimmunoprecipitated ANT
from cell extracts. Thus, vMIA may suppress the mito-
chondrial amplificatory loop by binding to ANT1. Marzo
et al. (1998) examined the submitochondrial distribution
of Bax (ImmunoGold studies) under the influence of the
ANT ligand atractylate (which triggers cytochrome c
release and apoptosis in a number of cell types).
Atractylate was reported to bring about a translocation
of mitochondrial Bax from outer to inner membrane sites.
Taken as a whole, these data suggest that Bax may need
to interact with the VDAC–ANT complex at some stage
in its action on mitochondria. In line with this, Bax was
observed to locate preferentially to intermembrane
contact sites in mitochondria (De Jong et al. 1994). 

There is gathering evidence that mitochondria may also
contribute to apoptosis under the sphingomyelin signalling
pathway and, again, junctional complexes have been
implicated. Ceramide is a central signalling molecule of
the pathway, released from sphingomyelin by a family of
sphingomyelinases. Susin et al. (1997) showed that
induction of nuclear apoptosis in a cell-free system could
be brought about by inclusion of mitochondria and cytosol
from ceramide-treated cells. Since nuclear apoptotic
changes in this system can be triggered by the release of
AIF from the mitochondrial intermembrane space, this

suggests that a ceramide metabolite may provoke AIF
release. The metabolite was identified by De Maria et al.
(1997), who detected a transient accumulation of GD3
ganglioside 15 min after fas activation, and showed that
overexpression of GD3 synthase brought about substantial
apoptosis. Subsequently, GD3 ganglioside, but not C2
ceramide, was shown to induce release of cytochrome c
from isolated mitochondria and to do so synergistically
with Bax (Kristal & Brown, 1999; Pastorino et al. 1999;
Scorrano et al. 1999). Both ceramide-induced apoptosis in
cell-free systems (Susin et al. 1997) and GD3 ganglioside-
induced loss of cytochrome c from isolated mitochondria
are sensitive to CSA (Kristal & Brown, 1999), consistent
with the involvement of CyP-D.

It has been suggested that PT pore opening, leading to
matrix expansion and physical rupture of the outer
membrane, is the root mechanism for the release of
intermembrane space proteins in apoptosis (see Marzo et
al. 1998 and references therein). The various indications
(above) that Bcl-2 family proteins may interact with the
junctional complexes in mitochondria are clearly in line
with this. In addition, the PT pore inhibitor, and ANT
ligand, bongkrekate blocks apoptosis in several systems
(e.g. dexamethasone-induced apoptosis in thymocytes;
Zamzami et al. 1996), which is also consistent with this
hypothesis. However, it should be noted that
bongkrekate was also reported to inhibit cytochrome c-
independent apoptosis induced by p53 (Li et al. 1999), so
that interpretation of bongkrekate protection may not be
straightforward. Indeed, it seems unlikely that PT pore
opening would be used as a physiological (as opposed to
pathological, below) mechanism of outer membrane
rupture. PT pore opening would dissipate cellular ATP
(above), yet ATP appears to be maintained in apoptosing
cells until the release of cytochrome c is complete
(e.g. Bossy-Wetzel et al. 1998). When the intracellular
ATP concentration of apoptosing cells (fas ligand,
staurosporine) was manipulated by changing the nutrient
supply, only cells with initially maintained ATP levels
developed nuclear apoptotic characteristics (Leist et al.
1997). Furthermore, Bax can release cytochrome c from
isolated mitochondria in the absence of Ca2+, the basic
trigger for PT pore opening (Eskes et al. 1998), and does
so without detectable changes in matrix volume (Kluck et
al. 1999). Nevertheless, there are numerous indications
(above) that the VDAC–ANT–CyP-D complex, or
components of it, participates in apoptotic signalling in
some capacity, and it is interesting to speculate what this
might be. One mechanism for outer membrane lysis would
be to introduce asymmetry between the two leaflets, thus
producing kinks, leading to transient breaks, in the
bilayer. For example, lysophospholipids, containing a
relatively large head group and a single narrow tail are an
effective means of inducing transient breaks in
phospholipid bilayers, so phospholipase recruitment/
activation at the outer membrane seems worth exploring.
A redistribution of phospholipids between leaflets might
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also introduce sufficient membrane asymmetry to
produce lysis and, in this context, it is interesting to note
that the junctional complexes have been implicated in the
transfer of cholesterol and phospholipids between the
mitochondrial membranes (Ardail et al. 1991;
Papadopoulos et al. 1999).

The VDAC–ANT–CyP-D complex in ‘accidental’

apoptosis associated with ischaemia

As outlined above, it is difficult to envisage PT pore
opening as a physiological mechanism for outer membrane
permeabilization, since it would cause ATP dissipation,
and ATP loss leads to necrosis. It seems unlikely that a
physiological signalling pathway (apoptosis) would utilize
a mechanism (PT pore opening) that could easily produce
the undesired outcome (necrosis). However, ‘accidental’
apoptosis in ischaemia presents a different picture, since
ischaemia (hypoxia) and reperfusion (reoxygenation)
produce both necrotic and apoptotic cell death (see
Introduction). Thus, whereas it seems improbable that PT
pore opening provides a physiological step in the
apoptotic pathway during programmed cell death (what
might be termed, in this context, ‘authorized’ apoptosis),
since PT pore-activated cells could so easily slide into
necrosis, it may well be a critical lesion in ‘accidental’
apoptosis in disease, when apoptotic and necrotic
mechanisms coexist (Crompton, 2000).

Can PT pore opening rupture the outer membrane? When
isolated mitochondria were incubated with supra-
physiological levels of Ca2+ in the presence of Pi,
cytochrome c was lost from the mitochondria concomitant
with inner membrane depolarization, and both events
were blocked by CSA, indicative of PT pore opening
(Eskes et al. 1998; Pastorino et al. 1999). In cell-free
systems, a range of agents that induce PT pore opening
(atractylate, peroxides, diamide), produced mitochondrial
matrix swelling, release of cytochrome c and nuclear
apoptotic changes (Zamzami et al. 1996; Marchetti et al.
1996). From this, it seems that PT pore opening can lyse
the outer membrane in vitro and, by extension, that any
PT pore opening in vivo during ischaemia–reperfusion
might result in ‘accidental’ loss of cytochrome c and other
mitochondrial apoptogenic proteins to the cytosol.
Intriguingly, Bax may contribute to this. Thus, it has
been reported that Bax translocation to mitochondria can
also be triggered by hypoxia; evidently hypoxia overrides
the constraints that normally retain Bax in the cytosol
(Saikumar et al. 1998). Moreover, in isolated mito-
chondria at least, Ca2+-induced PT pore opening and loss
of cytochrome c are promoted by Bax (Jurgensmeier et al.
1998; Pastorino et al. 1999); this may be a further
reflection of the interaction of Bax with the
VDAC–ANT–CyP-D complex (above). To conclude, Bax
and PT pore effectors (Ca2+, oxidative stress) may operate
synergistically in ischaemia–reperfusion to elicit the
release of apoptogenic proteins from the intermembrane

space. In general agreement with this, ischaemia-induced
release of intermembrane space proteins has been
recorded (e.g. Krajewski et al. 1999).

But why should not all PT pore-activated cells become
necrotic? After all, PT pore opening would be expected to
lead to ATP dissipation and rapid loss of viability. While
this may be generally true, one can envisage situations in
which a limited degree of PT pore opening could be
tolerated. For example, PT pore opening on reperfusion
would only be immediately lethal (necrosis) if it led to the
ATP-generating capacity of the cell being overwhelmed.
A limited degree of PT pore opening, causing only a minor
impairment in the efficiency of cellular energy
transduction, and allowing maintenance of the cellular
energy state, is quite consistent with cell viability.
However, if PT pore opening, however limited, led to
mitochondrial outer membrane rupture, then this might
be sufficient to spark a caspase cascade, leading to
delayed death by apoptosis. This model (Fig. 2) would
explain why the form of cell death induced by basic
triggers of PT pore opening (Ca2+ overload, oxidative
stress) changes from necrotic to apoptotic as the severity
of insult decreases, and why cells injured insufficiently
by ischaemia–reperfusion to become necrotic can,
nevertheless, die subsequently by apoptosis (see
Introduction). According to this model, then, the form of
cell death undergone by any ischaemic–reperfused cell
would be determined by the degree of PT pore opening in
that cell. 

By limited PT pore opening, I mean limited to a few
mitochondria within any cell. During oxidative stress, such
highly localized effects could arise from correspondingly
localized increases in cytosolic Ca2+. There is mounting
evidence that mitochondria respond heterogeneously to
increases in cytosolic Ca2+, depending on their proximity
to the Ca2+ release channels in the endo(sarco)plasmic
reticulum (Rizzuto et al. 1998; Duchen et al. 1998;
Duchen, 1999). Mitochondria closely apposed to these
channels experience high localized Ca2+ concentrations
and rapidly accumulate high levels of Ca2+ on Ca2+ release
from intracellular stores. Such mitochondria would be
more prone to PT pore opening under conditions of
oxidative stress. Consistent with this, astrocytes
subjected to oxidative stress (photodecomposition of
tetramethylrhodamine methylester; Jacobsen & Duchen,
1998) demonstrate highly localized PT pore opening. To
conclude, therefore, cellular Ca2+ overload and oxidative
stress during ischaemia and reperfusion may trigger PT
pore opening and outer membrane rupture in endo-
(sarco)plasmic reticulum-juxtaposed mitochondria, thus
initiating a caspase cascade. With increased intensity of
insult, PT pore opening may be more extensive,
overwhelming the capacity of the cell to maintain ATP
levels, so that cells become necrotic (Fig. 2). But with
lesser insults, PT pore opening in a small region of the cell
may be sufficient to engage the apoptotic pathway.
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