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There is widespread agreement that
mitochondria have a function in apoptosis,
but the mechanisms behind their
involvement remain controversial. Here we
suggest that opening of a multiprotein
complex called the mitochondrial
permeability transition pore complex is
sufficient (and, usually, necessary) for
triggering apoptosis.

As with Pandora’s box, the mitochondrion is
full of potentially harmful proteins and bio-
chemical reaction centres. Loss of subcellular
and submitochondrial compartmentalization,
then, may liberate a flood of toxic compounds,
such as reactive oxygen species and proteins
that can activate catabolic hydrolases. In most

pathways leading to apoptosis, permeabiliza-
tion of the inner and outer mitochondrial
membranes (IMM and OMM, respectively) is
critical1,2 (BOX 1). This culminates in the release
of certain inactive caspase precursors (pro-
caspases), cytochrome c (a caspase activator),
Smac (second mitochondria-derived activator
of caspase, also known as DIABLO, which is a
caspase co-activator) and apoptosis-inducing
factor (AIF; a nuclease activator), as well as a
plethora of other proteins from the intermem-
brane space. All of these proteins must pass
through the OMM3, but the IMM is also
affected (although its permeabilization may be
transient, and is partial for solutes up to 1.5
kDa, allowing proteins in the mitochondrial
matrix to be retained).

The mitochondrion in apoptosis:
how Pandora’s box opens

Naoufal Zamzami and Guido Kroemer

O P I N I O N

Box 1 | Evidence for the involvement of mitochondria in controlling cell death

• Mitochondrial membrane permeabilization (MMP), which can affect both the inner and 
outer mitochondrial membranes, precedes the signs of necrotic or apoptotic cell death,
including the apoptosis-specific activation of caspases.

• MMP is a more accurate predictive parameter for cell death than caspase activation 
(which often is not required for cell death to occur and, in contrast, may also participate 
in positive signalling).

• Many pro-apoptotic proteins and second messengers act on mitochondria to induce MMP.
Such signalling molecules include the pro-apoptotic members of the Bcl-2 family,
phosphatases and kinases acting on Bcl-2-like proteins, as well as transcription factors 
(for example, p53 and TR3/Nur-77/NGFI-B).

• Bcl-2 and related anti-apoptotic proteins are present in mitochondrial membranes and 
prevent apoptosis by suppressing MMP.

• MMP-mediated release of caspase and nuclease activators is required for full-blown apoptotic
cell death. Such activators are normally sequestered in the intermembrane space and include
cytochrome c, Smac/DIABLO and apoptosis-inducing factor (AIF).
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age-dependent anion channel (VDAC,
located in the OMM).

The VDAC is normally permeable to
solutes of up to 5 kDa, thereby allowing the
free exchange of respiratory-chain substrates
such as NADH, FADH and ATP/ADP
between the mitochondrial intermembrane
space and the cytosol. In contrast, the IMM is
almost impermeable — a feature that is essen-
tial for generation of the electrochemical pro-
ton gradient (∆ψ

m
) used for oxidative phos-

phorylation. But the permeability of both
membranes may suddenly increase in vitro —
in isolated mitochondria, for instance, after
the addition of atractyloside (which is a ligand
of the ANT) — and this ‘permeability transi-
tion’6 is mediated by the PTPC (BOX 2).

As well as the abundant IMM and OMM
proteins — ANT and VDAC respectively —
the PTPC contains the peripheral benzodi-
azepine receptor (located in the OMM), crea-
tine kinase (located in the intermembrane
space), hexokinase II (tethered to the VDAC
on the cytosolic face of the OMM), cyclophilin
D (located in the mitochondrial matrix), as
well as Bax/Bcl-2-like proteins (FIG. 1).

Direct interactions have been shown for
the ANT and cyclophilin D, as well as between
the ANT and VDAC6,7. As a consequence of
such interactions, changes in the conforma-
tion of the ANT (which are indirectly affected
by cyclosporin A, which affects the cyclophilin
D–ANT interaction) may indirectly impinge
on the function of the VDAC, or vice versa. So
the PTPC may simultaneously control perme-
ability of the OMM and the IMM.

Alternatively, initial permeabilization of
the IMM may cause the mitochondrial
matrix to swell (through osmosis), leading to
rupture of the OMM. (The IMM, with its
folded christae, does not burst as its surface
area is greater than that of the OMM.)
Ultrastructural evidence for matrix swelling
or rupture of the OMM has been obtained in
many models of cell death, including hepato-
cyte apoptosis induced by injection of an
antibody recognizing the CD95 ‘death recep-
tor’ in the plasma membrane8. This particular
phenotype is deficient in knockout mice that
lack either of the two pro-apoptotic proteins
from the Bcl-2 family (Bid or Bak) or overex-
press a Bcl-2 transgene in the liver9. However,
mitochondrial swelling and membrane rup-
ture is not a universal feature of apoptosis10–13,
suggesting alternative possibilities of mem-
brane permeabilization, including the forma-
tion of pores in the OMM.

Many reports show that apoptosis corre-
lates with signs of a permeability transition,
such as loss of the mitochondrial transmem-
brane potential (∆ψ

m
); that induction of a

The controversy surrounds the mode of
action of these Bcl-2 family members2,4,5. Do
they induce permeabilization of mitochondri-
al membranes in an autonomous fashion,
without the need for interactions with sessile
mitochondrial proteins? Or do they act on a
multiprotein complex called the permeability
transition pore complex (PTPC)?

The PTPC regulates cell death
The PTPC — or mitochondrial megachan-
nel — is formed at the contact site between
the IMM and OMM (FIG. 1). Its core compo-
nents are the adenine nucleotide transloca-
tor (ANT, found in the IMM) and the volt-

Many proteins from the Bcl-2/Bax family
regulate apoptosis when locally present in
mitochondrial membranes (see BOX 1 in the
article by Martinou and Green on page 63).
As a rule, close homologues of Bcl-2 (for
example, Bcl-x

L
, Bcl-W, Mcl1 and A1) reside

in the mitochondria and stabilize the barri-
er function of the mitochondrial mem-
branes. Pro-apoptotic proteins can shuttle
between a non-mitochondrial localization
(the cytosol for Bax, Bad and Bid; micro-
tubules for Bim and mitochondria). Upon
induction of apoptosis, these proteins insert
into mitochondrial membranes and cause
them to be permeabilized.

Box 2 | The mitochondrial permeability transition  

Definition. The mitochondrial permeability transition involves a sudden (and initially
reversible) increase in permeability of the IMM to solutes up to 1.5 kDa. It is commonly defined
by its inhibition by cyclosporin A or derivatives of this compound that bind to mitochondrial
cyclophilin (peptidyl-prolyl-cis–trans-isomerase) such as N-methyl-Val-4-cyclosporin A.
Cyclosporin A-mediated inhibition of the permeability transition is transient (lasting 60 min).

Regulation. The permeability transition pore complex (PTPC) functions as a sensor for:
• Voltage: The PTPC decodes voltage changes into variations of the probability (the ‘gating

potential’) at which pore opening occurs. Pore agonists shift the gating potential to more
negative values (physiological = 200 mV, negative inside), favouring pore opening, whereas pore
antagonists favour its closure.

• Divalent cations: Matrix Ca2+ increases the probability of pore opening. Matrix Mg2+ or Mn2+,
and external divalent metal ions including Ca2+ all decrease the probability of pore opening.

• Matrix pH: The permeability transition pore is closed at neutral or acidic pH owing to
reversible protonation of histidine residues and/or inhibition of the interaction between matrix
cyclophilin and the ANT. Alkalinization is permissive for pore opening with a maximum effect
at a matrix pH of ~7.3.

• Thiol oxidation: Oxidation (disulphide formation) of a critical mitochondrial dithiol
(presumably cysteine 56 of the ANT dimer) increases the probability of pore opening. The
redox status of this dithiol is in equilibrium with that of matrix glutathione.

• Oxidation/reduction state of pyridine nucleotides (NADH/NAD+ and NADPH/NADP+).
Oxidation of pyridine nucleotides favours permeability transition.

• ANT ligands: The endogenous ANT ligand ADP as well as bongkrekate inhibit permeability
transition. Atractyloside, another ANT ligand, induces permeability transition.

• Metabolites: Glucose and creatine inhibit permeability transition, presumably through their
action on hexokinase and creatine kinase. Ubiquinone O (coenzyme Q) also inhibits
permeability transition. Long-chain fatty acids, ceramide and ganglioside GD3 favour
permeability transition.

• Anti- and pro-apoptotic members of the Bcl-2 family.

Metabolic consequences. Full-blown permeability transition causes uncoupling of the
respiratory chain with collapse of the electrochemical proton gradient ∆Ψ

m
and cessation of ATP

synthesis, matrix Ca2+ outflow, depletion of reduced glutathione, depletion of NADPH,
hypergeneration of superoxide anion, and mitochondrial release of intermembrane proteins.
Several of the consequences of permeability transition themselves favour opening of the
permeability transition pore, implying that permeability transition is a self-amplifying process.

Physiological function. Periodic reversible opening of the permeability transition pore allows for
the release of Ca2+ from the mitochondrial matrix, thereby participating in Ca2+ homeostasis
and/or the generation of Ca2+ waves (Ca2+-induced Ca2+-release). A role in neuronal plasticity has
been suggested. The ANT/VDAC couple (and its interacting proteins hexokinase and creatine
kinase) may also participate in regulating ATP/ADP transport/synthesis. Irreversible permeability
transition triggers mitochondrial autophagy (a process by which cells digest parts of their
cytoplasm), apoptosis or necrosis.
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Bcl-2 and Bax act on the PTPC
The biochemical features of pore-forming
proteins can be studied by reconstituting
them into synthetic lipid bilayers, either in
proteoliposomes or in planar membranes. In
response to various pro-apoptotic agents,
including atractyloside23, Ca2+, the thiol
crosslinker diamide27 and the HIV-1 protein
Vpr18, ANT proteoliposomes become perme-
abilized to hydrophilic compounds with a rel-
ative molecular mass of less than 1.5 kDa.
Proteoliposomes containing both the ANT
and recombinant Bax show higher permeabi-
lization responses to atractyloside23or Vpr18

than do proteoliposomes containing either
ANT or Bax alone. In contrast, Bcl-2 prevents
the ANT-mediated permeabilization of lipo-
somes responding to atractyloside23 or Vpr18.
Analogous results have been obtained for
VDAC-containing proteoliposomes (which

permeability transition is enough to trigger
cell death; and that, by inhibiting this perme-
ability transition, cell death can be prevented
(for reviews see REFS 6,14). For example,
cyclosporin A (and N-methyl-4-Val-
cyclosporin A, which is a non-immunosup-
pressive derivative that acts on cyclophilin
D) can inhibit apoptosis induced in vivo by
brain trauma15, by ischaemia reperfusion
damage6, or by injection of an antibody
against CD95 (which mainly affects hepato-
cytes)8. Moreover, bongkrekate, an ANT lig-
and that inhibits the PTPC, prevents apopto-
sis induced by diverse stimuli including
glucocorticoids (in thymocytes)14, excitotox-
ins (in neurons)16 and tumour necrosis fac-
tor (in hepatocytes)17. However, such phar-
macological inhibitors are not universally
cytoprotective, implying that permeabiliza-
tion of the mitochondrial membrane may
involve individual PTPC components (for
example, the VDAC without the
ANT/cyclophilin D) or occur in a completely
PTPC-independent fashion.

Several viral or bacterial proteins that mod-
ulate apoptosis also interact with components
of the PTPC: for example, Vpr from HIV-1
(which binds the ANT and is pro-apoptotic)18;
vMIA/UL37 from cytomegalovirus (which
binds the ANT and is anti-apoptotic)19; the
hepatitis virus B X-protein (which binds the
VDAC and is pro-apoptotic)20; and porin B
from Neisseria meningidis (which binds the
VDAC and is anti-apoptotic)21.

Bcl-2 and Bax interact with the PTPC
Co-immunoprecipitation studies indicate
that Bcl-2 and Bax can interact — directly
or indirectly — with the VDAC in the
OMM22. Bcl-2, Bcl-x

L
, Bax and Bak interact

directly with the ANT, as shown by three
independent methods: co-purification, co-
immunoprecipitation and yeast two-hybrid
screening23. The two-hybrid screen revealed
that a short stretch of human ANT2 (amino
acids 105–156) suffices for the interaction
with Bcl-2-related proteins23. The apoptosis-
regulatory potential of this portion of the
ANT has been confirmed by deletion map-
ping: overexpression of full-length mouse
Ant1 (which has 95% amino-acid identity
with human ANT2) or its amino-terminal
half (amino acids 1–141) induces apoptosis,
but expression of an even shorter truncation
mutation (amino acids 1–101) does not. So
the Bcl-2/Bax-binding site (amino acids
105–156) overlaps with the apoptosis-regu-
latory region of ANT (amino acids
102–141), as well as with its Vpr-binding
consensus motif (WXXF; amino acids
109–113). Interestingly, a substitution in the

highly conserved alanine residue 114 in
ANT1 causes a dominant human mito-
chondriopathy24. Whether this pathology is
related to a deficient control of apoptosis,
however, remains unclear.

There is still controversy about where
the Bcl-2-like proteins act. Most authors
suggest that these proteins are found main-
ly in the OMM, although a few reports
indicate that Bcl-2 (REFS 25,26) and Bax23 are
localized to the IMM. Pro-apoptotic stimuli
may cause Bax to translocate from the
OMM to the IMM23 or cause Bcl-2 to move
from the IMM to the OMM26, using as-yet-
unknown mechanisms. It is also conceiv-
able that protruding domains of Bcl-2 and
Bax, which are anchored to the OMM, bind
to the IMM within the OMM–IMM con-
tact sites. Indeed, Bcl-2 is particularly
enriched at these contact sites.
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Figure 1 | Hypothetical molecular architecture of the permeability transition pore complex and its
regulation. The permeability transition pore complex (PTPC) involves several transmembrane proteins:
the adenine nucleotide translocator (ANT), the voltage-dependent anion channel (VDAC) and the
peripheral benzodiazepine receptor (PBR). It also involves members of the Bax/Bcl-2 family, as well as
associated proteins such as hexokinase II (HK II), mitochondrial creatine kinase (mtCK) and the
peptidyl–prolyl isomerase cyclophilin D (Cyp-D). The VDAC functions as a nonspecific pore, allowing
diffusion of solutes up to 5 kDa. The ANT is responsible for exchange of ATP and ADP on the inner
membrane. The exact function of the PBR is unknown. Agents or metabolites labelled in green facilitate
PTPC opening; agents in red inhibit pore opening. Proteins or peptides carrying the Bcl-2 homology
region-3 (BH3) motif may act on either Bax or Bcl-2 (or their homologues) in the outer mitochondrial
membrane. Ca2+ has been postulated to act on ANT-associated cardiolipin molecules; cyclosporin A acts
on cyclophilin D. HIV-1 Vpr, the viral mitochondrial inhibitor of apoptosis (vMIA), hepatitis virus B X-protein
(HVB-X), and Neisseria meningitidis porin B also act on the PTPC. (OMM, outer mitochondrial membrane;
IMM, inner mitochondrial membrane; ∆ψm electrochemical proton gradient.)
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mitochondria to a permeability transition.
Similarly, microinjection of Bcl-2 into the
cytoplasm of intact cells prevents both per-
meabilization of their mitochondrial mem-
branes and nuclear apoptosis induced by the
ANT ligand atractyloside31. If added to puri-
fied mitochondria in vitro, recombinant Bax
or Bak induce membrane permeabilization,
and this is inhibited by various PTPC
inhibitors, including Koenig’s polyanion,
cyclosporin A, N-methyl-4-Val-cyclosporin A
and bongkrekate23,31–33. These are controver-
sial findings, however, as some groups10,11

have not detected any effect of cyclosporin A.
Oligomycin, an inhibitor of the F

0
–F

1
-ATPase

(which, on theoretical grounds, might indi-
rectly affect the ANT), also inhibits mito-
chondrial membrane permeabilization
induced by Bax31–33.

At low doses, Bax causes signs of outer-
membrane permeabilization (that is, release
of cytochrome c) but not of inner-membrane
permeabilization (for instance, matrix
swelling and loss of the ∆ψ

m
). But higher

doses of Bax affect both the OMM and the
IMM33, and cyclosporin A prevents the effects
of Bax on both membranes23,31–33.

Studies in intact cells
Similar inhibitory profiles to those seen in
vitro have been obtained when Bax is
microinjected into the cytoplasm of intact
cells. In control cells, Bax causes loss of the
∆Ψ

m
and nuclear apoptosis. Our group has

found23 that treatment with cyclosporin A,
N-methyl-4-Val-cyclosporin A or
bongkrekate abolishes both the mitochon-
drial and the nuclear signs of Bax-induced
apoptosis. However, other data10 show that
cyclosporin A does not inhibit apoptosis
(and the associated mitochondrial mem-
brane permeabilization) induced by trans-
fection with the Bax gene.

Proteolytic activation of Bid by caspase-8
(yielding a truncated form of Bid known as
tBid) normally leads to the permeabilization
of mitochondrial membranes. This perme-
abilization (and subsequent apoptosis) can
be prevented by the ANT-targeted viral
mitochondrial inhibitor of apoptosis
(vMIA)19. Killing by another pro-apoptotic
protein from the Bcl-2 family, BNIP3, is pre-
vented by cyclosporin A and bongkrekate34.
Obviously, however, it may be argued that
pharmacological inhibition experiments are
not truly conclusive — drugs may affect not
only components of the PTPC, but also
other molecules in the cell — and that
genetic interventions on components of the
PTPC would be more informative.

In yeast cells, several mitochondrial defects

nel is qualitatively different from that formed
by Bax alone. With a combination of ANT
and Bcl-2 (in a molar ratio of 1:1), atractylo-
side-induced ion movements are no longer
seen, indicating the closure of both the ANT
and the Bcl-2 channels28.

Electrophysiological experiments also
indicate cooperative pore formation by the
VDAC plus Bax, and inhibition of VDAC
channel formation by Bcl-2 (REF. 29). The
VDAC and Bax cooperatively create a large
pore, with conductance levels fourfold and

tenfold greater than those of the VDAC and
Bax channels, respectively. Although the
VDAC and Bax channels both show ion selec-
tivity and voltage-dependent modulation of
their activity, the VDAC–Bax channel has nei-
ther of these properties. Cytochrome c report-
edly passes through a single VDAC–Bax chan-
nel, but not through the VDAC or Bax
channels in a planar lipid bilayer29.Anti-apop-
totic Bcl-x

L
and its BH4 oligopeptide report-

edly close the VDAC channel30.

Studies in isolated mitochondria
When incorporated into mitochondrial
membranes, Bcl-2 and its anti-apoptotic
homologues enhance the resistance of these

are permeable to sucrose)22. Bcl-2, as well as
peptides derived from the BH4 domain of
Bcl-2 (where BH4 stands for Bcl-2 homology
domain 4, and is a domain that is missing in
pro-apoptotic Bcl-2-like proteins), reduces
the permeability of such VDAC proteolipo-
somes to sucrose, whereas Bax enhances their
permeability22. Bax/VDAC liposomes (but
not liposomes containing VDAC or Bax
alone) are permeable to cytochrome c (14.5
kDa), but impermeable to a 50 kDa protein22.

Bax, ANT and VDAC channels
Bax and the ANT (or VDAC) can cooperate
to generate channels with higher conduc-
tance levels as well as higher opening proba-
bilities than either of the two compounds
alone. Moreover, Bcl-2 and the ANT (or
VDAC) mutually inhibit the formation of ion
channels. Single-channel current measure-
ments involving proteins reconstituted into
planar lipid bilayers indicate that the ANT
can form large channels with multiple sub-
conductance states (70 to 600 pS) in response
to Ca2+. The ANT can also form small chan-
nels (30 pS) in response to atractyloside28. A
mixture of Bax and the ANT (in a molar ratio
of 1:4) has a higher probability of atractylo-
side-induced pore opening than the ANT
alone and shows two conductance levels (30
and 80 pS), as well as cation specificity. At low
concentrations (1 nM), Bax does not yield
any pronounced macroscopic conductance,
unless combined with ANT treated with
atractyloside28. So channel formation is more
efficient for the combination of the ANT,
atractyloside and Bax than for combinations
of the ANT plus atractyloside, the ANT and
Bax, or atractyloside and Bax. Moreover, the
channel formed by Bax at high concentra-
tions is anion specific. So, the ANT/Bax chan-

Autonomous channel formation
sets off local ion imbalances and
indirectly stabilizes OMM/IMM

Cooperative channel formation
within the PTPC or with PTPC
components (ANT, VDAC), in
OMM and/or IMM

Membrane insertion and
oligomerization leads to
formation of protein-permeable
conduits in OMM

Bcl-2 Bax

SpecificNonspecific Nonspecific

MMP and cell death

Figure 2 | Alternative hypotheses for the modus operandi of Bcl-2/Bax-like proteins. Although Bax
and Bcl-2 heterodimerize and inhibit each other, both proteins can act independently in regulating
apoptosis. According to one hypothesis (left), Bcl-2 forms protein-impermeable channels, thereby
preventing local ion imbalances and non-physiological closure of the voltage-dependent anion channel
(VDAC) in the outer mitochondrial membrane (OMM). Bcl-2 and Bax may also interact with the
permeability transition pore complex (PTPC) and regulate channel formation by this two-membrane-
spanning protein complex, regulating the permeability of the inner mitochondrial membrane (IMM) and
OMM (middle). Bax-like proteins have also been proposed to oligomerize in the OMM, upon interaction
with a truncated form of Bid known as tBid, thereby causing the formation of cytochrome c-permeable
conduits. (ANT, adenine nucleotide translocator; MMP, mitochondrial membrane permeabilization.)

“The intricate relationship
between Bcl-2/Bax-like
proteins and mitochondrial
proteins adds another level
of complexity to regulation
of cell death.”
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reduce Bax-induced killing, including deletion
of the three ANT isoforms23,35, and mutants
inactivating the F

0
–F

1
-ATPase35,36. These data

do not support the idea that Bax kills cells
through simple lysis, indicating that Bcl-2-like
proteins might modulate cell death through a
functional interaction with the PTPC.

Do Bax/Bcl-2 always act on the PTPC?
Recombinant Bax, as well as tBid (but not
Bcl-2), has been reported to destabilize lipid
bilayers without causing the appearance of
ion channels37,38. Alternatively, Bcl-2, Bax and
tBid may form channels, with defined levels
of conductivity and variable requirements of
pH or the local presence of acidic phospho-
lipids39,40. When added to liposomes, Bax can
insert into the membranes, oligomerize (pre-
sumably to tetramers) and form cytochrome
c-permeant conduits with an estimated pore
size of around 30 Å (REF. 40). It has been pro-
posed that Bid aids the insertion or oligomer-
ization of Bax12 or Bak13, which would form
pores without any interaction with VDAC or
ANT. Moreover, recombinant tBid (in con-
trast to Bax or Bak), added to isolated mito-
chondria, has been reported41 to cause an
exclusive permeabilization of the OMM that
is not affected by PTPC inhibitors.

All these data may be interpreted to mean
that proteins from the Bcl-2/Bax family can
permeabilize membranes through a nonspecif-
ic effect — that is, without the need for interac-
tions with other proteins from the PTPC. This
interpretation is supported by the observation
that, during apoptosis, cytochrome c can be
released from mitochondria that have an
apparently normal ultrastructure and conserve
an inner transmembrane potential11,12.

How can we reconcile the evidence for
these nonspecific effects of Bax/Bcl-2 with the
many reports that suggest specific, PTPC-
dependent effects? One possibility would be to
assume that, at physiological concentrations,
Bax and Bcl-2 act through these specific
effects; for instance, by modulating the proba-
bility of channel formation by other proteins.
But at higher concentrations, Bax would
become able to oligomerize and to exert
autonomous, nonspecific effects, involving
either channel formation or membrane desta-
bilization. This implies a hierarchic superposi-
tion of two levels of regulation. Alternatively,
the two pathways could come into action as a
function of the local abundance of PTPC
components, their isoforms, or PTPC
inhibitors/activators (FIG. 2). Indeed, a similar
mechanism has been proposed for CD95-
induced signalling, in which the same primary
signal can trigger cell death through complete-
ly distinct mechanisms, as a function of the

cell type. Whatever the answer to this conun-
drum, it seems clear that the intricate relation-
ship between Bcl-2/Bax-like proteins and
mitochondrial proteins adds another level of
complexity to regulation of cell death.
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