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The mitochondrial permeability transition pore and
Bax have both been proposed to be involved in the re-
lease of pro-apoptotic factors from mitochondria in the
“intrinsic” pathway of apoptosis. The permeability tran-
sition pore is widely thought to be a supramolecular
complex including or interacting with Bax. Given the
relevance of the permeability transition in vivo, we have
verified whether Bax influences the formation and/or
the properties of the Ca2�/Pi-induced permeability tran-
sition by using mitochondria isolated from isogenic hu-
man colon cancer bax�/� and bax�/� HCT116 cell lines.
We used mitochondria isolated from both types of cells
and from Bax� cells exposed to apoptotic stimuli, as well
as Bax-less mitochondria into which exogenous Bax had
been incorporated. All exhibited the same behavior and
pharmacological profile in swelling and Ca2�-retention
experiments. Mitochondria from a bax�/bak� cell line
also underwent an analogous Ca2�/Pi-inducible swell-
ing. This similarity indicates that Bax has no major role
in regulating the Ca2�-induced mitochondrial perme-
ability transition.

The release of cytochrome c and other pro-apoptotic factors
from the intermembrane space of mitochondria is a key step in
most models of apoptosis (for reviews see Refs. 1–5). The exact
mechanism of this release is still debated. Most schemes assign
a role to the pro-apoptotic Bcl2 family protein Bax (and/or Bak).
Suggestions have been made, for example, that Bax may act by
destabilizing the lipid bilayer (6, 7) or by inducing lipid oxida-
tion (8). A well supported scheme envisions the regulated mi-
gration and insertion of Bax into the outer mitochondrial mem-
brane where, alone or in cooperation with resident proteins
such as VDAC1 or components of the mitochondrial fusion/

fission machinery, it would form pores capable of allowing
cytochrome c escape.

The formation of Bax pores in the mitochondrial outer mem-
brane does not seem to account for all available data. In par-
ticular, considerable evidence points to a role of the permeabil-
ity transition pore (PTP) in cytochrome c release in a number of
apoptosis model systems (reviewed in Refs. 9–17). The PTP (for
review see Refs. 13 and 18–20) is a large channel that develops
in the mitochondrial envelop, connecting the matrix and extra-
mitochondrial space. Its properties have been deduced mostly
from experiments with isolated mitochondria (most often from
rat liver) in suspension. In such experiments, PTP formation
(or opening) generally requires the accumulation of Ca2� in the
mitochondrial matrix, and it is favored by a variety of inducing
agents (the “classical” one being phosphate) and/or stressful
conditions such as oxidation of thiol groups and/or depolariza-
tion. Under the appropriate conditions, i.e. in the presence of
an external pore-permeating osmolite, such as sucrose, opening
of the PTP leads to colloidosmotic osmolite and water influx
and swelling, with ensuing rupture of the outer membrane and
formation of a mitoplast still bearing remnants of the outer
membrane.

The catalogue of PT inhibitors includes cyclosporin A (CSP)
and divalent cations other than Ca2�, protons, and ADP. The
sensitivity of the apoptotic process and of cytochrome c release to
CSP has been the cue leading to the proposal that PTP activation
is involved in many cases, including various chemotherapeutic
treatments. Given its properties, PTP involvement would seem
particularly likely in cases involving disruption of Ca2� homeo-
stasis and uptake of large amounts of the ion by mitochondria,
such as in endoplasmic reticulum stress-induced apoptosis and
ER-mitochondria Ca2�-mediated “cross-talk” (16).

The molecular composition of the PTP has not been definitely
established, but biochemical, electrophysiological, and phar-
macological experiments have led to a model envisioning a
supramolecular complex (the PTPC) of proteins from all com-
partments of the mitochondrial envelope, including the ade-
nine nucleotide translocator, porin (VDAC), cyclophilin D, and
other proteins, localized at contact sites between the inner and
outer membrane (19, 21, 22). Bax has been reported to interact
with the adenine nucleotide translocator (23–26), with VDAC
(27–29), and with the complexes they form (22, 30) (Bcl-xL also
interacts with VDAC (28, 31)). These interactions reportedly
result in the appearance of channels different from those
formed by the individually isolated and reconstituted proteins.
A recent report (32) suggests that the insertion of Bax in the
outer membrane may result in the de novo formation of contact
sites. These and other (33–37) findings suggest that Bax (and
perhaps its homologues Bak and Bid) may induce the mito-
chondrial PT and cytochrome c release by interacting with the
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PTP to either form or regulate it (or both). Anti-apoptotic Bcl-2
family members antagonize the permeability transition (38)
and inhibit activity by reconstituted PTPC (23, 39), but this
antagonistic action takes place regardless of the presence of
Bax in the complex (23). The possibility of a migration of Bax to
the inner mitochondrial membrane has been raised (23, 24).
The results of Marzo et al. (23) are particularly relevant with
regard to the relationship between Bax and the PTP. These
authors found that Bax strongly favored PTP opening by atrac-
tyloside but that it was not needed when permeabilization was
induced by oxygen radicals or thiol cross-linking. Ca2�-induced
permeabilization was not examined from the point of view of
the Bax requirement. These observations suggest that the per-
meabilization process differs depending on the inducing agent,
i.e. different types of permeability transition can occur, but this
aspect has not received much attention. The notion seems
instead to have taken hold that Bax is a component, or a key
regulator, of the PTP, regardless of the mode of induction.

The participation of Bax to PTP formation may lead to the
unification of the major mechanistic hypotheses concerning
cytochrome c efflux, yet it does not rest on firm ground. Two
groups (40, 41), at variance with others (42, 43), have reported
that Bax cannot be detected in Western blots of rat brain and
rat liver mitochondria, two prominent models for PT studies.
Some results (44, 45) suggest caution in automatically identi-
fying CSP-inhibitable processes as being downstream of the
PT. Several studies have concluded that Bax-mediated release
of cytochrome c is independent of the PTP and takes place
without permeabilization of the inner membrane (4).

Whether PT induction by atractyloside is an appropriate
model for PT-inducing processes within living cells is uncer-
tain. Radical species (or, in general, redox processes) and Ca2�

may be considered to be the most relevant among the several
known PT inducers in pathophysiological processes and in apo-
ptosis. Whether Bax is involved in these processes is in fact
unknown. We have therefore looked into the relationship be-
tween Bax and the Ca2�-induced PT by comparing the behavior
of mitochondria isolated from two isogenic human colon carci-
noma HCT116 cell lines, expressing either normal amounts of
Bax or completely lacking the protein (46). These cells have
been used to advantage in recent investigations into the mech-
anism of apoptosis, which have led to the conclusion that Bax is
a necessary component of the intrinsic (i.e. involving mitochon-
drial release of pro-apoptotic factors) apoptotic pathway. Bak
may partially substitute for its homologue Bax in mediating
the release of mitochondrial pro-apoptotic factors, and it might
conceivably take its place also in PTP formation. In unchal-
lenged baby mouse kidney (BMK) cells, Bak appears to be a
component of large complexes (47) and to interact with VDAC2,
a low abundance porin isoform (48). We proceeded therefore to
also investigate mitochondria isolated from a cell line express-
ing neither protein, namely DKO Bax- and Bak-less BMK
cells (49).

EXPERIMENTAL PROCEDURES

Cells—Human colon tumor (HCT116) bax�/� and bax�/� cells (46)
(kindly provided by B. Vogelstein) and the Bax-GFP-expressing line
(kindly provided by X. Wu) (50) were grown in McCoy’s 5A 10% fetal calf
serum (Invitrogen). Baby mouse kidney (BMK) cells, DKO for bax and
bak and controls (49) (kindly provided by E. White), were grown in
Dulbecco’s modified Eagle’s medium, 5% fetal calf serum (Invitrogen).

Proteins—Oligomeric and monomeric full-length hBax with a His6

tag at the N terminus was obtained as described previously (51); His-
tagged hBcl-XL lacking 24 amino acids at the C terminus was expressed
and isolated as in Ref. 52; tc-Bid (Bid residues 60–195) was obtained as
in Ref. 53.

Isolation of Mitochondria—Approximately 80% confluent cells from
four 75-cm2 flasks were washed once with phosphate-buffered saline or
Hepes saline buffer, detached by trypsinization and gentle scraping,

and spun down in a table centrifuge at room temperature. The pellet
was resuspended either in sucrose/TES (300 mM sucrose, 10 mM TES,
0.5 mM EGTA, pH 7.4) or in mannitol/PIPES (220 mM mannitol, 68 mM

sucrose, 50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM 1,4-dithiothreitol,
50 mM PIPES/K�, 10 �M cytochalasin, mini complete protease inhibitor
mixture; pH 7.4) buffer (Roche Applied Science). After standing for 1 h
on ice, cells were lysed in a glass homogenizer, and the lysate was
centrifuged at 200 � g for 10 min at 4 °C. The pellet was again pro-
cessed in the same way to maximize recovery. The combined superna-
tants were centrifuged once or twice at 200 � g, and the pellet was
discarded. The mitochondria-containing supernatant from the last step
was centrifuged at 6,000 � g. The pellet was gently homogenized and
suspended in a small volume of buffer by suction/ejection with a Pasteur
pipette, and the protein concentration was assayed by the Biuret or
Bradford methods, using bovine serum albumin for the calibration
curve. Rat liver mitochondria were prepared by standard differential
centrifugation and rat brain mitochondria according to Ref. 54.

Assessment of Cytochrome c Release—Nearly confluent cells (one
75-cm2 flask), exposed or not to apoptogenic agents for the desired
times, were detached by scraping, washed, and resuspended in 300 �l of
cold mannitol buffer � 5 mM succinate. After 30 min on ice, the cells
were lysed as above, and the lysate was centrifuged at 28,000 � g for 10
min at 4 °C. The supernatant was the cytosolic fraction. Protein con-
centration was measured with the Biuret method, and 50 �g of total
protein were used for Western blotting as described below.

Experiments with Mitochondrial Suspensions—Unless otherwise in-
dicated, the experiments were initiated by the dilution of the mitochon-
drial suspension into 300 mM sucrose, 10 mM Hepes/K�, 5 mM succinate/
K�, 1.25 �M rotenone, 1 mM Pi/K

�, pH 7.4 (suspension buffer),
supplemented with the appropriate probes and/or inhibitors. Temper-
ature was 20 °C. For transmembrane potential, variations in the po-
tential maintained by the mitochondria (1 mg of protein/ml) were mon-
itored by measuring the concentration of tetraphenylphosphonium
(TPP) ion in the suspension buffer, using a TPP-selective electrode
prepared according to Ref. 55. For Ca2� uptake and release, experi-
ments such as those in Fig. 2, C—F, extramitochondrial Ca2� concen-
tration was measured fluorimetrically essentially as described previ-
ously (56). Calcium Green 5-N (1 �M; Molecular Probes, Eugene, OR)
fluorescence was excited at 506 nm, and emission was recorded at 532
nm in an LS-50B spectrofluorimeter (PerkinElmer Life Sciences). Serial
additions of 10 �M (20 nmol/mg of protein) CaCl2 were made at 90-s
intervals. For swelling, mitochondrial volume changes were followed as
a pseudo-absorbance decrease at 540 nm in a PerkinElmer Life Sciences
�5 UV-visible spectrophotometer. Mini-cuvettes and a suspension vol-
ume of 200 �l (1 mg of mitochondrial protein/ml) were employed to
minimize the material used in each experiment. Experiments were
initiated by the addition of mitochondria into the cuvettes, except when
the mitochondria were preincubated with Bax, in which case swelling
was initiated by the addition of Ca2� (see below).

Electron Microscopy—Mitochondria were diluted to 1 mg of pro-
tein/ml in suspension buffer with or without Ca2�, incubated for 60 min
at 20 °C, and then spun down in a table centrifuge. The pellet was
overlaid with 2% glutaraldehyde in 300 mM sucrose, 10 mM TES, 0.1%
cacodylate, pH 7.4, and after standing overnight it was postfixed with
1% osmic acid in 0.1 M cacodylate buffer, dehydrated, and included in
Epon 812. Thin sections were observed with a Philips EM 301 electron
microscope. For fluorescence microscopy, cells expressing Bax-GFP
were observed using an Olympus Biosystems apparatus comprising an
Olympus IX71 microscope, MT20 light source, and Cell© software.

Incorporation of Bax into Mitochondrial Membranes—Isolated
HCT116 Bax� mitochondria were suspended in suspension buffer with-
out Ca2� at 1 mg of protein/ml in the presence of 20 nM (20 pmol/mg of
protein) oligomerized Bax or of 20 nM monomeric Bax � 20 nM tc-Bid in
a spectrophotometer cuvette. When monomeric Bax and tc-Bid were
used, the two proteins were preincubated together at 30 °C for 30 min
before addition of the mitochondria. Swelling experiments (see Fig. 7)
were initiated by Ca2� addition to the mitochondrial suspension after
15 min of incubation at 20 °C, during which time the absorbance was
monitored to verify that no major variation of light scattering was
taking place. The suspension medium was supplemented with 5 �M

cytochrome c. To verify that Bax had become incorporated into the
mitochondrial membrane, aliquots treated identically to those used for
swelling experiments were processed as follow: after the 15-min incu-
bation mitochondria were recovered by centrifugation at 28,000 � g; the
pellet was resuspended in 150 �l of 0.1 M Na2CO3, pH 11.5, and
incubated for 5 min at room temperature. The membranes were then
recovered by centrifugation as above, washed once with 125 mM KCl, 20
mM Hepes/K�, pH 7.4, and suspended in sample buffer for electrophore-
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sis and blotting (this procedure reproducibly stripped all Bax from
isolated HCT116 Bax� mitochondria). At the end of the swelling exper-
iment the mitochondria were recovered and processed as above to
double-check the presence of membrane-inserted Bax. The same alka-
line extraction procedure was employed to verify the presence of inte-
gral membrane Bax in the mitochondria of cells exposed to apoptotic
stimuli (Fig. 6).

Western Blots—Samples, dissolved in sample buffer and boiled for 5
min, were subjected to SDS-PAGE in 12% acrylamide minigels and
transferred to a nitrocellulose sheet (Protran, Schleicher & Schuell).
Primary antibodies used are as follows: anti-hBcl-XL (S-18) rabbit poly-
clonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA; catalogue
number sc-634); anti-hBax (N-20) rabbit polyclonal antibody (Santa
Cruz Biotechnology; catalogue number sc-493); anti-hBak NT rabbit
polyclonal antibody (Upstate Biotechnology, Lake Placid, NY; catalogue
number 06-536); anti-pCyt c mouse monoclonal antibody (BD Bio-
sciences, catalogue number 556433); anti-actin mouse monoclonal an-
tibody (Sigma; catalogue number A 4700); and anti-cyclophilin D rabbit
polyclonal antibody (Affinity Bioreagents; catalogue number PA1–028).
Secondary antibodies (Calbiochem) were horseradish peroxidase-conju-
gated and used with chemiluminescence detection (Amersham Bio-
sciences; catalogue number RPN 2106).

RESULTS

In agreement with others (40, 41), we were unable to detect
Bax in RLM and rat brain preparations (Fig. 1, lane 9, and data
not shown), two model systems widely employed for studies on
the PT. Because only low amounts of the protein, which we may
have missed, would presumably be required for the formation
of one or a few pores per mitochondrion, we did not consider
this negative result as definite evidence that Bax cannot be
involved in the PT, and we proceeded to study organelles from
HCT116 cells expressing normal levels of Bax or lacking it
completely for genetic reasons. The absence or presence of Bax
in cells and mitochondrial fractions was confirmed by Western
blot (Fig. 1, lanes 1–8) (47, 50, 57–59). In untreated HCT116
cells Bax is cytosolic, as evident from the diffuse GFP fluores-
cence distribution pattern observed in bax�/� HCT116 cells
expressing a Bax-GFP chimera (50) (not shown). However,
stresses such as those inflicted in the initial stages of the
preparation of mitochondria (detachment, washing, and cold
incubation) induced a marked redistribution of Bax-GFP to the
mitochondria (not shown). This process likely accounts for the
presence of Bax in isolated mitochondria as a peripheral mem-
brane protein, detachable by alkaline treatment (Fig. 1B) (47),
as well as for its scarcity in the cytosolic fraction (Fig. 1A). An
analogous mitochondrial localization has been observed in

other cells as well, e.g. lymphocytes.2 Mitoplasts produced by
osmotic shock of isolated Bax� mitochondria retained most of
the protein (Fig. 1, lane 4). Because one study (50) has re-
ported Bak to be below detection limits in colon cancer cells,
whereas others found it to be expressed (47, 58), we also
verified the presence of this protein, which was indeed pres-
ent in cell lysates and mitochondrial fractions. For reasons
given below (see “Discussion”), we also compared the
amounts of Bcl-xL present in HCT116 mitochondria and
RLM. HCT116 mitochondria turned out to contain much
more Bcl-xL per mg of protein than RLM (Fig. 1A, compare
lanes 3 and 7 with lane 9).

Isolated HCT116 mitochondria were characterized to verify
whether they would undergo the permeability transition and
whether any differences could be detected between mitochon-
dria isolated from Bax-proficient and Bax-deficient cells. Ex-
periments conducted using protocols commonly employed to
study this phenomenon showed that both types of mitochondria
underwent the PT. Its onset could be observed as an irrevers-
ible depolarization induced by high Ca2� loads (Fig. 2, A and B)
and as the eventual release of Ca2� taken up in Ca2� retention
experiments (Fig. 2, C–F). Fig. 2 shows representative experi-
ments; any differences between the two preparations (in the
amount of TPP taken up initially, how much Ca2� the mito-
chondria could import before depolarizing completely, or in the
number of doses of the ion they could take up before releasing
all of it) were not systematic and well within the range of
variations for each type of preparation (Bax� or Bax�), as
shown by the bars in Fig. 2G for the Ca2� uptake experiments.

The same result emerged from classical experiments assess-
ing the decrease in light scattering due to Ca2�/Pi-induced
swelling (Fig. 3, A and B). A confirmation that mitochondria
from both bax�/� and bax�/� cells could undergo the PT came
from TEM photographs (Fig. 3, C–F). In both cases mitochon-
dria became grossly swollen if incubated with Ca2�/Pi (Fig. 3, E
and F).

Again, the phenomenon took place essentially with the same
characteristics for Bax� and Bax� mitochondria, differences be-
ing well within the variability exhibited by each type of prepara-
tion from day to day. In all these experiments, HCT116 mito-
chondria seemed more resistant to Ca2�/Pi than RLM, which are
a standard for this field of study. In suspensions of RLM swelling
is generally complete in a few minutes and requires lower
[Ca2�]ext than we routinely used. Differences in the sensitivity of
mitochondria deriving from different cells to PT-inducing agents
are well known to exist and may have various origins (see “Dis-
cussion”). For the purposes of this paper, the most relevant point
is that no significant difference could be found between mitochon-
dria from isogenic Bax-expressing and Bax-less cells, regardless
of the Ca2� dose administered.

The Ca-induced swelling of both types of HCT116 mitochon-
dria turned out to be inhibited by a panel of well known inhib-
itors of the PT with similar dose dependence (Fig. 4, A and B).

No differences in the response of the two preparations to
inhibitors could be identified, with the possible exception of
sensitivity to cyclosporin A (Fig. 4, C and D). Swelling of Bax�

HCT116 mitochondria exposed to 100 or 200 �M Ca2�/1 mM Pi

could be completely and reproducibly inhibited for at least 1 h
by 1–5 �M CSP (Fig. 4D), whereas even 20 �M CSP inhibited
swelling of Bax� mitochondria only partially under the same
conditions (Fig. 4C, curves f and g), suggesting the possible
existence of a subpopulation of CSP-insensitive mitochondria
in this latter case. This behavior was reproducible; inhibition
was complete for 6 of 7 preparations of Bax� mitochondria,

2 E. Gulbins, personal communication.

FIG. 1. The relevant Bcl-2 family proteins in HCT116 and rat
liver (RL) mitochondria. A, Western blots of the indicated fractions.
“Mitoplasts” indicate mitochondria suspended in 30 mM Tris-Cl for 15
min and then collected by centrifugation. 50 �g of total protein were
loaded into each lane of the SDS-PAGE gels. B shows that alkaline
treatment stripped off all Bax (but not Bak) associated with HCT116
Bax� mitochondria. mitos, mitochondria.
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whereas this was never the case with 9 preparations of Bax�

organelles. Inhibition of PT in Bax� preparations was, how-
ever, complete if CSP was added together with ADP (not
shown) or Mg2� (Fig. 4C, curves h and i) at concentrations
having, by themselves, little effect. As mentioned above (Fig.
2G), this difference in behavior was not observed when using
other experimental protocols. The two types of mitochondria
possessed similar levels of cyclophilin D, as assessed by West-
ern blotting (not shown).

Because HCT116 cells express Bak (Fig. 1), we proceeded to
verify whether mitochondria isolated from Bax�/Bak� (DKO)
BMK cells would undergo the PT. The absence of Bax and Bak
in DKO cells was checked by Western blot (not shown). Mito-
chondria isolated from the DKO cells showed the same Ca2�-
induced persistent depolarization, Ca2�-induced Ca2� release,
and swelling as mitochondria isolated from the wild type BMK
cells expressing both proteins and HCT116 mitochondria, with
similar dependence on Ca2� loads (not shown and Fig. 5). TEM
micrographs confirmed that the pseudo-absorbance decrease
was associated with swelling (Fig. 5E). This result indicates
that the occurrence of the PT in Bax-less mitochondria cannot
be attributed to a substituting function of Bak in PTP forma-

tion or regulation. Remarkably, CSP up to 10 �M had little
effect on the swelling in either Bax�/Bak� (Fig. 5C, curve c) or
DKO (Fig. 5A, curve c) BMK mitochondria. ADP, Mg2�, and
acidification were instead able to prevent swelling (Fig. 5, A
and C, curves d–f).

Taken together, the results of these experiments with sus-
pensions of mitochondria did not support the idea of an involve-
ment of Bax in the PT. However, Bax might interact with other
components of the PTP only after becoming integrated into the
mitochondrial membrane system in cells committed to apo-
ptosis and act as a regulator of the PT. We therefore proceeded
to test mitochondria isolated from Bax-proficient HCT116 cells
exposed to etoposide (whose pro-apoptotic effectiveness is de-
creased in Bax-less HCT116 cells (60) and has been reported to
cause Bax translocation and the mitochondrial PT in fibro-
blasts (61)) and to staurosporine (58). Western blots (not
shown) were first performed to evaluate the kinetics of cyto-
chrome c release, confirming that this process was well ad-
vanced or completed after 2 h with 1 �M staurosporine (62) and
after overnight incubation with 50 �g/ml etoposide (61). Mito-
chondria isolated from cells thus treated did not show signifi-
cant differences in PT-assessing experiments (not shown and

FIG. 2. Ca2�/Pi induces depolarization and Ca2� release in both Bax� and Bax� HCT116 mitochondria. A and B, Ca2�-induced
depolarization. Representative experiments. The concentration of TPP� in the medium is plotted. Mitochondria in suspension buffer maintain a
potential that is transiently reduced by the addition of 20 nmol of Ca2�/mg of protein and eventually dissipated completely by the addition of higher
amounts of the ion. Dashed traces show the behavior of controls and the effect of an uncoupler. C–F, cyclosporin-sensitive Ca2�-induced Ca2�

release is similar for Bax� and Bax� HCT116 mitochondria. Medium [Ca2�] was followed using a fluorescent probe. 20 nmol/mg of protein doses
of CaCl2 were added sequentially. G, shaded bars, the average amount of Ca2� taken up before onset of PT-associated release was the same, within
experimental error, for Bax� and Bax� mitochondria. Open bars, the similarity persisted in the presence of CSP, i.e. the protective efficacy of CSP
was the same in the two cases. Error bars represent standard error (n � 4 in all cases).
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Fig. 6), even though a large portion of Bax had become an
integral membrane protein after induction of apoptosis, as
shown by the resistance to alkaline extraction (Fig. 6, inset,
lane 2 versus lane 1).

We considered the possibility that only part of the mitochon-
dria might have been affected by the apoptotic process and that
this portion might not be able to swell (see “Discussion”) or
might have been selectively lost during isolation. We therefore
proceeded to expose isolated Bax� HCT116 mitochondria to
purified 20 nM monomeric Bax � tc-Bid as described under
“Experimental Procedures.” Under these conditions Bax be-
came incorporated into the mitochondrial membrane system:
alkaline extraction followed by SDS-PAGE of the washed mem-
branes, and Western blotting indicated that it had indeed be-
come in considerable part an integral membrane protein (not
shown). Bax � tc-Bid-treated mitochondria were used for Ca2�-
induced swelling experiments in parallel with untreated mito-
chondria from the same preparations. Fig. 7 shows represent-
ative experiments. In each experiment mitochondria were
incubated in suspension buffer, in their cuvettes, for 15 min,
without additions (Fig. 7, a, c, and c�) or, in these examples,
with 20 nM monomeric Bax and tc-Bid (Fig. 7, b, d, and d�). No
significant variation of light scattering took place during this
period (not shown). Swelling was then initiated by the addition
of CaCl2 (100 (Fig. 7, c and d) or 50 �M (Fig. 7c� and d�)) to two
of the samples. Pretreatment with Bax did not result in any
significant difference between the pseudo-absorbance curves
(n � 7). At the end of the experiment shown in Fig. 7A, the
mitochondria were recovered, and each sample was divided
into 2 aliquots, one of which was subjected to alkaline extrac-
tion. The subsequent Western blot (Fig. 7A, inset) confirmed
that Bax was present as an integral membrane protein
throughout the swelling experiment.

DISCUSSION

Our results strongly suggest that Bax and Bak are not in-
volved in the formation or regulation of the PT in calcium- and
Pi-loaded mitochondria. The PT takes place in mitochondria
isolated from HCT116 or BMK cells regardless of whether the
parent cells expressed or not Bax (and Bak for BMK cells). The
Ca2� dose dependence, the kinetics of PT spreading throughout
the mitochondrial population, and the characteristics of inhi-
bition by a panel of classical PT inhibitors were very similar in
the presence and absence of Bax and Bak. These proteins,
when expressed by the cells, were present in the mitochondrial
fraction and were thus well positioned for interaction with
other putative PTP components had this been their mission.
Upon induction of apoptosis, Bax became largely an integral
membrane protein, but the properties of the PT did not change
(Fig. 6). No alteration of the control behavior was observed
even when exogenous Bax was incorporated in vitro into iso-
lated mitochondria (Fig. 7). In these latter experiments the
amount of Bax used (20 nM, i.e. 20 pmol/mg of mitochondrial
protein, �0.4 �g/mg of mitochondrial protein) was close to the
physiological range (63) (treatment of mitochondria with 0.25
or 0.5 �M Bax in a Ca2�-free medium did result in a slow
cyclosporin A-sensitive swelling, in partial agreement with
some reports in the literature (27, 34, 45, 64) (data not shown)).
The lack, or extreme scarcity (Fig. 1) (40, 41), of Bax in rat liver
and brain mitochondria also supports the conclusion that this
protein is irrelevant for the Ca2�/Pi-induced permeability tran-
sition. The same conclusion is suggested by recent work (65)
showing that Bax�/Bak� mouse embryonic fibroblast cells are
still capable of undergoing CSP-inhibitable mitochondrial de-

FIG. 3. Ca2�/Pi-induced swelling. Bax� (A, C, and E) or Bax� (B, D,
and F) HCT116 mitochondria. A and B, the pseudo-absorbance at 540
nm of parallel incubations of mitochondria in suspension buffer was
followed. For curves b and c the medium was supplemented with 100 or
200 �M CaCl2, respectively. C–F, TEM photographs of HCT116 mito-
chondria untreated (C and D) or exposed to 200 �M Ca2�/1 mM Pi for 60
min (E and F).

FIG. 4. PT inhibitors affect Ca2�/Pi-induced swelling of mito-
chondria regardless of Bax expression. Representative experi-
ments with Bax� (A and C) or Bax� (B and D) HCT116 mitochondria.
The pseudo-absorbance curves were recorded after the addition of 1
mg/ml of mitochondrial protein to suspension buffer plus the following:
curve a, nothing (control); curve b, 200 �M CaCl2; curve c, 200 �M CaCl2
and 5 mM MgCl2; curve d, 200 �M CaCl2 and 2 mM ADP; curve e, 200 �M

CaCl2, pH 5.5; curve f, 200 �M CaCl2 and 5 �M CSP; curve g, 200 �M

CaCl2 and 10 �M CSP; curve h, 200 �M CaCl2 and 250 �M MgCl2; and
curve i, 200 �M CaCl2, 250 �M MgCl2, and 5 �M CSP. A and B, Ca2�,
Mg2�, ADP, and H� have the expected effects regardless of the presence
of Bax. C, complete inhibition of Ca2�-induced swelling of HCT116
Bax� mitochondria by cyclosporin A requires cooperation with a low
concentration of another PT inhibitor. D, inhibition of Ca2�-induced
swelling of HCT116 Bax� mitochondria can be achieved by cyclosporin
A alone.
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polarization and apoptotic death upon exposure to H2O2, a
process presumably involving induction of the PT by oxygen
radicals.

The experimental approaches used in this paper (the classi-
cal tools for studies on the PT) provide information on the
activation of sucrose-permeable pores spanning the mitochon-
drial inner membrane but no details about their biophysical
characteristics. The possibility thus remains that the proper-
ties of these pores, when considered as individual channels,
might differ depending on the presence of Bax. This point will
be addressed in another paper.3

Bax might interact with other proteins to form or regulate
the PTP only upon induction of the apoptotic process. As al-
ready mentioned, we addressed this question by performing
experiments with mitochondria isolated from cells exposed to
etoposide or staurosporine, which did not exhibit any peculiar-
ity. This outcome calls for comment. For obvious reasons, iso-
lation of the mitochondria was performed after cytochrome c
release had started (however, in our hands the mitochondrial
fraction retained a considerable portion of cytochrome c even at
the longest exposure times we tested). Mitochondria that had
lost all or nearly all of their cytochrome c would not be expected
to respire, maintain a potential, and take up Ca2� in the
subsequent PT-assessing experiments. The results of our ex-
periments might therefore reflect mostly the properties of a
fraction of mitochondria not yet affected by the apoptotic proc-
ess and therefore still cytochrome c-rich (whereas another frac-
tion, completely depleted of cytochrome c, would not have been
able to swell). Alternatively, most mitochondria might have
retained a sufficient amount of cytochrome c to respire and
maintain a potential even though they had entered the apo-
ptotic chain of events. Cytochrome c in the periplasmic space is
in vast excess over the needs of the respiratory chain, as shown
by determinations of respiration control coefficients (66, 67)
and experiments with permeabilized cells (68). A partial re-
lease, even if substantial, would therefore have a limited effect
on the ability to generate a transmembrane potential. In agree-
ment with the second hypothesis, Mootha et al. (69) concluded
that mitochondria isolated from hepatocytes activated through
Fas retained most of their cytochrome c even though their outer
membrane had become permeable to it. Other authors (63, 64,
70–72) have concluded that cytochrome c is largely and rapidly
lost by a fraction of the mitochondria of a pre-apoptotic cell
population, i.e. there is heterogeneity in the apoptotic response.
In patch clamp experiments, performed on nonrespiring, depo-
larized mitoplasts, the complications mentioned above do not
apply. Unpublished experiments3 of this type concur with
swelling experiments in suggesting that application of pre-
apoptotic stimuli does not alter the frequency of observation
and properties of the PTP.

Whereas essentially Bax-independent, the PT exhibited by
the mitochondria from these cell lines differed in some quanti-
tative respects from that of RLM. Inducing the PT required
higher amounts of Ca2� to be taken up. Thus, in the experi-
ments reported in Fig. 2 of Ref. 55, the PT occurred after the
RLM had taken up some 50 nmol of Ca2�/mg of protein and
versus, on average, 200 nmol/mg of protein in our analogous
experiments. At comparable Ca2� concentrations, swelling
propagated in the suspension more slowly in the case of
HCT116 and BMK mitochondria than in RLM, with a differ-
ence of up to an order of magnitude in the time required for the
phenomenon to reach completion (compare, for example, Fig. 3
above with Fig. 3 in Ref. 73). The propensity of mitochondria to
undergo the PT is known to depend on the cell or organ of origin
as well as on factors such as the age of the preparation or the
substrate being oxidized by the respiratory chain. Although we

3 S. Campello, U. De Marchi, I. Szabò, F. Tombola, J.-C. Martinou,
and M. Zoratti, manuscript in preparation.

FIG. 5. DKO (Bax�, Bak�) BMK mitochondria undergo the
Ca2�/Pi-induced permeability transition. A–D, light scatter (swell-
ing) curves as in Figs. 3 and 4. A, B, and E, mitochondria isolated from
Bax- and Bak-less BMK cells. C and D, mitochondria from wild type
BMK cells. Curve a, control (no addition); curves b–f, in the presence of
100 �M CaCl2, plus the following: curve c, 5 �M CSP; curve d, pH 5.5;
curve e, 5 mM MgCl2; curve f, 6 mM ADP; curve b�, CaCl2 was 25 �M; b�,
CaCl2 was 50 �M. E, TEM photographs of BMK DKO mitochondria
untreated or exposed to 100 �M Ca2�/1 mM Pi for 60 min.

FIG. 6. Swelling experiments fail to reveal differences between
mitochondria isolated from untreated and pre-apoptotic
HCT116 Bax� cells. Light scattering traces from representative ex-
periments with mitochondria isolated from HCT116 Bax� cells exposed
to 1 �M staurosporine for 2 h. Conditions as in Figs. 3–5. Trace a, control
(no addition). Traces b–f, in the presence of 200 �M CaCl2 plus the
following: c, 5 �M CSP; d, pH 5.5; e, 5 mM MgCl2; f, 2 mM ADP. Inset, Bax
is present as an integral membrane protein in mitochondria isolated
from Bax� cells exposed to 1 �M staurosporine (S) for 2 h or to 50 �g/ml
etoposide (E) overnight. Lane 1, untreated mitochondria. Lane 2, mito-
chondria subjected to alkaline extraction. 50 �g of protein were loaded
on the SDS-polyacrylamide gel in each case.
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are not aware of an in-depth study on the matter, this varia-
bility is often ascribed to different contents of PTP-antagoniz-
ing molecules or ions such as ADP or to different redox levels of
NADH and glutathione pools. Mitochondria from tumors or
cancer-derived cell lines seem to be particularly resistant, a
characteristic that may depend on various factors, including an
elevated content of Mg2� (74) or a high expression of anti-
apoptotic proteins such as Bcl-2 (75). In our case the latter
reason may apply, because Bcl-xL is present at much higher
levels in HCT116 mitochondria than in RLM (Fig. 1A), and
Bcl-2 and Bcl-xL inhibit the permeability transition.

Although quantitative comparisons are made difficult by the
complex interactions between the various protective and induc-
ing factors, prevention of the PT in HCT116 mitochondria also
seemed to require somewhat higher concentrations of inhibi-
tors than in the case of RLM perhaps, at least in part, because
of the high concentrations of Ca2� used to induce the PT in the
first place (Ca2� and various inhibitors display a competitive-
type behavior (76)). This difficulty of inhibition parallels the
difficulty of induction noted above. The inability of CSP, used
by itself, to completely inhibit swelling of Bax� mitochondria
was the only characteristic we could identify that distinguished
them from Bax� organelles (Fig. 4, C and D). As already men-
tioned, this difference did not emerge in Ca2� retention exper-
iments, and the presence of a low concentration of another
inhibitor, having by itself only a small effect on swelling, was
sufficient for full inhibition (Fig. 4C). This is an example of
synergy among inhibitors, an often-described behavior exhib-
ited particularly by CSP (19). Ca2�-induced swelling of BMK
mitochondria is hardly inhibited by CSP at all, irrespective of
the expression of Bax and Bak (Fig. 6). Although it is consid-
ered to be a classical inhibitor of the PT, cyclosporin is notori-
ously fickle, and it has been reported to be ineffective under
various circumstances, such as high Ca2� loads, loss of endog-
enous coadjuvants such as ADP or Mg2�, and possibly the
oxidation of relevant residues in the PTP complex or the pres-
ence of free fatty acids in the membrane (19, 77). The incom-
pleteness of CSP inhibition in Bax� mitochondria might be due
to a Bax-linked, but collateral, characteristic of the organelles
or it might signal an interference by Bax in the interactions
between the membrane pore complex and cyclophilin D. When
viewed in the general context of the results, however, this
appears in any case to be a secondary effect.

In conclusion, our investigation strongly suggests that Bax
and Bak play no direct role in the induction and/or modulation
of the Ca2�-induced PT. The PT observed in mitochondria
isolated from unchallenged HCT116 Bax-deficient cells and
DKO BMK cells was indistinguishable from that of the coun-

terparts expressing these proteins. No relevant difference was
found in comparison with the phenomena exhibited by or-
ganelles obtained from pre-apoptotic cells or with the behavior
of mitochondria into whose membrane system reasonable
amounts of oligomeric exogenous Bax had been introduced.

The interaction of Bax with the adenine nucleotide translo-
cator and its relevance for PT induction by atractyloside have
been documented (23, 24). It now emerges that the necessity for
Bax is restricted to that particular mode of PT induction, dif-
ferentiating it from the reactive oxygen species-, SH reagent-,
and Ca2�/Pi-induced PT variants, which are more likely to be
relevant for apoptotic cell death. The possibility remains to be
explored that in intact cells Bax migration to mitochondria may
induce the PT indirectly, rather than by molecular interactions
with PTPC components.
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