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Cyclooxygenase (COX)-2 inhibitors that belong to non-steroid
anti-in£ammatory drug family have been shown to have an apop-
tosis-inducing e¡ect on neoplastic cells. In the present study the
e¡ect of nimesulide (NIM), aspeci¢cCOX-2 inhibitor, onapoptosis
and interactions between BCL-2 family death promoters BAX and
BID and BAX and VDAC-1were examined in human colon adeno-
carcinomaCOLO205 cells.Laser scanningcytometrywasapplied
for themeasurement of expression andaggregation of apoptosis-
related proteins and quantitative analysis of NIM-induced apopto-
sis.Double-staining immunoconfocaland immunoelectronmicro-
scopy were used for subcellular colocalization of examined
proteins. NIM induced apoptosis of COLO 205 cells in a dose-de-
pendent manner. This was accompanied by: (1) a decrease in
intracellular prostaglandin (PG) E2 content; (2) subcellular
redistribution and aggregation of BAX and BID on organellar
membranes and within the nucleus; (3) colocalization of BAX with
BID and BAX with VDAC-1 on organelles; and (4) survival of cells
with the highest BCL-2 aggregation. A similar pattern of subcellu-
lar redistribution and colocalization of BAX with BIDand BAX with
VDAC-1 suggests that BAX (in association with BID) controls the
functionof VDAC-1and itspermeability forapoptogenic factors re-
leased frommitochondria of COLO 205 cells stimulated to apopto-
siswith NIM. [r 2002 Lippincott Williams &Wilkins.]
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Introduction

BAX, a 21-kDa protein, is regarded as a tumor sup-
pressor which sensitizes malignant cells to anticancer

drugs.1–4 Our recent study indicated that in spite of
different molecular mechanisms of apoptosis in-
duced by various anticancer drugs, BAX remains the
common link in the chain of reactions leading to the
cell death.5 On the other hand, mutations in the bax
gene protect tumor cells against apoptogenic effects
of anticancer drugs.6,7 In spite of intensive studies,
the molecular mechanism of the proapoptotic action
of BAX remains unclear. It is suggested that BAX
oligomerizes and forms ion channels or, together
with other proteins (VDAC-1, ANT and cyclophilin
D), forms permeability transition pore complexes in
the outer mitochondrial membrane, which in turn
facilitates the release of cytochrome c, procaspase-9
and AIF from the mitochondrial intermembrane
space.8–10 Cytochrome c and procaspase-9 form a
complex with cytosolic Apaf-1 that eventually leads to
the activation of the caspase cascade and caspase-
dependent DNase. AIF degrades nuclear proteins
and partly DNA (to about 50-kb fragments) indepen-
dently of caspases and DNases.11 The movement of
BAX from the cytosol to the mitochondria during
apoptosis is completed within 30 min, and precedes
cell shrinkage and chromatin condensation.12 Our
previous experiments5,13 and those performed by
Mandal et al.14 showed that apart from moving to
mitochondria, BAX is translocated to the Golgi
apparatus, endoplasmic reticulum and via nuclear
envelope pores to the nucleus in cells stimulated to
apoptosis. Moreover, we found an increase in BAX
immunoreactivity on fine filaments and the lamina-
pore complexes of the nuclear matrix of camptothe-
cin-treated COLO 205 cells.15 It is believed that BAX
translocation from cytosol to organellar membranes
is dependent on its activation by m-calpain,16 BID17
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or Bif-1.18 The BH3 domain is exposed during BAX
activation, which permits BAX oligomerization.19–21

Oligomerization of BAX relies on conformational
changes resulting in hydrophobic domain exposure
and anchoring in membrane lipids.20 The results of
our previous study indicate that activation of BAX,
occurring through proteolytic cleavage of the N-
terminal epitope and BH3 motif exposure, is the
condition for BAX translocation to organelles in
COLO 205 cells under the influence of anticancer
drugs.5 It is interesting that BID (being the BH3-only
protein) facilitates BAX translocation from the
cytosol to organellar membranes in the tumor cells
exposed to staurosporine.22 BID’s activity is regu-
lated by a caspase-8-mediated cleavage event, expos-
ing the BH3 domain, and significantly changing the
surface charge and hydrophobicity, resulting in a
change in cellular localization.23 It is suggested that
BID binds to BAX and allows the conformation of
BAX, leading to its oligomerization and insertion into
the outer mitochondrial membrane.17

In the present study we used laser scanning
cytometry (LSC) and double-staining confocal and
immunoelectron microscopy to examine BAX, BID
and VDAC-1 redistribution and colocalization in
human colon adenocarcinoma COLO 205 cells
induced to apoptosis by nimesulide (NIM). NIM, a
non-steroid anti-inflammatory drug, is a specific
cyclooxygenase (COX)-2 inhibitor,24 and possesses
antineoplastic and proapoptotic properties.5,25–28

Results of this study reveal the involvement of BCL-
2-related death promoters (BAX and BID) in NIM-
induced apoptosis in COLO 205 cells. Moreover, we
observed a colocalization of BAX with BID and BAX
with VDAC-1 on organellar membranes of cells
stimulated to apoptosis.

Materials andmethods

Media and reagents

DMEM powdered medium (without L-glutamine), L-
glutamine, phosphate-buffered saline, pH 7.4. (PBS),
FCS, fungizone and gentamycin sulfate were ob-
tained from Gibco/BRL (Paisley, UK). Polyclonal
rabbit anti-human BAX, polyclonal mouse anti-hu-
man BCL-2 FITC-conjugated antibodies and non-
specific rabbit immunoglobulin fraction were sup-
plied by Dako (Glostrup, Denmark); monoclonal
goat anti-BID and anti-VDAC antibodies were sup-
plied by Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-human PGE2 whole rabbit antiserum was from
Sigma-Aldrich (Schnelldorf, Germany). FITC-conju-

gated F(ab0)2 fragment of swine anti-rabbit immuno-
globulin was from Dako and Alexa Fluor 546 donkey
anti-goat secondary antibody was purchased from
Molecular Probes (Eugene, OR). Colloidal gold
30 nm donkey anti-rabbit and 20 nm donkey anti-
goat conjugated immunoglobulins were from Jack-
son ImmunoResearch (West Grove, PA). Horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG
(Hþ L) was supplied by Bio-Rad (Hercules, CA). ECL
Western blotting detection reagents and Hyperfilm
ECL were purchased from Amersham Pharmacia
Biotech (Little Chalfont, UK). NIM, aspirin (ASP)
and other chemicals were from Sigma (St Louis, MO).
Sterile conical flasks, eight-chamber culture slides
and sterile disposable pipettes were purchased from
Nunc (Naperville, IL).

Cell culture

Human tumor cell line, colon adenocarcinoma
COLO 205, was obtained from the ATCC (Rockville,
MD). Cell cultures were maintained in DMEM
supplemented with 10% (v/v) FCS, 0.2% (w/v) L-
glutamine, 50 mg/ml gentamycin and 2.5 mg/ml fungi-
zone (10%FCS/DMEM) in an atmosphere of 5% CO2/
95% humidified air at 37o C, and routinely sub-
cultured every 2 or 3 days.

Drugs

Drugs were diluted in DMSO to create stock
solutions which were stored according to the
manufacturer’s suggestions. Final solutions used in
experiments were: 1 and 50 mM NIM and 125 mM ASP.

Experimental procedure and immuno£uorescence
staining

Exponentially growing cells were transformed to the
eight-chamber culture slides, cultured for 24 h and
then incubated with the drugs in 10% FCS/DMEM for
up to 6 h. The control cultures were treated with
equivalent concentrations of DMSO suspended in
10% FCS/DMEM. Then cells were fixed in 0.25%
formaldehyde for 15 min, washed twice with PBS,
suspended in ice-cold 70% methanol and stored at
21C for 30 min. Afterwards methanol was aspirated
and samples were stored in –80oC until staining. The
cells were washed twice with PBS/1% BSA and
incubated for 1 h with either primary antibody
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diluted 1:250 with PBS/1% BSA. After primary
incubation, the cells were washed twice with PBS/
1% BSA and incubated for 1 h with 1:250 (Dako) or
1:500 (Molecular Probes) secondary antibodies. The
cells were then washed twice in PBS/1% BSA and
finally incubated with 5mg/ml solution of 7-aminoac-
tinomycin D (7-AAD) for 30 min to counterstain the
DNA. Then the chamber walls were removed and
coverslips were mounted on microscope slides using
an anti-fade mounting medium (ICN, Aurora, OH).

PGE2 detection

Rabbit anti-human PGE2 antiserum (Sigma-Aldrich
Chemie) was diluted and stored according to the
manufacturer’s suggestions. Cell cultures were pre-
pared and stained as described above, with exception
of no BSA supplement. As a negative control, cells
labeled with the non-specific rabbit immunoglobulin
fraction (Dako) and the FITC-conjugated anti-rabbit
secondary antibody (Dako) were used. PGE2-related
fluorescence in COLO 205 cells was analyzed by LSC.

LSC

Probes were analyzed by LSC (CompuCyte, Boston,
MA). At least 3� 103 cells per chamber area were
analyzed. The fluorescence excitation was provided
by a 488 nm, 10 mW Argon laser beam. The green
fluorescence of FITC-labeled antibody was measured
using a combination of dichroic mirrors and filters
transmitting at 520 7 20 nm wavelength (detector
offset and gain set to 2000 and 32, respectively), and
far-red fluorescence of 7-AAD transmitting at above
650 nm (offset 2000 and gain 30). BAX-associated
green fluorescence was measured separately over the
nucleus (Nf) and the cytoplasm (Cf). Nf was
measured within the area outlined by the ‘integration
contour’, located 1 pixel outside the ‘threshold
contour’ triggered by the far-red fluorescence of 7-
AAD. Cf was measured within the rim of cytoplasm 9
pixels wide, located outside the ‘integration con-
tour’. The background green fluorescence was
automatically measured within 2 pixels range outside
the ‘peripheral contour’, and subtracted from both
nuclear and cytoplasmic green fluorescence, to
obtain the final values of Nf and Cf, respectively.
Another parameter measured was BAX maximal pixel
(BAX MP) corresponding to the highest value of BAX-
related fluorescence in the cell, regardless of cellular
compartment. Obtained results were analyzed by
Excel 2000 software (Microsoft, Redmond, WA).

Confocalmicroscopy

Cells were double stained with FITC-conjugated anti-
BAX antibodies, and, separately, with Alexa Fluor
546-conjugated anti-BID and anti-VDAC. Then cells
were visualized by confocal LSC using the FV-500
system (Olympus, Hamburg, Germany). The combi-
nations of excitation/emission were: argon 488 nm
laser versus 505–525 nm filter for FITC and HeNe
543 nm laser versus 610 nm filter for Alexa Fluor
546. Stacks of cross-sections from representative
control and early apoptotic cells (1 h incubation with
NIM) were gathered separately for each fluorescence
channel. Three-dimensional images and series of
cross-sections were reconstructed using the Fluoview
program (Olympus).

Postembedding immunogold labeling

Ultrathin sections of Epon-embedded specimens
were prepared using diamond knives. The sections
were picked up on nickel grids covered with formvar,
incubated in 10% hydrogen peroxide for 10 min and
rinsed in PBS for 15 min.For double labeling of Bax
(dilution 1:20) with Bid (dilution 1:50) and Bax with
VADC-1 (dilution 1:100) sections were incubated
with rabbit anti-Bax primary antibody for 2 h and
then with goat anti-Bid for 4 h, and with anti-Bax
primary antibody or 2 h and anti-VADC-1 for 4 h. The
secondary antibodies were applied as mixtures of
both secondary goat anti-rabbit (dilution 1:50;
BBInternational, Cardiff, UK, batch 3407) and rabbit
anti-goat (dilution 1:20; BBInternational; batch
3326) immunoglobulins decorated with 30 and
20 nm gold particles, respectively. The incubation
period was 1–2 h at the secondary antibody step in
double-labeling protocols. All immunolabeling steps
were carried out at 37oC. After immunolabeling, the
sections were washed with PBS and distilled water,
dried, and stained with uranyl acetate and lead
citrate. All sections were examined in Joel 1200EX
electron microscope. In negative controls primary
antibodies were omitted or the sections were
incubated with irrelevant primary antibody. These
controls demonstrated no labeling.

Western blot analysis

Proteins were isolated according to method de-
scribed previously (5). Then samples containing
identical quantities of proteins were subjected to
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SDS–PAGE (12.5% gel) together with Kaleidoscope
and Low Range Marker. The electrophoresis was
performed for 1.5 h at 100 V using a Mini Protean II
apparatus (Bio-Rad). After electrophoresis, separated
proteins were electroblotted on a Sequi-Blot PVDF
Membrane for Protein Sequencing for 1 h at 100 V
using a Mini Protean II* apparatus. The membranes
were blocked with 5% solution of non-fat dry milk in
TBST (pH 7.5) for 16 h at 41C, washed 3 times for
10 min in TBST at room temperature, and incubated
with diluted 1:200 rabbit anti-human BAX and goat
anti-human BID monoclonal antibodies at 371C for
2 h. The membranes were then washed as described
above and incubated with a mixture of diluted 1:500
donkey anti-rabbit and donkey anti-goat IgG antibo-
dies conjugated with HRP at 371C for 2 h. Afterwards
the membranes were washed as above, and visualized
using the ECL Western blotting detection reagents
and Hyperfilm ECL high performance chemilumines-
cence film. Developed films were scanned and
analyzed using Electrophoresis Documentation and
Analysis System EDAS 290 with 1D Image Analysis
Software (Eastman Kodak, Rochester, NY).

Statistical evaluation

The results were statistically evaluated by ANOVA and
Tukey’s multiple-range tests using Microcal Origin

6.0. (Microcal, Northampton, MA). pp0.05 was
regarded as significant and pp0.01 as highly sig-
nificant.

Results

NIMinducesapoptosis in COLO 205 cells

LSC scans of COLO 205 cells treated with increasing
concentrations of NIM (the COX-2 inhibitor) re-
vealed an increase in apoptotic cell number (mea-
sured by the percentage of cells in sub-G1 peak)
apparent at 1 mM concentration (Figure 1a). Inter-
estingly there seemed to be a ‘plateau’ in cell
response to NIM concentrations between 1 and
25 mM (10.7, 11.2 and 11.8%, respectively). The
second increase in apoptotic cell number occurred
at a NIM concentration of 50 mM. The gallery of cells
on Figure 1(b) represents relocated cells from
measured areas, showing typical features of apopto-
sis, i.e. cell shrinkage, chromatin condensation and
margination, nuclear pyknosis, and formation of
apoptotic bodies. For further experiments we used
1 and 50 mM NIM concentrations that proved to
significantly increase apoptosis in COLO 205 cells.
Parallel experiments conducted with 125 mM ASP (the
COX-1 inhibitor) revealed no significant changes in
the number of apoptotic cells (Figure 1a).

Figure 1. Percent of apoptotic cells 7 SEM in COLO 205 control culture (0 mMNIM) and in cultures treated with in-
creasing concentrations of NIM (a). (b) Gallery of cells with typical features of apoptosis, i.e. DNA condensation and
margination, nucleus fragmentation, and formation of apoptotic bodies (cells marked with arrows). Apoptotic cells
were relocatedusing CompuSort.
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Furthermore 1mM NIM treatment significantly de-
creased PGE2-related fluorescence in COLO 205 cells,
the while no changes were observed in negative
control cultures labeled with non-specific rabbit
immunoglobulin fraction (Figure 2).

Survival of COLO 205 cells is dependent on BCL-2
expression

Since Bcl-2 plays a distinct role in cell survival, its
expression was analyzed in cultures of COLO 205
cells incubated with 50 mM of NIM for 6 h, followed
by 24 h incubation in the growth-promoting medium
(10% FCS/DMEM). The expression of the Bcl-2 was

considerably higher in the surviving population of
cells than in control cells (CTRL) non-exposed to
NIM (Figure 3c). Moreover, the aggregation of Bcl-2
protein in NIM-treated cells increased from 4.4 to
92.6% (Figure 3, cf a and b).

Subcellular redistributionof BAXand BID

After 1 h incubation with 1mM NIM a significant
increase in BAX MP from 9 to 49% was observed
(Figure 4a and b). BAX MP slowly decreased during
next 2 h to the level of 20% (Figure 4c). Changes in
BID MP occurred simultaneously to those of BAX
(from 28% before to 95 and 94% after 1 and 3 h,
respectively; Figure 4d–f). Generally BID was more
aggregated than BAX during NIM-induced apoptosis
and even in non-treated cultures (Figure 4, cf upper
and lower panels).

During the first hour of cell exposure to NIM there
was a significant change in BAX and BID subcellular
localization. LSC analysis showed that expression of
both proteins in the nuclear area of the cell increased
dramatically (Figure 5a and c), which was accom-
panied by less pronounced changes in the cytoplas-
mic area (Figure 5b and d). A similar pattern of
changes was observed by Western blotting (Figure 6).
There was a significant increase in BAX and BID IOD
both in nuclear and cytoplasmic fraction 1 h after
NIM treatment that corresponded with the results
acquired with the use of LSC.

BAX^BID colocalization

Colocalization of BAX and BID was visualized using
immunoconfocal and immunoelectron microscopy.
Confocal images revealed separate BAX-related

Figure 2. Changes in PGE2-related £uorescence in
COLO 205 cells treatedwith1 mMNIM for1and 3 hmea-
suredby LSC (full dots).Asa negative control, the £uor-
escence related to non-speci¢c rabbit immunoglobulin
fraction was measured (empty dots). Results are pre-
sented as means7SEM from three di¡erent experi-
ments; at least15�103 cellsper samplewere analyzed.

Figure 3. Cytograms showing changes in percentage of COLO 205 cells with high BCL-2-MP in control culture (a)
andafter 6 hofNIM treatment (50 mM) followedby 24 hincubationingrowthmedium (10%FCS/DMEM) (b).Increasein
BCL-2 expression can be also observedwhen comparinghistogramof the control culture (CTRL, gray line) with one
treatedas describedwith NIM (NIM, black line) (c).
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Figure 4. Changes in percentage of COLO 205 cells showing high BAX-MP (upper panel) and high BID-MP (lower
panel) in control cultures (a and d), and after 1 (b and e) and 3 h (c and f) of cell exposure to NIM. Cytograms are
representative of three experiments.

Figure 5. Increasein BAXNf (a) andCf (b), andBIDNf (c) andCf (d) occursafter1hof COLO205 cellexposure to NIM
(1 mM). Control cultures are represented by black lines (CTRL) and NIM-treated cultures gray lines (1h NIM). Histo-
gramsare representative of three experiments.
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fluorescence (green) and BID-related fluorescence
(red) in control cells, cultured in growth-promoting
medium (10% FCS/DMEM) (Figure 7a). The se-
quence of cross-sections showed a uniform distribu-
tion of BAX within the cell and cytoplasmic
localization of BID. The cells stimulated to apoptosis
with NIM (1mM) showed a strong pattern of
colocalization between two fluorescence marked
proteins, appearing as a strong yellow light gener-
ated by simultaneous excitation of both fluorescent
dyes (Figure 7b). Colocalization of BAX and BID was
visible both in the cytoplasm and nucleus.

A more spectacular colocalization of both death
promoters was shown on immunoelectron micro-
photographs, where BAX and BID are represented by

different diameter gold particles (Figure 8). The
clusters consisting of BAX and BID-related gold
particles were localized on mitochondria (Figure
8a, e and f), rough endoplasmic reticulum (not
shown), nuclear envelope pore (Figure 7d) and
within the nucleus (Figure 8b and c) of COLO 205
cells stimulated to apoptosis with NIM (1 mM).

BAX^VDAC-1colocalization

In control cells there was no detectable colocaliza-
tion of BAX and VDAC-1. Green BAX-related fluores-
cence was localized in both cell compartments
(cytoplasmic and nuclear), whereas red VDAC-1-
related fluorescence was present only in the cyto-
plasmic area (Figure 9a). After induction of apopto-
sis, subsequent cross-sections showed a strong
pattern of colocalization between BAX and VDAC-1
(yellow light) within the cytoplasm and the nucleus
(Figure 9b). The strong green, BAX-related fluores-
cence emitted from aggregated BAX particles was
noted. To visualize the subcellular colocalization of
BAX and VDAC-1 in NIM-treated cells, immunogold
double-staining was performed (Figure 10). BAX and
VDAC-1 colocalization on mitochondria (Figure
10Ac, B and C), rough endoplasmic reticulum
(Figure 10Ab), nuclear envelope pore (Figure 10Aa)
and within the nucleus (Figure 10Ab) was observed.

Discussion

The presented results revealed a dose-dependent
apoptotic effect of NIM in human colon adenocarci-
noma COLO 205 cells (Figure 1), which is compatible
with its suppressive effect on experimental colon
carcinogenesis.25,29 Since NIM is a selective inhibitor
of COX-2,30 its apoptogenic influence is probably
associated with impaired activity of this enzyme. This
was proved by analysis conducted with the use of
anti-PGE2 antiserum, which showed a significant
decrease in intracellular PGE2 levels after NIM
treatment (Figure 2). Selective inhibitors of COX-2
have been demonstrated to induce apoptosis in a
variety of cancer cells, including those of the colon,
stomach, breast and prostate.31 Moreover, the
increase in tumorigenic potential by COX-2 over-
expression is associated with resistance of tumor
cells to apoptosis.32–35 In contrast, the inhibition of
COX-1 by ASP did not induce apoptosis in COLO 205
cells (Figure 1a), which may suggest that triggering of
apoptosis is dependent on COX-2, rather then on

Figure 6. Western blot analysis of BAX and BID in
COLO 205 cells stimulated to apoptosis by NIM (1 mM).
After NIM treatment there was an increase in area and
intensity of bands (a, cf CTRL with 1 and 3 h). BAX (b)
and BID (c) IOD (7SEM) was evaluated using1D Image
Analysis Software. Data for IOD analysis was acquired
from three di¡erent experiments.
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COX-1 activity. Similar effects were obtained with
another COX-2 inhibitor (celecoxib) in HTC-IR cells
(data not shown). Since ASP is able to induce
apoptosis in HeLa cells,36 it is possible that the effect
of ASP is dependent on cell type.

The biochemical mechanism of apoptosis induc-
tion by NIM and other NSAIDs is still obscure. There
are several hypotheses, including activation of the
ceramide pathway,37 blocking the activation of the
anti-apoptotic kinase Akt (protein kinase B),31 down-
regulation of the anti-apoptotic protein BCL-2,38,39

and up-regulation of NAG-140 and prostate apoptosis
response 4 (par-4) gene.27 In our study we focused
attention on the role of BCL-2-related proteins in the
regulation of NIM-induced apoptosis. It has been
clearly shown that survival of NIM-treated COLO 205
cells is dependent on BCL-2 expression. After 6 h of
cell culture exposure to NIM (50 mM), a reduction in
cell number accompanied by an increase in BCL-2
expression was observed (Figure 3). It is probably
due to the natural selection of cells and survival of
those with the highest BCL-2 content. Another
possibility is that the increase in BCL-2 synthesis is
the result of adaptation to prolonged exposure to the
apoptogenic factor. A similar phenomenon was
observed in other neoplastic cells induced to
apoptosis by oxidative stress41 and starvation.42

The results presented here show that NIM-induced
apoptosis in COLO 205 cells is dependent on
subcellular redistribution and interaction of two
death promoters: BAX and BID. Subcellular redis-
tribution of BAX and BID was shown as the increase
in BAX-MP and BID-MP within 1 h after NIM admin-
istration (where MP is regarded as a marker of
molecules aggregation) (Figure 4). BAX- and BID-
related fluorescence was elevated both in the nuclear
and cytoplasmic area of NIM-treated cells (Figure 5),

which was confirmed by increased BAX and BID
content measured by Western blotting (Figure 6).
More precise localization of BAX and BID was
possible using immunoelectron microscopy, show-
ing their aggregates on organellar membranes
(mitochondrial, rough endoplasmic reticulum and
nuclear envelope) and within the nucleus (Figures 8
and 10). Our previous study demonstrated that BAX
redistribution in COLO 205 cells is a common feature
of apoptosis induced by various anticancer drugs.6

BAX and BID subcellular redistribution in response
to an apoptotic signal is dependent on their
activation that occurs through the proteolytic clea-
vage at the N-terminus and exposure of the BH-3
domain. This leads to BAX oligomerization, and an
interaction of BAX and BID molecules.5,16,23 It was
shown that BAX and BID are cleaved by the action of
m-calpain and caspase-8, respectively.11,23,43

The role of interaction of BAX and BID in the
apoptotic process is still controversial. According to
one hypothesis, BID as a ‘death ligand’ devoid of a
transmembrane domain can facilitate the insertion of
BAX into the mitochondrial membrane to form
functional oligomers.17 This hypothesis is in the line
with the fact that BH3 peptide alone, acting like the
‘BH3-only’ protein BID, mediates cytochrome c
efflux by oligomerization and insertion of BAX into
the mitochondrial membrane.44 According to an-
other hypothesis, BID possesses the biochemical
activity to induce cytochrome c release through a
mechanism independent of mitochondrial perme-
ability transition pore and BAX.45 Kudla et al.43

suggest a dual role for BID: (i) a BH3-independent
permeabilization of mitochondrial membranes and
(ii) a BH3-dependent activation of BAX or inhibition
of BCL-XL. Our study by double-staining confocal
and immunoelectron microscopy shows the

Figure 9. Colocalization of BAX and VDAC-1 analyzed by confocal double staining of COLO 205 cells. In the cell
cross-sections from non-treated culture (a) no pattern of colocalization between BAX (green £uorescence) and
VDAC-1 (red £uorescence) was observed. BAX was commonly distributed throughout the cell compartments,
whereasVDAC-1was localizedwithin the cytoplasm. In contrast, in the culture treatedwith1 mMof NIM, a strong pat-
tern of colocalization between BAX and VDAC-1can be observed (bright yellow light coming from simultaneous ex-
citation of colocalized red and green £uorochrome). Furthermore, during NIM-induced apoptosis VDAC-1 was
translocated to the nuclear compartment of the cell.

Figure 7. Colocalization of BAX and BID analyzed by confocal double staining of COLO 205 cells. In the cell cross-
sections from non-treated culture (a) no pattern of colocalization between BAX (green £uorescence) and BID (red
£uorescence) was observed.BAX was commonly distributed throughout the cell compartments, whereas BID was
localizedwithin the cytoplasm.In the culture treatedwith1 mMof NIM, a strongpatternof colocalizationbetween BAX
andBID canbeobserved (brightyellowlight coming fromsimultaneousexcitationof colocalizedredandgreen £uor-
ochrome).Furthermore, during NIM-inducedapoptosis BIDwas translocated to the nuclear compartment of the cell.
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colocalization of BAX and BID in COLO 205 cells
induced to apoptosis by NIM (Figures 7 and 8). The
presented results may indicate the formation of
apoptosis-related heterooligomeric complexes by
BAX and BID on organellar membranes (mitochon-
drial, rough reticulum and perinuclear) and within
the nucleus (Figure 8).

Another question is whether BAX-BID complexes
form channels in organellar membranes indepen-
dently or together with other channel-forming
proteins (e.g. VDAC-1). Shimizu et al.10 provided
evidence that VDAC-1 and BAX create a large pore,
with conductance levels 4- and 10-fold greater than
those of VDAC-1 and BAX alone. Moreover,

Figure 8. ColocalizationofBAXandBIDanalyzedbyimmunogolddoublestainingofCOLO205 cellstreatedwithNIM
(1 mM) for 1h (A and B). BAX is represented by 30 nm gold particles and BID by 20 nm gold particles. The clusters
consisting of BAX- and BID-related gold particles are localized onmitochondria (a, e and f), nuclear envelope pore
(d) andwithin thenucleus (b and c).
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cytochrome c passes through a single VDAC-1–BAX
channel but not through the VDAC-1 or BAX
channels in a planar lipid bilayer. Our study
visualized BAX–VDAC-1 channels by colocalization

of these proteins on mitochondrial, rough endoplas-
mic reticulum and perinuclear membranes of COLO
205 cells stimulated to apoptosis by NIM (Figures 9
and 10). Because most BAX-related gold particles on

Figure 10. Colocalization of BAX and VDAC-1 analyzed by immunogold double staining of COLO 205 cells treated
with NIM (1 mM) for1h.BAX is represented by 30 nmgold particles and VDAC-1by 20 nmgold particles.The clusters
consistingof BAX- andVDAC-1-relatedgoldparticlesarelocalizedonmitochondria (Ac,BandC), roughendoplasmic
reticulum (Ab), nuclearenvelopepore (Aa) andwithin the nucleus (Ab).
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organellar membranes associate with VDAC-1 (Figure
10), we suppose that BAX (probably in association
with BID) targets VDAC-1 and controls its function.
To visualize BID involvement in BAX-VDAC-1 chan-
nels, triple-staining immunoelectron microscopy will
be used in the subsequent study.

In conclusion, the presented results demonstrate
the interaction of BAX and BID in NIM-induced
apoptosis of COLO 205 cells, manifested by a similar
pattern of changes in subcellular redistribution and
their colocalization on organelles. Colocalization of
BAX and VDAC-1 suggests that BAX (probably in
association with BID) controls the function of VDAC-
1 and its permeability for apoptogenic factors
released from the mitochondria (e.g. cytochrome c,
AIF and Smac/DIABLO).
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