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Institute for Medical Microbiology, Immunology and Hygiene,
Technische Universität München, Munich, Germany

Received 17 November 1998/Accepted 21 January 1999

Recent work suggests a participation of mitochondria in apoptotic cell death. This role includes the release
of apoptogenic molecules into the cytosol preceding or after a loss of mitochondrial membrane potential DCm.
The two uncouplers of oxidative phosphorylation carbonyl cyanide m-chlorophenylhydrazone (CCCP) and 2,4-
dinitrophenol (DNP) reduce DCm by direct attack of the proton gradient across the inner mitochondrial mem-
brane. Here we show that both compounds enhance the apoptosis-inducing capacity of Fas/APO-1/CD95 sig-
naling in Jurkat and CEM cells without causing apoptotic changes on their own account. This amplification
occurred upstream or at the level of caspases and was not inhibited by Bcl-2. The effect could be blocked by the
cowpox protein CrmA and is thus likely to require caspase 8 activity. Apoptosis induction by staurosporine in
Jurkat cells as well as by Fas in SKW6 cells was unaffected by CCCP and DNP. The role of cytochrome c during
Fas-DNP signaling was investigated. No early cytochrome c release from mitochondria was detected by Western
blotting. Functional assays with cytoplasmic preparations from Fas-DNP-treated cells also indicated that there
was no major contribution by cytochrome c or caspase 9 to the activation of effector caspases. Furthermore, an
increase of rhodamine-123 uptake into intact cells, which has been explained by mitochondrial swelling,
occurred considerably later than the caspase activation and was blocked by Z-VAD-fmk. These data show that
uncouplers of oxidative phosphorylation can presensitize some but not all cells for a Fas death signal and
provide information about the existence of separate pathways in the induction of apoptosis.

Apoptotic cell death is the result of the activation of a
specialized intracellular pathway. Apoptosis can be induced by
a wide variety of agents of very different natures including, for
example, signaling through cell surface molecules or treatment
with chemicals and viral infection (reviewed in reference 35).
Despite this difference in apoptotic triggers, a cell induced to
undergo apoptosis in probably all cases activates components
of the same apoptosis system. Although the molecular events
in the activation of the intracellular apoptosis pathway are still
largely unknown, some steps of the actual execution of cell
death have been unraveled. The most clearly and unequivo-
cally defined step is the activation of members of the caspase
family of cysteine proteases whose proteolytic activity either
destroys the cell or signals destruction by activating further
downstream components (for a review, see reference 26).
Caspase activity appears to be essential for the appearance of
the morphological signs of apoptosis such as nuclear conden-
sation, DNA degradation, and cell membrane changes (26).

Recent data suggest that effector molecules localized in the
mitochondria of the cell may contribute to the initiation of
apoptosis. During apoptosis, several changes in the mitochon-
dria are observed. Cytochrome c is normally physically associ-
ated with the inner mitochondrial membrane facing the inter-
membrane space. The addition of cytochrome c to cytosolic
extracts has been shown to be a determining factor in the
activation of caspase 3 via a complex of caspase 9 and apaf-1,
a molecule with homology to the Caenorhabditis elegans cell
death protein CED-4 (17, 18, 43). Since at least in some cases
cytochrome c is also released in intact cells undergoing apo-

ptosis prior to caspase activation (4, 32), this release may be
one trigger of the execution system.

However, recent work points out that the initiation of apo-
ptosis is more complex and that different agents might act via
different molecular triggers. Studies in genetically modified
mice suggest a model where so-called death receptors, such as
tumor necrosis factor receptor I and Fas/APO-1/CD95 use a
pathway independent of caspase 9 and apaf-1, whereas other
stimuli, such as dexamethasone or UV irradiation, appear at
least to some extent to rely on this signal chain (5, 10, 12, 39).
Moreover, different cell lines and possibly different tissue types
may react differently to the same stimulus.

A second mitochondrial parameter that has been recognized
to change during apoptosis is the mitochondrial membrane
potential (DCm). A decrease in DCm has been observed in
several forms of apoptosis (for a review, see reference 11) and
is assumed to be mediated by the opening of a mitochondrial
multicomplex pore in a process termed permeability transition.
This process has been suggested to be necessary to release
apoptogenic molecules into the cytosol (31, 41). The reduction
in DCm has been found by some authors to be an event early
in apoptosis committing the cell to death (40), but others have
found it to be a later step, namely, to occur after the activation
of caspases (4). Moreover, a recent report suggests that an
increase in DCm occurs early in apoptosis, preceding the later
final reduction (34).

After electron transport through the respiratory chain, pro-
tons are pumped from the mitochondrial matrix into the in-
termembrane space. DCm is the result of this asymmetrical
distribution of protons (and other ions) between the mitochon-
dria and the cytosol (for a review, see reference 11). Coupling
of electron transport through the respiratory chain and ATP
generation are disrupted by some acidic aromatic substances
such as carbonyl cyanide m-chlorophenylhydrazone (CCCP)
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and 2,4-dinitrophenol (DNP). These so-called uncouplers of
oxidative phosphorylation carry protons across the inner mito-
chondrial membrane. This specific attack of oxidative phos-
phorylation leads both to a reduction of DCm and to the ces-
sation of ATP generation in the mitochondrion.

In order to investigate the role of DCm in apoptosis, we
examined the effect of CCCP and DNP on apoptotic cell death.
Apoptosis was induced in various cell lines with anti-Fas
or staurosporine in the presence of these compounds. Both
CCCP and DNP were able to enhance a Fas death signal in
Jurkat and CEM cells but not SKW6 cells, and they had no
effect on apoptosis induced by staurosporine. It was investi-
gated at which level in the apoptotic pathway this cooperative
effect took place. The effects of high-level expression of the
antiapoptosis protein Bcl-2 and the expression of the cowpox
caspase inhibitor CrmA on this enhancement were investi-
gated. Changes in DCm during apoptosis induced either by
anti-Fas-DNP treatment or by staurosporine treatment were
monitored. The role of cytochrome c release from the mito-
chondria was studied.

MATERIALS AND METHODS

Cell culture and induction of apoptosis. The following cell lines were used in
this study: Jurkat human T-cell leukemia (ATCC) cells, Jurkat cells overexpress-
ing human Bcl-2 under the control of the EF1a promoter (36), the T-cell line
CEM (provided by Marcus Peter, DKFZ, Heidelberg, Germany), and CEM
CrmA (10a) and the lymphoblastoid cell line SKW6 (both provided by Andreas
Strasser, WEHI, Melbourne, Australia). All cells were grown in Click’s RPMI
supplemented with glutamine, 10% fetal calf serum, and antibiotics. For the
apoptosis assays, cells were cultured at 106/ml (2 3 106/ml for the preparation of
cytoplasmic extracts) for the times indicated at 37°C and 5% CO2. Death stimuli
were the anti-human Fas monoclonal antibody (MAb) (Upstate Biotechnologies
[distributed by Biozol, Munich, Germany]), staurosporine, CCCP, and DNP
(from Sigma). Anti-Fas MAb was kept constant at 100 ng/ml in all of the
experiments shown here. Staurosporine was normally used at 1 mM. In some
experiments its concentration was titrated as indicated in the figure legends.
CCCP was used at concentrations between 2.5 and 200 mM; DNP was used at
concentrations between 125 mM and 2 mM as indicated.

Assays for apoptosis. For assays of nuclear fragmentation, cells were stained
with acridine orange, and the chromatin structure was analyzed visually under a
fluorescence microscope. At least 200 nuclei were scored for each sample. The
DNA content of the nuclei was measured as described previously (21). Cells were
washed once in phosphate-buffered saline (PBS) and resuspended in staining
buffer (0.1% sodium citrate, 0.1% Triton X-100, 50 mg of propidium iodide per
ml). Samples were stored at 4°C in the dark and analyzed on the following day
with a Becton Dickinson FACScalibur apparatus as described previously (21). To
assess the morphology, cells were photographed at a 40-fold magnification.

Assay for caspase activity. Extracts were prepared from cells stimulated as
indicated. Cells were collected by centrifugation and washed once in PBS. Lysis
was performed by incubation of the cells at a density of 2 3 107/ml in lysis buffer
(150 mM NaCl; 50 mM Tris-HCl, pH 8.0; 1% Nonidet P-40) for 10 min on ice
followed by vigorous vortexing. Extracts were then cleared by centrifugation for
5 min at 10,000 3 g at 4°C, transferred to fresh vials, and stored at 270°C. For
the assay of DEVD-cleaving activity, extracts were diluted 1:10 in reaction buffer
(mitotic dilution buffer [14] containing 10 mM HEPES-KOH, pH 7.0; 40 mM
b-glycerophosphate; 50 mM NaCl; 2 mM MgCl2; 5 mM EGTA; and 1 mM
dithiothreitol [DTT]) supplemented with 0.1% CHAPS {3-[(3-cholamidopro-
pyl)-dimethylammonio]-1-propanesulfonate} and 100 mg of bovine serum albu-
min and containing acetyl-DEVD-7-amino-4-methylcoumarin (DEVD-AMC) at
a final concentration of 10 mM. Reactions were performed in triplicate in flat-
bottomed 96-well plates at 37°C for 1 h. Free AMC was then measured by
determining the fluorescence at 390 nm (excitation) and at 460 nm (emission) in
a Millipore Cytofluor 96 reader. Values were calculated by subtracting the
background fluorescence (buffer and substrate alone) and are presented as the
mean and three times the standard error of the mean (mean/3 3 the SEM).

Staining for DCm. Cells were cultured as described above and stimulated as
indicated in the figure legends. Rhodamine-123 (Sigma) was added 30 min
before the end of the stimulation period to 10 mg/ml. The culture was continued,
and cells were washed twice in PBS and then analyzed by flow cytometry. JC-1
(5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimidazol-carbozyanine iodide; Mo-
lecular Probes) was added 15 min before the end of the stimulation period to 5
mg/ml, and the cells were incubated at room temperature in the dark (27). Cells
were then washed with PBS and analyzed as described above.

Subcellular fractionation and Western blotting. Jurkat cells (2 3 107 to 4 3
107 per sample) were treated as indicated in the figure legends. Fractions con-
taining mitochondria and cytosol were prepared essentially as described earlier

(37). Briefly, cells were washed once in cold PBS, resuspended in mitochondrion
buffer (20 mM HEPES-KOH, pH 7.4; 10 mM KCl; 1.5 mM MgCl2; 1 mM EDTA;
1 mM EGTA; 250 mM sucrose) and lysed with 20 strokes in a Dounce homog-
enizer (the extent of lysis was checked by eosin exclusion staining and was found
to be about 30%). More-extensive Dounce homogenization led to the release of
cytochrome c from the mitochondria also in the untreated cells (not shown).
Lysates were centrifuged twice for 10 min at 750 3 g and once for 10 min at
1,000 3 g at 4°C. The resulting supernatants were spun at 10,000 3 g for 10 min.
The supernatants from this step are designated cytosolic fractions (containing
cytosol and light membrane fraction); the pellets contained mitochondria. The
protein concentration was measured, and equal amounts were loaded for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting with monoclonal anti-cytochrome c (R & D Systems) or anti-cytochrome
oxidase (subunit I; Molecular Probes) antibody. Blots were developed by using
an enhanced chemiluminescence system (NEN).

Caspase-9 processing and caspase activation in extracts. Extracts were pre-
pared as described above. Radiolabelled human caspase 9 was generated by
using the TNT-rabbit reticulocyte system (Promega) according to the manufac-
turer’s instructions. For the determination of caspase 9 processing activity, 1 ml
of this reaction mixture was incubated with 100 mg of the corresponding cytosolic
fraction in a final volume of 60 ml (the volume was made up by using S-100 buffer
[20 mM HEPES-KOH, pH 7.4; 10 mM KCl; 1.5 mM MgCl2; 1 mM EDTA; 1 mM
EGTA; 1 mM DTT; and the protease inhibitors phenylmethylsulfonyl fluoride,
pepstatin, leupeptin, and aprotinin]) for 3 h at 37°C. Some samples also con-
tained 1 mM dATP (Sigma) and 1 mg of cytochrome c (from bovine heart;
Sigma) as indicated in the figures. After 3 h, samples were heated to 95°C in
Laemmli buffer and separated on an SDS–14% polyacrylamide gel. Gels were
dried and exposed to a PhosphorImager screen (Molecular Dynamics, Bad
Homburg, Germany) for 1 to 3 days.

To measure the caspase-activating activity of cytosolic fractions, reaction mix-
tures (final volume, 40 ml) were set up to contain cytosolic fractions (50 mg) in
S-100 buffer. As indicated, dATP (1 mM) and cytochrome c (0.5 mg) were added.
Reaction mixtures were incubated at 37°C for 90 min, 10-ml aliquots were then
taken, and DEVD-cleaving activity was measured for 60 min as described above.

RESULTS

Uncouplers of oxidative phosphorylation enhance an anti-
Fas death signal in Jurkat and CEM cells but not in SKW6
cells. Signaling via the Fas surface receptor (also called CD95
and APO-1) induced apoptosis in a variety of cell lines. We
first investigated whether CCCP and DNP affected Fas-trig-
gered cell death in Jurkat cells. Cells were stimulated with an
MAb against human Fas either alone or in the presence of
various concentrations of CCCP or DNP. Apoptosis was mea-
sured by assessing the nuclear fragmentation morphologically
and by determining the loss of DNA from nuclei as described
previously (21). As shown in Fig. 1, there was no significant
nuclear fragmentation or loss of genomic DNA after 6 h in
cells treated with either CCCP or DNP alone at the concen-
trations used here. However, both agents increased the num-
ber of cells with apoptotic nuclei after Fas stimulation when
added at the time of Fas cross-linking (Fig. 1) in both assays.
Fas signaling induces further signs of apoptosis, such as vigor-
ous blebbing and shedding of apoptotic bodies in Jurkat cells.
As shown in Fig. 2, these signs of apoptosis were also markedly
enhanced by DNP.

Cell membrane integrity was measured by propidium iodide
exclusion to determine total cell death, and a similar enhancing
effect of CCCP and DNP was observed when that criterion was
used (data not shown). In some experiments, cells were stained
simultaneously with acridine orange and ethidium bromide
to assess membrane integrity and nuclear changes simulta-
neously. With these two dyes, necrotic cells can be defined as
cells with a nonapoptotic nucleus but with defective plasma
membrane. CCCP or DNP did not increase the percentage of
such necrotic cells either when used alone or when used in
combination with anti-Fas antibody (data not shown).

A similar effect was observed when genomic DNA was ex-
tracted and analyzed after 18 h of treatment: while CCCP and
DNP alone did not induce DNA fragmentation in Jurkat cells,
both increased the extent of DNA fragmentation after Fas
ligation (data not shown).
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Different cell lines have recently been demonstrated to dis-
play different reactions to Fas engagement by a stimulating
MAb, and a division into two types of cells has been proposed
(28). According to this nomenclature, Jurkat cells belong to the
group of type II cells in which Bcl-2 inhibits Fas-induced cell
death and in which caspase activation may, at least initially, not
be mediated directly via recruitment to the Fas molecule (28).
We tested another type II cell line, CEM, and one type I cell
line, SKW6, for their susceptibility towards CCCP and DNP
effects. CEM cells reacted essentially like Jurkat cells in this
system, i.e., CCCP and DNP enhanced Fas-triggered apoptosis
(Fig. 3), whereas they lacked this capacity in SKW6 cells (Fig.
4). Therefore, these two agents act specifically in the Fas path-
way operative in type II cells and offer a novel approach for
distinguishing between the two types of cells.

Dissipation of the proton gradient across the mitochondrial
membrane by CCCP and DNP not only reduces DCm but also
will eventually inhibit ATP generation. We measured ATP
levels in Jurkat cells after 2 and 6 h of treatment. After 2 h,
there was no decrease in intracellular ATP abundance. After
6 h, ATP levels had not significantly dropped (,10%) in cells
incubated with CCCP (100 mM) or DNP (1 mM) alone. ATP
levels decreased to about 20 to 30% of the control level in cells
treated with anti-Fas–CCCP and about 50% in cells treated
with anti-Fas–DNP (data not shown). However, it has been
shown that when ATP levels drop to below a certain threshold
level, nuclear apoptosis is blocked (8, 15). Since nuclear apo-
ptosis occurred in the described model, it is unlikely that this
drop in ATP availability had a significant impact on the

FIG. 1. CCCP and DNP enhance the Fas apoptosis signal in Jurkat cells. Jurkat cells (2 3 105 per well) were incubated for 6 h in 96-well plates in 200 ml of complete
medium or with various concentrations of CCCP (top panels) or DNP (bottom panels) as indicated either without (E) or with (F) anti-Fas MAb (100 ng/ml). Aliquots
of the cultures were then assayed for apoptotic changes either morphologically (left panels) or after staining with propidium iodide for DNA content by flow cytometry
(right panels). The experiments for these titration curves were performed three times with very similar results.

FIG. 2. Morphology of Jurkat cells treated with anti-Fas–DNP. Jurkat cells
(106 in 1 ml of complete culture medium in a 6-well plate) were incubated with
the indicated stimuli (DNP was used at 1 mM, and anti-Fas [a-fas] was used at
100 ng/ml). Pictures were obtained after 6 h. A very similar effect was observed
more than 20 times.
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progress of apoptosis. Also, at higher concentrations, CCCP
and DNP alone did induce nuclear fragmentation and DNA
cleavage in Jurkat cells (not shown). Antimycin A and rote-
none, which inhibit oxidative phosphorylation at earlier steps
in the respiratory chain without directly reducing DCm, did not
enhance the death-inducing effect of anti-Fas stimulation (data
not shown).

Recent data suggest that signaling after Fas triggering differs
from apoptosis induction by other stimuli (10, 39). Apoptosis
was therefore induced with the kinase inhibitor staurosporine
in the presence of CCCP or DNP. As shown in Fig. 5, CCCP
and DNP had no effect on the apoptosis-inducing activity of
staurosporine.

Effect of Bcl-2 and CrmA on the inhibition of Fas-CCCP-
and Fas-DNP-induced apoptosis. Although the cellular pro-
tein Bcl-2 does not inhibit Fas-induced cell death in all cell
types, it does inhibit apoptosis induced by a wide variety of
stimuli, including a Fas signal in type II cells such as Jurkat
cells (2, 28). A subclone of Jurkat cells overexpressing human
Bcl-2 under the control of the elongation factor 1a promoter
(Jurkat Bcl-2 cells [36]) was treated with anti-Fas and anti-fas–
CCCP or anti-fas–DNP. CCCP and DNP still clearly enhanced
the Fas death signal in these cells (Fig. 6a). To confirm the
functional expression of Bcl-2 in these cells, cells were treated
with various concentrations of staurosporine. As shown in Fig.
6b, Bcl-2 protected cells very efficiently against this apoptosis-
inducing agent.

The signaling of Fas via the adapter molecule FADD/

MORT-1 to caspase 8 is well defined. Recent work, however,
suggested an alternative pathway for apoptosis induction by
Fas which required the protein Daxx but not FADD (6, 38). A
possible way to determine caspase 8 involvement in apoptosis
is to measure the inhibitory potential of the cowpox protein
CrmA. CrmA is a serpin-like molecule which inhibits several
but not all caspases. Caspase 8 activity is blocked efficiently by
CrmA, whereas CrmA has very little effect on other caspases,
such as caspase 3 (42). CEM cells expressing CrmA were treat-
ed with anti-Fas in the presence of CCCP or DNP. As shown
in Fig. 7, Fas did not induce apoptosis to a detectable extent in
these cells either alone or in the presence of CCCP and DNP
(the time and concentrations of agents were as described in
the experiments for Fig. 3). The apoptosis-enhancing effect of
CCCP and DNP is therefore likely to involve caspase 8 acti-
vation via FADD.

Cooperation between apoptotic signals from Fas and CCCP-
DNP occurs upstream or at the level of caspase activation.
Intracellular proteolysis by caspases with the substrate speci-
ficity Asp-Glu-Val-Asp (DEVD) appears to be essential for
the implementation of apoptosis (26). We analyzed whether
the apoptosis-enhancing effect of CCCP and DNP involved
caspase activation. DEVD-cleaving activity was measured in
extracts from Jurkat cells treated with anti-Fas, CCCP, or DNP
or the combinations anti-Fas–CCCP and anti-Fas–DNP. As
shown in Fig. 8a, CCCP and DNP induced little if any detect-
able DEVD-cleaving activity on their own, but they strongly
enhanced this caspase activity when induced by a Fas signal.

FIG. 3. CCCP and DNP enhance the Fas apoptosis signal in CEM cells. CEM cells (2 3 105 per well) were incubated for 3 h in 96-well plates in 200 ml of complete
medium or with various concentrations of CCCP (top panels) or DNP (bottom panels) as indicated either without (E) or with (F) Anti-Fas MAb (100 ng/ml). Aliquots
of the cultures were then assayed for apoptotic changes either morphologically (left panels) or after staining with propidium iodide for DNA content by flow cytometry
(right panels). Note that the concentrations of CCCP required are lower than for Jurkat cells. Experiments for these titration curves were performed three times with
very similar results.
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DEVD-cleaving activity was most likely due to caspase-medi-
ated proteolysis since the broad-spectrum inhibitor of caspases
Z-VAD-fmk completely inhibited the activity when added to
extracts from both staurosporine-treated and Fas-DNP-
treated cells (Fig. 8b). Thus, the point in the apoptotic pathway
where the two signals merge lies upstream of or at the level of
caspase activation.

When extracts from cells treated with anti-Fas and from cells
treated with DNP were mixed in vitro, no overadditive caspase
activity was detected (data not shown). This indicates that
intact organization and compartmentalization of the cell are
required for the enhancing effect.

CCCP and DNP lead to a reduction of DCm but enhance the
size of the population with high rhodamine-123 uptake in-
duced by anti-Fas. Changes in the mitochondrial membrane
potential DCm have been reported to be a general feature of
apoptotic cell death (11). A decrease in DCm was in some cases
found early in the apoptotic process, whereas other studies
suggested that this process occurs relatively late, downstream
of caspase activation. An increase in DCm has also been sug-
gested to take place at an earlier stage of apoptosis (34). We
assessed changes in DCm after stimulation of Jurkat cells with
anti-Fas and either CCCP or DNP. DCm was measured as the
uptake of the cationic dyes rhodamine-123 or JC-1 as de-
scribed earlier (27, 34). As predicted, both CCCP and DNP led
to a reduction in uptake of these dyes (Fig. 9a and c), although
it was noted that the apparent reduction in DCm was somewhat
different dependent on which dye was used (Fig. 9a and c). A
signal through the Fas receptor induced an increase in rhoda-

mine-123 staining in a small portion of cells over a period of
6 h (Fig. 9a and data not shown) which was not visible when
cells were stained with JC-1 (Fig. 9c). Surprisingly, the pres-
ence of CCCP or DNP markedly increased the proportion of
cells with a higher rhodamine-123 fluorescence (Fig. 9a; for all
the results shown here, only cells with forward scatter-side
scatter criteria for living cells are given). These cells with high
rhodamine-123 fluorescence (rhodamine-123-high cells) had
still intact plasma membranes, as determined by propidium
iodide staining (data not shown).

A final loss of rhodamine-123 fluorescence occurred at
about the same time as the changes in scatter signals, since
almost all the dead cells (by forward scatter-side scatter crite-
ria) but very few cells in the live cell gate exhibited low rho-
damine-123 staining (data not shown). It should be noted that
the intensity of rhodamine-123 staining in the population of
rhodamine-123-high-staining cells was the same whether the
cells were treated with anti-Fas or with anti-Fas–CCCP or
–DNP, i.e., regardless of the presence of CCCP or DNP (Fig.
9a and data not shown). This indicates that the increase in
staining does not depend on the proton gradient across the
inner mitochondrial membrane.

In cells expressing high levels of Bcl-2, the increase in rho-
damine-123 staining after anti-Fas or anti-Fas–DNP treatment
was reduced. This is consistent with earlier data showing that
Bcl-x can inhibit the increase in rhodamine-123 staining during
Fas- or staurosporine-induced apoptosis (34). The decrease in
DCm induced by DNP, however, was the same as in normal
Jurkat cells (not shown). These findings further support the

FIG. 4. CCCP and DNP do not alter the susceptibility of SKW6 cells to Fas-induced apoptosis. SKW6 cells (2 3 105 per well) were incubated for 3 h in 96-well
plates in 200 ml of complete medium or with various concentrations of CCCP (top panels) or DNP (bottom panels) as indicated either without (E) or with (F) anti-Fas
MAb (100 ng/ml). Aliquots of the cultures were then assayed for apoptotic changes either morphologically (left panels) or after staining with propidium iodide for DNA
content by flow cytometry (right panels). The experiments for these titration curves were performed three times with similar results.
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interpretation that Bcl-2 can reduce the apoptosis-inducing
capacity of a Fas signal but not the mechanism of amplification
by DNP. Thus, a chemically induced loss of DCm does not
necessarily lead to apoptosis, whereas the increase in rhoda-
mine-123 uptake is an event of apoptosis downstream of the
checkpoint controlled by Bcl-2.

The suitability of rhodamine-123 for measurement of DCm
has been questioned (20). We therefore included a second dye,
JC-1, in these studies. In comparative studies, JC-1 uptake has
been found to be a more reliable parameter for monitoring
DCm in the presence of, for example, plasma membrane de-
polarization (27). As shown in Fig. 9c, JC-1 staining indeed
gave a different result, i.e., only the expected decrease in stain-
ing upon treatment with CCCP or DNP but a complete ab-
sence of the high-staining population visible when rhodamine-
123 was used.

The increase in rhodamine-123 staining has been inter-
preted as the result of an early swelling of mitochondria during
apoptosis that is blocked by Bcl-x in a mitochondrion-autono-
mous manner and that precedes caspase activation (34). In the
system described here, the increase in rhodamine-123 staining
became noticeable first after between 1 and 2 h of treatment
with anti-Fas–DNP and was evident somewhat later when cells
were treated with anti-Fas alone. The proportion of cells in this
rhodamine-123-high-staining population increased gradually
over the period of 6 h investigated (data not shown). Since the
maximum of caspase activity was reached after ca. 3 h of
anti-Fas–DNP stimulation, we considered the possibility that
the increase in rhodamine-123 uptake was a later event in this
model of apoptosis. When cells were treated with anti-Fas–

DNP in the presence of the caspase inhibitor Z-VAD-fmk, no
increase in rhodamine-123 staining was observed (Fig. 9b) and
the cells did not display any of the morphological signs of cell
death, such as nuclear fragmentation and loss of cell mem-
brane integrity (not shown). We conclude that the increase in
rhodamine-123 uptake is a sign of apoptosis occurring down-
stream of caspase proteolysis. Caspase activity was not re-
quired directly for high levels of rhodamine-123 uptake, how-
ever, since the addition of the caspase inhibitor 30 min to 2 h
prior to staining with rhodamine-123 had only little effect on
the increase (data not shown). Thus, the inhibitory effect of
Bcl-2 on the increase in rhodamine-123 staining is likely the
result of a block in the activation of the apoptosis machinery
rather than of a direct action by Bcl-2 on mitochondrial pa-
rameters.

When Jurkat cells were treated with staurosporine, a rhoda-
mine-123-high-staining population could also be detected, but
not when Z-VAD-fmk was present (not shown). These results
suggest that an increase in rhodamine-123 uptake into dying
cells is an event common to at least several forms of apoptosis.
Since it could be prevented by the inhibition of caspase pro-
teolysis and since caspase activity is a necessary feature of
apoptosis, this increase in rhodamine-123 staining is likely to
be an event common to all forms of apoptosis occurring down-
stream of caspases.

A further indication that the increase in rhodamine-123
staining is a late event in apoptosis came from the two-parame-
ter analysis of flow cytometry data, where forward scatter sig-
nal (as a measure for the size of the cells) was plotted against
rhodamine-123 fluorescence. This representation showed that

FIG. 5. CCCP and DNP do not alter the susceptibility of Jurkat cells to apoptosis induced by staurosporine. Jurkat cells (2 3 105 per well) were incubated for 6 h
in 96-well plates in 200 ml of complete medium or with various concentrations of CCCP (top panels) or DNP (bottom panels) as indicated either without (E) or with
(F) staurosporine (1 mM). Aliquots of the cultures were then assayed for apoptotic changes either morphologically (left panels) or after staining with propidium iodide
for DNA content by flow cytometry (right panels). The experiments for these titration curves were performed three times with very similar results.
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cells with increased rhodamine-123 uptake tend to give a small-
er forward scatter signal, suggesting that they have already
started to shrink, even when gated only on cells in the normal
scatter gate for live cells and more so when all cells were gated
(not shown). Together, these results suggest that an increase in
rhodamine-123 fluorescence probably occurs independently of
DCm and is a late event in apoptosis, i.e., at a stage immedi-

ately before or concurrent with other morphological signs of
apoptosis.

Induction of caspase activity by anti-Fas–DNP is likely to
occur independently of cytochrome c release. In several models
of apoptosis, translocation of cytochrome c from mitochondria
into the cytosol has been observed. In cytosolic extracts in the
presence of dATP, free cytochrome c can trigger caspase ac-

FIG. 6. (a) CCCP and DNP enhance the Fas apoptosis signal in Jurkat Bcl-2 cells. Jurkat Bcl-2 cells (2 3 105 per well) were incubated for 7 h in 96-well plates
in 200 ml of complete medium or with various concentrations of CCCP (top panels) or DNP (bottom panels) as indicated either without (E) or with (F) anti-Fas MAb
(100 ng/ml). Aliquots of the cultures were then assayed for apoptotic changes either morphologically (left panels) or after staining with propidium iodide for DNA
content by flow cytometry (right panels). In some experiments the titration ranges were different (as shown). The experiments for these titration curves were performed
twice with similar results. More than three additional experiments with CCCP at 100 mM and DNP at 1 mM were also done; in these experiments CCCP and DNP
showed a similar enhancing effect. (b) High-level Bcl-2 protects Jurkat cells against staurosporine-induced apoptosis. A total of 2 3 105 Jurkat cells (solid symbols) or
Jurkat Bcl-2 cells (open symbols) per well were incubated for 7 h in 96-well plates in 200 ml of complete medium or with various concentrations of staurosporine as
indicated. Aliquots of the cultures were then assayed for apoptotic changes either morphologically (circles) or after staining with propidium iodide for DNA content
by flow cytometry (squares).
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tivation, which raises the possibility that cytochrome c release
in intact cells may be a mechanism to trigger apoptosis. Wheth-
er cytochrome c release plays a role in apoptosis induction
after Fas ligation is still uncertain. We investigated whether
cytochrome c release into the cytosol contributed to the acti-
vation of caspases after treatment with anti-Fas–DNP in Jurkat
cells. As shown in Fig. 10a, neither anti-Fas nor DNP treat-
ment alone nor the combination of both led to detectable
cytochrome c redistribution after 2 h of stimulation; almost all
immunoreactivity was detected in the pellet of the centrifuga-
tion at 10,000 3 g (containing mitochondria), and no cyto-
chrome c exceeding the amount found in the control sample of
untreated cells was detectable in the supernatant. When cells
were treated with staurosporine, cytochrome c was detectable
in the cytosol and disappeared from the mitochondria; the
results of an experiment when Jurkat cells were treated with
either anti-Fas–DNP or staurosporine for 2.5 h are shown in
Fig. 10b. When fractions were prepared, the amount of
cytochrome c in the 10,000 3 g pellet had dropped signifi-
cantly in the sample of staurosporine-treated cells, while very
little if any redistribution was visible in the samples from cells
treated with anti-Fas–DNP (Fig. 10b). In time course experi-
ments, no significant cytochrome c release was detectable dur-
ing 4 h of treatment with anti-Fas–DNP (data not shown).

The reported chain of events after cytochrome c release into
the cytosol is the binding of cytochrome c to apaf-1 followed by
recruitment of caspase 9 into the complex and the subsequent
activation of this protease. Active caspase 9 then probably
activates other caspases (17, 43). To obtain additional evidence
about the role of cytochrome c in Fas-DNP-induced apoptosis,
we assayed cytosolic extracts for caspase 9-processing activity.
Jurkat cells either were left untreated or were treated with
anti-Fas, anti-Fas–DNP, or staurosporine, and cytosolic ex-
tracts were prepared after 2 h as described in Materials and
Methods. Aliquots (100 mg) of these extracts were incubated
with radiolabelled human pro-caspase 9 for 3 h, and the prod-
ucts of these reactions were analyzed by SDS-PAGE and au-
toradiography. As shown in Fig. 11, extracts from untreated
cells or from cells treated with anti-Fas or anti-Fas–DNP con-
tained no activity which would have been able to process pro-
caspase 9. Incubation with extract from staurosporine-treated
cells, however, led to the appearance of two fragments of about
35 kDa (Fig. 11, left panel). The processing of pro-caspase 9 to
these two smaller fragments has been shown earlier to be in-

duced by cytochrome c in a cell-free system and to require an
active site in caspase 9 (22).

In intact cells, cytochrome c appears to be sufficient to pro-
cess caspase 9, whereas in extracts cytochrome c requires
dATP to initiate this activation (4, 18). We added dATP alone
or with cytochrome c to the extracts and determined the acti-
vation of pro-caspase 9 as described above. Figure 11 (middle
and right panels) shows that for extracts from normal cells and
from cells treated with anti-Fas or anti-Fas–DNP the addition
of cytochrome c was required in order to trigger caspase 9
processing, while it had no detectable effect on extracts from
staurosporine-treated cells.

We continued investigation of this pathway by determining
DEVD-cleaving activity in a similar system. Extracts (50 mg)
were incubated for 90 min at 37°C either alone or together with
dATP or a combination of dATP and externally added cyto-
chrome c. Then the DEVD-cleaving activity was measured in
the products of these reactions. Figure 12a shows the results of
a typical experiment with extracts from cells either left un-
treated or treated for 2 h with anti-Fas or anti-Fas–DNP. As
expected, DEVD-cleaving activity was highest in extracts from
cells treated with anti-Fas–DNP when extracts were incubated
alone (Fig. 12a, solid columns). In all three settings, the addi-
tion of dATP alone had no effect on the activity (Fig. 12a, open
columns). When dATP and cytochrome c were both added, sig-
nificant DEVD-cleaving activity was induced (Fig. 12a, hatched
bars). Figure 12b and c give the results of time course experi-
ments with either the combination anti-Fas–DNP (b) or treat-
ment with staurosporine (c). In extracts from staurosporine-
treated cells, after 2 h cytochrome c addition did not induce
any additional DEVD-cleaving activity (Fig. 12c). In extracts
from cells treated with anti-Fas–DNP, however, such activity
was induced by cytochrome c even when extracts were pre-
pared after 4 h of treatment (Fig. 12b).

Although it is possible that small quantities of cytochrome c
did play a role in activating DEVD-cleaving activity in intact
cells, its importance appears to be not as great in Fas-DNP-
triggered apoptosis as in staurosporine-induced cell death. The
result that cytochrome c in all cases was able to add to the
DEVD-cleaving activity in extracts from cells treated with anti-
Fas–DNP suggests that this pathway had at least not com-
pletely been triggered in the intact cell. This set of experiments
also provides evidence that cytochrome c is not the agent re-
sponsible for the amplification of a Fas death signal by DNP.

FIG. 7. CEM CrmA cells are resistant to apoptosis induced by anti-Fas, anti-Fas–CCCP, or anti-fas–DNP. CEM CrmA cells (2 3 105 per well) were incubated for
3 h in 96-well plates in 200 ml of complete medium or with CCCP (20 mM) or DNP (1 mM) as indicated either without (solid columns) or with (shaded columns) anti-Fas
MAb (100 ng/ml). Aliquots of the cultures were then assayed for apoptotic changes either morphologically (left panel) or after staining with propidium iodide for DNA
content by flow cytometry (right panel). Concentrations of CCCP and DNP were the same as the highest concentrations used for CEM maternal cells in the experiment
shown in Fig. 3. This experiment was performed three times with very similar results.
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DISCUSSION

In this report we show that uncouplers of oxidative phos-
phorylation are capable of enhancing a Fas death signal in
so-called type II but not in type I cells. This enhancing effect
requires caspase 8 activity, involves enhanced caspase activa-
tion, and is not blocked by Bcl-2. Enhanced caspase activation
is likely to occur in the absence of cytochrome c release into
the cytosol. Using this model, we demonstrate that increased
rhodamine-123 uptake is a cellular response to apoptosis-in-
ducing stimuli downstream of caspase proteolysis.

CCCP and DNP are thought to act specifically to dissipate
the proton gradient across the inner mitochondrial membrane.

FIG. 8. (a) CCCP and DNP enhance DEVD-cleaving activity in extracts
from cells treated with anti-Fas. Jurkat cells (106 per time point) were incubated
in 1 ml of complete medium containing no stimulus (E, at left), CCCP (200 mM;
E), DNP (2 mM; h), anti-Fas MAb (100 ng/ml; Œ), anti-Fas MAb and CCCP
(F), or anti-Fas MAb and DNP (■). The agents were added at the times indi-
cated prior to extraction, and all samples were harvested at the same time. Ex-
tracts were assayed in triplicate to determine the DEVD-AMC cleaving activity,
and values are given as the mean/3 3 the SEM. (For details of the extraction and
assay for enzyme activity, see Materials and Methods). This kinetics experiment
was done at least four times with all of the stimuli used at various concentrations
of CCCP and DNP. A similar enhancing effect was seen in all experiments. (b)
DEVD-cleaving activity is blocked by Z-VAD-fmk. Extracts were prepared from
106 unstimulated Jurkat cells (triangle) or Jurkat cells stimulated either with
anti-Fas (100 ng/ml) and DNP (1 mM; circles) or with staurosporine (1 mM;
squares) for the times indicated. Cells were extracted, and the DEVD-cleaving
activity was measured as described for panel a (open symbols). Z-VAD-fmk
(final concentration, 25 mM) was added 5 min before the addition of substrate to
one aliquot of extract (colosed symbols). This experiment was performed twice
with very similar results.

FIG. 9. Staining for DCm in Jurkat cells after treatment with anti-Fas and
uncouplers of oxidative phosphorylation. (a) Appearance of a rhodamine-123-
high-staining population. Jurkat cells (106 per sample) were treated for 6 h with
the agents indicated (anti-Fas, 100 ng/ml; CCCP, 100 mM; DNP, 1 mM). Cells
were then stained and analyzed as described in Materials and Methods. The
curves show untreated (control) cells as dotted lines and treated cells as solid
lines. The mean fluorescence values for cells in the top panel were as follows:
untreated, 25.1; CCCP treated, 21.6; and DNP treated, 17.8. This experiment was
done at least five times with each agent with very similar results. (b) The
appearance of a rhodamine-123-high-staining population is blocked by Z-VAD-
fmk. Jurkat cells were treated as for panel a. Cells were treated with anti-Fas–
DNP with or without Z-VAD-fmk (50 mM) as indicated. Cells were stained and
analyzed as described above. Results are shown for control (untreated) cells
(dotted lines) and treated cells (solid lines) plotted in each diagram. Treatment
with Z-VAD-fmk alone did not change the rhodamine-123 staining (not shown).
These experiments were done four times with very similar results. (c) Changes in
JC-1 staining after treatment. Cells were treated as for panel a and were stained
and analyzed as described in Materials and Methods. Results are shown for
untreated cells (dotted lines) or cells treated with the indicated agents (solid
lines). The treatment lasted 6 h as for panel a. This experiment was done three
times with similar results.
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Although this attack will eventually lead to ATP depletion of
the cell, several points of evidence support the view that this
disruption is not the relevant mechanism that enhances the Fas
signal. First, ATP levels did not drop significantly over the
period investigated. Second, other inhibitors of oxidative phos-
phorylation that block ATP generation at an earlier step, such
as antimycin A, do not have this effect. Third, efficient disrup-
tion of ATP generation leads to a cellular condition where
apoptosis seems to be impossible and where the cell responds
to an otherwise apoptotic signal by undergoing necrosis with-
out, for example, nuclear fragmentation (8, 15, 29). Since
CCCP and DNP clearly enhance the apoptosis-inducing capac-
ity of Fas leading to nuclear fragmentation, we consider it
unlikely that a block in ATP generation underlies the enhanc-
ing effect.

The appearance of a population with a high level of rhoda-
mine-123 staining was noted when cells were treated with anti-
Fas. Although both CCCP and DNP reduced the intensity of
rhodamine-123 staining, the fluorescence intensity of the cells
in this rhodamine-123-high-staining population was not af-
fected by either CCCP or DNP. The size of this population
even increased in Jurkat cells in the presence of CCCP or
DNP, and this population was also found when staurosporine
was used to induce apoptosis. The caspase inhibitor Z-VAD-
fmk prevented the appearance of this population in all cases.
When cells were stained with JC-1, no population with in-
creased fluorescence was observed.

Most earlier work regarding changes in DCm has focused on
the description of the final loss of DCm that is indicated by a
reduction in staining with several dyes, including rhodamine-
123. One study has described an early increase in rhodamine-
123-staining during apoptosis. This increase was interpreted to
be mainly the result of mitochondrial swelling (34). Our results

demonstrate that high sequestration of rhodamine-123 is in-
hibited by the caspase inhibitor Z-VAD-fmk, suggesting that
caspase proteolysis is necessary for this change. Accordingly,
DNP, which enhances caspase activity induced by Fas, also
accelerated the appearance and increased the size of the rho-
damine-123-high-staining population.

The principal possibilities for the mechanism of increased
rhodamine-123 uptake include an increase in DCm, a swelling
of mitochondria, a proliferation of mitochondria, and uptake
of rhodamine-123 that occurs independently of DCm. The
staining with the mitochondrion selective dye MitoTracker
Green (Molecular Probes), which is taken up into mitochon-
dria independently of DCm, did not increase during anti-Fas–
DNP treatment (data not shown). This makes it unlikely that
proliferation of mitochondria is responsible for the increase in
rhodamine-123 staining. Also, when stained with the cationic
dye JC-1, which, like rhodamine-123, has been found to stain
selectively mitochondria in proportion to their DCm, no in-
crease in staining was seen in cells treated with anti-Fas or
anti-Fas–DNP. It is therefore unlikely that the effect was a true
reflection of increased DCm.

It has been suggested that the quenching of rhodamine-123
might be the reason for its inconsistent behavior in staining
cells (20). However, the authors of that study detected quench-
ing only in solution but not in titration curves in intact cells, so
this explanation is not satisfactory.

The suggestion that the enhanced staining is due to an in-
crease of the volume in individual mitochondria with an unal-
tered DCm (34) does not explain why JC-1 staining is not also
increased. The appearance of a rhodamine-123-high-staining
population during apoptosis has been demonstrated to be ac-
companied by mitochondrial swelling (34). Since early studies
of apoptosis had found that mitochondria remained intact until
late stages of the process, this contradiction has been puzzling
(24). Our data now show that the increase in rhodamine-123
does not occur during the initiation of apoptosis but rather
during the execution phase, i.e., downstream of caspase activ-
ity. This result reconciles the apparently conflicting data and
defines the increased rhodamine-123 uptake as a relatively late
event in apoptosis, when other morphological changes, such as
nuclear condensation and cell shrinkage, can be also detected.

A study published by Salvioli et al. (27) has suggested that
several DCm-sensitive dyes including rhodamine-123 may also

FIG. 10. Enhancement of the anti-Fas signal by DNP occurs in the absence
of detectable cytochrome c redistribution. (a) Jurkat cells (4 3 107/sample) were
treated with the agents indicated as described above. After 2 h, cells were
collected by centrifugation and homogenized as described in Materials and
Methods. Supernatants (containing cytosol and light membranes) and pellets
(containing mitochondria) from the 10,000 3 g centrifugation step were sepa-
rated by SDS-PAGE and analyzed by Western blotting. Separate blots were
probed with MAb to cytochrome oxidase subunit I (COX, top) and cytochrome
c (bottom). These results are representative of five independent experiments. (b)
Jurkat cells (2 3 107/sample) were treated for 2.5 h as indicated (fas/DNP,
anti-Fas MAb [100 ng/ml] and DNP [1 mM]; stauro, staurosporine [1 mM]).
Fractions were prepared and analyzed as described above.

FIG. 11. Addition of cytochrome c is required for the appearance of pro-
caspase 9-processing activity in cytosolic extracts from Jurkat cells treated with
anti-Fas or anti-Fas–DNP. Cytosolic extracts were prepared from Jurkat cells
which either had been left untreated or had been treated with anti-Fas (100
ng/ml), anti-Fas–DNP (1 mM), or staurosporine (1 mM) for 2 h as described in
Materials and Methods. Aliquots (100 mg) were incubated in a final volume of 60
ml of S-100 buffer with 1 ml of in vitro-translated pro-caspase 9 for 3 h at 37°C
either alone (left), in the presence of 1 mM dATP (middle), or in the presence
of 1 mM dATP and 1 mg of cytochrome c (right). Reactions were then boiled in
Laemmli buffer and subjected to SDS-PAGE. Gels were dried, and caspase-9
was visualized by autoradiography. Arrow, intact pro-caspase 9; arrowhead,
processed fragments (ca. 35 kDa). Very similar results were obtained in four
experiments with three independent sets of extracts.
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be sensitive to changes in plasma membrane potential. In fact,
depolarization of the plasma membrane by KCl led to an in-
crease in rhodamine-123 staining (27). It is therefore possible
that plasma membrane changes during apoptosis provoke a
similar pattern. Another possibility is that the efflux of rhoda-

mine-123 from the cell, which appears to be achieved actively
by the P glycoprotein (3), is disturbed as a consequence of
caspase activity, which might in turn lead to an accumulation of
the dye inside the cell.

Whether cytochrome c release from mitochondria plays a
role in Fas-induced cell death is still a contentious issue. It is
generally assumed that the activation of the caspase-mediated
proteolytic activity after the recognition sequence DEVD is
required for and generated during all forms of apoptosis. The
activation of these caspases, however, appears to be accom-
plished by separate pathways. The demonstration that Bcl-2
and the loss of Fas can act in a cooperative fashion during
lymphocyte apoptosis suggested that there were different path-
ways of apoptosis induction which could or which could not be
blocked by Bcl-2 (30). The clearest demonstration of such
independent pathways comes from the recently published stud-
ies of caspase 9- and apaf-1-deficient mice. Both types of mod-
ified mice display reduced apoptosis in response to many com-
monly used in vitro stimuli (e.g., staurosporine) but not in
response to Fas signaling (5, 10, 12, 39). The one reported
exception, i.e., that embryonic fibroblasts from apaf-1 knock-
out mice were less sensitive to Fas-induced death (5), may be
a peculiarity of this cell type.

Staurosporine appears to act via cytochrome c release (4).
Whether Fas signaling causes cytochrome c release is less
clear. Some authors have reported a release of cytochrome
c from mitochondria during Fas-induced apoptosis (9, 28),
whereas others have found apoptosis to occur in the absence of
detectable cytochrome c in the cytoplasm (1, 7). This has at
least in part been attributed to differences in the preparation of
the samples (1). In our experiments, we found no detectable
cytochrome c release during at least the early stages of Fas-
induced apoptosis. It is conceivable that different cells or even
subclones of established cell lines such as Jurkat display a
somewhat different sensitivity to Fas signaling. It is also diffi-
cult to assess the significance of any such results since we do
not know what amount of cytochrome c would be required for
the induction of caspase activity in intact cells. Since the cyto-
chrome c-initiated pathway involves the activation of caspase 9,
we examined cytosolic extracts for caspase 9-processing activ-
ity. Such activity was found in extracts from cells treated with
staurosporine but not, at least for the early stages investigated
(i.e., in the first 2 h), from cells treated with anti-Fas or anti-
Fas–DNP. However, when cytochrome c was added to these
extracts, caspase 9-processing activity could be evoked, sug-
gesting that the cytochrome c-triggered pathway of apoptosis
had not been initiated prior to the preparation of the extracts.

Similarly, in extracts from cells treated with Fas–DNP it was
possible to increase DEVD-cleaving activity by the addition of
cytochrome c. Although it is conceivable that small amounts of
cytochrome c had already been liberated into the cytosol,
though not enough to activate all of the caspase 9 molecules, it
should be noted that during staurosporine-induced apoptosis
cytochrome c addition failed to enhance DEVD-cleaving ac-
tivity after 2 h. This observation is in accordance with the lack
of detectable caspase 9-processing activity in the extracts and is
compatible with the hypothesis that cytochrome c plays a less-
important role in Fas-triggered apoptosis.

Caspase 8 has been reported to cleave the protein Bid which
then, at least in a cell-free system, translocates to mitochondria
and induces release of cytochrome c (16, 19). Since the only
known molecular effect of cytochrome c in apoptosis is the
activation of caspase 9 and since Fas-triggered apoptosis is
normal in caspase 9 knockout mice, it is unlikely that this
mechanism plays an important role in vivo. Also, in this model
Bcl-x can completely inhibit cytochrome c release, whereas

FIG. 12. Induction of DEVD-cleaving activity by cytochrome c in extracts
from normal and apoptotic cells. Jurkat cells were treated as indicated (anti-Fas
MAb, 100 ng/ml; DNP, 1 mM; staurosporine, 1 mM), and cytosolic extracts were
prepared as described in Materials and Methods. Extracts (50 mg) were incu-
bated in 40-ml reaction mixtures for 90 min at 37°C. DEVD-cleaving activity was
then measured in triplicates of 10 ml from each mixture as described in the text.
Results are given as the mean/3 3 the SEM. (a) Extracts were prepared after 2 h
of the indicated treatment and incubated either alone (solid columns), with 1
mM dATP (open columns), or with 1 mM dATP and 0.5 mg of cytochrome c
(hatched columns). (b) Cells were either left untreated (time zero) or were
treated with a combination of anti-Fas MAb and DNP for the time periods
indicated. Extracts were prepared and incubated either alone (solid columns) or
with 1 mM dATP and 0.5 mg of cytochrome c (open columns). (c) Cells were
either left untreated (time zero) or were treated with staurosporine for 1 or 2 h
as indicated. Extracts were prepared and incubated alone (solid columns), with
1 mM dATP (open columns), or with 1 mM dATP and 0.5 mg of cytochrome c
(hatched columns).
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Bcl-x inhibits anti-Fas-induced cell death only in some cell
types (28, 30). In a cell-free system, cytochrome c release was
able to enhance caspase 8-induced apoptosis (13), so cyto-
chrome c release could be a mechanism for enhancing apopto-
sis without being essential for the process.

In addition to this distinction, different cell lines have been
reported to react in a different fashion to a Fas signal (28). In
so-called type I cells such as cells from the SKW6 cell line, Fas
signaling leads to rapid caspase activation and cell death can-
not be blocked by Bcl-2 overexpression. In type II cells such as
Jurkat and CEM cells, caspase activation follows slower kinet-
ics and can be inhibited to some extent by Bcl-2 (28). In the
experiments reported here we observed a similarly different
response to a Fas signal: in the two cell lines formerly termed
type II cells CCCP and DNP were able to enhance a Fas signal,
whereas in a type I cell line this effect was not seen. Therefore,
such sensitivity to CCCP and DNP may be an additional way of
allocating cells to either of these groups.

The Bcl-2 protein is well known for its ability to inhibit apo-
ptosis under most circumstances (25). It is therefore remark-
able that in the presence of high levels of Bcl-2 CCCP and
DNP still are able to exert their apoptosis-enhancing effect. In
accordance with this, Bcl-2 has no influence on the reduction in
DCm by DNP. One possible interpretation is that CCCP and
DNP revert type II cells into type I cells in which Bcl-2 is
unable to inhibit the Fas death signal (28).

How do Fas and uncouplers of oxidative phosphorylation
cooperate? Since the enhanced caspase activity was seen only
in intact cells but not when extracts were mixed, we think it
unlikely that an apoptosis-enhancing molecule was liberated
from the mitochondria by CCCP and DNP. Uncoupling of
oxidative phosphorylation will, in addition to the drop in DCm,
also have other effects. As the cell attempts to compensate, the
uncoupling will lead to an increase in respiration rate and
energy metabolism and to an enhanced availability of free
electrons (which are generated at the same rate as protons and
which normally react with these molecules). Since mere block-
ade of the respiratory chain with rotenone and antimycin A did
not convey the enhancing effect reported here, the hypothesis
that one of these changes presensitizes the cell to a Fas signal
is attractive. Free electrons may permit increased generation of
free oxygen radicals. It is therefore conceivable that such ox-
ygen intermediates participate in the process of Fas-induced
apoptosis. It should be kept in mind, however, that CCCP and
DNP on their own have almost no effect on apoptosis over a
wide range of concentrations. For example, while DNP at 1
mM did not cause significant apoptosis it was still capable of
strongly enhancing a Fas signal at 125 mM.

When ATP levels in treated cells were measured, it was
found that these levels did not change within the first 2 h
(ruling out the possibility that a lack of energy was responsible
for the enhancement). After 6 h there was still no change when
cells were treated with either anti-Fas or with CCCP or DNP
alone, but there was a significant drop when the anti-Fas–
CCCP or anti-Fas–DNP combinations were used. It is possible
that this decrease was the immediate result of cell death (for
example, loss via shedding of apoptotic bodies, leakage, or in-
creased ATP consumption by components of the cell death
pathway). However, the drop might at least in part be a con-
sequence of the increased respiration rate caused by uncou-
pling oxidative phosphorylation. It also indicates that Fas sig-
naling significantly increases ATP consumption. Since Fas has,
in addition to apoptosis, a variety of options of pathways to
trigger, such as the activation of JNK (33, 38) or NF-kB (23),
the quality of a Fas signal might therefore, at least in some

cells, depend on the respiration rate and possibly on determi-
nants such as the differentiation state of the cell.

In less-complex organisms (e.g., C. elegans and Drosophila
spp.) there is still no indication that mitochondria play a role in
triggering apoptosis. In mammals, the cell death system has
been put to several other uses, such as defense and homeosta-
sis. Such a diversification is likely to require molecular adap-
tations of the ancient system, and the use of mitochondrial
triggers or intermediates of apoptosis may be one of these
adaptations.
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