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Cytolethal distending toxin (CDT) induces apoptosis using the caspase-dependent classical pathway in the
majority of human leukemic T cells (MOLT-4). However, we found the process to cell death is only partially
inhibited by pretreatment of the cells with a general caspase inhibitor, z-VAD-fmk. Flow cytometric analysis
using annexin V and propidium iodide showed that a 48-h CDT treatment decreased the living cell population
by 35% even in the presence of z-VAD-fmk. z-VAD-fmk completely inhibited caspase activity in 24 h CDT-
intoxicated cells. Further, CDT with z-VAD-fmk treatment clearly increased the cell population that had a low
level of intracellular reactive oxygen. This is a characteristic opposite to that of caspase-dependent apoptosis.
Overexpression of bcl2 almost completely inhibited cell death using CDT treatment in the presence of z-VAD-
fmk. The data suggest there are at least two different pathways used in CDT-induced cell death: conventional
caspase-dependent (early) apoptotic cell death and caspase-independent (late) death. Both occur via the
mitochondrial membrane disruption pathway.

Programmed cell death is critical for organ development and
homeostasis in eukaryotes (24, 49, 52). In the past, the caspases
were considered essential proteases for apoptosis. However,
accumulating data suggest that caspase-independent cell death
occurs in programmed cell death (4, 23) and, in certain con-
ditions, the caspase-independent pathway is an important
mechanism to protect organs when caspase-dependent cell
death does not occur (4).

Viral or bacterial infection and cancer often influence pro-
grammed cell death pathways. This is true of death induced by
the cytolethal distending toxin (CDT), one of the bacterial
toxins produced by Aggregatibacter actinomycetemcomitans, a
gram-negative pathogen implicated in the pathogenesis of ju-
venile and adult periodontitis (39, 42). CDT was demonstrated
to induce apoptosis in various cell types, including the T-lym-
phocytic leukemia cell lines, Jurkat cells, and MOLT-4 cells
(31, 35, 50).

CDT belongs to a family of toxins with cell cycle specific
inhibitory activity blocking the G2 to M phase through inacti-
vation of the CDC2/cyclin B complex (for recent reviews, see
references 17, 30, and 32). CDT is a complex of three subunits:
CdtA, CdtB, and CdtC. CdtB induces double-strand breaks,
acting as a DNase that triggers the CDT intoxication (9, 25).
CdtA and CdtC have homologies to lectin-like domains that
can bind to surface molecules on the target cells (7). CDT
internalizes through a receptor-mediated endocytosis and sub-
sequently reaches the nucleus by retrograde transport and
active nuclear pore transport (15, 29). In the nucleus, the CDT-

induced chromatin injury is found as double-strand breaks that
may recruit a large protein complex, the PIDDosome, in which
caspase-2 activation occurs (44). Previously, we demonstrated
that CDT induces apoptosis and activates caspase-2 in two
T-cell leukemia cell lines, Jurkat and MOLT-4 (31). Activated
caspase-2 acts as an upstream initiator of mitochondrial mem-
brane permeability (22). Increased permeability of the mito-
chondrial membrane releases proapoptotic molecules, includ-
ing cytochrome c, to activate executive caspases, and this loss
of the mitochondrial membrane potential leads to the produc-
tion of reactive oxygen species (ROS) (34). In the presence of
a caspase inhibitor, CDT-induced apoptosis was completely
blocked for 16 h in Jurkat cells, suggesting that CDT-induced
cell death was dependent on caspase activation (31). However,
we found that some of the cells, after 24 h of CDT intoxication,
undergo death in a manner different from conventional apop-
tosis using caspase activation. Here, we report the detailed
features of this cell death and discuss the importance of
caspase-independent cell death during late-stage CDT-intoxi-
cation.

MATERIALS AND METHODS

Purification of A. actinomycetemcomitans CDT. CDT holotoxin was purified by
using a Ni-chelated agarose resin column as described previously where the
C-terminal His6-tagged CdtC was expressed using the pQE 60 expression vector
in M15 Escherichia coli (Qiagen, Tokyo, Japan) that carried the A. actinomyce-
temcomitans cdtA, cdtB, and cdtC genes downstream of the T5 promoter (31). A
mutant CDT with CdtB His274Ala (cdtB 274 histidine changed to alanine) was
purified by using the same method. The mutant was constructed by using site-
directed mutagenesis of the 274th histidine residue to an alanine in the cdtB gene
of pQEcdtABC and was performed by using the overlap extension method (46).
The primers used were 5�-ACA TCC GAT gcT TTT CCT GTT-3� and 5�-AAC
AGG AAA Agc ATC GGA TGT-3� (mutated sites are shown as lowercase
letters). The mutant DNA containing cdtAB(H274A)C was subcloned into the
pQE60 vector (Qiagen).
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Preparation of cells and culture conditions. The thymic T-cell leukemia cell
line, MOLT-4, and the peripheral T-cell leukemia cell line, Jurkat, were cultured
in RPMI 1640 with 10% fetal calf serum (FCS), 100 U of penicillin G/ml, and 100
�g of streptomycin/ml and incubated at 37°C using 5% CO2 incubator. Cells (106

cells/ml) were treated with or without CDT (100 ng/ml) and cultured under
similar conditions. In some experiment, cells were X-irradiated. Irradiation of
cells was performed by an X-ray generator (Shimadzu HF-320; 220 kVp, 8 mA)
with a 0.5-mm aluminum and 0.3-mm copper filter at a dose of �0.8 Gy/min.
Cells were irradiated in a plastic dish at room temperature. z-VAD-fmk, a
general caspase inhibitor (MBL Nagoya, Japan), was used at 100 �M and was
added 30 min before CDT treatment.

Establishing MOLT-4 cells stably overexpressing bcl-2. The complete coding
sequence of bcl-2 (19), the gene governing antiapoptotic mitochondrial outer
membrane permeabilization (MOMP), was amplified by using the PCR and
subsequently cloned into an SFFV-neo vector (14). MOLT-4 cells were stably
transfected with the plasmid SFFV-human bcl-2 or a control plasmid, SFFV-neo,
using electroporation at 350 V with a capacitance of 960 �F with a GenePulser
(Bio-Rad, Richmond, CA). Transfected cells were selected in medium contain-
ing 0.5 mg of G418/ml for 30 days. bcl-2 transfectants were found by using
fluorescence-activated cell sorting (FACS) and Western analysis with Bcl-2
monoclonal antibody, 6C8 (BD Pharmingen, San Jose, CA), where we demon-
strated Bcl-2 levels increased 10- to 20-fold greater than Bcl-2 present in un-
transfected or SFFV-neo-transfected MOLT-4 cells. The cells stably expressing

Bcl-2 are referred to as MOLT-4bcl2 cells. The cells transfected with the control
plasmid SFFV-neo served as a control and are referred to as MOLT-4neo cells.

Flow cytometry. Conformational change in the membrane by phosphatidylser-
ine translocation and membrane hole formation was observed by counting the
cell population stained with fluorescein isothiocyanate (FITC)-labeled annexin V
and propidium iodide (PI) as described previously (31). Briefly, CDT-treated
cells (5 � 105 to 10 � 105) were centrifuged at 350 � g for 2 min and washed
three times with 500 �l of phosphate-buffered saline (PBS; 137 mM NaCl, 2.7
mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4 [pH 7.3]) with 1% FCS. The
washed cells were resuspended in 180 �l of PBS containing 1% FCS, 0.5 �l of
FITC-labeled annexin V, and 1 �l of PI using a MEBCYTO apoptosis kit (MBL,
Nagoya, Japan). After 5 min at room temperature, 10,000 cells were scanned by
using a FACScan (BD Biosciences, San Jose, CA). We performed a quadrant
population analysis using CellQuest software (BD Biosciences). The live cell
population was negative for both annexin V and PI (shown in the lower left
quadrant).

Hydroethidine (HE) was used to measure the intracellular ROS, the super-
oxide anion (O2 � �) (16). HE (5 mM) was added to the PBS-washed cells (5 �
105 cells in 500 �l of PBS with 1% FCS). Cells were incubated for 20 min at 37°C.
After a wash with PBS using centrifugation at 350 � g for 5 min, the cells were
resuspended in 200 �l of PBS containing 1% FCS and scanned using the
FACScan. A gated population analysis was performed by using CellQuest soft-
ware (BD Biosciences).

FIG. 1. Early effects of CDT intoxication on MOLT-4 cells in the presence of the general caspase inhibitor, z-VAD-fmk. The effects of CDT
on MOLT-4 cells were examined 16 h after pretreatment of the cells with or without the general caspase inhibitor, z-VAD-fmk (100 �M), for 30
min. (A) MOLT-4 cells treated with CDT (100 ng/ml) for 16 h were observed after staining with PI and FITC-labeled annexin V for fluorescence
by using a FACSCalibur. The percentages of living (annexin V-negative, PI-negative) cells are shown in the graphs along with the standard
deviations. (B) The cell cycle was determined by staining the cells with PI after fixing the cells with 70% ethanol and RNase treatment. The
percentages of the cells in the G2 phase are shown in the graph, along with the standard deviations.
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The cell cycle was determined as follows. CDT-treated cells were washed twice
with PBS and fixed with 70% ethanol for 2 h at 4°C. The fixed cells were washed
twice with PBS and incubated with 0.25 mg of RNase A/ml for 15 to 60 min at
37°C. DNA in the RNase-digested cells was stained with 50 �g of PI/ml for 30
min at 4°C and analyzed by using a FACSCalibur flow cytometer (BD Bio-
sciences).

Caspase assay. CDT-treated cells were harvested and washed with PBS. PBS-
washed cells were lysed with lysis buffer (10 mM Tris-Cl [pH 7.4], 25 mM NaCl,
0.25% Triton X-100, 1 mM EDTA) and centrifuged at 15,000 � g for 10 min. The

supernatant was diluted with lysis buffer at a protein concentration adjusted to 1
mg/ml. Then, 5 �g of total protein was incubated with 200 �l of caspase buffer
(50 mM Tris-Cl [pH 7.2], 100 mM NaCl, 1 mM EDTA, 10% sucrose, 0.1%
CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 5
mM dithiothreitol) using 50 �M concentrations of the various fluorigenic sub-
strate peptides. The peptides used were Ac-DEVD-7-amino-4-methyl cumarine
(AMC) for caspase-3, caspase-7, and caspase-8; Ac-IETD-AMC for caspase-8,
caspase-6, and Granzyme; Ac-LEHD-AMC for caspase-9; and Ac-VDVAD-
AMC for caspase-2 (Peptide Institute, Inc., Osaka, Japan). The reaction mixture

FIG. 2. Late effects of CDT in MOLT-4 cells in the presence of z-VAD-fmk. CDT-induced cell death was monitored in MOLT-4 cells at 24 h
or 48 h after CDT treatment (100 ng/ml) in the presence or absence of z-VAD-fmk (100 �M). (A) Cell death was observed by using a FACScan
after staining with PI and FITC-labeled annexin V. (B) Percentages of living (annexin V-negative, PI-negative) cells at 16, 24, and 48 h. As a
control, radiation-induced cell death was monitored in MOLT-4 cells at 24 and 48 h with or without z-VAD-fmk. Arrowheads show that dead cell
populations increased at 48 h even in the presence of z-VAD-fmk after treatment with CDT or radiation.
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was incubated at 37°C for 60 min where the release of 7-amino-4-methylcumarin
was measured by using a fluorometer (Shimazu RF-540) with an excitation at 380
nm and an emission at 460 nm.

RESULTS

Early effect of CDT in MOLT-4 cells in the presence of the
general caspase inhibitor, z-VAD-fmk. The effect of the gen-
eral caspase inhibitor, z-VAD-fmk, on MOLT-4 cells was ex-
amined for 16 h after the cells were treated with 100 ng of
CDT/ml. As shown in Fig. 1, when the cells were treated with
z-VAD-fmk (100 �M) most cells retained the phenotype of
living cells (annexin V negative, PI negative). This indicated
the caspase inhibitor almost completely blocked CDT-induced
apoptosis for at least 16 h but did not block the G2/M arrest
(Fig. 1B). We investigated DNA ladder formation in the pres-
ence of z-VAD-fmk in the CDT-treated MOLT-4 cells. z-
VAD-fmk completely inhibited internucleosomal DNA frag-
mentation (data not shown). These results are consistent with
our previous study using Jurkat cells (31).

Late effect of CDT in MOLT-4 cells in the presence or
absence of z-VAD-fmk. We then assessed the effect of long-
term exposure to CDT on MOLT-4 cells in the presence or
absence of z-VAD-fmk. A 24-h exposure to CDT on MOLT-4
cells increased the population of annexin V-positive and PI-
negative cells, as well as a population of annexin V-positive and
PI-positive (dead) cells (Fig. 2A). Pretreatment with z-VAD-
fmk significantly inhibited the increase of these populations at
24 h (Fig. 2A). At 48 h, however, a population of annexin
V-positive and PI-negative cells and also a population of an-
nexin V-positive and PI-positive cells increased compared to
the numbers at 16 h (Fig. 1 and 2). At 48 h after CDT exposure
in the presence of z-VAD-fmk, living cells defined as annexin
V-negative and PI-negative cells decreased by 35% compared

to nontreated cells (90.18% living) (Fig. 2B). This is very sim-
ilar to the observation when MOLT-4 cells were X-irradiated
(5). Ionizing radiation on MOLT-4 cells induced G2/M arrest
(37). Moreover, pretreatment of z-VAD-fmk inhibited the in-
crease of dead cells at 24 h (Fig. 2A) (5). However, at 48 h after
X-irradiation in the presence of z-VAD-fmk, the number of
living cells decreased. With CDT treatment, caspase activities
increased after 16 h (Fig. 3). This was apparent for caspase-3,
caspase-7, and caspase-8. However, pretreatment with z-VAD-
fmk significantly suppressed caspase activity, and this was like-
wise observed in Jurkat cells (31). Further, there was almost no
caspase activity in MOLT-4 cells at 24 h after CDT exposure in
the presence of z-VAD-fmk, even though 85% of the cells were
alive (Fig. 2B and 3). This was also found at 48 h after CDT
exposure in the presence of z-VAD-fmk. This suggests that
CDT is able to induce cell death in the late stages of cell
intoxication without caspase activation.

Comparison of the late effects of CDT to the mutant CdtB
His274Ala CDT. Previous studies suggest CdtB shows se-
quence similarity to DNase I, where it shares conserved amino
acids essential for Mg binding (9, 25). The 274th histidine
residue in the CdtB subunit is one of the active sites where a
mutation at 274th His to Ala abolishes CDT cytodistending
and cell cycle arrest activities (28). This strongly suggests that
CdtB acts as a nuclease. To determine whether the CdtB nu-
clease activity is responsible for CDT-induced late cell death,
mutant CDT containing CdtB H274A was generated and
added to the medium of MOLT-4 cells. Mutated CDT did not
show cytokilling activity until 24 h, as expected (Fig. 4). By
48 h, ca. 20% of the cells treated with the mutant CDT were
dead, and this late cell death was almost completely inhibited
by pretreatment with z-VAD-fmk. This shows that the pos-
sible nuclease activity of CdtB is also important for late cell

FIG. 3. Caspase activities in CDT-treated MOLT-4 cells in the presence of z-VAD-fmk. Caspase activities were monitored in MOLT-4 cells
at 24 or 48 h after CDT treatment (100 ng/ml) in the presence or absence of z-VAD-fmk (100 �M). CDT-treated cell extracts (5 �g of total protein)
were incubated with 50 �M concentrations of the various fluorigenic substrate peptides: AMC for caspase-3, caspase-7, and caspase-8; Ac-DQTD-
AMC for caspase-7 and caspase-3; Ac-IETD-AMC for caspase-8, caspase-6, and Granzyme; Ac-LEHD-AMC for caspase-9; and Ac-VDVAD-
AMC for caspase-2 (Peptide Institute, Inc., Osaka, Japan). The reaction mixture was incubated at 37°C for 60 min, where the release of AMC was
measured by using a fluorometer (Shimazu RF-540) with an excitation at 380 nm and an emission at 460 nm.
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death and was not inhibited by the general caspase inhibitor,
z-VAD-fmk.

CDT-induced cell death in MOLT-4 cells overexpressing the
bcl2 gene. We previously demonstrated that CDT induces mi-
tochondrial membrane permeability, resulting in an apoptotic
cell death (early cell death) (31). To determine the role of
mitochondria in late-stage CDT-induced cell death, we exam-
ined MOLT-4 cells forced to overexpress the bcl2 gene
(MOLT-4/bcl2). As shown in Fig. 5A, Bcl2 overexpression
showed an inhibitory effect on the increase of the population of
annexin V-positive, PI-positive cells using CDT intoxication.
After 48 h of CDT intoxication, a 23% decrease in the living

cell population was observed in CDT-treated MOLT-4/bcl2
cells (72% alive) compared to nontreated cells (95% alive)
(Fig. 5B). This shows that CDT-induced cell death was signif-
icantly attenuated by the overexpression of bcl2 in MOLT-4
cells. Further, pretreatment of MOLT-4/bcl2 with z-VAD-fmk
completely inhibited CDT-induced cell death for 48 h (Fig. 5A
[arrowheads] and B). This finding suggests that increased per-
meability of the mitochondrial membrane is a central factor in
the overall cell death by CDT intoxication.

Appearance of a cell fraction with a low level of superoxide
anion in CDT-treated MOLT-4 in the presence of z-VAD-fmk.
Caspase-dependent apoptosis is characterized by an increase

FIG. 4. Effects of mutated CDT on MOLT-4 cells in the presence or absence of z-VAD-fmk. CDT-induced cell death was monitored at 24 or
48 h in MOLT-4 cells after CDT treatment (100 ng/ml) or mutated CdtB His274Ala CDT. (A) Cell death was analyzed by using a FACScan after
staining with PI and FITC-labeled annexin V. (B) Percentages of living (annexin V-negative, PI-negative) cells at16, 24, and 48 h. Arrowheads show
that dead cell populations increased at 48 h after treatment with CDT but was not seen in the presence of z-VAD-fmk.
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in the intracellular superoxide anion and is related to mito-
chondrial membrane activity. We examined the levels of su-
peroxide anion in CDT-treated cells using HE that reacts with
superoxide anion. Concomitantly, FITC-labeled annexin V and
PI were used to detect apoptotic and dead cell populations,
respectively. We divided the cell population obtained by FACS
into four groups (Fig. 6A): (i) S1 with normal levels of super-
oxide anion and nonapoptotic annexin V-negative, (ii) S2 with
low levels of superoxide anion and annexin V negative, (iii) S3
with high level levels of superoxide anion and apoptotic an-
nexin V positive, and (iv) S4 with low levels of superoxide

anion (low HE) or at a normal level and apoptotic annexin V
positive. Compensation between HE and PI was adjusted to
separate the locations for the PI-positive and PI-negative
(dead/live) populations in the quadrant analysis, where the
PI-positive population is shown as dark red. As shown in Fig.
6, CDT treatment increased the S3 population to a maximum
at 16 h, together with the appearance of a PI-positive dead cell
population. Longer exposure increased the PI-positive popu-
lation, as well as the S4 population. This shows that the CDT-
induced early apoptosis was followed by cell death. We then
assessed the population change in MOLT-4 cells exposed to
CDT in the presence of z-VAD-fmk. z-VAD-fmk induced the
appearance of an S2 population in CDT-treated MOLT-4 cells
at 16 h, at which point the S3 population did not increase. At
48 h, the cells in the S2 population decreased and PI-positive
population, as well as the S4 population, increased. MOLT-4/
bcl2 cells exposed to CDT in the presence of z-VAD-fmk
showed most cells remained in the S1 population even after
48 h of intoxication (data not shown). This, together with the
caspase assay, clearly shows that CDT intoxication in the pres-
ence of z-VAD-fmk induced MOLT-4 cells into a caspase-
independent nonapoptotic cell death, where MOMP played a
significant role.

DISCUSSION

We show here that long exposure to CDT killed MOLT-4
cells even if caspase activation was inhibited by z-VAD-fmk. A
similar observation was reported when MOLT-4 cells were
X-irradiated in the presence of z-VAD-fmk (5). X-irradiation
induces caspase-3-dependent apoptosis, but treatment of in-
hibitor of caspase-3 was not accompanied by any persistent
increase in cell survival. Instead, irradiated cells treated by the
inhibitor exhibited characteristics of a necrotic cell death. Sim-
ilarly, our results show that caspase-dependent and caspase-
independent pathways are involved in the CDT-induced
MOLT-4 cell deaths. Similar responses of CDT-intoxicated
MOLT-4 cells and X-irradiated MOLT-4 cells further support
the idea that CDT intoxication triggers DNA damage.

Preincubation with z-VAD-fmk almost completely inhibited
CDT-induced cell death in MOLT-4 cells overexpressing bcl2
that increases the stability of the mitochondrial membrane.
The data shows CDT-induced cell death is mitochondrion de-
pendent and suggests the caspase-dependent and caspase-in-
dependent death pathways converge at the mitochondria (45).
Reports demonstrate death signaling through the mitochon-
drial pathways induces MOMP to release several mitochon-
drial proteins including cytochrome c (13, 47, 48), where the
Bcl-2 family of proteins are considered to be important regu-
latory factors for MOMP (8, 41). A possible reason why gen-
eral caspase inhibitors fail to prevent cell death is because
these inhibitors lack the ability to inhibit MOMP (8, 10, 21).

CDT is not the only bacterial toxin that induces cell death
through multiple pathways. Staphylococcus aureus alpha-toxin,
the major hemolysin, induces massive cell necrosis by forming
pores in lipid bilayers at high doses (�6 �g/ml). At low doses,
this toxin can induce DNA fragmentation and caspase activa-
tion, the typical classical apoptosis pathway, and also caspase-
independent cell death (11). Streptococcus pneumoniae induces
a rapid caspase-independent cell death in cultured bone mar-

FIG. 5. Late effects of CDT in MOLT-4 cells overexpressing the
bcl2 gene in the presence or absence of z-VAD-fmk. CDT-induced cell
death was monitored at 24 or 48 h after the treatment in MOLT-4 cells
that were forced to overexpress the bcl2 gene (MOLT-4/bcl2),
MOLT-4 cells transfected with pSFFV-neo vector only (MOLT-4/
neo), and parental MOLT-4 cells. (A) Cell death was analyzed by using
a FACScan after staining with PI and FITC-labeled annexin V.
(B) Percentages of living (annexin V-negative, PI-negative) cells at
48 h. Arrowheads show that dead cell populations increased at 48 h
after treatment with CDT but was not seen in the presence of
z-VAD-fmk.
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FIG. 6. ROS and phosphatidylserine translocation in CDT-treated MOLT-4 cells in the presence or absence of z-VAD-fmk. (A) The levels of
ROS and phosphatidylserine translocation in the cytoplasmic membrane in the CDT-treated MOLT-4 cells were measured at 24 and 48 h by using
a FACScan. To monitor the dead cells, the cells were subjected to double (Ann/HE) and triple (Ann/HE/PI) staining. Compensation between HE
and PI was adjusted to separate the locations of PI-positive and PI-negative populations in the quadrant analysis. PI-positive populations were
gated and are shown in the quadrant analysis of HE and annexin V double staining as a dark red color. S1, region of cells with normal levels of
HE and annexinV; S2, cells with low levels of HE; S3, cells with high levels of HE and annexin V binding; S4, cells with low levels of HE and high
levels of annexin V binding. The arrowhead shows an increased population in S2 by pretreatment with z-VAD-fmk, i.e., cells with a low level of
ROS. (B) Percentages of cells distributed into the fractions at 16, 24, and 48 h, where CDT indicates the cells treated with 100 ng of CDT alone/ml
and VAD/CDT indicates CDT-treated cells after pretreatment with z-VAD-fmk (100 �M).
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row-derived dendritic cells (6). This induction is dependent on
the expression of pneumolysin, one of the major cytotoxins
of S. pneumoniae. This is followed by the delayed onset of
caspase-dependent cell death associated with the terminal mat-
uration of dendritic cells. Escherichia coli heat-labile entero-
toxin is composed of a single catalytically active A subunit and
a pentameric B subunit that interacts with a receptor that
mediates the uptake of the holotoxin into the target cells (38).
Interestingly, the nontoxic B subunit induces both caspase-
dependent and -independent cell death in CD8 T cells. The
enterotoxin B subunit induces a rapid loss of mitochondrial
membrane potential where cell viability is not affected by
caspase inhibitors, suggesting some other intracellular signal-
ing pathways are involved following interaction with the B
subunit receptor. Another example is Clostridium difficile toxin
B (33). C. difficile toxin B inactivates small GTPases, Rho, Rac,
and Cdc42, which lead to caspase-3 activation in HeLa cells.
Caspase inhibitors delayed cell death but did not alter the
consequence.

Several classifications are proposed to differentiate types of
cell death (1, 4, 12, 23). For example, Kroemer et al. (23)
proposes four types: (i) classical apoptosis showing pro-
grammed cell death through caspase activation; (ii) apoptosis-
like cell death resembling apoptosis but lacking total chroma-
tin condensation, karyorhexis, and oligonucleosomal DNA
fragmentation (20, 43); (iii) autophagic cell death with an ac-
companying accumulation of autophagic vacuoles in the cells
(36, 51); and (iv) necrosis exhibiting pronounced swelling of
the cytoplasmic organelles (18, 48).

Caspases, a group of cysteine proteases, normally act only
during classical apoptosis; however, the activation of caspases
is also observed in apoptosis-like autophagic cell death, and
necrosis as well (36, 43, 48, 51). Further, caspases may be
activated not only during the lethal process but also in nonle-
thal signal transduction (27). Paradoxically, accumulating evi-
dence suggests several types of programmed cell deaths occur
without caspase activation in parallel to caspase-dependent
cell death as found in apoptosis-like cell death, autophagic cell
death, and necrosis (2, 3, 13, 40). Fink et al. (12) propose four
types of dying cells caused by infection with microorganisms:
apoptosis, autophagy, oncosis, and pyroptosis. Apoptosis is a
form of caspase-mediated cell death with particular morpho-
logical features, e.g., the apoptotic body, without inflamma-
tion. Oncosis is a prelethal process that occurs in ATP-de-
pleted cells concomitant with morphological swelling and
eventual membrane permeability. Autophagic cell death involves
degradation of intracellular components using autophagic vacu-
oles. Pyroptosis is a pathway to cell death that involves interleu-
kin-1-mediated inflammation.

Although several morphotypes have been proposed, a defin-
itive classification of the types of cell death pathways has not
been established. This is probably because there may be some
signaling pathways overlapping and sharing the different death
programs (4, 26). It has also been proposed that a dominant
cell death morphotype may be determined by comparing the
rapidity of the available death programs, i.e., the fastest and
most effective pathway among them is dominant (4). In the
case of CDT intoxication, the caspase-2-related classical path-
way may be the fastest and most efficient pathway. Identifica-
tion of molecule(s) involved in the CDT-induced caspase-in-

dependent and the MOMP-dependent pathway is required to
further characterize this death pathway.
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