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Dequalinium (DQA) is a delocalized lipophylic cation that selectively targets the mitochondria of carcinoma cells. However, the u
echanisms of DQA action are not yet well understood. We have studied the effects of DQA on two different leukemia cell lin
erived from acute promyelocytic leukemia, and K562, derived from chronic myeloid leukemia. We found that DQA displays dif
ytotoxic activity in these cell lines. In NB4 cells, a low DQA concentration (2�M) induces a mixture of apoptosis and necrosis, where
igh DQA concentration (20�M) induces mainly necrosis. However, K562 cell death was always by necrosis as the cells showed a r

o apoptosis at all time-periods and DQA concentrations assayed. In both cell lines, the cell death seems to be mediated by a
itochondrial function as evidenced by loss of mitochondrial transmembrane potential, O2

•− accumulation and ATP depletion. The curr
tudy improves the knowledge on DQA as a novel anticancer agent with a potential application in human acute promyelocytic
hemotherapy.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Most of the antitumour agents used in chemotherapy are
imed at inducing malignant cell death in order to eradicate

he tumour, thus limiting its growth and spreading. However,
he lack of specificity for tumour cells exhibited by these
gents causes undesirable side effects that have led to the in-
estigation of new therapeutic strategies designed to specif-
cally target malignant cells and thus trigger selective cell
estruction.

It is well established that the efficacy of conventional anti-
umour drugs is due to their ability to induce apoptosis[1–3].

∗ Corresponding author. Tel.: +34 91 8854581; fax: +34 91 8854585.
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Mitochondria are now known to play a critical role in in
ating apoptotic cell death[4–6]. Thus, diverse stress stim
induce mitochondrial changes, which result in the relea
apoptogenic factors into the cytoplasm such as cytoch
c, clearly observed in the early phases of apoptosis. Th
associated with changes in the mitochondrial ultra-struc
membrane permeability, transmembrane potential, and
pase activation[6–9].

Intriguingly, a wide variety of carcinoma cells exhibit
creased accumulation and retention of delocalized lipop
cations (DLCs) due to a higher negative mitochondrial tr
membrane potential in tumour cells than in normal c
[10,11]. This behaviour provides an attractive basis for
use of DLCs in selective tumour cell eradication. Am
the wide variety of DLCs, dequalinium (DQA, chemi
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Fig. 1. Structure of DQA.

structure shown inFig. 1) has been reported to display a po-
tent anticancer activity in cells from different malignancies
[12–15]. Most of the studies on DQA cytotoxicity have been
performed in tumour cells of epithelial origin[16]. However,
the effects of DQA on other cell types such as hematopoietic
malignancies remain unknown.

The present work is aimed at analyzing the effects of DQA
on two human leukemia cell lines: NB4, derived from acute
promyelocytic leukemia, and K562, derived from chronic
myeloid leukemia in blastic crisis. We have explored cell
growth and metabolic activity as well as DQA-induced cell
death via apoptosis or necrosis after DQA treatment. Al-
though the molecular mechanisms underlying DQA-induced
cell death are not well understood, several studies have re-
lated the antitumour effects of DQA to its accumulation in
mitochondria[17–21]. Therefore, in the present study, DQA-
induced leukemia cell death is analyzed in relation to mito-
chondrial function by studying the transmembrane potential,
reactive oxygen species (ROS) production and ATP synthesis.

2. Materials and methods

2.1. DQA preparation
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in RPMI 1640 medium (Gibco-Life Technologies, Scotland,
UK) supplemented with 8% heat-inactivated fetal calf serum
(FCS, Gibco-Life Technologies) and gentamycin (80�g/ml).
Cells were seeded at a density of 2–3× 105 cells/ml. Cultures
were maintained at 37◦C in a humidified 5% CO2 atmo-
sphere.

2.3. Cell growth and viability assays

Exponentially growing NB4 or K562 cell cul-
tures (2–3× 105 cells/ml) were treated with increasing
(0.5–20�M) DQA concentrations for either 24 or 48 h.
When experiments were carried out in the presence of ima-
tinib, a 2�M concentration was used[24]. Imatinib (STI571,
Gleevec®) was kindly provided by Novartis Pharma AG
(Basel, Switzerland). Cell density was measured with a
Neubauer hemocytometer. Metabolic activity of the cells
was assessed with a MTT kit (Roche Mannheim, Germany)
to detect mitochondrial dehydrogenase activity. Viable
cells, with functional mitochondria, were able to reduce the
tetrazolium ring to a blue formazan product whereas dead
cells remained uncolored. The IC50 is defined as the drug
concentration that induced a 50% loss of metabolic activity.

2.4. Necrotic cell death evaluation
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DQA was prepared as previously described[22,23].
riefly, a 10 mM dequalinium chloride (Sigma Chemical C
t. Louis, MO, MW 527.6) stock solution was prepared
issolving an adequate amount of DQA in methanol
ound bottom flask. The organic solvent was removed w
otary evaporator. The DQA-film obtained was resuspe
n 5 mM HEPES, pH 7.4 and sonicated for 1 h. Finally,
ample was centrifuged (1000× g, 5 min) to remove meta
articles from the probe as well as larger DQA aggreg
his procedure yielded an opaque solution of liposome
QA vesicles, which was then filtered using a 0.2�M fil-

er. The DQA concentration was determined by fluori
ry (Perkin-Elmer LS-50 B Spectrofluorimeter, excitat
= 335 nm, emissionλ = 360 nm). The DQA standard cur
as found to be linear between 0.001 and 0.01 mM D

r2 = 0.998).

.2. Cell cultures

NB4 and K562 leukemia cell lines were obtained fr
he American Type Culture Collection. Cells were gro
NB4 and K562 cell death by necrosis was determine
he loss of cell membrane integrity using either the try
lue exclusion dye or propidium iodide (PI) free influx in n
ermeabilized cells. For the trypan blue exclusion test,
ere incubated with 0.2% (w/v) trypan blue for 5 min and
lyzed by microscopy (OLIMPUS BHT) using a Neuba
emocytometer. Only clearly blue-stained cells were
idered as necrotic. For the study of PI accumulation,
ere incubated with 50�g/ml of PI and the emitted fluore
ence was analyzed by flow cytometry in a FACScan (Be
ickinson, San Jose, CA) with an FL-2 detector (620 nm b
ass filter). Under these conditions, necrotic cells are bri
tained by PI and appear as a peak at very high fluores
alues. Apoptotic cells appear as a dimly fluorescent p
ation. Since apoptosis ultimately leads to a loss of pla

embrane integrity, the necrosis determined here inc
he late stages of apoptosis.

.5. Apoptotic cell death evaluation

The characteristic decrease in DNA content in the a
otic process was analyzed by flow cytometry of perme
ized PI-stained cells. Samples containing 3–5× 105 cells
ere incubated with 0.5 mg/ml of RNase A for 30 min. C
ere then permeabilized with 0.1% nonidet P-40 and i
ated with 50�g/ml of PI. Cell cycle analysis was carried o
y flow cytometry (FL-2 detector in a linear mode) using
ell Quest Pro software (Becton Dickinson, San Jose,
ermeabilization of cells causes the leakage of the cle

ow MW DNA fragments that are produced during apopto
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As a consequence, apoptotic cells are identified as a hy-
podiploid peak, while healthy cells generate a typical cell
cycle histogram. Non-apoptotic, primary necrotic cells are
generally found among the healthy ones.

In order to analyze the changes in nuclear morphol-
ogy characteristic of apoptosis (chromatin condensation, cy-
toplasmic shrinkage, and apoptotic body formation), 4,6-
diamino-2-phenylindole (DAPI, SERVA, Heidelberg, Ger-
many) cell staining was performed. Samples containing
0.5× 106 cells were pelleted by centrifugation, washed in
PBS, resuspended and mounted on glass slides and fixed
with 70% (v/v) ethanol. Cells were stained with 1�g/ml
of DAPI and 10�g/ml of sulforhodamine 101 (Molecular
Probes, Eugene, OR) and analyzed by fluorescent microscopy
(OLYMPUS BHT, attached with BH2-reflected light fluores-
cence illuminator). At least 200 cells were scored for each
point.

Apoptosis was also assessed by the presence of internu-
cleosomal DNA fragmentation (DNA laddering) after cell
exposure to DQA. DNA was isolated from 3 to 5× 105 cells
and analyzed (approximately 2�g DNA) by electrophoresis
on a 1% agarose gel containing 0.1�g/ml of ethidium bro-
mide, as previously described[25].

2.6. Caspase-3 activity
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were incubated with 2�M of DHE during the last 15 min of
the DQA treatment. The fluorescence intensity was measured
by flow cytometry (FL-2, 620 nm band pass filter).

2.9. Measurement of intracellular ATP

The intracellular ATP content was estimated by a
luciferin–luciferase bioluminescence assay using the assay
kit CLSII (Roche Diagnostics, Barcelona, Spain). ATP con-
centrations were calculated from a log–log plot of an ATP
standard curve (linear in the range of 10−6 to 10−11 M). Bio-
luminescence was measured in a Multilabel Wallac Counter
(Vı́ctor2 EG&G Wallac, Finland).

2.10. Measurement of mitochondrial transmembrane
potential (�Ψm)

Cells (0.5× 106) were washed with PBS and incubated
for 15 min at 37◦C with 1�g/ml of rhodamine 123 (Sigma
Chemical Co., St. Louis, MO). After washing, the cells were
resuspended in 0.5 ml of PBS and the fluorescence was mea-
sured by flow cytometry (FL-1 detector).

3. Results
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Samples containing 10× 106 cells were washed in PB
nd resuspended in 100�l of ice-cold lysis buffer (50 mM
ris–HCl, pH 7.5; 0.03% (v/v) nonidet P-40, 1 mM dith

hreitol) for 30 min at 4◦C. Cell extracts were centrifug
13,000× g for 15 min at 4◦C) and aliquots of the supe
atants (20�g of proteins) were incubated for 30 min
7◦C with 200�M of DEVD-pNA (Calbiochem, Germany
aspase-3 substrate in a final volume of 200�l. Enzymatic
aspase activity was calculated from the increase o
orbance at 405 nm during 2 h. The activity data are expre
n relation to the control data.

.7. Western blot analysis of PARP and PKC-δ cleavage

Cellular protein extracts (10�g) were analyzed by im
unoblot according to a standard procedure[26]. PKC-�
nd PARP cleavage were detected with a rabbit anti-hu
KC-� or PARP polyclonal antibody (Santa Cruz Biote
ology Inc., Santa Cruz, CA), respectively. An anti-hum
ctin monoclonal antibody (Oncogene, EMD Bioscien

nc., Germany) was used to assess equal protein load
ll lanes. The signal was developed using the ECL we
lotting analysis system obtained from Amersham (Engl
K).

.8. Measurements of superoxide anion

The intracellular accumulation of superoxide an
O2

•−) was determined using the fluorescent probe (Mol
ar Probes, Eugene, OR) dihydroethidium (DHE)[27]. Cells
.1. Cytotoxic activity of DQA

In order to investigate the cytotoxic activity of DQA
he NB4 and K562 leukemia cell lines, a concentration-
ime–response study was initially carried out. Cells w
reated with increasing DQA concentrations (from 0.5
0�M) for either 24 or 48 h. As shown inFig. 2A, DQA
ecreased the NB4 and K562 cell density in a concentra
nd time-dependent way. After a 24-h treatment, a sligh
rease in cell density, as compared with untreated cells
bserved from 0.5 to 20�M DQA. Moreover, when the ce
ensity was compared to cells at the start of the experim
ome cell death could be clearly observed in both cell l
t the highest DQA concentration (20�M). The increase i

ncubation time from 24 to 48 h enhances these DQA eff
n all cases, NB4 cells proved to be more sensitive to
ytotoxic effect of DQA than K562 cells.

Mitochondrial dehydrogenase activity in metabolica
ctive cells growing in the above experimental condit
as determined by the MTT test.Fig. 2B shows a loss o
etabolic activity that was DQA concentration- and tim
ependent in both the leukemic cell lines. The IC50 was
round 4�M for NB4 cells and 12�M for K562 cells, af-

er 24 h. A longer 48 h-incubation period had a much m
otent effect, decreasing the IC50 to 2 and 2.5�M for NB4
nd K562 cells, respectively. These results imply a hi
ytotoxic effect of DQA on NB4 than on the K562 cells.
ddition, these results indicate that after 24 h, DQA is a
t a concentration as low as 0.5�M, although these cells sho
ajor metabolic alterations from 2�M DQA onwards.
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Fig. 2. (A) Cell density; and (B) metabolic activity of NB4 and K562 cells after 24 (�) or 48 (©) h of treatment with 0.5, 2, 4, 10 and 20�M DQA. Cell
density was scored in a cytometric chamber and metabolic activity was measured by the MTT test. Cells were seeded at a density of 2–3× 105 cells/ml. Data
are presented as the mean± S.E.M., determined from three to six separate experiments.

3.2. DQA-induced cell death

The ability of DQA to induce NB4 or K562 cell death by
necrosis or apoptosis was subsequently analyzed. The char-
acteristic feature of the necrotic process such as the loss of
cell membrane integrity was analyzed by both the trypan blue
exclusion assay (Fig. 3A) and PI staining of cells (Fig. 3B).
As shown inFig. 3A, necrosis (>10%) was detected by trypan
blue staining in NB4 cells from 10�M DQA onwards, ap-
plied for 24 h or from 2�M onwards, applied for 48 h. K562
cells treated with similar DQA concentrations showed necro-
sis (>10%) only at the highest DQA concentration, 20�M,
applied for 24 h or from 4�M onwards applied for 48 h.
Therefore, K562 cells undergo relatively less necrosis than
NB4 cells.

Representative flow cytometry profiles of the PI uptake in
control cells and cells incubated with 2�M (low concentra-
tion) or 20�M (high concentration) of DQA for 48 h are
presented inFig. 3B. These profiles indicate, once again,
that a DQA concentration as low as 2�M applied during
48 h induces some necrosis in NB4 but not in K562 cells. At
the highest DQA concentration analyzed, significant necrosis
was observed in both the cell lines, which was higher in NB4
than in K562 cells. The percentages of necrotic cells obtained
by this method were similar to those observed by the trypan
blue exclusion assay.

DQA-induced apoptosis was studied by cell cycle analy-
sis obtained by flow cytometry after PI staining of previously
permeabilized cells.Fig. 4A shows a representative example
of the NB4 and K562 PI fluorescent profiles obtained from
controls and cells incubated with 2 or 20�M DQA for 48 h.
The typical histogram with two well-defined peaks corre-
sponding to the G0/G1 and G2/M phases was clearly observed
in control cells. The apoptosis percentage, obtained from cells
in the sub-G0/G1 regions at the different DQA concentrations
and time-periods employed is shown inFig. 4B. Apoptosis
percentage was about 3% in either NB4 or K562 control cells.
NB4 cells did not practically undergo apoptosis after 24 h at
any DQA concentrations, while apoptosis began at 0.5�M
and became evident between 2 and 10�M DQA, after 48 h
of DQA treatment. Under similar experimental conditions no
apoptosis (<7%) was detected in K562 cells. The dramatic
difference in the cell cycle profile of K562 cells treated with
20�M DQA compared to control cells (Fig. 4A) is striking.
This indicates cell cycle arrest of K562, without accumula-
tion in any specific phase of the cycle, which is in agreement
with the proliferation arrest shown inFig. 2A.

K562 cells are known to express the fusion protein Bcr-
Abl that provides continuous cell survival signalling[24,28].
To determine whether Bcr-Abl was responsible for the re-
sistance to apoptosis observed in K562 cells, experiments in
the presence of imatinib, a potent inhibitor of Bcr-Abl kinase
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Fig. 3. Effect of DQA treatment on necrotic cell death in NB4 and K562 cells. (A) Necrosis frequency of cells treated for the indicated time-periods andwith
the indicated concentrations of DQA as measured by trypan blue. Data are presented as the mean± S.E.M., determined from three to six separate experiments.
(B) Representative flow cytometric profiles of untreated (control) cells or cells treated for 48 h with the indicated DQA concentrations, as evaluatedby PI
accumulation in non-permeabilized cells; the percentage of necrosis is shown in each profile.

activity, were carried out. Cells were incubated for 48 h with
both DQA (2�M) and imatinib (2�M). The results obtained
show that in the presence of imatinib, DQA was able to in-
duce apoptosis (around 20%) in K562 cells. Under similar
experimental conditions, DQA did not increase the apopto-
sis in NB4 cells observed when incubated with DQA alone.
These results indicate that inhibition of Bcr-Abl kinase activ-
ity by imatinib may sensitize K562 cells to apoptosis induced
by DQA.

3.3. Studies on apoptotic events

Some characteristic features of apoptotic cell death were
then comparatively analyzed in NB4 and K562 cells treated
with the two lowest DQA concentrations, 0.5 and 2�M,
for 48 h. As determined by DAPI staining, DQA-treated
NB4 cells displayed typical apoptotic nuclear morpholog-
ical changes, such as chromatin condensation and apop-
totic body formation.Fig. 5A shows a representative picture
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Fig. 4. Effect of DQA treatment on apoptotic cell death in NB4 and K562 cells. (A) Representative cell cycle distribution profiles of untreated (control) cells
or cells treated for 48 h with the indicated DQA concentrations, as measured by flow cytometry after cell permeabilization and PI staining. (B) Frequency of
apoptosis after a 24- or 48-h incubation with the indicated DQA concentrations. Data were obtained from the corresponding sub-G0/G1 regions and presented
as the mean± S.E.M. of three to six separate experiments.
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Fig. 5. Apoptotic intracellular events in NB4 cells treated for 48 h with 2�M DQA. (A) DAPI stain; the arrow indicates a typical apoptotic cell. (B) Genomic
DNA fragmentation assay of untreated cells (lane C) or cells treated with DQA as indicated. Lane M shows the DNA size markers. (C) Relative caspase-3
enzymatic activity (REA) with respect to the control. Data are presented as the mean± S.E.M., determined from six separate experiments. (D) DQA-induced
PKC-� and PARP cleavage analyzed by Western blot. The arrows indicate the position of the PKC-� and PARP proteolytic fragments. Anti-human actin
monoclonal antibody was used to assess equal protein loading in all the lanes.

obtained with 2�M DQA. Under these conditions, 17.3±
2.5% of cells showed apoptotic morphology. Such a percent-
age is comparable to that obtained by flow cytometry from
sub-G0/G1 phase analysis (Fig. 4A). In contrast, K562 cells
displayed no morphological signs of apoptosis (results not
shown). The internucleosomal DNA fragmentation studied
by agarose gel electrophoresis confirmed, through the typi-
cal DNA laddering, the presence of apoptosis in NB4 but not
in K562 cells treated with DQA (Fig. 5B).

Another typical event for apoptotic cell death is activation
of the caspase cascade. The activity of caspase-3, a critical
down-stream effector of apoptosis, was markedly increased
in NB4 cells treated with 2�M DQA for 48 h as compared to
control cells (Fig. 5C). As expected by the absence of apopto-
sis in K562 cells, we could not detect any caspase-3 activity in
these cells after DQA treatment (results not shown). Caspase

activation in NB4 cells was confirmed by immunoblotting.
Two known substrates for caspase-3 are the pro-apoptotic
protein PKC-� and the DNA-binding protein PARP involved
in DNA repair [29]. A cleaved 40 kDa fragment from PKC-
� and a cleaved 89 kDa fragment from PARP were detected
in NB4 but not in control or K562 cell extracts after DQA
treatment (Fig. 5D). Although a slight PKC-� cleavage was
observed in control cells, the 40 kDa fragment was clearly
increased at the same time that the non-fragmented band was
decreased in DQA-treated cells with respect to the controls.
These results indicate that DQA induces typical caspase-3
mediated apoptosis in NB4 cells when treated with a DQA
concentration equal to or greater than 2�M for 48 h.

In summary, we can highlight that low DQA concentra-
tions, from 0.5 to 2�M, applied for 48 h, induces a mixture
of apoptosis and some necrosis in NB4 cells while a high
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20�M concentration induces mainly necrosis in both NB4
and K562 cell populations.

3.4. Studies on mitochondrial function

In order to determine the mechanism underlying the cy-
totoxicity of DQA in NB4 and K562 cells, we next inves-
tigated mitochondrial function. Mitochondrial DQA accu-
mulation is likely to affect relevant cellular processes such
as redox and energetic balance or transmembrane potential,
all of which lead to cell death. Selection of the cell death
pathway has been proposed to depend on both ROS pro-
duction and ATP synthesis, which are tightly regulated by

the mitochondrial transmembrane potential[7]. The exper-
imental conditions selected for these studies were 48 h of
treatment with three DQA concentrations: 0.5�M, the con-
centration at which apoptosis is initiated in NB4 cells; 2�M,
which induces a mixture of apoptosis–necrosis in NB4 cells;
and 20�M, which induces necrosis in both cell lines (see
Figs. 3A and 4B).

The mitochondrial transmembrane potential (�Ψm) was
investigated with the fluorescent probe Rhodamine 123
(Rh123). Representative flow cytometry histograms are
shown inFig. 6A. The average medians from fluorescence
histograms appear inFig. 6C. Both NB4 and K562 cells un-
dergo a progressive depolarisation from 0.5 to 20�M DQA,

F
p
s
(

ig. 6. Effect of DQA on mitochondrial function in NB4 and K562 cells treated f
otential (�Ψm) as determined by changes in fluorescence upon rhodamine
uperoxide production. (C) Average medians from fluorescence histograms
antilogarithm of the medians logarithm)± S.D. from fluorescence histograms f
or 48 h with 0.5, 2 and 20�M DQA. (A) Median of mitochondrial transmembrane
123 loading. (B) Median of DHE-derived fluorescence, as indicative of radical

of Rhodamine 123 (�) and DHE (�). Data are presented as the geometric mean
rom three to six separate experiments.
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Fig. 7. ATP depletion in NB4 (�) and K562 (�) cells treated for 48 h with
0.5, 2 and 20�M DQA, as measured by a luciferin–luciferase biolumines-
cence assay. Data are presented as the mean± S.D. of at least three different
experiments.

which is higher in NB4 cells at 20�M DQA. ROS genera-
tion was studied by measuring the DHE-derived fluorescence
by flow cytometry, as indicative of the O2•− levels. Repre-
sentative flow cytometry histograms are shown inFig. 6B.
The average medians from fluorescence histograms appear
in Fig. 6C. As evidenced by the right-shift of the DHE fluo-
rescent signal with respect to the control signal, DQA induces
O2

•− overproduction in both NB4 and K562 cells, even at the
lowest concentration (0.5�M) employed. The O2•− increase
was more pronounced in NB4 cells than in K562 cells.

The effect of DQA on intracellular ATP content is shown
in Fig. 7. A low DQA concentration of 0.5�M is enough
to interfere with ATP synthesis in NB4 and K562 cells. An
increased concentration of 2�M induces ATP depletion in
both the cell lines, with slightly more pronounced effects
in NB4 cells. Twenty micromolar DQA practically depleted
ATP levels in both the NB4 and K562 cell lines. These results
indicate an inhibitory effect of DQA on ATP synthesis in both
the cell lines.

4. Discussion

The major aim of this study was to investigate the
molecular events underlying DQA cytotoxicity in NB4 and
K562 leukemic cell lines derived from acute promyelocytic
l We
d tion-
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sults). The mechanisms underlying the cytotoxic effects of
DQA as well as the particular cellular response seems to be
associated with changes in mitochondrial transmembrane po-
tential of either tumour cells (in relation to normal cells) or
with the different cell stages (for example, during neuronal
maturation). Therefore, our aim was to elucidate the molec-
ular events of DQA cytotoxicity in NB4 and K562 human
leukemic cell lines in an attempt to take the advantage of its
use for therapy of these malignancies.

We first investigated the implication of necrotic or apop-
totic processes in cell death. The results indicate that the
DQA-induced cell death was cell type-, time- and DQA
concentration-dependent. After 48 h, low DQA concentra-
tions induce apoptosis and some necrosis in NB4 cells
whereas high concentrations induce necrosis in both cell pop-
ulations. We observed an absence of apoptosis in K562 cells
at all DQA concentrations analyzed, which was consistent
with previous studies reporting a resistance of these cells
to apoptosis[29,31–34]. K562 cells, derived from chronic
myeloid leukemia, are deficient in the pro-apoptotic protein
p53 and express the fusion protein Bcr-Abl kinase that pro-
vides continuous cell survival signaling. The apoptotic re-
sistance of K562 cells has been shown to be overcome by
treatment with drugs such as etoposide[29], cepharanthine
[35], As2O3 [36] or imatinib (STI 571)[37]. These drugs are
able to induce apoptosis via different mechanisms including
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eukemia or from chronic myeloid leukemia, respectively.
emonstrate that DQA induces a progressive concentra
nd time-dependent cytotoxic activity in both NB4 and K
ell lines. These effects were more pronounced in NB4
nd could be observed at the lowest concentration (0.5�M
QA) applied for 24 h.
Previous studies attribute to DQA different degrees o

otoxicity depending on the cell type. DQA cytotoxicity
igher in cultured rat neurons[15] or P388 murine leukem
ells [30] than in the HeLa human cervical carcinoma c
20] or NB4 and K562 human leukemic cells (present
own-regulation of Bcr-Abl expression or inactivation of
yrosine kinase activity of Bcr-Abl. In our hands, the ap
osis resistance of K562 cells treated with DQA was o
ome by the kinase inhibitor imatinib. Therefore, Bcr-A
inase activity seems to be implicated in K562 cell surv
ignalling and in the resistance to DQA-induced apop
ffects. We then carried out a study on mitochondrial fu

ion in both NB4 and K562 cell lines, using the latter a
egative control of apoptosis.

Two major apoptosis pathways (a receptor-mediated
itochondrial pathway) have been described in mamm

ells. Since DQA accumulates in the mitochondria[10], we
earched for the mitochondrial implication in DQA-induc
ytotoxicity. In both cell lines, we found that DQA induc
decrease in�Ψm, an overproduction of O2•− and ATP de
letion effects, which were more pronounced in NB4 c
hese results indicate a mitochondrial dysfunction in b
B4 and K562 cell lines, mainly in NB4, in agreement w

he higher cytotoxicity shown by these cells. This find
ogether with caspase-3 activation, led us to suggest a
hondrial implication in DQA-induced apoptosis observe
B4 cells. Although the mitochondria of K562 are also

ected by DQA, the cell resistance to apoptosis would tri
ell death by necrosis.

NB4 cells begin to show apoptosis at a DQA concentra
s low as 0.5�M, although cytotoxicity and ATP depletio
re low at this concentration. This apoptosis seems to b
ociated with the increase in O2

•− production observed. Th
ncrease in DQA concentration to 2�M not only increases th
poptosis percentage in NB4 cells but also induces nec
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This higher percentage of apoptosis and necrosis is associated
with a high O2

•− production together with a significant ATP
depletion. The higher the DQA concentration, the higher the
necrotic cell death, being the ATP lost the more responsible
for committing cells to necrosis. Thus, the results suggest that
NB4 cell death is mediated by a ROS- and ATP-dependent
mechanism. ROS accumulation induces cell death either by
apoptosis, when ATP is sufficient for cell metabolism or by
necrosis when ATP is significantly depleted.

ROS generation has been associated to cell damage. When
an electron escapes from the electron transport chain, it
may react with molecular oxygen and form O2

•−, which
can oxidise important cellular components. Although ROS
participate in normal cell signalling processes, a high ROS
production causes an oxidative cell injury that has been asso-
ciated to both human diseases[38–43]and cell death[7]. Our
findings in leukemic cells are consistent with the hypothesis
that ROS overproduction, as a consequence of a disturbance
in mitochondrial functions, is responsible for DQA-induced
cell death. In this regard, the redox sensitive JNK/SAPK sig-
nalling pathway[44] might be implicated. Since leukemia
cells, like other cancer cells, are under an increased oxidative
stress[7], the ROS overproduction should provide a unique
advantage for killing these malignant cells. Thus, the abil-
ity of DQA to accumulate in the mitochondria and enhance
ROS production gains relevance in relation to the cancer
c

ated
w cell
t d
t by
a l cul-
t arly
s r the
a been
a o
n
o n),
w
c ess is
d ration
a os-
s n
t

llu-
l the
c
c hem
f n
i d to
t art
m in
t radi-
e his
c -
c DQA

accumulation the lower the cytotoxicity. Differences in mi-
tochondrial DQA accumulation between different cell types
could be an attractive basis for searching a selective therapy.

In conclusion, we demonstrate that DQA displays dif-
ferential cytotoxic activity in NB4 and K562 leukemia cell
lines. The NB4 cell death in response to relatively low
DQA concentrations occurs mainly through a mixture of
apoptotic–necrotic processes and involves the activation of
caspase-3, whereas high DQA concentrations induce necrotic
cell death. K562 cells proved to be resistant to the apoptosis-
inducing DQA treatment. Our results strongly suggest that
K562 cells died mainly by necrosis. However, we cannot rule
out the possibility that autophagy, which has been suggested
as other mechanism for non-apoptotic death[48,49], could be
taking place. DQA-induced NB4 and K562 cell death seems
to be mediated by mitochondrial alterations, including loss of
mitochondrial transmembrane potential, O2

•− accumulation
and ATP depletion as notable intracellular events. This study
emphasizes the importance of DQA as a selective and po-
tential antileukemic agent, and encourages the performance
of further studies in order to obtain a deeper knowledge on
its action mechanism in cell death in order to improve the
clinical outcomes.
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