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Abstract
Purpose To possibly increase the in vitro cytotoxic activ-
ity of arsenic trioxide (ATO) by combining it with Parthe-
nolide (PRT), a known NF-�B inhibitor and buthionine
sulfoximine (BSO), an inhibitor of �-glutamylcysteine syn-
thetase.
Methods Several cell lines representing various hemato-
logical malignancies were treated in vitro with the study
drugs alone or in combinations. Flow cytometry was used
to assess cell death rates and reative oxygen species pro-
duction. Glutathione and ATP levels were determinded
using a photometric and a luminometric assay, respectively.
Cell death was characterised by Xuorescence microscopy
and DNA fragmentation analysis.
Results PRT increased cytotoxicity of ATO in seven out
of eight cell lines. Addition of buthionine sulfoximine
(BSO) further potentiated cytotoxicity of the combined
treatment. When combined with PRT and BSO, clinically
achievable concentrations of ATO (2.5 �M) induced cyto-
toxicity rates of 80–98% after 24 h. Importantly, lympho-
cytes from healthy donors were largely unaVected by these
treatment modalities, also after growth stimulation in cell
culture. N-acetylcysteine inhibited the cytotoxic eVects of
the triple combination. Treatment of leukemic cells with

ATO, PRT and BSO rapidly depleted cells from glutathi-
one, induced oxidative stress and decreased intracellular
ATP levels. Cell death showed characteristics of necrosis
presumably as a result of ATP loss.
Conclusion Based on the observed selectivity towards
malignant cells this combination may oVer a therapeutic
option applicable to diVerent kinds of leukemia.

Keywords Arsenic trioxide · Parthenolide · Buthionine 
sulfoximine · Leukemia therapy · Necrosis

Introduction

Arsenic has played a signiWcant therapeutic role in vari-
ous diseases for over 2,000 years. In the 1990s, reports
by Chinese investigators, of the considerable activity of
arsenic trioxide (ATO), against acute promyelocytic leu-
kemia, raised the hopes for the potential use of this drug
in treatment of other forms of leukemia as well [28]. The
activity of ATO was consecutively investigated in sev-
eral types of hematologic malignancies [34]. The clinical
eVects of these trials were not as spectacular as those
observed in APL. The cytotoxic eYcacy of ATO against
hematologic malignancies may be enhanced by blocking
ATO-induced stress response of cancer cells which
include upregulation of the anti-apoptotic transcription
factor NF-�B and an increase of intracellular glutathione
levels.

NF-�B regulates transcription of a great diversity of
genes involved in inXammatory responses, cell growth and
apoptosis [16]. Many neoplastic cells of hematologic origin
and solid tumors show abnormal NF-�B activation, which
contributes to hyperproliferation, resistance to apoptosis,
and disease progression [1, 33]. Pharmacological inhibition
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of NF-�B has been demonstrated to increase the proapop-
totic eVect of ATO [31]. Arsenic itself either stimulates
[7, 36] or inhibits [17, 19, 22] NF-�B activity depending on
the cell type, the concentration used, as well as intracellular
glutathione (GSH) and H2O2 levels [12, 38]. At concentra-
tions higher than 10 �M, ATO inhibits NF-�B activity by
interacting with a speciWc cysteine residue in the activation
loop of the I�B kinase (IKK) catalytic subunits [15]. ATO
generates reactive oxygen species (ROS) which contribute
to cell death induction [2] and at lower concentrations may
stimulate NF-�B activity [7].

Many reports suggest that the sensitivity of leukemic
cells to ATO correlates with their intracellular GSH
levels [37, 41]. Cell lines or their clones expressing
higher levels of GSH and GSH-associated enzymes are
less sensitive to ATO than cells expressing low levels of
these molecules. GSH seems to have two functions with
respect to ATO toxicity: it is part of a detoxiWcation sys-
tem which removes ATO from the cell; and it protects
cells from reactive oxygen species which are produced
upon exposure to ATO. Cells can be sensitised to ATO
cytotoxic eVects by agents that deplete intracellular GSH
[3, 5, 13] not only in leukemic cells but also in solid
tumors [21, 27].

In our present study, two cellular anti-apoptotic
responses were inhibited simultaneousley to increase the
cytotoxicity of arsenic trioxide. Parthenolide (PRT), a
known NF-�B inhibitor [18] and buthionine sulfoximine
(BSO), an irreversible inhibitor of �-glutamylcysteine
synthetase were used to shut down NF-�B activity and to
reduce intracellular GSH levels, respectively. The eVect
of combined treatment was evaluated on selected murine
(EL-4) and human leukemia cell lines (Jurkat, K562 and
HL-60). Cytotoxicity of combinations of ATO, PRT and
BSO was evaluated in vitro on the leukemic cell lines and
compared to healthy donor lymphocytes. Changes in reac-
tive oxygen species (ROS) production, GSH levels and
ATP content were assessed. Cell death was characterised
by evaluating several apoptotic parameters. The com-
bined treatment showed selective cytotoxicity towards
leukemic cells and might provide a promising therapeutic
approach.

Materials and methods

Chemicals

Arsenic trioxide (ATO), propidium iodide and 2�,7�-dichlo-
rodihydroXuorescein diacetate (DCF) were obtained from
Fluka (Sigma–Aldrich, St. Louis, MO, USA). Camptothecin,
z-VAD-fmk, L-N-acetylcysteine (NAC), alpa-Tocopherol,
L-Buthionine-sulfoximine (BSO), Annexin V-FITC Apoptosis

Detection Kit, the Glutathione Assay Kit and 4�-6-Diami-
dino-2-phenylindole (DAPI) were from from Sigma Chem-
ical Company (Sigma–Aldrich, St. Louis, MO, USA).
Phytohemagglutinine (PHA) was from Calbiochem
(Merck, Darmstadt, Germany). The ATP determination kit
was purchased from Molecular Probes (Invitrogen Corpo-
ration, San Diego, CA).

Cell culture

EL-4 mouse thymoma cells were cultured in DMEM, 10%
fetal bovine serum (FBS), 2 mM glutamine and antibiot-
ics (penicillin 100 U/ml and streptomycin 100 �g/ml).
Jurkat T cells, K562 erythroleukemia cell line, and HL-60
promyelocytic cells were grown in RPMI 1640 medium
containing glutamine complemented with 10% FBS and
antibiotics. Lymphocytes were isolated from healthy vol-
unteers (HDL) by Ficoll centrifugation and cultured in
RPMI medium containing glutamine, 20% FBS, and anti-
biotics. For growth stimulation, PHA was added to a Wnal
concentration of 10 �g/ml. The Burkitts Lymphoma cell
lines BL41 and Ramos, the B-cell chronic lymphocytic
leukemia cell line MEC-1 and the precursor B-cell line
REH, were grown in RPMI 1640 medium with 10% FBS,
2 mM glutamine and antibiotics. EL-4 cell line (originally
from ATCC) was kindly provided by J. Dastych, all other
cell lines used were purchased from DSMZ (Braun-
schweig, Germany).

Assessment of cell viability

Cell viability was assessed based on propidium iodide
(PI) staining. After incubation with drugs in complete cul-
ture medium for 24 h at a cell density of 0.25–
0.5 £ 106 cells/ml, cells were washed once in phosphate-
buVered saline (PBS) and resuspended in 0.25 ml of 2 �g/
ml PBS/PI solution. After 10 min of staining [room tem-
perature (RT), in the dark] cell Xuorescence was mea-
sured by Xow cytometry. PI-negative cells were deWned as
viable. Flow cytometric analysis was performed on a
Cytomics FC500 MPL cytometer from Beckman Coulter
(Fullerton, CA). Data were analysed using the CPX software
package.

Measurement of reactive oxygen species production

Intracellular ROS levels were visualised after incubation
with 2�,7�-dichlorodihydro-Xuorescein diacetate (DCF) at
a Wnal concentration of 10 �M. The Xuorescent dye was
added for the last 30 min of the drug exposure period.
After the incubation cells were washed once in PBS,
resuspended in PBS and examined immediately by Xow
cytometry.
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Assessment of intracellular ATP level

Changes in intracellular ATP content were measured using
a bioluminescence assay with recombinant WreXy luciferase
and its substrate D-luciferin. After the drug incubations,
cells were harvested by centrifugation, washed once with
PBS and lysed in 1% TCA (trichloroacetic acid) by two
freeze thawing cycles. ATP content was determined in the
supernatant after centrifugation. The light produced in the
reaction of luciferin with ATP was detected in a luminome-
ter (Fluoroskan Ascent FL, Labsystems, Helsinki, Finland).

Measurement of intracellular GSH content

Changes in total cellular gluthathione levels were deter-
mined using a “Glutathione Assay Kit” following the
included instructions. (1–5) £ 107 cells were used for each
sample. BrieXy, cells were lysed by freeze/thawing and
protein was precipitated with 5% 5-sulfosalicylic acid
(SSA) solution. GSH in the supernatant was quantiWed by
its ability to convert 5,5�-dithiobis(2-nitrobenzoic acid) into
the yellow product 2-nitrobenzoic acid which was mea-
sured spectrophotometrically.

AnnexinV staining procedure

Cells were harvested by centrifugation, washed once with
PBS and incubated at a density of 1 £ 106 cells/ml with
Xuorescein-labelled Annexin V (0.5 �g/ml) and propidium
iodide (PI, 2 �g/ml) in binding buVer (10 mM HEPES pH
7.5; 140 mM NaCl; 2.5 mM CaCl2). After 15 min at RT in
the dark Xuorescence was assessed by Xow cytometry. Late
apoptotic/necrotic cells have disrupted membranes and
stain positive for both, Annexin V and PI, while early apop-
totic cells with externalised phosphatidylserine appear as
Annexin V single positive population.

Cell cycle analysis

Cells were harvested by centrifugation, washed once in
PBS and Wxed with 70% ethanol at ¡20°C overnight. Cells
were washed again with PBS and resuspended in PBS con-
taining 0.1% Triton-X100, 200 �g/ml RNaseA and 20 �g/
ml PI. After incubation for 15 min at RT in the dark relative
DNA content was measured by Xow cytometry.

Detection of nuclear fragmentation

After drug incubations cells were collected by centrifuga-
tion, resuspended in PBS containing 0.2 �g/ml DAPI and
visualised in a Xuorescence microscope. Using this method,
only nuclei of damaged cells are stained. Fragmented nuclei

are characteristic of apoptotic cells, while stained intact
nuclei indicate necrotic cells.

DNA fragmentation analysis

Low molecular weight DNA was extracted from cells by
the method of Gong et al. [10] with slight modiWcations.
BrieXy, 2 £ 106 cells were washed in cold PBS after drug
treatment for 24 h and Wxed in ice-cold 70% ethanol over-
night. The Wxed cells were resuspended in 40 �l extraction
buVer (0.2 M phosphate–citrate buVer, pH 7.8) and incu-
bated at room temperature for 30 min. After centrifugation
the supernatants containing low molecular weight DNA
were dried, resuspended in 3 �l 0.25% NP-40 and incu-
bated with 3 �l DNase-free RNase A (1 mg/ml) at 37°C for
30 min. Next, 3 �l Proteinase K (1 mg/ml) were added and
samples were further incubated at 37°C for 40 min. After
incubation, the samples were subjected to agarose gel elec-
trophoresis. With this method no DNA is isolated from
intact cells, fragmented DNA is extracted from apoptotic
cells, while high molecular weight DNA is typically
derived from necrotic cells.

Statistical analysis

All measurements of cytotoxicity, ROS, GSH and ATP
were done in triplicates, and at least three independent
experiments were done unless stated diVerently. Data are
shown from one typical experiment and expressed as mean
of triplicates § SE. Statistical analysis was performed
using Student’s t-test. DiVerences were considered signiW-
cant if P < 0.05 (marked by asteriks).

Results

PRT enhanced ATO-mediated cytotoxicity

The inXuence of PRT on arsenic-mediated cytotoxicity was
investigated in EL-4 murine thymoma cells, Jurkat human
T cells, HL-60 human promyelocytic cells, and K562
human erythroleukemic cells. Cells were incubated for 24 h
with increasing concentrations of ATO (2.5–10 �M) alone
or in combination with PRT. PRT in the combinatorial
treatments was kept constant at 10 �M. This concentration
was chosen based on earlier experiments in which the cyto-
toxicity of PRT was measured (not shown). PRT at 10 �M
resulted in about 15% dead cells in the most sensitive cell
line (Jurkat) and less than 10% in the other cell lines tested.
As shown in Fig. 1a, PRT-enhanced cytotoxicity of ATO in
EL-4, Jurkat and HL-60 cells, while K562 cells were
refractory to ATO and the combinatorial treatment.
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Healthy donor lymphocytes (HDL) were resistant 
to the combinatorial treatment 

PRT alone caused cell death of about 10% in lympho-
cytes isolated from the blood of healthy volunteers
(n = 6). Arsenic treatment showed a dose-dependent
cytotoxic eVect reaching »25% dead cells at 10 �M
ATO, in good agreement with published results [11].
Co-incubation with PRT did not further increase cell death
(Fig. 1b). To explore whether the lower sensitivity of
HDL was related to their resting status, part of the cells
were growth stimulated with phytohemagglutinin (PHA)
for 24 h and the culture was continued for another 24 h in
the presence of drugs. Entry into S-phase was shown by
cell cycle analysis. In a typical example, the percentage
of cells in S-phase increased from 1% (unstimulated) to
58% in the stimulated culture (see inset in Fig. 1b). No
diVerence in the sensitivity to drug treatment was
observed in growth-stimulated HDL as compared to rest-
ing cells.

BSO further increased the cytotoxic eVects of ATO 
and the ATO–PRT combination

To investigate the impact of intracellular glutathione levels,
we assessed the cytotoxicity of ATO, PRT and their combi-
nations after GSH depletion by BSO. BSO increased the
cytotoxicity of ATO in all cell lines (Fig. 2). Addition of
12.5 �M BSO to the ATO–PRT combination raised cyto-
toxicity rates to 80–98% after 24 h in EL-4, Jurkat, K562
and HL-60 cells. Note, that application of the single drugs
at the concentrations used in the triple combination caused
<10% dead cells (Fig. 2, 0 �M BSO). Remarkably, K562
cells also, which were resistant to ATO–PRT, were
eYciently killed when BSO was added. In contrast, lym-
phocytes isolated from the blood of healthy donors (n = 6)
were fairly well resistant to the same treatment. Incubation
with drug combinations which killed 80–98% of malignant
cells induced cell death in less than 10% of HDL. Again,
stimulated and unstimulated HDL showed no diVerences in
drug sensitivity. When the incubation time was prolonged

Fig. 1 Cytotoxicity of the combined application of ATO and PRT.
Cells were incubated for 24 h with 0, 2.5, 5 or 10 �M ATO alone (grey
bars) or together with 10 �M PRT (black bars). Cytotoxicity was mea-
sured by propidium iodide (PI) staining and Xow cytometry. The per-
centage of dead cells is shown for a EL-4, Jurkat, K562, and HL-60, or
b healthy donor lymphocytes. HDL (n = 6) were either exposed to
drugs immediately (left diagram) or cultured for 24 h in the presence
of 10 �g/ml PHA before addition of drugs (right diagram). Stimulation
of DNA synthesis was assessed by cell cycle analysis after staining
with PI (inset). *, P < 0.05, compared to ATO alone

Fig. 2 Increased cytotoxic eVects of ATO–PRT combinations by
addition of BSO. Cell viability was measured after 24 h of incubation
with 2.5 �M ATO, 10 �M PRT, or the combination of both, together
with increasing concentrations of BSO. Cell viability was assessed by
PI staining, the percentage of viable cells measured in triplicates from
one typical experiment is shown. Standard deviations are omitted from
the Wgure for better clarity; their values were <7% at all points
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to 48 h, a triple combination consisting of 2.5 �M ATO,
10 �M PRT and 12.5 �M BSO resulted in 15–35% dead
HDL (n = 3, data not shown).

Four additional human leukemic cell lines were tested
for their sensitivity to the combined treatment including the
Burkitts Lymphoma cell lines BL41 and Ramos, MEC-1
(B-cell chronic lymphocytic leukemia), and REH (B-cell
precursor). In all cases more than 85% of cells were killed
by the ATO–PRT–BSO combination after 24 h (Table 1).

ATO and PRT increased intracellular GSH levels

The inXuence of BSO, ATO and PRT on intracellular GSH
content was Wrst examined after 24 h. As expected, BSO
depleted cells from GSH in all cell lines tested (Table 2).
Treatment with ATO, PRT or their combination raised
intracellular GSH content relative to untreated cell cultures
(Table 2). The maximum increase in GSH level in response
to ATO was about 5-fold in EL-4 (10 �M), 3.6-fold in HL-
60 (2.5 �M) and 2-fold in K562 (5 �M). The maximal
increase observed in Jurkat cells was only about 1.5-fold
(2.5 �M).

The relative increase of the intracellular GSH level fol-
lowing drug treatment was inversely related to the sensitiv-
ity to ATO-mediated killing. Among the three cell lines
responsive to ATO, Jurkat cells showed the smallest rela-
tive increase in GSH and the highest cytotoxic rate after
exposure to ATO. EL-4 and HL-60 cells had lower steady
state levels in untreated cells than Jurkat, but responded
with a more pronounced GSH increase (Table 2) and less
dead cells after ATO exposure (Fig. 1).

Drug treatment increased intracellular levels of reactive 
oxygen species

An increase in ROS levels is thought to constitute an essen-
tial step in cell death induction by arsenicals [38, 14]. To
assess intracellular ROS levels, cells were labelled with
dichloro-dihydroXuorescein-diacetate (DCF) and Xuores-
cence was measured by Xow cytometry. Figure 3 shows the
inXuence of drug treatment on DCF Xuorescence during the
Wrst 12 h. In EL-4 and HL-60 cells, ATO alone and its com-
bination with PRT or BSO increased ROS levels. For the

ATO–PRT–BSO triple combination, increases in ROS lev-
els were observed in all cell lines ranging from 1.2-fold
(K562) to 3-fold (HL-60) relative to control cells. ROS
levels were elevated during the Wrst 6 h but were back at
control levels (EL-4) or below after 12 h.

N-acetylcysteine, but not alpha-Tocopherol reduced the 
cytotoxic eVect

To further investigate the importance of ROS the inXuence
of N-acetylcysteine and alpha-Tocopherol was evaluated.
Addition of 5 mM NAC protected EL-4 cells from the cyto-
toxic eVects of the ATO–PRT–BSO combination (Fig. 4).
Similar results were obtained for Jurkat, K562 and HL-60
cell lines (not shown). NAC also inhibited the cytotoxic
eVect of ATO, PRT and their combinations. In contrast,
alpha-Tocopherol at a concentration of 0.1 mM did not
show any protecting eVect in EL-4 (Fig. 4), K562 and Jur-
kat cells, and a moderate inhibition of cell death (<30%) in
HL-60 cells (not shown).

During ATO–PRT–BSO-induced cell death the late steps 
of apoptosis were prohibited

To evaluate the mechanism underlying cell death, four
diVerent methods (a–d) were applied; (a) Externalisation of
phosphatidylserine in the plasma membrane was monitored

Table 1 Cell viability of leukemic cell lines after 24 h

Cells were incubated for 24 h with drug combinations as indicated. The concentrations used were 2.5 �M ATO, 10 �M PRT and 12.5 �M BSO.
Cell viability was assessed by propidium iodide staining and Xow cytometry

Control ATO PRT ATO + PRT ATO + BSO ATO + PRT + BSO

BL-41 94.4 § 0.4 76.8 § 0.6 79.1 § 1.8 29.2 § 1.6 23.1 § 3.1 12.8 § 0.6

MEC-1 98.4 § 0.2 89.4 § 0.5 54.2 § 0.5 7.9 § 1.7 52.3 § 3.1 5.7 § 0.5

Reh 97.8 § 0.1 81.8 § 3.2 72.9 § 1.0 5.1 § 0.6 8.7 § 0.6 14.7 § 1.7

Ramos 98.3 § 0.2 89.4 § 1.0 76.6 § 0.8 27.7 § 0.4 4.8 § 0.8 4.3 § 1.8

Table 2 Glutathione content after 24 h

EL-4, Jurkat, K562 and HL-60 cells were incubated with ATO, PRT
(10 �M), ATO + PRT (2.5 �M + 10 �M), or BSO. After 24 h cells
were counted, harvested, and lysed by freeze/thawing in 5% SSA. GSH
content was determined and is expressed in nmol per 106  cells

EL-4 Jurkat K562 HL-60

Control 2.6 § 0.04 10.4 § 0.51 7.6 § 0.47 2.5 § 0

ATO 2.5 �M 6.9 § 0.14 15.4 § 0.16 14.9 § 0.08 9.1 § 0.25

ATO 5 �M 9.6 § 0.24 14.7 § 0.98 15.9 § 0.31 8.1 § 0.35

ATO 10 �M 13.4 § 0.29 12.9 § 0.30 12.6 § 0.28 7.9 § 0

PRT 10 �M 4.3 § 0.13 11.0 § 2.33 22.1 § 0.41 3.7§0.32

ATO + PRT 7.5 § 0.19 16.5 § 2.48 27.6 § 1.52 9.0 § 0.02

BSO 12.5 �M 0.7 § 0.03 3.0 § 0.03 1.0 § 0 0.6 § 0.45
123



732 Cancer Chemother Pharmacol (2008) 61:727–737
by binding of Annexin V (labelled with Xuoresceine). After
20 h of drug treatment a clear population of Annexin sin-
gle-positive cells was detected as shown in Fig. 5a for Jur-
kat cells. A similar picture was obtained for EL-4 and HL-
60 cells, while K562 did not show Annexin V single-posi-
tive cells. (b) The involvement of caspases was explored by
their inhibition with the pan-caspase inhibitor z-VAD-fmk.
As shown in Fig. 5b, cell death induction by the triple drug
combination was substantially inhibited only in Jurkat

cells, demonstrating that activation of caspases was not crit-
ically required for cell death induction in the other cell
lines. (c) In the late stage of apoptosis, cells show a typical
pattern of nuclear fragmentation, which was examined by
staining whole cells with DAPI without Wxation and perme-
abilisation. In the Wrst panel of Fig. 5c, Camptothecin-
treated EL-4 cells are shown which display typical pictures
of fragmented apoptotic nuclei. When Camptothecin-medi-
ated apoptosis was blocked by inhibition of caspases with
z-VAD-fmk, no nuclear fragmentation was visible (Fig. 5c,
lower panel, left picture). ATO induced a mixture of apop-
totic and necrotic cells, whereas PRT or the combination of
arsenic and PRT showed mainly apoptotic cells (Fig. 5c,
upper panel). The addition of BSO prevented nuclear frag-
mentation (Fig. 5c, lower panel). This eVect was most pro-
nounced in EL-4 cells, but also clearly visible in HL-60 and
Jurkat cells (not shown). K562 cells did not show any frag-
mented nuclei in agreement with its reduced ability to
undergo apoptosis (not shown).

(d) Finally, DNA fragmentation was assessed to further
diVerentiate between apoptotic and necrotic cell death.
DNA extracted from EL-4 cells showed apoptotic DNA
laddering after treatment with 5 �M Camptothecin, 2.5 �M
ATO, 10 �M PRT or the combination of both (Fig. 5d). In
contrast, DNA fragmentation was almost absent after incu-
bation with 10 �M ATO or with combinations of ATO and
BSO. Instead, high molecular DNA, typical of necrotic
cells was observed under these treatment conditions. Simi-
lar results were found in HL-60 and Jurkat cells (not
shown).

Taken together, our results from these four measure-
ments suggested that in the cell death program induced by
the combination of ATO and BSO the early steps of apop-
tosis like externalisation of phosphatidylserine still took

Fig. 3 Production of reactive oxygen species (ROS) in drug-treated
cells. EL-4, Jurkat, K562, or HL-60 cells were incubated for 1, 2, 4, 6
and 12 h with various combinations of ATO, PRT and BSO (2.5, 10
and 12.5 �M, respectively) as indicated. DCF at a concentration of
10 �M was added to cell cultures during the last 30 min of incubation.
Cells were washed in PBS and green Xuorescence was measured by
Xow cytometry. The mean Xuorescence intensity was used as read-out
for intracellular ROS levels

Fig. 4 Inhibition of the cytotoxic eVect of drug treatment by N-acetyl-
cysteine. EL-4 cells were incubated for 24 h with 10 �M ATO, 20 �M
PRT, the combination of 5 �M ATO with 20 �M PRT, or 2.5 �M ATO
with 10 �M PRT and 12.5 �M BSO. In parallel experiments, either
N-acetylcysteine (5 mM) or alpha-Tocopherol (0.1 mM) was added.
Cell viability was measured after PI staining by Xow cytometry, the
percentage of viable cells is shown
123
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place, while late steps of apoptosis including nuclear con-
densation and DNA fragmentation were prohibited. These
observations indicated that during drug incubation the cell
death mechanism was shifted towards necrotic cell death.

Drug treatment reduced intracellular ATP levels

To determine whether depletion of intracellular ATP
caused the switch from energy-dependent apoptosis to
necrotic cell death, ATP content was assessed in the four
cell lines treated with drug combinations for 2–12 h. Incu-
bation with ATP-PRT-BSO induced a drop of ATP levels
to 50% or less after 6 h and to 25% or less after 12 h in
EL-4, Jurkat and HL-60 cells lines. In K562 cells ATP levels

were reduced at the same time point by about 30% of con-
trol values (Fig. 6).

Intracellular GSH levels dropped dramatically during the 
initial phase of drug treatment

BSO at 12.5 �M depleted the cells from GSH after 24 h
(Table 2), but did not induce apoptosis per se. Reactive
oxygen species supposed to trigger cell death peaked dur-
ing the Wrst 6 h but were back at control levels or even
below after 12 h. To investigate whether the oxidative
stress during the Wrst 6 h would meet reduced GSH levels
in our experiments, we assessed intracellular GSH levels
during the Wrst 12 h of drug incubation (Fig. 7). As

Fig. 5 Assessment of apoptotic and necrotic parameters. a Jurkat cells
were incubated for 20 h with drugs as indicated. Staining with Annexin
V and propidium iodide revealed Annexin V single-positive apoptotic
cell populations. b The dependence of cell death induced by ATO–
PRT–BSO on caspase activity was tested. Cells of the four lines tested
were incubated for 24 h with a drug combination consisting of 2.5 �M
ATO, 10 �M PRT and 12.5 �M BSO in the presence or absence of
20 �M zVADfmk. Cell viability was determined by PI staining and
Xow cytometry. *, P < 0.05 compared to incubation without zVAD-
fmk. c The number of fragmented nuclei of apoptotic cells was reduced

in combinations containing BSO. EL-4 cells were cultivated for 24 h
with 5 �M Campthotecin, 5 �M ATO, 20 �M PRT, or a combination
of 5 �M ATO and 10 �M PRT. In the lower panel, either the pan-cas-
pase inhibitor z-VADfmk (20 �M) or 12.5 �M BSO was added as indi-
cated. In the picture showing ATO-treated cells some apoptotic nuclei
are indicated by arrows. d EL-4 cells were treated for 24 h with drug
combinations as indicated. DNA was extracted and subjected to aga-
rose gel electrophoresis. Camptothecin treated cells (5 �M) were used
as positive control for apoptotic DNA laddering
123
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expected, incubation with BSO slowly decreased GSH con-
tent and this decrease was accelerated in the presence of
ATO. The analysis also conWrmed that ATO alone and the
ATO–PRT combination increased GSH levels. Strikingly,
incubation with the triple combination resulted in a very
rapid loss of GSH in all cell lines. In Jurkat, K562 and HL-
60 cells a signiWcant decrease was visible already after 1 h
and reached more than 50% after 2 h (Fig. 7). After 12 h all
cell lines including EL-4 were almost completely exhausted
from GSH.

Discussion

The successful treatment of acute promyelocytic leukemia
with arsenic trioxide stimulated a steadily increasing number

of in vitro studies and clinical trials in order to realise its
practicability in cancer therapy. In the current study we
demonstrate increased cytotoxic activity of ATO in combi-
nation with PRT and BSO. It has been previously reported
that either inhibition of NF-�B or lowering cellular GSH
level increased ATO toxicity [3, 31, 42]. PRT is a well-
known inhibitor of NF-�B, but has other anti-cancer eVects
as well. In multiple myeloma cells and B-cell chronic lym-
phocytic leukemia cells, PRT-induced apoptosis included
ROS generation [29, 35]. In colorectal cancer cells, PRT
was described to rapidly deplete cells from GSH and pro-
tein thiols, concomitant with an increase in ROS levels
[40], and to induce sustained activation of JNK independent
from NF-�B inhibition [23, 39]. Therefore, PRT might
have other eVects in addition to NF-�B inhibition.

The application of the ATO–PRT–BSO triple combina-
tion resulted in high death rates in all cell lines tested,
including murine EL-4 thymoma cells, and several human
cell lines of myeloid and lymphoid origin. Cytotoxic rates
of 80–98% were obtained during the Wrst 24 h. Importantly,
healthy donor lymphocytes were quite resistant to the same
treatment, which killed most leukemic cells. The rapid cell
death induction in leukemic cells by the triple combination
raises the hope that a short treatment with low overall toxic-
ity may be suYcient to eradicate leukemic cells in patients,
too.

The cytotoxic eVects of ATO–PRT–BSO could be
largely inhibited by NAC underlining the importance of the
thiol status for the sensitivity to cell death induction by this
combination. Treatment with ATO alone or the combina-
tion of ATO and PRT resulted in increased GSH levels
indicating an antioxidant response to those drugs. We
observed that the strength of this antioxidant response
determined the susceptibility of a cell line to ATO-induced
cell death rather than the steady-state levels of GSH in
untreated cells.

Depletion of GSH by BSO alone did not reduce cell via-
bility but oxidative stress caused by ATO and/or PRT
might be the actual trigger for cell death induction [38, 14].
Elevated ROS levels were measured in EL-4, Jurkat and
HL-60 cells during the Wrst 4–6 h after ATO–PRT expo-
sure, while incubation with either ATO or PRT alone
showed smaller or no increases. Higher ROS levels in cells
exposed to ATO–PRT correlated with the potentiating
eVect of PRT to ATO cytotoxicity, although the observed
increases may not suYciently explain the quantitative
diVerences in cell death induction. In the K562 cell line
which was resistant to ATO–PRT combinations, these
drugs did not increase ROS content. In contrast, elevated
ROS levels were found in all cell lines during the Wrst 6 h
when ATO, PRT and BSO were combined. Concurrent
with increased ROS levels, exposure to ATO–PRT–BSO
dramatically decreased intracellular GSH content. Already

Fig. 6 Changes of intracellular ATP content during drug treament. Cells
were treated with 5 �M ATO, 2.5 �M ATO + 10 �M PRT, 2.5 �M
ATO + 12.5 �M BSO, or 2.5 �M ATO + 10 �M PRT + 12.5 �M
BSO for 2, 4, 6 and 12 h. ATP was determined in a luminometric assay
based on oxidation of luciferin by WreXy luciferase in an ATP-dependent
reaction. Results are shown relative to untreated controls
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after one hour of incubation with the triple combination, the
GSH level was reduced by 60% in HL-60 and Jurkat cell
lines, and by about 40% in K562 and EL-4. This rapid
decrease of GSH content might not be solely due to inhibi-
tion of GSH synthesis, but to non-oxidative loss of glutathi-
one in stress-induced apoptosis via GSH extrusion.
Apoptotic GSH extrusion was suggested to trigger the
downstream events of apoptosis by leaving cells unpro-
tected against thiol oxidation and free radical production
[4, 9].

Apoptosis is a well-organised, controlled process con-
sisting of several clearly deWned steps including death
receptor engagement and/or mitochondrial changes, cas-
pase activation, nuclear condensation and fragmentation,
DNA degradation and generation of apoptotic bodies. Sev-
eral of these steps require hydrolysis of ATP [6], and death
signals in the absence of ATP promote necrosis instead of
apoptosis [25]. It was described previously that the reduc-
tion of GSH levels by BSO augmented cell death via a
necrotic rather than an apoptotic process [32]. In our exper-
iments, inclusion of BSO in the treatment modalities
changed the cell-death characteristics in a similar way.
While in combinations containing ATO and BSO early
apoptotic events were still detected, late stages of apoptosis
like fragmentation of nuclei and DNA fragmentation were
not observed. Measurement of ATP levels conWrmed that
intracellular ATP fell below 50 and 25% of controls during
the Wrst 6 and 12 h of drug treatment, respectively. The
only exception was K562, which kept the ATP level at 70%

of control. The observed loss of ATP explains the switch
from apoptotic to necrotic cell death. A therapy based on
the new combination might beneWt from this shift for two
reasons: Wrst, many cancer cells develop anti-apoptotic
mechanisms and escape chemotherapy. Inducing necrosis
instead of apoptosis might evade such escape mechanisms.
Second, necrosis is known to be immunogenic in contrast
to apoptosis, which often is not [43]. Induction of immuno-
genic responses may help to completely clear the body
from malignant cells.

For each of the four cell lines, a similar chronology was
observed for the events during incubation with the triple
drug combination (Fig. 8). During the Wrst 1–4 h a dramatic
loss of GSH took place leaving the cells unprotected
towards oxidative stress. In parallel to and following GSH
depletion, increased levels of ROS were measured mainly
between 4 and 6 h. During the next 6 h, the energy metabo-
lism of the cells was shut down and ATP levels dropped,
leading to inhibition of the ATP-dependent steps of apopto-
sis. Finally, necrotic cell death occured after 12–24 h of
drug exposure. The most pronounced increase in ROS lev-
els was observed in HL-60 cells (almost 300% of control)
and correlated with an earlier cell death (up to 80% dead
cells after 12 h).

It has been demonstrated for many diVerent cell types
that the mechanism of ATO-mediated cytoxicity depends
on oxidative damage caused by increasing ROS levels.
Moderate oxidative stress may elicit protecting responses
like a raise of GSH levels and expression of anti-oxidant

Fig. 7 Relative GSH levels dur-
ing the Wrst 12 h of drug treat-
ment. Cells were incubated with 
the indicated drug combinations 
(2.5 �M ATO; 10 �M PRT; 
12.5 �M BSO) and GSH content 
was determined. Results are 
shown relative to untreated con-
trol cells
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enzymes which is in part controlled by NF-�B activity [8,
20]. If these cellular rescue mechanisms are simultaneously
inhibited by PRT and BSO, the cells are left unprotected to
steadily growing oxidative stress and Wnally undergo cell
death. Some enzymes of glycolytic pathways, like glyceral-
dehyde-3-phosphate dehydrogenase [30] and pyruvate
dehydrogenase [26] are sensitive to oxidative damage. By
their inactivation, oxidative stress could impair cellular
energy production resulting in low ATP levels and necrotic
cell death. Cancer cells are known to be more dependent on
the glycolytic pathway for ATP generation and shutting
down glycolysis is a recognised way to selectively target
cancer cells [24]. This may partially explain the observed
selectivity of ATO–PRT–BSO death induction for leuke-
mic cells while healthy donor lymphocytes were spared.

In conclusion, the triple combination of ATO, PRT and
BSO was shown to kill cells from eight diVerent leukemic
cell lines in vitro with very high eYciency. Identically
treated HDL were almost unaVected, thus opening an excit-
ing therapeutic option. Evidence was provided that the
combinatorial treatment shifted the cell-death response
towards necrosis thereby maybe overcoming apoptosis
resistance which is a common feature of all established can-
cer cells. SpeciWc inhibition of cellular rescue mechanisms,
which are elicited by the drug treatment, increases drug

eYciency and might be considered as a principle with
broad practicability.
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