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Abstract

The sesquiterpene lactone dihydroartemisinin (DHA), a semisynthetic derivative of the herbal antimalaria
drug artemisinin, is cytotoxic to human tumor cells. Treatment of Jurkat T-lymphoma cells with DHA in-
duced a breakdown of the mitochondrial transmembrane potential, release of cytochrome c, activation of
caspases, and DNA fragmentation indicative of apoptosis induction. Although the absence of FADD or
caspase-8 did not alter apoptosis rates in Jurkat cells, overexpression of dominant-negative caspase-9 or of
antiapoptotic Bcl-xL or Bcl-2 largely decreased the cytotoxicity of DHA, demonstrating a role of the intrinsic
death pathway. The proapoptotic Bcl-2 effector protein Bak and the Bcl-2 homology domain 3—only protein
NOXA turned out to be important mediators of DHA-induced apoptosis in Jurkat cells. DHA treatment trig-
gered the expression of NOXA and the activation of Bak. Furthermore, DHA-induced apoptosis was com-
pletely abrogated by loss of Bak and largely reduced in cells with siRNA-mediated downregulation of Bak or
NOXA. Proapoptotic signaling of DHA also involved the formation of reactive oxygen species and membrane
oxidation. Pretreatment with the lipophilic radical scavenger vitamin E or the hydrophilic radical scavengers
glutathione and N-acetylcysteine reduced DHA-induced membrane oxidation and apoptosis, respectively.
Oxidative changes also occurred in cells with disruption of the mitochondrial death pathway, suggesting a
role of reactive oxygen species and oxidative membrane changes in death signaling upstream of the mito-
chondria. Interestingly, DHA increased the cytotoxic action of ionizing radiation and of the death receptor
agonist tumor necrosis factor-related apoptosis-inducing ligand in Jurkat cells, suggesting a potential benefit

of DHA in combined treatment strategies. Mol Cancer Ther; 9(9); 2497-510. ©2010 AACR.

Introduction

Resistance of tumor cells to apoptosis is a major obsta-
cle in anticancer treatment. Therefore, current researches
focus on the development of innovative compounds that
increase the death of therapy-resistant tumor cells. Arte-
misinin (Coartem/Riamed) from Artemisia annua L. is a
natural endoperoxide that effectively forms radicals and
reactive oxygen species (ROS; Supplementary Fig. S1;
ref. 1). Artemisinin and its semisynthetic derivatives are
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potent antimalarial drugs acting against the chloroquine-
resistant pathogen Plasmodium falciparum (2). The drugs
are metabolized to the highly reactive hemiacetal dihy-
droarthemisinin (DHA), the active metabolite of this
drug class, in vivo (Supplementary Fig. S1; ref. 2). Activa-
tion of the endoperoxide bridge is a prerequisite for the
generation of ROS and of carbon-centered radicals. Sub-
sequent alkylation of essential parasite proteins such as
the Ca®* ATPase SERCA (3), in concert with lipid perox-
idation of vacuole membranes, triggers autodigestion of
the parasite (4). Heme and heme iron seem to be impor-
tant for oxidation and to determine the selective toxicity
to intra-erythrocytary parasites (trophozoides, shizontes;
ref. 5).

ROS and carbon-centered radicals also contribute to
the potent cytotoxic effects of artemisinin and derivatives
on tumor cell lines in vitro (4-7). Cytotoxic efficacy of
these agents was increased by the addition of iron(II)
salts alone and in combination with transferrin in vitro
(8) and in vivo (9). The enhanced uptake of iron by tumor
cells has been proposed to selectively increase drug-
induced cytotoxicity on tumor cells compared with
normal tissue cells (10). Recent reports show a role of
apoptosis in the antineoplastic action of artemisinin
and derivatives (11-13). However, the molecular details
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of the proapoptotic action of these drugs in tumor cells,
particularly the role of the extrinsic and the intrinsic
apoptosis pathway, are still controversial (14, 15).

The extrinsic apoptosis pathway is initiated by binding
of specific death receptor ligands [e.g., CD95 or tumor
necrosis factor-a apoptosis-inducing ligand (TRAIL)] to
their respective membrane receptors. Activation of the
death receptors results in receptor multimerization and
the recruitment of the adaptor protein Fas-associated
death domain (FADD) and an initiator caspase, mainly
procaspase-8, to build the death-inducing signaling
complex. Autoproteolytic activation of the initiator
caspase-8 in this complex with subsequent caspase-8—
mediated proteolytic activation of the effector caspase
cascade (16) results in the cleavage of a plethora of down-
stream caspase targets [e.g., DNA repair enzymes such as
poly(ADP-ribose) polymerase (PARP)] and finally cell
death. In contrast, cellular stress triggers the activation
of the intrinsic, mitochondria-dependent apoptosis path-
way. Activation of proapoptotic Bcl-2 proteins induces a
breakdown of the mitochondrial membrane potential
and the release of cytochrome ¢ and further proapoptotic
proteins such as second mitochondria-derived activator
of caspases, apoptosis-inducing factor (AIF), and EndoG
into the cytosol. Cytosolic cytochrome ¢ binds to Apaf-1
in a dATP-dependent manner and recruits the initiator
caspase procaspase-9 to form the apoptosome. Activation
of caspase-9 then triggers the downstream effector cas-
pase cascade, resulting in apoptosis. Proapoptotic and
antiapoptotic members of the Bcl-2 family of proteins
tightly control the activation of the intrinsic apoptosis
pathway by regulating mitochondrial homeostasis and
permeability (17). Activation of the proapoptotic multi-
domain proteins Bax or Bak or both is absolutely
required for the initiation of the intrinsic apoptotic path-
way, whereas antiapoptotic members like Bcl-2, Bel-xL,
and Mcl-1 prevent apoptosis initiation by binding to
and inactivating their proapoptotic counterparts. The
proapoptotic Bcl-2 homology domain 3 (BH-3)-only
proteins (e.g., Bid, Bim Bad, PUMA, and NOXA) have
only the BH-3 domain in common and constitute
sensors of cellular stress. Two distinct but not mutually
exclusive models for the activation of proapoptotic
Bax and Bak have recently been proposed. According
to the “displacement model,” activation and subsequent
binding of BH-3-only proteins to Bcl-2, Bcl-xL, Bel-w,
Mcl-1, or Al displace Bax and Bak from these antiapop-
totic proteins to allow their proapoptotic action. In
contrast, in the so-called direct activation model, the
BH-3-only proteins tBid, Bim, or Puma are assumed
to directly activate proapoptotic Bax or Bak, whereas
the sensitizer BH-3-only proteins Bad, Bik, Bmf, Hrk,
and NOXA are needed for the release of tBid, Bim,
and Puma from the antiapoptotic Bcl-2 proteins, result-
ing in the activation of Bax and Bak. Each BH-3-only
protein is activated on specific stress conditions and
displays favored interactions with specific antiapoptotic
family members (17, 18).

The aim of the present study is to dissect the details
of apoptosis signaling induced by the artemisinin-
derivative DHA and to provide a molecular basis for
the use of DHA in combined treatment strategies. Our
study identified the Bcl-2 proteins Bak and NOXA as
key mediators of DHA-induced apoptosis in Jurkat cells.
Moreover, our data suggest a role of ROS formation and
membrane oxidation for DHA-induced activation of the
intrinsic apoptosis pathway. These oxidation events may
contribute to the observed increase in the efficacy of
TRAIL or radiotherapy in combination with DHA.

Materials and Methods

Chemicals and drugs

Dihydroartemisinin [DHA; (3,5,6,8,9,10,12R,12aR)-
decahydro-3,6,9-trimethyl-3,12-epoxy-12H-pyrano[4,3-j]-
1,2-benzodioxepin-10-ol, C;5H,405] was dissolved to a
final concentration of 40 mmol/L in ethanol. Hoechst
33342 (1.5 mmol/L, Calbiochem) and propidium iodide
(PI, 5 mg/mL) were dissolved in water. zZVAD-fmk was
obtained from Bachem Distribution Services GmbH.
Recombinant human TRAIL was from R&D Systems.
Carbonylcyanide-m-chloro-phenylhydrazone was from
Sigma-Aldrich. Tetramethylrhodamine-ethylester-perchlorate
(TMRE) was from Molecular Probes (MoBiTec).

Antibodies specific for full-length and cleaved PARP
(Asp214), caspase-3, Bak, AIF, o/p-tubulin (Cell Signal-
ing), caspase-9, catalase, Bcl-xL, BakNT (Biomol/ Upstate),
FADD and Bax (BD Transduction Labs), Endo G (ProSci,
BioCat), p-actin (Sigma-Aldrich), and caspase-8 (Bio-
Check), and horseradish peroxidase-conjugated second-
ary antibodies (Amersham Biosciences), were used. A
conformation-specific mouse monoclonal antibody
(TC100/ AMO03, Merck/Calbiochem) was used for the de-
tection of activated Bak.

If not otherwise specified, chemicals were purchased
from Sigma-Aldrich.

Cell lines and culture

Jurkat E6.1 and Bak-positive JCaM1.6 (Bax-negative/
Bak-positive subclone; subsequently named JCaM Bak
positive) T-lymphoma cells were obtained from the
American Type Culture Collection in 2004. The Bax/
Bak double-negative JCaM1.6 subclone (subsequently
named JCaM Bak negative) was used as described recent-
ly (19). Jurkat A3 control cells as well as the caspase-8
and FADD-negative Jurkat A3 cells were a gift from
P. Juo and J. Blenis. The caspase-9 dominant-negative
(DN) construct was kindly provided by E. Alnemri. Jur-
kat vector cells (Jurkat vector) as well as clones with
cytomegalovirus-dependent constitutive expression of
Bcl-xL (Jurkat Bcl-xL) and of wild-type Bcl-2 (Jurkat Bcl-2)
were used as previously described (20). HCT116 wild-
type and Bax-deficient HCT116 cells from B. Vogelstein
(Johns Hopkins, Baltimore, MD) were kindly provided
by P.T. Daniel (Department of Hematology, Oncology
and Tumor Immunology, University Medical Center
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Charité, Campus Berlin-Buch, Humboldt University,
Berlin, Germany) in 2004 (21).

The phenotype of the distinct cell lines was proven be-
fore and during the acquisition of the experimental data
using Western blot analyses with antibodies specific for
Bax or Bak, caspase-8 and FADD, or caspase-9, respec-
tively. No further authentication was done.

Cells were grown in RPMI 1640 supplemented with
10% (v/v) fetal calf serum (FCS; Gibco Life Technologies)
and maintained in a humidified incubator at 37°C and
5% CO,. Cell number and viability was quantified by
counting cells stained with trypan blue at x20 magnifi-
cation (inverse microscope, Hund) using a Neubauer
counting chamber.

Primary cells from patients with chronic
lymphocytic leukemia

Blood samples from patients with chronic B-lymphocytic
leukemia (B-CLL) were obtained from the Department of
Hematology, University Hospital Essen, Essen, Germany.
Informed consent was obtained from all patients before
receiving the samples. Patients had been untreated (five
of six), or chemotherapy had been completed 8 years
earlier (one of six). All CLL cases had previously been
analyzed for the presence of prognostically relevant cyto-
genetic abnormalities (Supplementary Table S1). The
percentage of CD19*CD5" leukemic cells as defined by
flow cytometry exceeded 80% in each of the samples.
Peripheral blood mononuclear cells were isolated by
Ficoll-Paque density centrifugation, subjected to erythro-
cyte lysis [155 mmol/L sodium chloride, 10 mmol/L
KHCOj3, 0.1 mmol/L EDTA (pH 7.4)], and subsequently
plated in conditioned medium of HS5 bone marrow
stromal cells collected after 48 hours of culture in DMEM
medium supplemented with 10% FCS, 2 mmol/L
glutamine, penicillin, and streptomycin. Cells were
treated 2 hours after plating and cultured for further
24 or 48 hours.

Drug treatment and irradiation

Cells were treated for up to 24 hours with 2.5 to 40 umol/L
DHA. Treatments with etoposide (20-25 pmol/L),
TRAIL (1-10 ng/mL), or 250 pmol/L H,O, were used
as controls. All experiments were done with a solvent
control (0.1% ethanol). Irradiation was done at room
temperature with 6 MV photons from a linear accelerator
(Precise Treatment System, Elekta) at a dose rate of 4 to
5.8 Gy/min. For combined treatment, DHA was added
10 minutes before irradiation or 10 minutes after the
addition of TRAIL, respectively. Pretreatment with the
pan-caspase inhibitor zZVAD-fmk was done 30 minutes
before further treatment.

Characterization of cell death

Cell death was quantified by flow cytometry (FACSCa-
libur, Becton Dickinson) of FITC-Annexin V/PI-stained
cells. Cells were incubated for 15 minutes in the dark
with FITC-coupled Annexin V and PI in binding buffer

(pH 7.4, 1.4 mol/L NaCl, 25 mmol/L CaCl,), diluted
with binding buffer, and measured within 1 hour (FI-1
and F1-2; BD Transduction Labs).

Changes in nuclear morphology were analyzed by
fluorescence microscopy (Zeiss Axiovert 200, Carl Zeiss;
G365/FT395/LP420 filter set) on cell staining with
1.5 pmol/L Hoechst 33342 and 2.5 pg/mL PI (x40 mag-
nification). Apoptotic and necrotic cells were quantified
by counting the relative amount of fragmented blue or
red nuclei (early or late apoptosis) and nonfragmented
red nuclei (necrosis).

For quantification of DNA fragmentation, cells were
incubated for 60 minutes at room temperature in the dark
in 0.1% (w/v) sodium citrate with 50 pg/mL PI and
0.05% (v/v) Triton X-100 and subsequently subjected to
flow cytometry (FL-2 log).

Characteristic breakdown of the mitochondrial trans-
membrane potential (Ay,,) was analyzed by flow cyto-
metry using the Ay,-specific stain TMRE (FL-2) as
described elsewhere (19).

Caspase activation was determined by Western blot
analysis using antibodies against the active cleavage
fragments of caspase-8, caspase-9, and caspase-3, and
against the caspase-3 substrate PARP.

Western blot analysis

Cells were lysed for 10 minutes at 99°C in 62.5 mmol/L
Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol,
50 mmol/L DTT, and 0.01% (w/v) bromphenol blue.
Proteins were separated by 12.5% SDS-PAGE and blotted
onto polyvinylidene difluoride membranes (Roth). After
blocking with 5% (w/v) nonfat dry milk (or 5% bovine
serum albumin for Bak detection), membranes were incu-
bated at 4°C overnight with the respective primary anti-
body (1:1,000; 1:20,000 for p-actin). After washing, the
membranes were incubated for 1 hour at room tempera-
ture with the secondary antibody (anti-IgG-horseradish
peroxidase 1:2,000, Amersham Biosciences), washed
again, and developed using enhanced chemolumines-
cence staining (ECL Western blotting analysis system,
Amersham Biosciences). Equal protein loading was con-
firmed by B-actin/tubulin detection and Coomassie
staining. Ratiometric densitometry analysis of protein ex-
pression compared with the loading controls was done
using Photoshop/Image].

Activation of Bak

PBS-washed cells were fixed for 20 minutes on
ice in 2.5% (w/v) paraformaldehyde/PBS. Fixed cells
were washed [1% (v/v) FCS in PBS], made permeable
for 5 minutes at room temperature in 1% (v/v) FCS/
PBS with 50 pg/mL digitonin, labeled for 45 minutes
with an activation-specific anti-Bak IgG (or isotype
control), washed, and then stained for 45 minutes
with Alexa Fluor488-conjugated goat anti-mouse anti-
body (Molecular Probes, MoBiTec). Cells were washed
and suspended in blocking buffer for subsequent flow
cytometry (FL-1).
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Figure 1. DHA induces apoptosis independently from caspase-8 and FADD in Jurkat T-lymphoma cells. Jurkat E6.1 (A and B), as well as wild-type,
FADD-negative, or caspase-8—negative Jurkat A3 cells (C and D) were treated for 12 or 24 h with 0 to 40 pmol/L DHA as indicated. Prior incubation for
30 min with 20 pmol/L zZVAD was used as control for caspase-dependent events. Treatment with etoposide (25 pmol/L) and TRAIL (10 ng/mL) was
used to control the integrity of the intrinsic pathway and disruption of the extrinsic apoptosis pathway, respectively. Induction of apoptosis was measured
12 and/or 24 h after treatment. A and B, DHA treatment induced a time- and concentration-dependent breakdown of the phosphatidylserine asymmetry at
the cytoplasmic membrane and apoptosis. A, breakdown of the phosphatidylserine asymmetry in the cytoplasmic membrane was determined by flow
cytometry on loading of the cells with FITC-labeled Annexin V/PI in a Ca?*-containing buffer. Data are means + SD (n = 3; ANOVA: *, P < 0.05;

** P <0.01; **, P < 0.001; and-two tailed P values of paired t tests). B, nuclear morphology was analyzed by fluorescence microscopy of cells stained with
Hoechst 33342/PI 24 h after treatment. Data are representative microscopic pictures (magnification 20-fold; inset, 40-fold; white arrowheads, apoptotic
nuclei; yellow arrowheads, necrotic nuclei; white scale bars, 10 um). C, DHA induced a concentration-dependent breakdown of Ay, and apoptosis

with almost similar potency in caspase-8— and FADD-negative Jurkat A3 cells and in A3 wild-type cells. Ay, was determined 24 h after DHA treatment
by flow cytometry on loading of the cells with the potential sensitive dye TMRE (means + SD.; n = 3; ANOVA: *, P < 0.05; **, P < 0.01; **, P < 0.001;
and two tailed P values of paired t tests). D, DHA treatment induces apoptosis in Jurkat A3, caspase-8—negative, and FADD-negative Jurkat cells
(white arrows). Inhibition of apoptosis by zVAD triggers necrotic cell death (yellow arrows). Nuclear morphology was analyzed by fluorescence microscopy
of Hoechst 33342/Pl-stained cells. Data are representative pictures from one of three independent experiments. EtOH, ethanol.
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siRNA transfection

Exponentially growing cells were suspended in RPMI
1640 without phenol red. Anti-Bak ON-TARGET SMART
pools, anti-NOXA ON-TARGET SMART pools, or non-
targeting siRNA (80 pmol/L in H,O, Dharmacon) were
added to the cells at a final concentration of 0.5 to
1 umol/L. Electroporation was done in a 4-mm cuvette
(Bio-Rad Laboratories) in an EPI2500 electroporator
(Fischer) at 400 V/10 ms. Cells were immediately sus-
pended in 6 mL prewarmed medium and cultured as de-
scribed above. Cell viability was determined by flow
cytometry of Pl-stained cells. Transfection efficiency
was determined by flow cytometry of cells transfected
with 400 nmol/L green fluorescence siRNA (siGLO,
Dharmacon). Downregulation of the target protein was
verified by densitometric analysis of Western blots
48 hours posttransfection.

ROS measurement

Cells were stained for 15 minutes with 5 umol/L of the
H,0,-sensitive dye dichlorofluorescein diacetate
(DCFDA) or the superoxide-sensitive dye dihydroethi-
dium (Molecular Probes, MoBiTec) at 37°C in the dark,
washed with PBS, and analyzed by flow cytometry
(DCFDA: green fluorescence FL-1; dihydroethidium:
red fluorescence FL-2).

For detection of membrane-specific ROS, cells were
loaded for 30 minutes at 37°C with 100 pL Cl11-
Bodipy581/ 591 (EC 1 umol/L; Molecular Probes, MoBiTec),
collected by centrifugation, and suspended in PBS.
Oxidation-induced decrease in red fluorescence and in-
crease in green fluorescence were measured by flow cy-
tometry (FL-2 and FL-1).

Statistics

Data were analyzed by repeated-measures ANOVA
using parametric methods and Bonferroni multiple com-
parison posttest with P values <0.05. Two-tailed P value
paired t tests were run where appropriate. Analysis was
done using InStat3 and Prism5 software (GraphPad,
Inc.). To test additive or synergistic effects of DHA in
combination with TRAIL or irradiation, isobologram
analysis according to Berenbaum (22) was done.

Results

DHA induces apoptosis in Jurkat T-lymphoma cells

We first characterized the cytotoxic action of DHA (0-
40 pmol/L) in apoptosis-competent Jurkat cells. DHA
treatment potently induced apoptosis of Jurkat E6.1 cells.
This was shown by a time- and concentration-dependent
increase in FITC-Annexin-positive/PI-negative early ap-
optotic cells and FITC-Annexin/PI double-positive late
apoptotic cells (Fig. 1A), and the appearance of cells with
collapsed mitochondrial transmembrane potential (low
A¥,,) or hypodiploid nuclei (not shown). Staining with
Hoechst 33342 /PI confirmed apoptosis-related chroma-
tin condensation and nuclear fragmentation in response

to DHA treatment (Fig. 1B). The strong increase of FITC-
Annexin/PI double-positive cells 24 hours after treat-
ment indicated a shift to late apoptosis/cell death at later
time points (Fig. 1A). Pretreatment with 20 pmol/L
zVAD-fmk significantly reduced the amount of Annexin-
positive/PI-negative cells, demonstrating a role of caspase-
dependent processes.

Jurkat A3 cells were also sensitive to the cytotoxic ac-
tion of DHA (Fig. 1C and D). Similar to Jurkat E6.1 cells,
A3 cells responded to DHA treatment with a time- and
concentration-dependent breakdown of A ¥, a collapse
of the phosphatidylserine asymmetry in the cytoplasmic
membrane, the activation of caspases, and nuclear frag-
mentation indicative of apoptosis (Fig. 1C and D; Supple-
mentary Fig. S2A and B, and data not shown).

DHA was also cytotoxic to primary human trans-
formed cells isolated from the peripheral blood of pa-
tients with B-cell CLL. Treatment with 40 pmol/L DHA
increased the number of dead cells compared with un-
treated control cells by 1.7- to 2.3-fold, with additional
absolute death rates of <15% for five of six patients, to
30% for one of the six patients analyzed. However, as
shown by Hoechst 33342 /PI and FITC-Annexin/PI stain-
ing, DHA treatment mostly induced necrotic cell death
(Supplementary Fig. S2C, 52D, and not shown). Malig-
nant B-CLL cells were also resistant to doxorubicin-
induced apoptosis, suggesting a general dysfunction of
the intrinsic apoptosis pathway (23). Former therapeutic
intervention, the loss of a functional ataxia telangiectasia
mutated protein, or expression of the cell surface marker
CD38 may contribute to apoptosis resistance of B-CLL
cells (Supplementary Table S1).

DHA-induced apoptosis in Jurkat cells relies on the
intrinsic death pathway

To verify the contribution of the extrinsic pathway, we
compared the cytotoxic action of DHA in wild-type,
caspase-8 negative, and FADD-negative Jurkat A3 cells.
DHA induced apoptosis with almost similar potency in
the three cell lines; no prominent differences in the levels
of cells with depolarized mitochondria, FITC-Annexin V
binding, DNA fragmentation, apoptotic nuclear morphol-
ogy, or caspase activation were detected (Fig. 1C and D;
Supplementary Fig. S2A and B, and data not shown). This
shows that caspase-8 and FADD are dispensable for
DHA-induced cell death in Jurkat cells. The slightly re-
duced apoptotic response of caspase-8-negative Jurkat
cells may reflect the reduced amplification of the apop-
tosis signal downstream of the mitochondria through
caspase-8 (Fig. 1C). The addition of the pan-caspase
inhibitor zZVAD-fmk abrogated DHA-induced caspase-3
activation and nuclear fragmentation, demonstrating
that caspase activation is required for DHA-induced cell
death. However, a low basal level of PARP cleavage was
still detectable in the zVAD-fmk-treated samples, par-
ticularly in FADD-negative A3 cells (Fig. 1D; Supple-
mentary Fig. S2B). Because the presence of zVAD-fmk
also triggered the appearance of necrotic nuclei in
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Hoechst 33342 /PI-stained samples (Fig. 1D), this
residual PARP cleavage may be a result of the induc-
tion of necrosis (24-26).

We next analyzed the importance of the intrinsic apo-
ptosis pathway. For this, we used Jurkat A3 cells with
Western blot—confirmed expression of a caspase-9 DN

mutant (data not shown). The presence of caspase-9
DN largely decreased DHA-induced nuclear fragmenta-
tion compared with wild-type cells, suggesting a caspase-
9-dependent pathway. However, when >20 umol/L
DHA was used, a significant increase in apoptotic death
was also observed in caspase-9 DN cells (Fig. 2A and B).
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Figure 2. Proapoptotic signaling of DHA involves caspase-9. Jurkat A3 wild-type cells and Jurkat A3 cells expressing a DN mutant of caspase-9 (Jurkat
caspase-9 DN) were treated for 24 h with 0 to 40 pmol/L DHA as indicated. Induction of apoptosis was determined by flow cytometry on loading of the cells
with Pl in a hypotonic citrate buffer and measuring the percentage of cells in sub-G; (DNA fragmentation) and fluorescence microscopy (nuclear fragmentation)
as described in Fig. 1B. Moreover, we used Western blot analysis to determine caspase activation. Treatment with 0.1% ethanol was used as solvent control.
Etoposide, a chemotherapeutic agent known to induce apoptosis via the intrinsic pathway, was used as a control for functional disruption of this pathway.
A, DHA treatment induced a concentration-dependent increase in cell numbers with hypodiploid nuclei (sub—Gg-G fraction) indicative of DNA fragmentation
in Jurkat A3 cells. The cell fraction in sub—Go-G4 was largely reduced in Jurkat caspase-9 DN cells. Data are means + SD (n = 3; ANOVA: *, P <0.05; **, P < 0.01; ***,
P < 0.001; and two tailed P values of paired t tests). B, whereas DHA treatment readily induced apoptosis in Jurkat A3 cells, caspase-9 DN cells displayed
mainly necrotic death 24 h after DHA treatment. Data are representative microscopic pictures at 20-fold primary magnification (inset, 40-fold magnification;
white scale bars, 10 ym). C, reduced levels of active caspase-3 and caspase-8 as well as cleaved PARP in the presence of caspase-9 DN compared with
caspase-9—proficient A3 cells corroborate the importance of caspase-9 for DHA-induced apoptosis. Data are representative Western blots from three similar
experiments. Preincubation with 15 pmol/L of the pan-caspase inhibitor zZVAD-fmk was used as control for the relevance of caspase-mediated events.
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This known phenomenon of incomplete apoptosis inhi-
bition by caspase-9 DN has been attributed to the fact
that the caspase-9 DN protein competes with the en-
dogenous caspase-9 for binding sites in the apop-
tosome and is therefore not able to fully block
apoptosis (27). The presence of the caspase-9 DN mu-
tant also prevented the proteolysis of caspase-3 and
caspase-8 and largely reduced PARP cleavage (Fig. 2C).
Inhibition of caspase-8 processing in caspase-9 DN
cells supports the above-mentioned observation that
caspase-8 becomes activated downstream of caspase-9
during DHA-induced apoptosis.

Interestingly, 20 and 40 pmol/L DHA triggered a
caspase-3—-independent PARP cleavage and necrosis in
caspase-9 DN cells (Fig. 2B and C). We therefore tested
whether DHA may activate a PARP- and AIF-dependent
programmed necrosis. In this pathway, AIF is released
from the mitochondria in a process that involves proteol-
ysis of full-length AIF to a 57-kDa truncated protein (26,
28). However, treatment of caspase-9 DN Jurkat cells
with up to 40 pmol/L DHA did not increase cellular
levels of truncated AIF, arguing against a role of
programmed necrosis in the caspase-3—-independent
death of caspase-9 DN Jurkat cells (data not shown).

Role of Bcl-2 proteins in DHA-induced apoptosis

Because antiapoptotic Bcl-2 and Bcl-xL are known to
suppress the activation of the intrinsic pathway, we next
investigated whether overexpression of these proteins
would inhibit DHA-induced apoptosis. DHA induced
substantial caspase activation and apoptosis in Jurkat
vector cells, an effect that was inhibited by pretreatment
with zVAD-fmk. Overexpression of Bcl-2 and Bcl-xL al-
most completely abrogated DHA-induced breakdown
of A ¥,, and DNA fragmentation, with Bcl-xL being more
effective than Bcl-2 (Fig. 3A and B). Similar observations
were made when analyzing DHA-induced apoptosis by
fluorescence microscopy of Hoechst 33342 /PI-stained
cells (data not shown). Bcl-2 and Bcl-xL also inhibited
DHA-induced caspase activation, although some residu-
al cleavage of caspase-9 and PARP was observed in Jur-
kat Bcl-2 cells in response to 40 pmol/L DHA (Fig. 3B
and data not shown).

To substantiate the role of the intrinsic apoptosis
pathway, we next determined the involvement of the
two crucial apoptosis effectors, Bax and Bak, in DHA-
induced apoptosis. The role of Bak was analyzed using
the Bak-proficient JCaM1.6 subline (JCaM Bak pos.) and
a Bak-deficient JCaM1.6 subline (JCaM Bak neg.). Be-
cause JCaM1.6 cells—like most other Jurkat cells—do
not express Bax, Bak-negative JCaM cells are deficient
for Bax and Bak (19). Whereas Bak-positive JCaM cells
were highly sensitive to DHA-induced breakdown of
Ay, caspase activation, and apoptosis, Bak-negative
JCaM cells were completely resistant to DHA-induced
apoptosis (Fig. 4A and B). Only a slight cleavage of PARP
without activation of caspase-3 was observed in Bak-
negative JCaM cells on treatment with 40 pmol/L

DHA. This suggests a caspase-3—-independent PARP
processing in these apoptosis-resistant cells.

As shown in Fig. 4B and C, Bak-dependent apoptosis
in response to DHA was not associated with changes in
the expression levels of Bak or Bcl-2 but rather with an
activation-associated conformational change of Bak that
was detected by flow cytometry using an activation-
specific Bak antibody.

To prove the functional relevance of Bak deficiency for
resistance to DHA-induced apoptosis, we finally ana-
lyzed the sensitivity of Bak-positive JCaM cells to treat-
ment with DHA after silencing of Bak expression using
RNAi technology. Forty-eight hours after electroporation
with 0.5 to 1.0 umol/L anti-bak siRNA, Bak expression
was reduced by 49% compared with untransfected
JCaM Bak-positive cells or cells transfected with non-
targeted siRNA (Fig. 4D, left). Silencing of Bak resulted
in almost complete abrogation of DHA-induced apopto-
sis in Bak-positive JCaM cells even in the presence of
40 umol/L DHA.

The role of Bax was analyzed in the HCT116 colon car-
cinoma cell model using Bax/Bak—positive HCT116 wild-
type (wt) cells and a Bax-negative/Bak-positive HCT116
mutant (21). Loss of Bax largely decreased the sensitivity
of HCT116 cells to DHA-induced apoptosis, corroborat-
ing our findings on the role the intrinsic death pathway
in a solid human tumor cell model (Fig. 4A).

In Jurkat cells with low endogenous levels of Bcl-xL
and Bcl-2, Bak is kept in check by antiapoptotic Mcl-1
(20). As shown in Fig. 4B and Supplementary Fig. S3,
treatment with DHA induced a concentration-dependent
loss in Mcl-1 in the Bak-positive JCaM cells, which was
only slightly affected by pretreatment of cells with
zVAD-fmk. In contrast, Mcl-1 downregulation was not
observed in apoptosis-deficient Bak-deficient JCaM cells,
suggesting that downregulation of Mcl-1 depends on
proper induction of apoptosis.

Interestingly, DHA treatment also induced an increase
in the levels of the Mcl-1-interacting BH-3—only protein
NOXA. Although the basal levels of NOXA were slightly
lower in Bak-positive compared with the Bak-negative
JCaM cells, treatment with DHA resulted in a similar in-
crease in the NOXA levels in both cell types (Fig. 4B). Im-
portantly, silencing of NOXA in Bak-positive JCaM cells
using 1 pmol/L anti-noxa siRNA reduced the NOXA
protein levels by ~57%, an effect that was paralleled by
a 52% reduction in cells with apoptotic DNA fragmenta-
tion after DHA treatment (Fig. 4D, right). These observa-
tions strongly support a role of NOXA in the regulation
of DHA-induced apoptosis. Because the loss of Bak and
treatment with zZVAD-fmk did not prevent the upregula-
tion of NOXA, it is tempting to speculate that NOXA-
upregulation occurs upstream of Bak activation.

Apoptosis induction by DHA involves
ROS generation

We were then interested in the events initiating DHA-
induced apoptosis upstream of Bak (29). For this, the
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Figure 3. Antiapoptotic Bcl-2 family
members interfere with apoptosis
induction after DHA treatment. Jurkat
vector cells and Jurkat cells with
constitutive overexpression of Bcl-2 or
Bcl-xL were treated for 24 h with 0 to
40 pmol/L DHA as indicated. Treatment
with 0.1% ethanol was used as solvent
control. Etoposide (20 or 25 pmol/L)

or TRAIL (1 ng/mL) were used to show
disruption of the intrinsic and integrity of
the extrinsic apoptosis pathway,
respectively. Overexpression of Bcl-2 or
Bcl-xL conferred prominent protection
against DHA-induced apoptosis.

A, quantification of apoptosis by flow
cytometry (breakdown of Ay,,, DNA
fragmentation) as described in Fig. 1C.
Data are specific values normalized on
the solvent (ethanol) control: % treated
cells — % untreated cells (means + SD;
n = 3). Significant differences were
verified by ANOVA (¥, P < 0.05;

**, P <0.01; **, P < 0.001) and paired
t tests. B, levels of active caspase-3
and caspase-9 as well as cleaved PARP
were determined by Western blot
analysis. Data are representative
results from three similar experiments.

generation of ROS was measured in DHA-treated Bak-
positive and Bak-negative JCaM cells by flow cytometry
using the hydrogen peroxide-induced ROS-sensitive
fluorescent dye DCFDA. DHA induced a significant
ROS production in Bak-positive and Bak-negative JCaM
cells (Fig. 5A). The ROS levels triggered by DHA treat-

ment were comparable with those measured on addition
of 250 umol/L H,O,, which served as a positive control.
Interestingly, ROS production by DHA was almost simi-
lar in Bak-positive and Bak-negative cells and was not in-
hibited by the addition of zZVAD-fmk, suggesting their
generation upstream of the mitochondria. To corroborate
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our findings, we performed an additional set of experi-
ments in Jurkat E6.1 cells using the superoxide-sensitive
dye dihydroethidium. DHA treatment also increased
the intracellular superoxide levels in a concentration-

dependent manner (Supplementary Fig. S4A). ROS pro-
duction was significantly reduced if cells were incubated
with the radical scavengers N-acetylcysteine or glutathi-
one before DHA treatment (Fig. 5A; Supplementary
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Figure 4. DHA-induced apoptosis depends on the expression of proapoptotic multidomain Bcl-2 effector proteins. Bak-positive and Bak-negative
JCaM cells as well as Bax-positive/Bak-positive (wt) and Bax-negative/Bak-positive HCT116 cells were treated for 12 h (JCaM cells) or 24 h (HCT116 cells)
with 0 to 40 pmol/L DHA as indicated. Induction of apoptosis was determined by flow cytometry (A), analyzing breakdown of the mitochondrial membrane
potential (Aym); DNA fragmentation (sub-G4 peak); and Western blot analysis (B; caspase activation). Treatment with 0.1% ethanol was used as solvent
control. A, loss of Bak abrogated DHA-induced apoptosis in JCaM cells, and loss of Bax decreased DHA-induced apoptosis in HCT116 colon
carcinoma cells. Data are specific values normalized by subtraction of the solvent control, % treated cells — % untreated cells, from three independent
experiments (means + SD). The significance of the results was tested by ANOVA (*, P < 0.05; **, P < 0.01; **, P < 0.001; ns, not significant) and two-tailed
P values of paired t tests. B, DHA treatment leads to caspase activation and Mcl-1 downregulation in a Bak-dependent manner. Data are representative
Western blots of full-length and cleaved caspase-3, caspase-8, and PARP as well as expression of the Bcl-2 family proteins Bak, NOXA, Bcl-2, and
Mcl-1. Etoposide (20 pmol/L) was used as a control for the disruption of the intrinsic pathway. Relative intensities of NOXA compared with tubulin
expression were calculated from the ratio of the mean densities of the probe, and the control signal in percent (N/T ratio = mean value NOXA/mean value
a/B-tubulin x 100%). C, treatment with DHA induced activation of Bak. Activation-specific conformational changes of Bak were determined 12 h after
treatment with 0 to 40 pmol/L DHA by flow cytometry in paraformaldehyde-fixed Bak-positive JCaM cells using an activation-specific mouse monoclonal
anti-Bak antibody (A03) and an Alexa Fluor488—conjugated goat anti-mouse secondary antibody, respectively. Data from one representative of three similar
experiments are shown. D, RNAi-mediated silencing of bak (left) or noxa (right) expression largely reduced DHA-induced apoptosis. Apoptosis was
quantified by flow cytometric determination of hypodiploid nuclei 12 h after treatment with 40 ymol/L DHA. Treatment experiments started 48 h after siRNA
transfection when silencing efficacies of 51% (Bak) or of 57% (NOXA) at the protein level were obtained. Data are means + SD (n = 3).
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Figure 5. Intracellular apoptosis signaling by DHA is partially dependent on ROS. A, DHA treatment induces the formation of intracellular ROS that can be
inhibited to some extent by preincubation with radical scavengers. Jurkat E6.1 cells were preincubated for 30 min in the absence or presence of the
radical scavengers N-acetylcysteine (AC, 2 mmol/L) and/or glutathione (G, 2 mmol/L) and then treated for 12 h with 20 umol/L DHA. ROS formation was
determined on loading of the cells with the oxidation-sensitive dye DCFDA. Treatment with 250 pmol/L H,O, served as positive control for ROS

(means = SD, n = 3; ANOVA: *, P < 0.05; **, P < 0.01; **, P < 0.001; and two tailed P values of paired t tests). B, the presence of radical scavengers reduced
DHA-induced apoptosis. Jurkat E6.1 cells were treated with 20 pmol/L DHA for 12 h without or with prior incubation with N-acetylcysteine or
glutathione as indicated. Apoptosis levels were quantified 12 h after addition of DHA by flow cytometry, analyzing breakdown of Ay,,, (TMRE staining). Data
are means + SD (n = 3); analysis of statistical significance was done by ANOVA (*, P < 0.05; **, P < 0.01; ***, P < 0.001); and two tailed P values of
paired t tests are given. C, the presence of radical scavengers reduced DHA-induced caspase activation. Jurkat E6.1 cells were treated with 20 pmol/L DHA
for 12 h without or with prior incubation with 2 mmol/L N-acetylcysteine or glutathione. Activation of caspase-3 and cleavage of the caspase-3
substrate PARP were analyzed by Western blotting. Data are representative blots. D, DHA induces oxidation of membrane compounds, which can be
partially prevented by preincubation with the lipophilic radical scavenger vitamin E. Jurkat E6.1 cells were preincubated for 30 min with or without 2 mmol/L
vitamin E, and then treated with 40 umol/L DHA as indicated. ROS formation was determined on loading of the cells with the membrane-targeted
fluorescent dye Bodipy 12 h after treatment. The decrease in green fluorescence (x axis = FI-1) together with the increase in red fluorescence (y axis = FI-2)
of Bodipy is indicative of membrane oxidation. Data are representative results from three similar experiments.
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Figure 6. Addition of DHA increases the proapoptotic action of TRAIL and radiotherapy. Combined treatment with DHA and TRAIL or radiotherapy
increased apoptosis levels compared with the single treatments. A, Jurkat E6.1 cells were treated for 12 h with 0, 2.5, 5, 10, or 20 ymol/L DHA; 0, 1, 2.5, 5, or
10 ng/mL human recombinant TRAIL; or submitted to combined treatment as indicated. For combination treatment, TRAIL was added 10 min before
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B and C, Bak-positive Jurkat cells were treated for 12 h with 0, 2.5, or 10 pmol/L DHA; irradiated with 0, 2, 4, 6, or 10 Gy; or submitted to combination
treatment as indicated. In the combination experiments, DHA was added 10 min before irradiation. Breakdown of A%, (B) and apoptotic DNA fragmentation
(C; sub-G4) were determined by flow cytometry as described in Fig. 1C and Fig. 2A, respectively. Data are means + SD (n = 3; ANOVA: *, P < 0.05;

**, P < 0.01; ™, P < 0.001; and two-tailed P values of paired t tests).

Fig. S4A). The reduction of ROS production by these rad-
ical scavengers resulted in a significant reduction in the
DHA-induced collapse of A ¥, caspase activation, and
apoptosis, although a combination of both compounds
did not result in a further prominent increase in the pro-
tective effects (Fig. 5B and C; Supplementary Fig. S4B).
To gain insight into putative cellular targets of the
ROS, we used the membrane-targeted ROS-sensitive
dye Bodipy. This dye indicates increased levels of ROS
in cellular membranes through an oxidation-triggered
fluorescence shift. As shown in Fig. 5D, treatment with
40 pmol/L DHA induced an increased fluorescence
intensity of Bodipy in FL-1 (x axis), which was accompa-
nied by a decreased fluorescence in Fl-2 (y axis), charac-
teristic for oxidation of the dye by increased membrane
ROS levels. This effect could, at least partially, be
reversed by the addition of membrane-targeted ROS

scavenger vitamin E before DHA treatment (Fig. 5D).
These data suggest that increased oxidation of proteins
or lipids located in cellular membranes may contribute
to the cytotoxic action of DHA.

DHA improves the proapoptotic action of TRAIL
and irradiation

After defining the molecular details of DHA-induced
apoptosis, we analyzed the potential of DHA to increase
the efficacy of standard (radiotherapy) or targeted
(TRAIL) anticancer therapies. Isobologram analysis was
used to test the additive or synergistic effects of the com-
bination treatments (22). Combining 2.5 to 5 pmol/L
DHA and 2.5 to 5 ng/mL TRAIL increased apoptosis of
Jurkat E6.1 cells in a synergistic manner (Fig. 6A; Supple-
mentary Table S2). In contrast, in the presence of 10 ng
TRAIL or 10 umol/L DHA, the combination effects were
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only additive. The cytotoxicity of low-dose radiotherapy
(2 and 4 Gy) was also increased in a synergistic manner
by the addition of low DHA concentrations, whereas the
addition of 10 pmol/L DHA yielded only additive com-
bination effects (Fig. 6C; Supplementary Table S2). Using
irradiation with 10 Gy, the combination effects were al-
ways less than additive. Our findings suggest a potential
benefit when combining DHA with stimuli of the extrin-
sic or the intrinsic pathway, respectively. It is tempting to
speculate that DHA-mediated formation of ROS may
contribute to the observed effects.

Discussion

Recent studies suggest a potential use of artemisinin
and its active metabolite DHA as anticancer agents (6,
30-32). However, the molecular details of DHA-induced
apoptosis remain unclear. Here, we show that DHA in-
duces apoptosis in Jurkat T-lymphoma cells via the in-
trinsic apoptosis pathway. Moreover, we show for the
first time a crucial role of Bak for DHA-induced apopto-
sis in these cells.

Although a recent report already showed activation of
caspase-3 and mitochondrial changes in response to
DHA treatment (33), our investigations provide a more
profound insight into apoptosis regulation by DHA: We
show that the proapoptotic action of DHA requires the
sequential activation of caspase-9 and caspase-3 without
a need for critical components of the extrinsic apoptosis
pathway, namely caspase-8 or FADD. The observations
that overexpression of the antiapoptotic proteins Bcl-2
and Bcl-xL abrogate DHA-induced apoptosis and that
activation of caspase-8 occurs only as a secondary event
downstream of the mitochondria further corroborate our
assumption about the strict dependence of DHA-induced
apoptosis from activation of the intrinsic pathway.

Even more important, our data emphasize a prominent
role of proapoptotic multidomain Bcl-2 proteins for the
regulation of DHA-induced apoptosis: Loss of Bak or re-
duction of Bak expression by RNAi led to complete abro-
gation of DHA-induced caspase activation and apoptosis
in Bax-deficient Jurkat cells. This supports earlier obser-
vations on the broad resistance of Bax/Bak—deficient cells
to stimuli of the intrinsic apoptosis pathway. Interesting-
ly, loss of Bax significantly reduced cellular sensitivity of
HCT116 colon carcinoma cell line to DHA-induced apo-
ptosis. Because earlier investigations showed a functional
redundancy of Bax and Bak in stress-induced apoptosis,
we speculate that in Bax-deficient HCT116 cells, Bak may
replace Bax to execute DHA-induced apoptosis. How-
ever, it cannot be excluded that similar to some other
death stimuli, DHA may preferentially depend on either
Bax or Bak for the execution of apoptosis in particular cell
systems (34).

Thus, the signaling pathway of DHA-induced apoptosis
mimics that of chemotherapy and radiotherapy, which
similarly induce apoptosis mainly via the intrinsic path-
way (35, 36).

Whereas the intracellular levels of endogenous Bak
and Bcl-2 remained rather unchanged, DHA treatment
resulted in an activation-associated change in the confor-
mation of Bak and a rapid decrease in the levels of anti-
apoptotic Mcl-1. This is in contrast to findings obtained
in human ovarian cancer cell lines in which DHA-
induced apoptosis was accompanied by an increase of
Bax and Bad and a decrease of Bcl-xL and Bcl-2 (11). Also,
in murine endothelial cells, bcl-2 and bax were inversely
regulated by DHA at the transcriptional level (12, 37).
Moreover, treatment of mice bearing xenograft tumors
with DHA reduced Bcl-2 levels (38, 39). These discrepan-
cies may be due to the differences in the dependence of
distinct cellular systems on specific proapoptotic and
antiapoptotic Bcl-2 family members for mitochondrial
homeostasis and apoptosis (17, 18).

In this regard, Bax-deficient Jurkat cells seem to be
entirely dependent on Mcl-1 (20, 40, 41). The prominent
inhibitory action of Bcl-xL and the downregulation of
Mcl-1 during DHA-induced apoptosis fit well into the
concept that proapoptotic Bak is kept in check by Mcl-1
and Bcl-xL and that apoptosis execution requires abroga-
tion of the inhibitory action of these antiapoptotic Bcl-2
family members (42, 43).

In parallel with the decrease in full-length Mcl-1, we
observed an increase of the BH-3—only protein NOXA,
a suggested antagonist of Mcl-1 (44). Because RNAi-
mediated downregulation of NOXA inhibited DHA-
induced apoptosis to some extent, a role of NOXA in
DHA-mediated apoptosis can be assumed. This is remi-
niscent of the role of NOXA and Mcl-1 in the cellular
response to the nonsteroidal anti-inflammatory drug cel-
ecoxib, histone deacetylase inhibitors, and proteasome
inhibitors (20, 45). Although the observations that loss
of Bak and pretreatment with zZVAD-fmk do not prevent
the upregulation of NOXA suggest that NOXA upregula-
tion is an upstream event, the exact role of NOXA in
DHA-induced apoptosis remains to be defined.

Altogether, these data suggest that DHA potently in-
duces apoptosis in apoptosis-competent cells, whereas
in apoptosis-resistant cells, such as primary transformed
cells isolated from B-CLL patients or cells with deficien-
cy in proteins of the core apoptotic machinery, DHA
triggers a caspase-independent necrotic cell death. The
failure of DHA to induce an increase in the cellular
levels of truncated AIF in necrosis-sensitive Jurkat
caspase-9 DN cells argues against a role of the PARP/
AIF pathway for DHA-induced necrosis (26, 28). The
molecular details of DHA-induced necrotic cell death
warrant further investigation.

DHA-induced mitochondrial alterations and apoptosis
were inhibited by pretreatment with the radical scavengers
N-acetylcysteine and reduced glutathione, suggesting that
the generation of ROS is a characteristic hallmark of DHA-
induced cell death. This corroborates recent observations
obtained by Efferth and colleagues using the DHA-related
drug artesunate (13). However, here, we show in addition
that inhibition of ROS by radical scavengers is almost
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independent from Bak, suggesting that ROS formation
occurs upstream of the mitochondria. Importantly, using
a membrane-specific ROS-sensitive dye, we show for the
first time that DHA increases the oxidation of membrane
compounds in tumor cells. This observation is reminiscent
of artemisinin-induced oxidative membrane damage in
P. falciparum (4). However, the induction of oxidative
membrane damage is a completely novel facet of the
antineoplastic DHA action that up to now had solely been
attributed to DNA damage (46).

Based on our improved knowledge on the molecular
determinants of DHA-induced apoptosis, we were able
to define promising partners for combined treatment
strategies. At first, the combination of DHA with recom-
binant human TRAIL, a known stimulus of the extrinsic
apoptosis pathway, increased death rates compared with
single-drug treatment in a synergistic manner, at least in
the low-dose range. This is of particular interest because
TRAIL is known to induce apoptosis even in cells with
resistance to stimuli of the intrinsic pathway or under
conditions that impair the action of standard chemother-
apy or radiotherapy (47).

Moreover, the combination of low-dose irradiation and
DHA treatment resulted in a dose-dependent additive to
synergistic increase in apoptotic cell death. These findings
corroborate recent in vitro data on increased efficacy of
DHA in Molt-4 and glioma cells when combined with
irradiation (48). Further reports from other laboratories
showed beneficial effects of DHA on the cytotoxic action
of sodium butyrate (49), doxorubicin (13), gemcitabine
(50), temozolomide (51), carboplatin (13, 38), and cyclo-
phosphamide (52), respectively. Thus, a sensitizing effect
of DHA can even be achieved in combination with other
stimuli of the intrinsic apoptosis pathway.

On the one hand, the radical-forming potency of DHA
may facilitate or enhance chemotherapy- and radiothera-
py-induced DNA damage and thus apoptosis. On the
other hand, DHA may decrease the cellular death thresh-
old and thus increase cellular sensitivity to apoptosis in-
duction by inhibiting survival-promoting apoptosis
regulators. As an example, by inhibiting the transcription
factor NF-xB, DHA would prevent NF-xB-mediated up-
regulation of antiapoptotic Bcl-2, Bel-xL, and/or survivin
(53). Inhibition of NF-«B signaling may be of particular
importance for the cellular response to DHA under con-
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