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1 In a previous study, we reported an antileukaemic activity of auranofin (AF), demonstrating
its dual effects: on the induction of apoptotic cell death and its synergistic action with retinoic acid
on cell differentiation. In this study, we investigated the downstream signalling events of AF-induced
apoptosis to determine the molecular mechanisms of AF activity.

2 Treatment of HL-60 cells with AF induced apoptosis in a concentration- and time-dependent
manner. Western blot analysis showed that AF-induced apoptosis was accompanied by the activation
of caspase-8, caspase-9, and caspase-3, and the release of cytochrome c from the mitochondria.

3 The phosphorylation and kinase activities of p38 mitogen-activated protein kinase (p38 MAPK)
increased gradually until 12 h after AF (2 mM) treatment, and p38 MAPK was also activated
concentration-dependently. Pretreatment with SB203580, a specific inhibitor of p38 MAPK,
significantly blocked DNA fragmentation and the cleavage of procaspase-8, procaspase-3, and
poly-ADP-ribose polymerase (PARP), whereas SB203580 alone had no effect.

4 Reactive oxygen species (ROS) were also detected within 1 h after AF treatment, and the
antioxidant N-acetyl-L-cysteine (NAC) effectively protected the cells from apoptosis by inhibiting the
phosphorylation of p38 MAPK and the activation of caspases.

5 These results suggest that ROS generation and the subsequent activation of p38 MAPK are
essential for the proapoptotic effects of AF in human promyelocytic leukaemia HL-60 cells.
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Introduction

Auranofin (AF; 2,3,4,6-tetra-O-acetyl-1-thio-b-D-glucopyra-
nosato-S-[triethyl phosphine] gold) is a lipophilic gold complex

(Figure 1) that reduces the gene expression of proinflamma-

tory cytokines through the inhibition of NF-kB activation

(Yamada et al., 1999; Jeon et al., 2000; 2003). Owing to its

anti-inflammatory and immunosuppressive properties, AF has

been widely used as an antirheumatic drug (Snyder et al., 1987;

Borg et al., 1988; Hashimoto et al., 1992).

As it reacts with thiol and/or selenol groups, AF also acts as

a potent and specific inhibitor of mitochondrial thioredoxin

reductase (TrxR), which is a selenocysteine-containing enzyme

(Gromer et al., 1998). TrxR catalyses the NADPH-dependent

reduction of thioredoxin (Trx), which plays a role in

maintaining the cellular redox state (Mustacich & Powis,

2000). Recently, it was reported that AF inhibits mitochon-

drial TrxR and induces a mitochondrial permeability transi-

tion (Rigobello et al., 2002). As a result, cytochrome c is

released into the cytoplasm (McKeage, 2002; Rigobello et al.,

2004). It is well known that cytochrome c released from the

mitochondria participates in the formation of apoptosomes

and ultimately leads to apoptotic cell death (Green, 1998).

Therefore, this raises the possibility that AF could be utilized

as an anticancer drug to induce the apoptotic cell death of

malignant cells by inhibiting mitochondrial TrxR.

Until now, the focus of AF as an antirheumatic drug has

been on its anti-inflammatory properties. However, we have

found that AF exhibits an antileukaemic effect. This drug not

only induces apoptotic cell death but also synergistically

enhances the differentiation of acute promyelocytic leukaemia

(APL) cells in a combined treatment with retinoic acid (Kim

et al., 2004). Our previous report demonstrated that AF

induces caspase-3-dependent apoptotic cell death via the

generation of reactive oxygen species (ROS), although the

detailed mechanism by which AF initiates apoptosis remains

poorly understood.*Author for correspondence; E-mail: ikim@catholic.ac.kr
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ROS are recognized as a mediator of apoptotic cell death,

playing pivotal roles in the relevant signalling pathways. One

of the most important signal molecules in ROS-mediated

apoptosis is mitogen-activated protein kinase (MAPK), a

family of serine/threonine kinases. The MAPK superfamily

consists of at least three major groups: extracellular signal-

regulated kinases (ERK1/2), c-Jun N-terminal protein kinase/

stress-activated protein kinase (JNK/SAPK), and p38 MAPK

(Cobb, 1999). ERK1/2, which are activated by growth factors

and are critically involved in mitogenesis, were inhibited in

ajoene-induced HL-60 cell death (Antlsperger et al., 2003).

JNK/SAPK and p38 MAPK, which are activated by a variety

of cellular stresses and inflammatory cytokines, were involved

in APL cell apoptosis induced by arsenic trioxide and zinc,

respectively (Kondoh et al., 2002; Davison et al., 2004).

To determine the signal pathway of apoptotic cell death

stimulated by AF, we investigated the effect of AF on the

regulation of MAPKs using the human APL cell line HL-60

and found that the activation of p38 MAPK is associated with

AF-induced apoptosis. To the best of our knowledge, this is

the first report of AF activity associated with MAPK

signalling.

Methods

Cell culture and treatment

HL-60 cells were cultured (371C, 5% CO2) in RPMI 1640

medium supplemented with 10% heat-inactivated foetal

bovine serum. To induce apoptosis, the cells were incubated

at a density of 5� 105ml�1 in fresh medium containing 2mM
AF for the indicated periods.

Internucleosomal DNA fragmentation assay

The procedure for analysing internucleosomal DNA fragmen-

tation was performed as reported previously, with minor

modifications (Whitman et al., 1997). Briefly, AF-treated HL-

60 cells were harvested and washed with phosphate-buffered

saline (PBS). The cell pellets were resuspended in lysis buffer

(10mM Tris, 20mM ethylenediaminetetraacetic acid (EDTA),

0.1% Nonidet P-40, pH 7.4) and left to stand for 20min at

room temperature. The lysates were serially incubated with

DNase-free RNase A (0.1mgml�1) for 30min at 371C, and

with proteinase K (0.5mgml�1) for 16 h at 551C. The DNA

was then extracted with an equal volume of phenol : chloro-

form : isoamyl alcohol (25 : 24 : 1) and dissolved in deionized

water. Equal amounts of the DNA samples were then

fractionated by 2% agarose gel electrophoresis, stained with

ethidium bromide, and visualized with UV illumination.

Quantification of apoptotic cells

Apoptotic cell death was quantified using flow-cytometric

analysis of propidium-iodide-stained nuclei. The cells were

incubated with AF for the indicated times, washed twice with

PBS, fixed in cold 70% ethanol, and stored overnight at 41C.

After the ethanol was removed, the cells (1� 106) were washed
and resuspended in 1ml of PBS containing DNase-free RNase

A (10mgml�1) and propidium iodide (50 mgml�1). After
agitation for 30min at room temperature, the amount of

propidium iodide incorporated was determined using a flow

cytometer (FACSCalibur with CellQuest software; Becton

Dickinson, Heidelberg, Germany).

Western blot analysis

The cells were washed twice with PBS and then lysed in lysis

buffer (25mM Tris-HCl (pH 7.2), 0.1% sodium dodecyl

sulphate (SDS), 0.1% Triton X-100, 1% sodium deoxycholate,

150mM NaCl, 1mM EDTA, 1mM sodium orthovanadate,

1mM phenylmethylsulphonyl fluoride, 10mgml�1 aprotinin,
and 5 mgml�1 leupeptin) for 20min on ice. Equal amounts of
cell lysate proteins were separated on 12% SDS–polyacryl-

amide gel, transferred to nitrocellulose membrane, and

analysed with various human antibodies. Anti-caspase-8,

-caspase-9, -caspase-3, and -poly-ADP-ribose polymerase

(PARP) antibodies, as well as anti-p38 MAPK and anti-

phospho-p38 antibodies, were used as primary antibodies.

Horseradish-peroxidase-conjugated goat anti-rabbit IgG was

used as the secondary antibody. The proteins of interest were

visualized using an enhanced chemiluminescence detection kit.

When p38 MAPK was analysed the cells were preincubated

overnight in serum-free RPMI 1640 medium to remove any

serum effects. For the p38 MAPK inhibition assay, a specific

inhibitor of p38 MAPK, SB203580 (20 mM), was added to the
culture 30min before AF treatment.

In vitro kinase assay

p38 kinase activity was determined using a p38 MAP kinase

assay kit, according to the procedure recommended by the

manufacturer. Briefly, the cells were cultured overnight, at a

density of 5� 105ml�1 in RPMI 1640 medium without foetal

bovine serum, and treated the next day with AF for 1, 3, 6, or

12 h. The cells were harvested and lysed in ice-cold cell lysis

buffer (20mM Tris (pH 7.6), 150mM NaCl, 1mM EDTA,

1mM ethylene glycol bis(b-aminoethyl ether)-N,N,N0,N0-tetra-
acetic acid (EGTA), 1% Triton X-100, 2.5mM sodium

pyrophosphate, 1mM b-glycerolphosphate, 1mM Na3VO4,

1mgml�1 leupeptin, and 1mM phenylmethylsulphonyl fluor-

ide). Immobilized monoclonal antibody (20 ml) directed against
phospho-p38 MAPK (Thr180/Tyr182) was added to an

aliquot (200 ml) of cell lysate that contained approximately

200 mg of total protein, and incubated overnight at 41C with

gentle rocking. The immunoprecipitated pellet was washed

twice with kinase buffer (25mM Tris (pH 7.5), 5mM

b-glycerolphosphate, 2mM dithiothreitol (DTT), 0.1mM

Na3VO4, and 10mM MgCl2), resuspended in 50ml of kinase
buffer supplemented with 200mM ATP and 2mg of activating
transcription factor (ATF)-2 fusion protein, and incubated at

301C for 30min. The reaction was terminated by the addition

of 25ml of 3� electrophoresis sample buffer. The samples were
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Figure 1 The structure of AF.
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boiled for 5min and loaded onto an SDS–polyacrylamide gel.

The phosphorylated ATF-2 protein was subsequently analysed

by Western blots probed with anti-phospho-ATF-2 antibody.

Measurement of cytochrome c release

Cytochrome c release was measured using a cytochrome c

release apoptosis assay kit, according to the procedure

recommended by the manufacturer. After washing with ice-

cold PBS, the cells (5� 106) were suspended in cytosol

extraction buffer mix containing DTT and protease inhibitors,

incubated on ice for 10min, homogenized on ice with 30–50

strokes using a tissue grinder, and centrifuged at 700� g for
10min. The supernatant was transferred to a new tube and

centrifuged again at 10,000� g for 30min. The supernatant
was collected as the cytosolic fraction and the resulting

mitochondria pellets were dissolved in mitochondria extraction

buffer mix containing DTT and protease inhibitors. Equal

amounts of cytosolic and mitochondrial fractions isolated

from the cells were loaded onto a SDS–15% polyacrylamide

gel. A standard Western blotting procedure was performed

and the blot probed with anti-cytochrome c antibody.

Intracellular ROS determination

Intracellular ROS were detected by flow cytometry using

20,70-dichlorohydrofluorescein diacetate (DCFH-DA). This

compound is deacetylated by intracellular esterase and

converted to nonfluorescent DCFH, which is oxidized to the

fluorescent compound DCF in the presence of ROS. HL-60

cells were treated with or without 2mM AF for 10, 30, or

60min. Then 20mM DCFH-DA was added to the AF-treated

cells, which were further incubated for 30min. The cells were

then washed twice with PBS and analysed by measuring the

fluorescence intensity (FL-1, 530 nm) of 104 cells using a flow

cytometer (FACSCalibur with CellQuest software).

Statistical analysis

Student’s t-test and one-way analysis of variance (ANOVA)

were used to determine the statistical significance of differences

between values for various experimental and control groups.

P-values o0.05 were considered significant.
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Figure 2 Time- and concentration-dependent induction of cell
death by AF. HL-60 cells (5� 105ml�1) were incubated for 24 h in
medium containing various concentrations of AF (0.5–3 mM) (a),
and were incubated with 2mM AF for 1–24 h (b). After incubation,
the numbers of viable cells were counted with a haemocytometer.
The data are represented as means7s.d. of triplicate experiments.
*Po0.05 relative to an untreated group. **Po0.001 relative to an
untreated group.
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Figure 3 Internucleosomal DNA fragmentation induced by AF in
HL-60 cells. Cells (5� 105ml�1) were treated with 2 mM AF for the
indicated periods. (a) Equal amounts of genomic DNA (10mg) were
analysed by 1.5% agarose gel electrophoresis and DNA laddering
was visualized by staining the gel with ethidium bromide. DNA
ladder mix was used as the molecular size marker. (b) FACS analysis
of the propidium-iodide-stained cells was performed as described in
Methods. Cells appearing in the sub-G0/G1 peak were scored as
apoptotic cells. Data shown represent a typical result obtained from
three (a) or two (b) independent experiments.
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Materials

The HL-60 cell line was purchased from the American Type

Culture Collection (ATCC; Manassas, VA, U.S.A.), and AF was

obtained from Yuhan Medica Corporation (Gunpo, Korea).

RPMI 1640 medium, proteinase K, propidium iodine, Nonidet

P-40, sodium deoxycholate, phenylmethylsulphonyl fluoride,

trypsin inhibitor, leupeptin, and aprotinin were purchased from

Sigma Chemical Co. (St Louis, MO, U.S.A.). DNase-free RNase

A and foetal bovine serum were obtained from Boehringer

Mannheim (Mannheim, Germany) and HyClone (Logan, UT,

U.S.A.), respectively. Antibodies directed against caspase-8,

caspase-9, caspase-3, and PARP were purchased from Pharmin-

gen (San Diego, CA, U.S.A.), and SB203580 was from

Calbiochem (Darmstadt, Germany). Anti-MAPK (p38, JNK,

and ERK) antibodies, anti-phospho-MAPK antibodies, and the

p38 MAP kinase assay kit were purchased from Cell Signaling

Technology (Beverly, MA, U.S.A.). The enhanced chemilumi-

nescence detection kit and cytochrome c release apoptosis assay

kit were from Amersham–Pharmacia Biotech, Inc. (Piscataway,

NJ, U.S.A.) and OncogeneTM Research Products (San Diego,

CA, U.S.A.), respectively. All other chemicals used in the study

were of molecular biology grade.

Results

Induction of apoptosis by AF in HL-60 cells

Our previous report revealed that AF exerts an antileukaemic

effect by acting on both apoptotic cell death and the

differentiation of the NB4 APL cell line (Kim et al., 2004).

APL is a promyelocytic leukaemia caused by a failure in

progenitor cell differentiation towards mature cells. The

promyelocytic leukaemia–retinoic acid receptor alpha (PML–

RARa) fusion protein, which results from a reciprocal

chromosomal translocation (t[15;17]), plays a crucial role in

the pathogenesis of APL (Grignani et al., 1994; Mistry et al.,

2003). To investigate whether AF activity in apoptotic cell

death is limited to leukaemia cells expressing the PML–RARa

0            3      6         12  h

β-actin

PARP

pro-caspase-8

pro-caspase-3

pro-caspase-9

mitochondria

cytoplasm

0            3     6          12  h

a

b

Figure 4 Activation of the caspase cascade and the release of
cytochrome c during AF-induced cell death. (a) After treatment with
2 mM AF for the indicated times, cellular proteins were subjected to
SDS–polyacrylamide gel electrophoresis and the cleavage of
procaspase-8, -9, and -3, and PARP was analysed by Western
blotting probed with the appropriate antibodies. Arrows indicate the
cleaved fragments. (b) After AF treatment, whole-cell lysates were
further separated into the mitochondrial and cytosolic fractions, and
the fractions were analysed using an antibody directed against
cytochrome c. The blots shown (a, b) are representative of three
independent experiments.
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Figure 5 Activation of MAPKs by AF treatment. HL-60 cells
(5� 105ml�1) were incubated with 0, 0.5, 1, or 2 mM AF for 12 h (a),
or were incubated with 2 mM AF for 0–12 h (b). Protein extracts were
prepared at the indicated time points and analysed on Western blots
probed with specific antibodies to ascertain the phosphorylation of
MAPKs (p38, JNK, and ERK). (c) Cell lysates were immunopre-
cipitated with an anti-phospho-p38 antibody, and the immunopre-
cipitated proteins were subjected to an in vitro kinase assay, using
ATF-2 as the exogenous substrate. The results shown (a–c) are
representative of at least two independent experiments.
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fusion protein, we tested HL-60 promyelocytic leukaemia cells

in which the PML–RARa fusion protein is absent.
When HL-60 cells were treated with AF, cell viability was

diminished concentration- and time-dependently (Figure 2a

and b). To confirm whether cell death was caused by apoptotic

processes, we assessed the DNA fragmentation in cells

incubated with 2mM AF for the indicated times. DNA

laddering on an agarose gel was observed in cells treated with

AF for more than 6 h (Figure 3a). On flow cytometry, the

percentages of apoptotic cells were 22.46, 42.93, and 67.50%

at 6, 12, and 24 h after treatment, respectively, when cells

appearing as sub-G0/G1 were scored as the apoptotic cell

population (Figure 3b). The induction of DNA laddering and

the increased sub-G0/G1 peak indicate that AF also induces

the apoptosis of myeloid leukaemia cells not containing the

PML–RARa fusion protein.

Activation of the caspase cascade and cytochrome c
release during AF-induced apoptosis

To characterize the molecular events involved in AF-induced

apoptosis, we first examined whether this apoptosis involved

the activation of a caspase cascade. As shown in Figure 4a, the

degradation of procaspase-8, procaspase-9, and procaspase-3

was observed 6 and 12 h after treatment with 2mM AF.

Consistently, incubation of HL-60 cells with AF cleaved the

116 kDa PARP protein, with the accumulation of the 89 kDa

fragment (Figure 4a). b-Actin was used in the same experiment
as the internal control.

To examine whether AF-mediated apoptosis acts via a

mitochondria-dependent pathway, we measured the amount of

cytoplasmic cytochrome c released from mitochondria. The

amount of cytochrome c gradually increased in the cytoplas-

mic fraction during the apoptotic process, whereas it decreased

in the mitochondrial fraction (Figure 4b).

Involvement of p38 MAPK activation in AF-mediated
apoptosis

Recent studies have suggested that apoptotic stimuli are

transmitted to caspases through the activation of MAPKs,

such as p38 MAPK and JNK (Huang et al., 1999; Kondoh

et al., 2002). Therefore, we tested whether MAPK activation is

involved in AF-induced apoptosis. Incubation of HL-60 cells

with AF increased the phosphorylation of p38 MAPK in a

concentration- and time-dependent manner (Figure 5a and b).

The phosphorylation of p38 MAPK could be detected 1 h after

treatment with 2mM AF, and gradually increased until 12 h
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Figure 6 Involvement of p38 MAPK in AF-mediated apoptosis of
HL-60 cells. Cells were preincubated with or without 20 mM
SB203580 (SB) for 30min before treatment with 2 mM AF. (a) At
12 h after AF treatment, the cells were harvested and internucleo-
somal DNA fragmentation was analysed. Equal amounts of DNA
(10 mg) were separated by electrophoresis on 1.5% agarose gel and
visualized by staining with ethidium bromide. (b–d) At the indicated
times after AF and/or SB treatment, the cells were harvested and the
cellular proteins were analysed on Western blots probed with
antibodies directed against phospho-p38 or p38 (b), caspase-8 (c),
caspase-3 or PARP (d). (e) The cytosolic and mitochondrial
fractions were prepared from cells treated with 2 mM AF in the
absence or presence of 20 mM SB203580. Released cytochrome c was
detected in the cytosolic fraction by Western blotting. All experi-
ments in the figure were performed three times, and the data shown
represent a typical result obtained from three independent experi-
ments.
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(Figure 5b). An in vitro kinase assay using ATF-2 as the

exogenous substrate indicated that the kinase activity of

p38 MAPK was also enhanced, consistent with the level

of phosphorylated p38 (Figure 5b and c). As the amount of

this protein was constant, as shown by Western blot analysis

with anti-p38 antibody (Figure 5b), the increased phos-

phorylation of ATF-2 seemed to be due to the enhanced

kinase activity of p38 MAPK, consistent with the increase in

p38 phosphorylation. In contrast to the increase in p38

phosphorylation, no phosphorylation of JNK was induced.

Phosphorylation of ERK was induced by AF but the level

was constant, independent of AF dose and treatment

time (Figure 5a and b). In addition, PD98059, an inhibitor

of MEK, did not prevent the AF-induced apoptosis (data not

shown). Therefore, it is likely that only the activation of p38

among the three MAPKs is associated with the proapoptotic

effect of AF.

To confirm that the apoptosis induced by AF is transduced

through the p38 MAPK pathway, the prevention of apoptosis

by a specific inhibitor of p38 MAPK was examined.

Preincubation of the cells with SB203580 for 30min signifi-

cantly blocked DNA fragmentation and the cleavage of

procaspase-8, procaspase-3, and PARP, whereas SB203580

alone had no effect (Figure 6a–d). Furthermore, AF-stimu-

lated cytochrome c release was also blocked by SB203580

pretreatment (Figure 6e).

Apoptosis triggered by AF-mediated ROS production

To investigate whether the ROS produced by AF treatment

trigger apoptosis via the activation of p38 MAPK, the

phosphorylation of p38 MAPK and cell death were examined

when ROS production was blocked. As shown in Figure 7a, the

population of cells with DCF fluorescence was elevated in the

AF-treated group compared with that in the untreated control

group. A significant increase in ROS was observed after 10min

of AF treatment, and the level of ROS decreased over time.

Pretreatment with the antioxidant N-acetyl-L-cysteine (NAC)

effectively inhibited intracellular ROS production and protected

the cells from death (Figure 7a–c). NAC also blocked p38

MAPK phosphorylation, procaspase-8 cleavage, and PARP

cleavage (Figure 7d). These results indicate that AF generates

intracellular ROS, which are a trigger for the apoptotic signal

cascade via p38 MAPK activation.

Discussion

In the present study, the molecular mechanisms underlying the

AF-induced apoptosis of HL-60 cells were investigated. The

results of this study can be summarized in a schematic

representation (Figure 8). In this model, the AF-mediated

generation of ROS represents an initiating event in the
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Figure 7 ROS production in AF-treated HL-60 cells. (a) HL-60 cells were incubated for 10, 30, or 60min with AF in the absence or
presence of 10mM NAC, after which DCFH-DA was added. After an additional 30-min incubation, the fluorescence intensity of 104

cells was measured by flow-cytometric analysis. The experiment was repeated twice independently and the results were similar. (b)
The fluorescent cells in experiment (a) were quantified. Symbols indicate statistical significances (*Po0.05 vs untreated control
group. #Po0.05 vs AF-treated group). (c) The cells were treated with AF alone or together with 10mM NAC. After treatment for 6
or 12 h, the cell numbers were counted with a haemocytometer. Cell viability was estimated by Trypan blue exclusion and the results
were expressed as percent of cell survival relative to that after the control treatment. The error bars indicate 7s.d. of triplicate
experiments. *Po0.005 relative to a group treated with AF alone. (d) Equal amounts of cell lysates (30mg) were subjected to
electrophoresis and analysed by Western blotting to measure p38 phosphorylation, caspase-8 activation, and PARP cleavage. The
same blot was stripped and reprobed with anti-p38 antibody. The data shown are representative of three independent experiments.
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activation of the apoptotic cascade in HL-60 cells. Increased

ROS subsequently activate p38 MAPK and this p38 MAPK

activation transduces a signal to initiator caspases to stimulate

further apoptotic events. As a result, caspase-3 activation,

PARP degradation, and DNA fragmentation follow, and the

cells ultimately die.

MAP kinases are essential parts of the signal transduction

machinery and play central roles in cell growth, differentiation,

and programmed cell death (Cobb & Goldsmith, 1995; Karin,

1995; Ohno & Han, 2000). According to our data, only p38

MAPK, and not JNK or ERK, is associated with the

proapoptotic activity of AF (Figure 5). We do not know

why AF specifically activates p38, even though ROS activate

all MAPKs in general. To understand this specificity, a study

demonstrating the effects of AF on upstream kinases (MAPK

kinases and MAPK kinase kinases) is required.

p38 phosphorylation occurred prior to caspase activation in

terms of time, and pretreatment with SB203580 blocked

cytochrome c release, caspase-3 and -8 activation, PARP

cleavage, and DNA fragmentation (Figures 5 and 6), suggest-

ing that p38 MAPK acts before the cascade of caspase

activation. Moreover, intracellular ROS were detected within

1 h after exposure to AF, earlier than p38 MAPK phosphor-

ylation was detected (Figure 7a). Pretreatment with NAC

protected cells against AF-induced death by inhibiting p38

MAPK phosphorylation, caspase-8 activation, and PARP

cleavage (Figure 7c and d). These findings imply that the ROS

trigger is an upstream signal that initiates the series of

apoptotic events induced by AF.

Apoptosis can be initiated via two alternative signal path-

ways: the extrinsic pathway, which acts through death

receptors on cell surfaces, and the intrinsic pathway, which

acts through the mitochondria (Cohen, 1997; Reed, 1997). In

the extrinsic pathway, caspase-8 acts as the initiator caspase

and activates downstream effector caspase-3, -6, and -7. In the

intrinsic pathway, cytochrome c released from the mitochon-

dria combines with apoptotic protease-activating factor-1 and

procaspase-9 to form an apoptosome. At the apoptosome,

caspase-9 is activated to become the initiator caspase and then

activates the effector caspases. It seems likely that AF-induced

apoptosis is associated with both the extrinsic and intrinsic

pathways, because both caspase-8 activation and cytochrome c

release are observed (Figure 4). Our results demonstrating the

involvement of the intrinsic pathway are consistent with the

recently reported finding that AF inhibits mitochondrial TrxR

and concurrently stimulates cytochrome c release (Rigobello

et al., 2004). In the experiments with NAC and SB203580, we

also found that AF-mediated ROS triggered the p38 MAPK

signal and was linked to caspase-8 activation (Figures 6 and 7).

However, our data do not show any connection between

caspase-8 activation and the Fas-associated death domain

(FADD) or with a mitochondria-dependent pathway through

truncated Bid formation (Igney & Krammer, 2002). We are

presently investigating whether Fas or tumour necrosis factor

(TNF)-related apoptosis-inducing ligand (TRAIL) receptor

signals are involved in AF-induced apoptosis.

The findings of this study and recent reports suggest that

AF, which has been widely used in the therapeutic treatment of

rheumatoid arthritis, can potentially be developed as an

anticancer drug.
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