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Abstract

The dithiol-reducing thioredoxin/thioredoxin reductase system normally maintains the reduced state of key enzymes responsible for the
cell’s anti-oxidant defences. We therefore addressed the question of whether AW 464—a novel thioredoxin inhibitor—as well as broad
spectrum dithiol ligands diamide and phenylarsine oxide are able to induce and execute a regular apoptotic sequence of events without
overwhelming the cell’s ability to detoxify reactive oxygen species. All three agents were found to target the thioredoxin system in a cell-
free assay. In HL-60 leukaemia cells, they were also found to induce Bak activation, cytochrome ¢ release from mitochondria, |A%¥m,
chromatin condensation, phosphatidyl serine exposure and Tdt-sensitive DNA nicks. At the onset of apoptosis there was no evidence of
increases in oxygen free radicals or peroxide in cells treated with AW 464 or diamide. Phenylarsine oxide induced both free radicals and
hydrogen peroxide, but this did not appear to interfere with apoptosis. We conclude that pharmacological targeting of thioredoxin can

induce a well-orchestrated apoptotic programme.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The first cytotoxic drugs to have their chemical effects
on specific molecular receptors described were the arseni-
cals, and the receptor groups in question were thiols [1].
The search to find the crucial molecular targets of thiol-
binding compounds has been going on since the 1920s, and
one of the many controversies which has arisen over
intervening decades has been over whether particular toxic
agents target monothiols or dithiols [1].
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In 1997, Marchetti er al. described a model using the
dithiol oxidant diamide to induce apoptosis in a manner
which was dependent on mitochondrial permeability tran-
sition [2]. Permeability transition has a key role in the
control of apoptotic responses mediated by chemothera-
peutic drugs [3]. Monovalent thiol-binding compounds
were found to inhibit both permeability transition and
apoptosis [2,4]. Moreover, diamide can overcome the
apoptosis-inhibitory effect of bcl-2 over-expression [5].

Since protein dithiol oxidation can induce permeability
transition and apoptosis, the cell must maintain defences
against this oxidation. TX is likely to be a major compo-
nent of these defences. TX is a ubiquitous 12 kDa cysteine
rich molecule [6-8]. It is the cell’s principal disulphide
reductase with a redox potential of —270 mV [9]. It
is normally maintained in a reduced state through the
oxidation of NADPH via the action of the enzyme thior-
edoxin reductase [8]. Its many molecular targets include
molecules directly engaged in countering oxidative stress,
such as peroxiredoxins and glutathione peroxidase [8].
TX over-expression is also associated with resistance to
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superoxide-generating drugs including doxorubicin and
etoposide in prostatic and bladder carcinoma [10]. More-
over, transfection of TX cDNA into WEHI7.2 cancer cells
inhibits apoptosis [11] and secreted thioredoxin plays a
role as an autocrine growth factor in tumours [12].

Pharmaceutical agents that reduce the cell’s ability to
deal effectively with oxidative stress may be useful tools
for cancer chemotherapy, either as single agents or as
chemosensitisers. However, in addition to mediating
damage done to cancer cells by drugs and radiation,
ROS are natural by-products of redox reactions and elec-
tron flow in mitochondria with the potential to cause
critical damage both to mitochondria and to other cell
components [8,13]. Thus, a potential problem with using
anti-oxidant inhibitors as therapeutic agents is that they
may interrupt the ordered pattern of apoptosis by allowing
oxidative damage to the mitochondria so that the latter can
no longer synthesise ATP [14,15]. This in turn would
compromise the cell’s ability to maintain the integrity of
its membranes and to execute downstream apoptotic path-
ways.

The principal questions addressed by this study were
therefore the following: firstly, do pharmacological thior-
edoxin inhibitors induce a regular apoptotic programme?
Secondly, is the apoptotic programme interrupted by redox
catastrophe? There is evidence that thioredoxin inhibition
might help rather than hinder the apoptotic process. In the
resting state TX binds to, and inactivates the signalling
intermediary ASK1 [16]. Once TX has become oxidized, it
releases ASKI1, leading to apoptosis [16]. This indicates
that TX might function as a physiological rheostat for the
dithiol/disulphide status of cellular proteins, promoting
survival or apoptosis in an ordered manner in accordance
with its own redox state.

We have made a detailed study of the effects of thior-
edoxin inhibitors on the mechanism of cell death in
leukaemia cells. Thioredoxin was inhibited using the novel
heteroaromatic quinol AW 464 [17,18] as well as diamide
and phenylarsine oxide. The chemical structures of AW
464, diamide and PAO are shown in Fig. 1. AW 464 acts as
an inhibitor of thioredoxin redox cycling presumably
through the binding of active site thiol groups in the
reduced form of thioredoxin to the electrophilic (thiol-
reactive) positions on AW 464 to form an irreversible
complex (Fig. 2). PAO and diamide both oxidize thiore-
doxin and other dithiols [9,19-21].
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Fig. 1. Chemical structures of AW 464, diamide and PAO.
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Fig. 2. Proposed cross-linking of quinols in active site of thioredoxin.
Thiol groups in the active site of thioredoxin (cysteine residues 32 and 35)
are indicated. Addition of the first thiol (nucleophilic) group to the
electrophilic (B-carbon) site of AW 464 is thought to be a reversible step;
subsequent addition of the second thiol group is however assumed to be
irreversible and leads to effective irreversible inhibition of thioredoxin
redox cycling.

2. Materials and methods
2.1. Materials

AW 464 was synthesised via the addition of 2-lithio-
benzothiazole to a protected quinone ketal followed by
deprotection [18]. 100 mM stock solutions were prepared
in DMSO and aliquots were stored at —20°. Recombinant
human thioredoxin and recombinant rat thioredoxin reduc-
tase were from IMCO. Diamide, cycloheximide, cytosine
arabinoside, insulin (from bovine pancreas), etoposide, the
Annexin V kit and 7-AAD were from Sigma. Diamide was
stored as a 200 mM stock solution in water at —20°.
7-AAD was stored at 50 pg/mL in PBS at 4°. PAO was
from Aldrich and was stored in 10 mM aliquots in DMSO
at 4°. HE, DHR123 and DiOCq were from Molecular
Probes. DHR123 and HE were both diluted to 5 mM in
DMSO under nitrogen and stored at —20°. 1 mM DiOCgq
stock solution in ethanol was stored at room temperature. A
400 nM working solution in PBS was made weekly and
stored at 4°. The cell-permeable caspase inhibitor z-VAD-
fmk was from Calbiochem: it was prepared as a 10 mM
stock solution in DMSO and stored at —20°. The direct
method Apoptag TUNEL kit was from Intergen. Anti-
cytochrome ¢ antibody (Clone 6H2B4) was from BD
Pharmingen. Ab-1 anti-Bak antibody was from Oncogene.
Isotype control and FITC-conjugated rabbit anti-mouse
f(ab’), antibodies were from Dako. DAPI-containing
mounting medium was from Vector Laboratories.

2.2. Assay for the inhibition of the thioredoxin system
by AW 464

Thioredoxin/thioredoxin reductase activity was mea-
sured using the insulin reduction assay [9], with modifica-
tions described by Kunkel et al. [22]. Briefly, a range of
concentrations of AW 464, PAO and diamide were incu-
bated for 30 min at 37° in HEPES/EDTA buffer containing
1 mM NADPH, 0.16 U/mL thioredoxin reductase, 0.8 pM
TX and 2.5 mg/mL insulin. The reaction was stopped by
addition of buffer consisting of 6 M guanidine-HCI,
50 mM tris (pH 8) and 10 mM dithionitrobenzoic acid.
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The reduction of the latter compound, by transfer of
reducing equivalents from NADPH, is measured as an
increase in absorbance at 405 nm.

2.3. Cells

The AML cell line HL-60 was maintained in RPMI 1640
with 10% FCS, 2 mM L-glutamine, 100 U/mL penicillin and
100 pg/mL streptomycin, and was used in log phase. Cells
used in experiments were pelleted and resuspended in fresh
medium at 2.5 x 10°/mL for each assay. All drug dilutions
from stock solutions were made in culture medium, such
that the final DMSO concentration never exceeded 0.05%.

2.4. Flow cytometry

Flow cytometry was performed with a FACSCalibur
(Becton Dickinson). Fluorescence was stimulated with a
488 nm argon laser. Data was collected using logarithmic
amplification. Median fluorescence was measured in rela-
tive fluorescence units (RFU) generated by the Instru-
ment’s Cellquest software.

2.5. Assays for apoptosis

Viability of cultured cells was initially assessed using
flow cytometric 7-AAD/forward scatter measurements.
Annexin V was measured with a kit (Sigma) according
to manufacturers’ instructions.

2.6. Assay for the growth phase specificity of apoptosis

DNA strand breaks in apoptotic cells were measured by
the direct (fluorescein-conjugated nucleotide) TUNEL
staining method using a kit (Intergen) according to man-
ufacturers’ instructions. Cells were counter-stained with
propidium iodide to determine DNA content prior to
analysis by flow cytometry using a doublet discriminator.

2.7. Measurement of ROS accumulation

All incubations took place at 37° in a CO, incubator in
sterile FACS tubes. For assay of superoxide, treated and
untreated cells were labelled with 2 uM HE for the final
30 min of an 8-hr incubation [23,24]. Flow cytometry was
then performed immediately. Ethidium fluorescence was
collected in FL3. For hydrogen peroxide assays at time-
points over several hours, treated cells were labelled with
2 uM DHR123 in FACS tubes for the final 10 min of each
incubation [25]. R123 fluorescence was collected in FL1.

2.8. Measurement of mitochondrial membrane
depolarisation

All incubations took place at 37° in a CO, incubator.
Mitochondrial membrane potential was measured using

DiOC¢ at a low concentration (40 nM) for the final
30-60 min of incubations. In a previous study, we demon-
strated that under these experimental conditions, DiOCg
fluorescence is independent of KCI (used to induce plasma
membrane depolarisation) but dependent on carbonyl cya-
nide m-chlorophenylhydrazone (used to induce mitochon-
drial membrane depolarisation) [4].

2.9. Measurement of Bak

Based on the assay developed by Griffiths et al. [26],
treated and untreated cells were fixed in 0.25% parafor-
maldehyde in PBS for 5 min, rinsed twice in PBS and
stored overnight in PBS. The following day they were
aliquotted into FACS tubes, resuspended in 0.05% digito-
nin solution in PBS and incubated with 0.4 pg/mL anti-Bak
or isotype-and-concentration-matched control antibodies
for 30 min at room temperature. Following three rinses,
cells were incubated for a further 30 min with FITC-
conjugated rabbit anti-mouse antibodies and then rinsed
three times prior to flow cytometric analysis.

2.10. Measurement of cytochrome c release by
fluorescence microscopy

Cytospins of treated and untreated cells were air-dried
overnight, fixed in 4% paraformaldehyde, rinsed and incu-
bated with a 1:250 dilution of anti-cytochrome ¢ antibody
in permeabilisation buffer (PBS, 0.1% saponin and 1%
albumin) for 1 hr at room temperature. Following rinsing,
the slides were incubated for a further hour in a 1:30
dilution of FITC-conjugated rabbit anti-mouse antibodies
in permeabilisation buffer. After the final rinses, the cells
were mounted in DAPI-containing mounting medium.
Images were captured using Photometrics camera and
software connected to an Olympus fluorescent microscope
(all supplied by VYSIS).

3. Results
3.1. Inhibition of thioredoxin by AW 464

When examined in the NCI Developmental Therapeu-
tics in vitro screen (60 human cancer cell lines), the
heteroaromatic quinol AW 464 (NSC706704) displayed
a highly unusual pattern of selectivity. It was COMPARE
negative with standard clinical agents [18]. Some of the
compounds in the NCI database with the greatest similarity
to AW 464 were found to be known inhibitors of the
thioredoxin signalling pathway [18]. Furthermore, thior-
edoxin reductase was the only gene upregulated by a 24 hr
exposure to 1 uM AW 464 in a 10,000-gene-DNA array
assay [27]. We confirmed by in vitro testing, using the
insulin reduction assay (the standard assay for activity of
the thioredoxin system), developed by Holmgren [9] that
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Fig. 3. Insulin reduction assay. Reduction of insulin by thioredoxin/
thioredoxin reductase signalling is calculated from dithionitrobenzoic
acid absorbance at 405nm (mean of four experiments, with error
bars indicating standard deviations). Baseline absorbance is determined
from negative controls lacking either insulin or thioredoxin/thioredoxin
reductase.

AW 464 inhibits thioredoxin with an 1c5 of 23 pM (Fig. 3).
In the same assay, the 1csy of PAO was 100 nM, and for
diamide it was 500 uM (Fig. 3).

3.2. Delayed apoptosis in AW 464-treated cells

To study cell death induced by thioredoxin-inhibitory
agents, we treated HL-60 leukaemia cells with equitoxic
doses of AW 464, diamide and PAO. The time at which cell
death was first evident was established, using 7-AAD as
probe. Approximately 10% loss of viability was evident at
8 hrusing 1 uM AW 464, 100 pM diamide or 0.2 uM PAO

(Fig. 4A). These doses were strikingly similar to the
inhibitory doses for insulin reduction established in the
cell-free assay for thioredoxin (Fig. 3). When the cells
were examined at 6 hr, no cell death was apparent in the
presence of an upto 10-fold increase in AW 464 concen-
tration. However, the effects of PAO and diamide were
evident at 6 hr and were dose-dependent, suggesting dif-
ferent mechanisms of activation (Fig. 4A). This lag phase
before the induction of death by AW 464 suggested that its
toxicity might depend on, or be enhanced by, metabolic
transformation and/or the synthesis of new proteins.
HL-60 cells were therefore cultured for 8 hr with AW
464 in the presence and absence of the protein synthesis
inhibitor cycloheximide. Using Annexin V, we showed
firstly that phosphatidyl serine exposure was induced
by treatment with all three agents (Fig. 4B) and secondly
that this decreased in the presence of cycloheximide
(Fig. 4C). The greatest inhibitory effect—80%, SEM
7%—was noted in cells treated with AW 464. However,
apoptosis also decreased by 63% (SEM 2.6%) in PAO-
treated cells but by only 32% (SEM 12%) in diamide-
treated cells.

3.3. The mode of death is caspase-dependent and does
not depend on overwhelming the cellular anti-oxidant
responses

Since all three agents used in our study induce direct or
indirect oxidation of molecules involved in cellular
responses to oxidative stress [1,8,20], it is possible that
classical caspase-mediated pathways of apoptosis are
disrupted. As a measure of whether oxidative stress
induced by any of our agents would overwhelm the
caspase-mediated apoptotic programme, we used the
pan-caspase inhibitor z-VAD-fmk with the probe Annexin
V. This allowed us to determine whether apoptosis was
caspase-dependent. At 8 hr post-treatment, z-VAD inhib-
ited apoptosis induced by AW 464, diamide and PAO by
93.6% (SEM 2.7%), 93.4% (SEM 2.5%) and 92% (SEM
4.4%), respectively, i.e. the inhibition was almost total
(Fig. 5A).

We also reasoned that if cell death occurs as an ordered
response to the agents, |A¥m would be noted in the
absence of increases in reactive oxygen species, as noted
in other systems by Zamzami et al. [24]. If, however,
thioredoxin inhibition or dithiol oxidants reduce survival
by overwhelming anti-oxidant responses, an increase in
ROS might precede |[A¥m. As a probe, we used the
compound hydroethidine, which is converted to fluorescent
ethidium in the presence of superoxide [23]. When excited
at 488 nm, the fluorescence of ethidium can be distin-
guished from that of the mitochondrial membrane poten-
tial-sensitive probe DiOCg4 by flow cytometry. As shown in
Fig. 5B, subsets of cells treated with AW 464, diamide
and PAO had lost mitochondrial membrane potential at
8 hr. Only PAO induced a substantial rise in ethidium
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Fig. 4. (A) Effects of dose and time on toxicity. HL60 cells were cultured with various doses of AW 464, diamide and PAO, for 6 and 8 hr, as indicated. Loss
of viability was assessed using flow cytometric analysis of 7-AAD uptake. (B) AW 464, diamide and PAO induce Annexin V binding. Cells were cultured
with 1 uM AW 464, 100 uM diamide or 0.1 pM PAO for 8 hr, prior to analysis of Annexin V binding. Flow cytometric histograms show Annexin V-FITC
fluorescence. Results are representative of at least three experiments. (C) Inhibition of Annexin V binding by cycloheximide. 1 pg/mL cycloheximide was
added to HL60 hours 30 min before addition of 1 pM AW 464, 100 uM diamide or 0.1 uM PAO and the cells were cultured for a further 8 hr. The chart shows
the percentage of specific inhibition of Annexin V binding (mean + SD of three experiments). As cycloheximide alone induces caspase activation and
apoptosis [40], specific inhibition was calculated after subtraction of control cell values. Control cell apoptosis in the presence of cycloheximide was 5.7%

(SEM 1.1) at 8 hr.

fluorescence at this time point. The presence of some cells
in the lower left section of the PAO dotplots, coupled with
the absence of events in the upper right section, indicate
that mitochondria of cells treated with this agent started to
depolarise before ROS began to accumulate, or at the same
time, rather than afterwards.

Unexpectedly, the data illustrated in Fig. 5B revealed
that a subset of cells cultured with AW 464, diamide and

PAO had lower ethidium fluorescence than control
cells (cells in the lower right sections of the dotplots).
As this phenomenon has not, to our knowledge, pre-
viously been described, we sought to discover whether it
was particular to our group of agents or a general feature
of the response to cytotoxic drugs. HL-60 cells were
cultured with cytosine arabinoside or with etoposide. A
subset of cells with low superoxide was found following
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Fig. 5. (A) Blocking of apoptosis by z-VAD-fmk. 50 uM z-VAD was added to HL60 cells 30 min before addition of 1 pM AW 464, 100 M diamide or
0.1 uM PAO and the cells were cultured for a further 8 hr, before harvesting for Annexin V assay. The flow cytometric dotplots illustrate the >90% loss
of Annexin V fluorescence in the lower right quadrants after culture of cells with z-VAD-fmk. (B) Relationship between loss of mitochondrial
membrane depolarisation and free radical accumulation. HL60 cells were cultured for 8 hr with 1 uM AW 464, 100 pM diamide or 0.1 uM PAO.
In additional experiments cells were cultured for 6 hr with 5 uM araC or 10 uM etoposide. 40 nM DiOCg4 and 2 puM HE were added for the final
30 min of the incubation and flow cytometry was then performed immediately. It was important to establish the temporal order of reactivity with
the two probes, and since there was considerable spectral overlap between these probes, a tube of cells probed with either HE alone or DiOCg
alone was used to optimise the compensation settings on the flow cytometer for each condition. (Representative of three independent experiments
using AW 464, diamide and PAO and two additional experiments using araC and etoposide). (C) Delayed oxidation of dihydrorhodamine 123 by PAO,
but not AW 464 or diamide. Treated and untreated cells were incubated for 6, 7, or 8 hr. Separate aliquots were used for each timepoint, and 2 pM
DHRI123 was added for the final 10 min of each incubation. The fluorescence of untreated cells at each timepoint was subtracted from treated cell
fluorescence.

treatment with etoposide, but not with cytosine arabino- induces a transient elevation of R123 in the first 2 hr, which
side (Fig. 5B). probably reflects transient glutathione depletion (data not

We also examined the oxidation of dihydrorhodamine shown, as reported by others [28]). At 68 hr, PAO, but not
123, ameasure of hydrogen peroxide accumulation. Diamide AW 464 or diamide, induces DHR123 oxidation (Fig. 5C).
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3.4. Inhibition of apoptosis by z-VAD occurs upstream of
mitochondrial membrane depolarisation, but downstream
of Bak activation

Zamzami et al. [5] have described the apoptosis induced
by diamide as dependent on mitochondrial membrane
depolarisation in a T cell hybridoma line. In their system,
loss of DiOCg fluorescence characteristic of depolarisation
is independent of caspase inhibition by the pan-caspase
inhibitor z-VAD-fmk. We measured mitochondrial mem-
brane depolarisation using DiOCq in the presence and
absence of 50 pM z-VAD-fmk, i.e. under the conditions
which we had shown to induce and inhibit apoptosis in
Fig. 5A. In our system, z-VAD-fmk inhibited |A¥m in the
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Fig. 6. Inhibition of mitochondrial membrane depolarisation by caspase
inhibitors. z-VAD-fmk was added to HL60 cells 30 min before addition of
1 uM AW 464, 100 uM diamide or 0.1 pM PAO and the cells were cultured
for a further 8 hr. DiOCy¢ was added for the final hour. (A) The flow
cytometric histograms illustrate mitochondrial membrane potential after pre-
culture with and without 50 pM z-VAD-fmk. (B) Chart summarising
mean + SD of three experiments.

majority of AW 464- and PAO-treated cells, suggesting
involvement of an initiator caspase upstream of |A¥m
(Fig. 6). Diamide-mediated |A¥Ym was considerably less
affected by z-VAD (Fig. 6).

Descriptions of apoptosis have been published, in which
a conformational change in Bak, permeabilisation of the
outer mitochondrial membrane and cytochrome c release
occur upstream of caspase activation and independently of
1AW¥m [26,29,30]. We tested whether either Bak activation
or cytochrome c release precedes the caspase activation
induced by our agents. Bak activation was measured using
the flow cytometric method described by Griffiths ef al.,
which makes use of an antibody raised against an epitope
of Bak which is cryptic in the resting state, but which
becomes accessible at the onset of apoptosis [26]. For
cytochrome c release, treated cells were double labelled
with anti-cytochrome ¢ antibody and with DAPI to detect
chromatin, and analysed by fluorescence microscopy. z-
VAD was found not to have an inhibitory effect on either
Bak activation or cytochrome c release in cells treated with
AW 464 and PAO. However, chromatin condensation was
considerably impaired (Fig. 7). These results indicated that
caspase inhibition delays or prevents apoptosis at a stage
downstream of cytochrome c release but upstream of
chromatin condensation. Diamide, which was the least
sensitive of the agents to z-VAD inhibition of |A¥m,
was comparatively insensitive to z-VAD-mediated inhibi-
tion of cytochrome c release also.

3.5. AW 464, PAO and diamide induce apoptosis in
cycling and non-cycling cells

Cytotoxic drugs can trigger cell cycle checkpoint-depen-
dent and/or stress-dependent death pathways. The TUNEL
assay, which can be used to measure apoptotic DNA strand
breaks and cellular DNA content simultaneously, enabled us
to determine whether the death induced by dithiol-modulat-
ing agents occurred at a specific phase of the cell cycle, and
whether this death involved DNA strand breaks character-
istic of apoptosis. Asillustrated in Fig. 8, DNA strand breaks
were measurable after treatment with each agent. Further-
more, all the agents killed both resting and cycling cells. At
8 hr, there was a tendency for both AW 464 and diamide to
be killing more resting than cycling cells, but the proportion
of cycling cells killed by both agents increased by 24 hr.
PAO was killing both resting and cycling cells at 8 hr. At
24 hr PAO appeared to be selectively toxic to resting cells,
but the low propidium iodide staining could also be due to
the rapid degradation of DNA in damaged cells.

4. Discussion
Cells are generally well protected from oxidative

stress through an array of anti-oxidant systems including
the thioredoxin, glutathione, peroxiredoxin, superoxide
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Fig. 7. Effect of z-VAD-fmk on cytochrome c release and Bak activation. z-VAD-fmk was added to HL60 cells 30 min before addition of 1 pM AW 464, 100 pM
diamide or 0.1 uM PAO and the cells were cultured for a further 8 hr. (A) Fluorescence micrographs of cells double labelled with anti-cytochrome ¢ antibody and
with DAPI to detect chromatin. Treatment with z-VAD led to a decrease in the number of cells with fragmented nuclei, but in AW 464-treated and PAO-treated
cells, cytochrome c release was unimpaired. In diamide-treated cells both cytochrome c release and nuclear fragmentation were inhibited. Mitochondrion-bound
cytochrome c¢ appears in a bright green punctate pattern. Released cytochrome ¢ appears as a diffuse, paler green. Arrows indicate released cytochrome c in cells
with nuclei of normal appearance. (B) Flow cytometric dotplots of cells stained with Bakl (main picture) or control IgG2a (inset) antibody. Dotted
lines = untreated cells. White lines = treated cells without z-VAD pre-incubation. Grey lines = treated cells following z-VAD pre-incubation.

dismutase and catalase systems. On the one hand, disruption
of anti-oxidant defences in a cancer cell seems an attractive
therapeutic option. On the other hand, pharmacological
agents which target elements of the cell’s system of redox
homeostasis may kill cells by grossly overwhelming anti-
oxidant defences and inducing necrosis [14,15]. In this study,
we have shown that the thioredoxin-inhibitory compounds
AW 464, diamide and PAO induce apoptosis in leukaemia
cells. Apoptosis was demonstrated by cytochrome c release,
changes in Bak conformation and Annexin V binding as
well as by chromatin condensation and DNA nick-end
labelling. Phosphatidyl serine exposure (recognised by
Annexin V) is arguably one of the most crucial components
of apoptosis in vivo, as it allows dying cells to be recognised
and removed by phagocytes before they have a chance to
discharge their contents and provoke inflammation.
Neither diamide nor AW 464 induced oxidative stress at
the onset of apoptosis (Fig. 5). PAO induced both super-
oxide and hydrogen peroxide production. Nevertheless,
many features of apoptosis (see above paragraph) were
apparent in PAO-treated cells. Thioredoxin is a redox-
sensitive molecule which may allow the damaged cell to
follow an apoptotic rather than a necrotic pathway. Thior-
edoxin plays a direct role in the orchestration of apoptosis

through ASK1 release [16] and possibly also through
control of NFkB [31]. However, thioredoxin inhibition
could alternatively lead to its failure to reduce other
important redox-related proteins such as peroxiredoxins
and glutathione peroxidase, which could then lead to a
build up of ROS in the cells [8]. In our system, ROS had not
built up before the onset of apoptosis in cells treated with
AW 464 and diamide, although there was evidence for ROS
build-up in PAO-treated cells.

One unexpected observation in this study is that, 8 hr
post-treatment, a subset of cells treated with AW 464, PAO
or diamide appeared to be producing fewer oxygen free
radicals than untreated cells, as indicated by a drop in
ethidium fluorescence seen in Fig. 5B. A decrease in ROS
was also noted with etoposide, although not with araC.
Either a drop in the synthesis of ROS or an increase in their
dismutation could account for this.

In contrast to the other two agents, PAO induced high
levels of ROS (Fig. 5B). However, the flow cytometric
double labelling indicated that superoxide production did
not precede |A¥m. ROS production following |A%¥m has
also been noted in the apoptosis induced in leukaemia cells
by cytosine arabinoside, and our results with the same drug
support this finding [32]. On a technical note, DHR123 was
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Fig. 8. Determination of free 3’OH DNA termini and DNA content using the TUNEL assay. Cells were cultured with AW 464, diamide or PAO for 8 and
24 hr. The doses used for the 8 hr experiment were | pM AW 464, 100 uM diamide and 0.1 uM PAO. These doses were too toxic for a clear picture at 24 hr,
therefore 0.75 pM AW 464, 75 uM diamide and 75 nM PAO were used for the latter timepoint. The percentage of cells at each timepoint is indicated.

(Representative of at least three experiments).

chosen as probe for peroxide after extensive preliminary
studies, during which it was established that retention of the
more commonly used dichlorodihydrofluorescein diacetate
was enhanced by anion pump inhibitors, and that this probe
therefore may interfere with oxidative stress pathways.

In our hands the pan-caspase inhibitor z-VAD-fmk did
not inhibit Bak activation or cytochrome c release induced
by AW 464 or PAO but did inhibit |A¥m, placing the
former two events upstream of |[AWm in the apoptotic
process (Fig. 9). A slightly different pattern was given by
diamide: z-VAD did not inhibit Bak activation, but did
inhibit cytochrome c release as well as | AWm. A pattern of
apoptosis has been described in which apoptosis-initiating
events affecting the mitochondrial transmembrane poten-
tial occur before caspase activation, and therefore the pan-
caspase inhibitor z-VAD has no effect on |[AWm [24].
However, other patterns have been described in which
z-VAD does inhibit loss of |[A¥m [33,34]. Cytochrome
c release can occur upstream of caspase activation but

independently of | A¥m [29,35]. A conformational change
in the N-terminal portion of Bak, which occurs in response
to cell damage and appears to be independent of increases
in Bak protein expression, electrophoretic mobility or
subcellular localisation, has also been described [26].
Moreover, Bak activation can occur early in apoptosis,
before cytochrome c is released [30].

The onset of apoptosis is delayed in cells treated with
AW 464 as compared to cells treated by diamide and PAO
(Fig. 4). Furthermore, the protein synthesis inhibitor cyclo-
heximide greatly inhibited the apoptosis induced by AW
464, but had an intermediate effect on PAO and a minor
effect on diamide. The chemistry by which AW 464 is
thought to inhibit thioredoxin signalling (Fig. 2) compared
to the mechanism of action of the thiol oxidants might
underpin these different behaviours. Our data also suggest
the action of AW 464 is enhanced by metabolic transfor-
mation, and this possibility is currently under investigation
in our laboratories. PAO and diamide oxidize a range of
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Fig. 9. Models for apoptosis induced by AW 464, PAO and diamide. The order of the apoptotic programme induced by each agent has been derived from the

experiments described in this study.

thiols in addition to thioredoxin [1,36], and moreover a
direct role for both these compounds in mitochondrial
permeability transition has been described [2,37,38]. These
additional roles will help account for the minor differences
in apoptotic programme induced by the three agents.

We have characterised early (8-hr) apoptosis in cells
treated with AW 464, diamide and PAO and shown it to
occur largely in quiescent cells (Fig. 8). However, the mode
of cell death can change during prolonged cell culture [39],
and our TUNEL data indicated changes in cell cycle-stage-
specific apoptosis over time. The finding that the propor-
tion of AW 464-induced apoptosis in G,/M phase cells
increased between 8 and 24 hr suggests a delay in the
activation of apoptotic pathway(s) based on the G,/M cell
cycle checkpoint.

In conclusion, we have investigated the mode of cell
death in leukaemia cells treated with agents which inhibit

thioredoxin. The results of our experiments lead us to
conclude that thioredoxin inhibitory compounds induce
a well-orchestrated apoptotic programme.
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