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a b s t r a c t

Thioredoxin reductase (TrxR) is a key selenoprotein antioxidant enzyme and a potential

target for anti-cancer drugs. One potent inhibitor of TrxR is the gold (I) compound auranofin,

which can trigger mitochondrial-dependent apoptosis pathways. The exact mechanism of

apoptosis induction by auranofin is not yet clear, but there are indications that mitochon-

drial oxidative stress is a central event. We assessed the redox state of the peroxiredoxins

(Prxs) in Jurkat T-lymphoma cells treated with auranofin, and found that mitochondrial Prx3

was considerably more sensitive to oxidation than the cytosolic Prx1 and 2, indicating

selective mitochondrial stress. Prx3 oxidation was detected at apoptotic doses of auranofin

in several cell types, and occurred before other mitochondrial events including cytochrome c

release and mitochondrial depolarisation. Auranofin was also able to sensitise U937 cells to

TNF-a-mediated apoptosis. Auranofin-induced apoptosis was effectively blocked by the

overexpression of Bcl-2, and Bax/Bak deficient mouse embryonic fibroblasts were also

resistant to apoptosis, indicating a central role for the pro-apoptotic proteins of this family

in auranofin-triggered apoptosis. Auranofin exposure inhibited the proliferation of apop-

tosis-resistant cells, and at higher doses of auranofin could cause cell death through

necrosis. We conclude that auranofin induces apoptosis in cells through a Bax/Bak-depen-

dent mechanism associated with selective disruption of mitochondrial redox homeostasis

in conjunction with oxidation of Prx3.
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1. Introduction

Thioredoxin reductase (TrxR) is a selenoprotein that plays a

critical role in maintaining redox homeostasis in cells through

the NADPH-dependent reduction of thioredoxin (Trx) [1,2]. One

of the major antioxidant roles of Trx is to reduce a ubiquitous

family of thiol peroxidases known as peroxiredoxins (Prxs).

These enzymes decompose peroxides using a highly reactive
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cysteine thiolate in their active site [3]. In the presence of

peroxidesthePrxactivesitecysteineformsadisulfidebondwith

a neighbouring cysteine residue, which Trx reduces to complete

the catalytic cycle. Mammals have six Prxs, with Prx3 localised

to the mitochondrion. Prx3 is kept reduced through the action of

mitochondrial Trx2 and TrxR2, and this coupled system is seen

as important in protecting mitochondria from H2O2 generated

by respiratory complexes during metabolism [4].
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There is growing evidence that these coupled mitochon-

drial antioxidant enzyme systems may also play a role in the

regulation of apoptosis. Overexpression of Prx3 provides

protection against induction of apoptosis by serum depriva-

tion, hypoxia and cytotoxic drugs [5–9]. The proposed

mechanism is scavenging of H2O2 that may otherwise promote

the release of pro-apoptotic factors from mitochondria.

Consistent with this hypothesis we observed Prx3 oxidation

during the initiation of receptor-mediated apoptosis [10]. We

have also found that pro-apoptotic isothiocyanates are able to

inhibit TrxR and cause selective Prx3 oxidation at concentra-

tions that trigger apoptosis [11]. The mechanism of Prx3

oxidation in both models is currently unclear, but may be due

to an increase in mitochondrial H2O2 generation or impair-

ment of the TrxR/Trx system. Previous studies have shown

that lowering of Prx3 levels with siRNA resulted in increased

cellular levels of H2O2, and this sensitized cells to the

induction of apoptosis by staurosporine or TNF [8]. Similar

deficiencies in Trx2 [12,13] or TrxR2 [14] also promote

apoptosis in some cell types or organs. Prx3 has previously

been identified as a target gene of c-Myc essential for the

transformation associated with this oncogenic transcription

factor [5], and overexpression of Prx3 has been reported in

breast and lung carcinomas, mesothelioma and hepatocel-

lular carcinomas [15–18]. A recent study has also revealed a

link between Fanconi anemia and deregulation of Prx3

function [19].

Several anti-cancer agents have been identified as TrxR

inhibitors [20–25]. Auranofin, an organic gold compound

widely used for the treatment of rheumatoid arthritis [26],

has also been tested as an anti-cancer agent along with other

gold (I) compounds [27–30]. The pharmacological effect of

auranofin is thought to be due to its high reactivity with

cellular nucleophiles such as selenocysteine and cysteine,

making auranofin a potent inhibitor of TrxR [31,32]. The

predominantly cytosolic isoform TrxR1 has also been detected

in the intermembrane space of mitochondria, where its

inhibition by auranofin may inversely correlate to apoptosis

through interactions with Cu,Zn-superoxide dismutase [33],

illustrating the complexity of compartmentalization and

interactions in subcellular redox system networks. Rigobello

et al. have undertaken a series of studies on the ability of

auranofin to trigger apoptosis in cultured cells, and propose a

general model in which TrxR inhibition causes oxidative stress

in the mitochondria that leads to apoptosis [34–37]. Here we

have examined the effect of auranofin treatment on cyto-

plasmic and mitochondrial Prxs, and show selective oxidation

of mitochondrial Prx3 at doses that induce apoptosis. We also

used mouse embryonic fibroblasts deficient in Bax and Bak to

delineate a specific role for this mitochondrial pathway in

auranofin-mediated apoptosis.
2. Materials and methods

2.1. Reagents

Cell culture materials RPMI 1640, fetal bovine serum (FBS),

penicillin, streptomycin, and geneticin were from Gibco BRL

(Auckland, New Zealand). Auranofin was from ICN Biomedicals
Inc (Costa Mesa, CA, USA). Human TNF was from R&D Systems

(Minneapolis, MN, USA). Monoclonal antibody to cytochrome c

(clone 7H8.2C12) was from BD Biosciences (San Jose, CA, USA).

Rabbit polyclonal antibodies to Prx1, 2, 3 and Prx-SO2H

were from Ab Frontier (Seoul, Korea). Hybond-PVDF membrane

and enhanced chemiluminescence (ECLTM) Western blotting

system were from Amersham Biosciences (Buckinghamshire,

England). 5-Iodoacetamidofluorescein and MitoSox were

from Molecular Probes (San Diego, CA, USA). CompleteTM

protease inhibitors were from Roche Diagnostics (Manheim,

Germany). The artificial caspase substrate Asp-Glu-Val-Asp-7-

amino-4-methylcoumarin (DEVD-AMC) was from the Peptide

Institute Inc (Osaka, Japan). All other chemicals and reagents

were from Sigma Chemical Co (St. Louis, MO, USA) and BDH

Laboratory Supplies (Poole, England). All water was deionized

and ultrafiltrated using a Milli-Q filtration system.

2.2. Cell culture

The human Jurkat T-lymphoma and U937 monocytic cell lines

were acquired from the ATCC (Rockville, MD, USA) and grown

in RPMI 1640 supplemented with 10% fetal bovine serum (FBS),

100 U/ml penicillin, and 100 mg/ml streptomycin. Jurkat

transfectants overexpressing Bcl-2 and neo controls, gener-

ated as previously described [38], were grown in RPMI 1640

supplemented with 10% FBS and 315 mg/ml geneticin. SV40

immortalised MEFs derived from wild-type and Bax/Bak DKO

mice were generously provided by Dr David Huang of the

Walter and Eliza Hall Institute, Melbourne. MEFs were

maintained in DMEM supplemented with 10% FBS, 50 mM

b-mercaptoethanol and 100 mM asparagine. Cells were main-

tained in a humidified incubator at 37 8C and 5% CO2/air. Cell

lysates were made by harvesting 1 � 106 Jurkat cells or

0.2 � 106 MEFs in 100 ml of lysis buffer (40 mM HEPES, 50 mM

NaCl, 1 mM EDTA, 1 mM EGTA, protease inhibitors, 1% CHAPS

pH 7.4).

2.3. TrxR assay

The activity of TrxR was measured using a modified DTNB

reduction assay [39]. In short, sample cell lysates (50 ml, 50 mg

total protein) were transferred to a microplate and mixed with

50 ml of 10 mM DTNB and the change in absorbance at 412 nm

was monitored for 2 min to give a baseline DTNB reduction.

After this, 10 ml of 2 mM NADPH was added to the reaction mix

in order to determine the NADPH-dependent DTNB reduction.

The relative activity of TrxR was determined as the difference

between DA412 nm before and after the addition of NADPH.

2.4. Determination of caspase activity

Caspase activity within treated cells was determined fluor-

ometrically by following the cleavage of DEVD-AMC. Treated

cells (5 � 105) were pelleted and frozen at �80 8C. Frozen

pellets were resuspended in 10 ml PBS and transferred to a 96

well plate. Ninety ml of caspase buffer (5 mM dithiothreitol,

100 mM HEPES, 10% sucrose, 0.1% NP-40 and 0.1% CHAPS at pH

7.25) containing 50 mM DEVD-AMC was added to the sample

and the rate of AMC production (excitation 370 nm, emission

445 nm) was followed at 37 8C with a POLARstar Galaxy
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fluorescent platereader (BMG Labtechnologies Pty. Ltd. Mt

Eliza, Australia).

2.5. Detection of mitochondrial reactive oxygen species

The mitochondrial-targeted dihydroethidium dye MitoSox

was used to determine the level of mitochondrial oxidants,

according to the method of Mukhopadhyay et al. [40].

Following treatment cells were harvested and resuspended

in Hanks buffered saline solution containing 5 mM MitoSox.

Samples were incubated with MitoSox for 10 min before

fluorescence was analysed by flow cytometry with excitation

488 nm and emission 585 nm (FL2 channel).

2.6. Flow cytometry analysis of apoptotic markers

Phosphatidylserine (PS) exposure and propidium iodide (PI)

uptake were assessed by resuspending cells in binding buffer

containing 1 mg Annexin-V-FITC and 5 mg PI according to

manufacturer’s instructions (Biosource Annexin V detection

kit, Invitrogen). The cell suspension was incubated in the dark

for 10 min and then 10,000 cells were analysed using a

Cytomics FC500 MPL flow cytometer (Beckman Coulter,

Fullerton, CA) to determine the percentage of PS- and PI-

positive cells. Mitochondrial permeability transition was

assessed by using the potentiometric dye tetramethylrhoda-

mine ethyl ester (TMRE) as previously described [41]. The

method involved staining treated cells with 50 nM TMRE for

15 min before being analysed by flow cytometry and monitor-

ing FL2 fluorescence. For the quantification of DNA fragmen-

tation (%Sub G0/G1), PI staining of cells was carried out in PBS

containing 50 mg/ml PI, 0.1% Triton X-100, and 0.1% sodium

citrate [42].

2.7. Immunoblot detection of the Prxs

Treated cells were washed and resuspended in NEM contain-

ing buffer (100 mM NEM, 40 mM HEPES, 50 mM NaCl, 1 mM

EDTA, 1 mM EGTA, protease inhibitors, pH 7.4) supplemented

with 10 mg/ml catalase. Cells were incubated at room

temperature for 15 min and CHAPS was added to a final

concentration of 1% (Jurkat cells) or 2% (U937 cells). Protein

extracts (20 mg) were combined in sample loading buffer

(62.5 mM Tris–HCl pH 6.8, 10% glycerol, 2% SDS, 0.025%

bromophenol blue) and resolved by SDS-PAGE. Proteins were

transferred to PVDF membrane by Western blotting and

probed with the appropriate primary antibody in 2% skim milk

TBST20 overnight at 4 8C. Immunoreactivity was visualized by

using a peroxidase system with enhanced chemilumines-

cence (ECL) (Amersham Biosciences). Densitometry of

scanned images was undertaken using Quantity One1 soft-

ware.

2.8. Cytochrome c release assay

Auranofin-treated Jurkat cells (2 � 106 cells) were harvested

and resuspended in 30 ml isotonic buffer (10 mM HEPES, 0.3 M

mannitol, CompleteTM protease inhibitors) supplemented

with 1 mg digitonin. After 1 min incubation on ice samples

were centrifuged at 13,000 � g for 10 min. The cytosolic
supernatant was removed immediately for immunoblot

analysis. Protein content of the cytosolic fractions was

determined by using the BioRad DC assay. Supernatant

aliquots were subjected to SDS-PAGE followed by Western

blotting against cytochrome c. Immunoreactivity was visua-

lized by using a peroxidase system with enhanced chemilu-

minescence (ECL) (Amersham Biosciences).

2.9. Cell proliferation assay

To quantify cell proliferation, experiments were performed

using initial cell concentrations of 1 � 106cells/ml for Jurkat

and B9 cultures and 2 � 105 cells/200 mm2 well for MEFs. Cells

were harvested after 24 h in the presence or absence of

auranofin and the total number of viable cells remaining was

determined by staining cells with trypan blue under a

hemocytometer.

2.10. Statistics

Values are shown as the mean and standard error of three or

more independent experiments, and all blots are representa-

tive of at least three independent experiments. Statistical

analyses were performed with the software package Sigma-

Stat (Systat, San Rafael, CA, USA).
3. Results

3.1. Inhibition of TrxR by auranofin correlates closely
with induction of apoptosis at doses that cause oxidation
of Prx3

Jurkat T-lymphoma cells were treated with auranofin at a

range of concentrations, whereupon TrxR inhibition, Prx

oxidation and viability were assessed. Auranofin had an IC50

of 0.2 mM for total cellular TrxR activity after 30 min, with

virtually complete loss of activity at doses in excess of 1 mM

auranofin (Fig. 1A). Separation of the cells into cytoplasmic

and mitochondrial fractions indicated that auranofin had

slightly greater efficacy against cytosolic (predominantly

TrxR1) than mitochondrial (predominantly TrxR2) activity

(Fig. 1B). Assessment of cell viability 24 h after auranofin

exposure showed an LD50 of 1.4 mM (Fig. 1C). Cell death was

associated with an increase in caspase-3 activity and PS

exposure, both of which peaked at 2–3 mM auranofin (Fig. 1D).

At higher doses of auranofin there was a decline in both

apoptotic markers, consistent with increased necrotic cell

death. Prx oxidation was also measured by visualizing

conversion of the reduced monomer to oxidized dimer by

non-reducing SDS-PAGE and Western blotting. Oxidation of all

the Prxs was observed, but Prx3 was clearly the most sensitive

(Fig. 2A). Prx3 oxidation was detectable with 0.5 and 1 mM

auranofin, and complete oxidation occurred at approximately

2 mM auranofin. This oxidation was complete within 10 min of

treatment (Fig. 2B).

To determine if the sensitivity of Prx3 to oxidation is

common to TrxR inhibitors we investigated the effect of a

second known TrxR inhibitor dinitrochlorobenzene (DNCB)

[43]. Jurkat cells exposed to DNCB displayed a dose-dependent



Fig. 1 – Auranofin induces apoptosis in Jurkat cells. (A) Auranofin inhibits TrxR activity in Jurkat cells. Jurkat cells were

treated for 30 min with the indicated concentration of auranofin before cells were harvested. Cell lysates were assessed for

TrxR activity by measuring NADPH-dependent reduction of DTNB. (B) TrxR activity of the cytosolic (*) and mitochondrial

(*) fractions prepared from Jurkat cells exposed for 30 min to the indicated concentrations of auranofin. Inset, western

blots of Prx2 (cytosolic) and Prx3 (mitochondrial) confirm the localisation of the enzymes to the expected fractions. (C)

Auranofin is cytotoxic to Jurkat cells. Jurkat cells were exposed to the indicated concentrations of auranofin for 24 h before

being stained with propidium iodide and analysed by flow cytometry. (D) Auranofin exposure induces apoptosis in Jurkat

cells. Caspase-3 activity was examined in Jurkat cells exposed to auranofin after 6 h by monitoring the cleavage of DEVD-

AMC. PS exposure was monitored by flow cytometry 8 h after auranofin exposure. Values represent the mean W S.E. of four

independent experiments.
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inhibition of TrxR and a concomitant increase in cell

death (Fig. 3A). As with auranofin, Prx3 was considerably

more sensitive to oxidation than the cytoplasmic Prxs, and

of these, Prx2 was more sensitive to oxidation than Prx1

(Fig. 3B).

3.2. Auranofin sensitises U937 cells to TNF-a-mediated
apoptosis

We have previously shown that Prx3 oxidation occurs during

receptor-mediated apoptosis, in particular, activation of the

Fas pathway in Jurkat cells and the TNF-a pathway in U937

cells [10]. The proportion of U937 cells in a population that

undergo apoptosis following treatment with TNF-a alone is

typically restricted to 30%, which corresponds to the extent of

Prx3 oxidation. Therefore, we wanted to test whether

auranofin could sensitise cells to TNF-a-mediated apoptosis.

The synergistic potential of auranofin was tested by pre-

treating U937 cells with 1 mM auranofin for 30 min prior to

TNF-a stimulation. TNF-a or auranofin alone had only a

limited effect on cell viability under the conditions utilized

here; however, upon combination of the two compounds there
was a dramatic increase in cell death (Fig. 4A). Similarly,

auranofin significantly enhanced both PS exposure and

caspase-3 activity following TNF-a treatment after 6 h,

confirming that auranofin was sensitising U937 cells to

apoptosis (Fig. 4B and C).

3.3. Auranofin activates the mitochondrial pathway of
apoptosis, and this is blocked by Bcl-2 overexpression

The release of cytochrome c and loss of mitochondrial

membrane potential are common events leading to the

induction of caspase activity in many models of apoptosis.

A substantial loss in mitochondrial membrane potential and

cytochrome c release did not occur until after 2 h auranofin

treatment (Fig. 5A and B), and this timing was closely

associated with caspase activation (Fig. 5C). Overexpression

of the anti-apoptotic protein Bcl-2 completely blocked all of

the apoptotic changes triggered by auranofin (Fig. 5A–C). These

results were confirmed by the absence of PS exposure at 6 h

(Fig. 6A). Bcl-2 overexpression inhibited auranofin-induced

cytotoxicity until doses that triggered necrosis were used

(Fig. 6B).



Fig. 2 – Auranofin exposure leads to the preferential oxidation of mitochondrial Prx3. (A) Dose-dependent oxidation of Prx1,

2 and 3 after 40 min auranofin exposure. (B) Time course of Prx oxidation following exposure to 2 mM auranofin. Prx

oxidation to the dimer was monitored by non-reducing Western blotting. Gels are representative of three independent

experiments.
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To determine if Prx3 oxidation occurred before or after

commitment to apoptosis we assessed oxidation in Bcl-2

overexpressing cells. The extent of Prx3 oxidation was similar

regardless of Bcl-2 expression (Fig. 7A), indicating that

oxidation was not a consequence of apoptosis induction.

One potential consequence (or cause) of Prx3 oxidation is an

increase in mitochondrial oxidant levels. To assess mitochon-

drial oxidation status, we used the lipophilic cationic

dihydroethidium probe (MitoSox), which localises exclusively

to the mitochondria. Apoptotic doses of auranofin (2 mM)

caused a time dependent increase in mitochondrial oxidant

production with a doubling of fluorescence over 2 h (Fig. 7B).

Bcl-2 overexpression did not block mitochondrial oxidant

production (Fig. 7B). Antimycin A, which is known to increase

electron leakage from complex III in the mitochondrial

respiratory chain [40,44], increased MitoSox fluorescence to

about the same degree in both Jurkat and B9 cells (Fig. 7B).

3.4. Bax and Bak are required for auranofin-induced
apoptosis

To elucidate the role of other Bcl-2 family members in the

regulation of auranofin-induced apoptosis we compared the

response of wild-type mouse embryonic fibroblasts (WT MEFs)

to MEFs deficient in the pro-apoptotic Bcl-2 proteins Bax and

Bak (DKO MEFs). Viability studies demonstrated that Bax/Bak

were important for auranofin-induced cytotoxicity (Fig. 8A).

The WT MEFs had an LD50 of approximately 2.3 mM, while cell

death was not seen in the Bax/Bak DKO MEFs until higher
doses of auranofin were used. Caspase-3 activation and DNA

fragmentation were dramatically inhibited in the Bax/Bak

DKO MEFs (Fig. 8B and C), confirming that Bax and Bak are

essential for auranofin-induced apoptosis. Prx3 was oxidised

by auranofin in both WT and DKO MEFs (Fig. 8D).

3.5. Auranofin inhibits proliferation of cells resistant to
apoptosis

Previous studies have shown that impairment of TrxR activity

by antisense technology or chemical inhibition decreases the

proliferative capacity of cells [45–47]. To probe such effects in

our system, Jurkat and B9 cells were cultured for 24 h in the

presence or absence of 2 mM auranofin. After this time the total

number of viable cells had doubled in untreated Jurkat and B9

cultures, while Jurkat cells exposed to auranofin showed a

dramatic reduction in cell number, consistent with the

induction of apoptosis (Fig. 9A). In contrast, auranofin

exposure to apoptosis-resistant B9 cells prevented any

increase in the total number of viable cells, thus remaining

at the starting concentration of 1 � 106 cells/ml after 24 h. In a

similar manner, Bax/Bak DKO MEFs exposed to 3 mM auranofin

failed to proliferate over 24 h when compared to untreated

controls (Fig. 9B). Cell cycle analyses of growth-arrested B9s

and Bax/Bak DKO MEFs did not show any clear signs of G2/M

arrest but were rather suggestive of a delayed progression

through the cell cycle (data not shown). Together these results

demonstrate that auranofin can efficiently inhibit cell pro-

liferation in cells that are resistant to apoptosis.



Fig. 3 – An alternative TrxR inhibitor DNCB also promotes

Prx3 oxidation. (A) DNCB inhibits TrxR and causes cell

death in Jurkat cells. DNCB treated cells were harvested

after 30 min and cell lysates were assessed for TrxR

activity by measuring NADPH-dependent reduction of

DTNB. Cell viability was assessed 24 h after DNCB

exposure by staining cells with propidium iodide and

analysing them by flow cytometry. (B) DNCB exposure

leads to the oxidation of Prxs in a dose (after 40 min

exposure) dependent manner. Prx oxidation to the dimer

was monitored by non-reducing Western blotting. Values

represent the mean W S.E. of four independent

experiments. Gels are representative of three independent

experiments.

Fig. 4 – Auranofin sensitises U937 cells to TNF-a induced

apoptosis. (A) Cell death in TNF-a stimulated cells pre-

treated with auranofin. U937 cells treated with TNF-a

(20 ng/ml) in the presence or absence of auranofin (1 mM)

were incubated for 24 h before being stained with

propidium iodide and analysed by flow cytometry. (B)

Caspase-3 activity in TNF-a stimulated cells pre-treated

with auranofin. The caspase-3 activity of cell lysates was

determined in monitoring cleavage of Asp-Glu-Val-Asp-

AMC. (C) Phosphatidylserine (PS) exposure in TNF-a

stimulated cells pre-treated with auranofin. PS exposure

was monitored in U937 cells by flow cytometry following a

6 h treatment. Values represent the mean W S.E. of four

independent experiments. ‘*’ Indicates a significant

difference ( p < 0.05) compared to control cells. ‘§’ Indicates

a significant difference ( p < 0.05) compared to TNF alone.

Significant differences were determined by a two-way

repeated measures analysis of variance with Bonferroni

multiple comparison (Systat).
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Fig. 5 – Auranofin-induced apoptosis operates via the

mitochondrial pathway and is inhibited by the

overexpression of Bcl-2. (A) Cytochrome c release in Jurkat

cells following exposure to 2 mM auranofin. Cells were

harvested at the indicated times and digitonin

permeabilised cytosolic fractions were prepared. The

amount of cytochrome c in each fraction was assessed by

Western blotting. (B) Mitochondrial membrane

depolarisation in Jurkat cells exposed to 2 mM auranofin.

Auranofin exposed Jurkat cells were stained with

50 nM TMRE for 10 min and analysed by flow cytometry.

Inset: FACS histogram showing TMRE staining of

Jurkat cells incubated in the presence (hashed line) or

absence (solid line) of auranofin for 6 h. (C) Caspase-3

activation in Jurkat cells exposed to 2 mM auranofin.

The caspase-3 activity of cell lysates was determined
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4. Discussion

In this study we have shown that auranofin caused selective

oxidation of mitochondrial Prx3 at concentrations that were

able to trigger apoptosis. Prx3 oxidation was detectable well

before major apoptotic events could be measured, and it still

occurred when apoptosis was blocked by overexpression of

Bcl-2 or by the removal of the pro-apoptotic mediators Bax and

Bak. This indicates that Prx3 oxidation was a direct effect of

auranofin exposure rather than a consequence of downstream

apoptotic events in the mitochondria.

These findings support earlier studies proposing that

mitochondrial TrxR2 is a primary auranofin target leading

to mitochondrial oxidative stress and apoptosis [32,36,37]. It is

not clear why Prx3 is considerably more sensitive to oxidation

than cytoplasmic Prx1 and Prx2 since auranofin showed

similar efficacies against mitochondrial and cytoplasmic TrxR

activity. One possibility is that the mitochondrial environment

is more oxidising as a consequence of increased hydrogen

peroxide derived from respiratory complexes, and that

disruption of mitochondrial TrxR activity therefore has more

severe consequences. This hypothesis is supported by

selective Prx3 oxidation in response to DNCB treatment (this

study), and with pro-apoptotic isothiocyanates that also have

TrxR-inhibitory activity [11]. These results also parallel a series

of studies by Jones and co-workers, demonstrating that

mitochondrial Trx2 is considerably more sensitive to oxida-

tion than cytosolic Trx1 following oxidative stress [48–50]. A

recent study demonstrated that apoptosis-inducing heavy

metals, several of which are known thioredoxin reductase

inhibitors [23,51–53], caused selective Trx2 oxidation and

activation of the apoptosis signalling kinase (ASK1) [54].

Prx3 oxidation appears to be a sensitive marker of

mitochondrial oxidative stress. It is also tempting to speculate

that Prx3 oxidation is closely associated with the initiation of

apoptosis. One mechanism for this could be an increase in

mitochondrial H2O2 due to impairment of Prx3 antioxidant

activity. Prx3 is vital to H2O2 detoxification as it is more

abundant than glutathione peroxidase in mitochondria [8,55].

It has been proposed that mitochondrial H2O2 plays a

prominent role in apoptotic processes, including triggering

the release of cytochrome c from the intermembrane space

[56], however, direct evidence is currently lacking. The

consumption of endogenous peroxides by Prx3 in the presence

of a TrxR inhibitor would also drive the oxidation of Trx2 since

Trx2 is used for regeneration of Prx3. Indeed, Prx3 oxidation

occurred at auranofin concentrations that inhibited TrxR

activity by >90%, and since Prx3 is present at higher

concentrations than Trx2 [55], oxidized Trx2 will accumulate

rapidly. One consequence of Trx oxidation will be activation of

ASK1 forms located in cytoplasmic or mitochondrial mem-

branes, which are inhibited by the reduced forms of Trx1 and

Trx2, respectively [57–59].
by monitoring cleavage of DEVD-AMC. Values represent

the mean W S.E. of four independent experiments. Gels

are representative of four independent experiments.

FACS plots are representative of four independent

experiments.



Fig. 6 – Bcl-2 overexpression blocks auranofin-induced

cytotoxicity. (A) FACS histogram showing PS exposure in

Jurkat and B9 cells incubated in the presence (hashed line)

or absence (solid line) of 2 mM auranofin for 8 h. (B) Cell

viability in Jurkat (*) and B9 (*) cells treated with

auranofin. Cell viability was assessed 24 h after auranofin

exposure by staining cells with propidium iodide and

analysing them by flow cytometry. Values represent the

mean W S.E. of four independent experiments. FACS plots

are representative of four independent experiments.

Fig. 7 – Auranofin causes a rapid increase in the production

of mitochondrial oxidants in both Jurkat cells and

transfectants overexpressing Bcl-2. (A) Auranofin

exposure for 30 min leads to the selective oxidation of

Prx-3 in Jurkat cells and Bcl-2 transfectants (B9 clones). Prx

oxidation to the dimer was monitored by non-reducing

Western blotting. (B) Mitochondrial oxidant production in

Jurkat and B9 cells exposed to auranofin. Cells were

exposed to 2 mM AF or 50 mM antimycin A for the indicated

times before being harvested and resuspended in HBSS

with 5 mM MitoSox for 10 min. Cells were analysed by flow

cytometry monitoring fluorescent changes in the FL2

channel. Values represent the mean W S.E. of four

independent experiments. Gels are representative of three

independent experiments.
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We have previously shown that mitochondrial Prx3 is

oxidised during the initiation of death receptor and isothio-

cyanate-mediated apoptosis [10,11], and it has been reported

that mitochondrial Trx2 is preferentially oxidised during TNF-

mediated apoptosis [60]. Furthermore, disruption of mito-

chondrial redox homeostasis by auranofin was able to

sensitise U937 cells to TNF. A recent study has demonstrated

that arsenic trioxide can sensitise cells to TNF-a-mediated



Fig. 8 – Bax and Bak are required for auranofin-induced apoptosis. (A) Loss of cell viability in MEFs exposed to auranofin. WT

and Bax/Bak DKO MEFs were exposed to the indicated concentrations of auranofin for 24 h before being stained with

propidium iodide and analysed by flow cytometry. (B) Caspase-3 activity in MEFs exposed to auranofin. Auranofin exposed

MEFs were harvested after 8 h and caspase-3 activity was assessed by monitoring the cleavage DEVD-AMC. (C) DNA

fragmentation (%Sub G0/G1 fraction) in MEFs exposed to auranofin after 24 h. For figures (A–C), * = WT MEFs and * = BaxS/

S, BakS/S DKO MEFs. (D) Auranofin exposure leads to the oxidation of Prx3 in both WT and DKO MEFs. Prx oxidation to the

dimer was monitored by non-reducing Western blotting. Values represent the mean W S.E. of four independent

experiments. Gels are representative of three independent experiments.
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apoptosis via p38 MAPK activation of the mitochondrial

pathway [61]. Given that arsenic trioxide is an efficient

irreversible inhibitor of TrxR [23], it seems possible that TrxR

inhibition is the common mechanism by which both aur-

anofin and arsenic trioxide sensitise cells to receptor-

mediated apoptosis.

Rigobello et al. have shown that in isolated mitochondria

auranofin induces the mitochondrial membrane permeability

transition (MPT), which leads to the depolarisation of

mitochondria [36] and the release of cytochrome c [37].

Recently, they demonstrated that the MPT inhibitor cyclos-

porin A fails to prevent cytochrome c release in cells exposed

to auranofin [35]. Our finding that auranofin-induced apopto-

sis is completely blocked in cells either overexpressing Bcl-2 or

being deficient in Bax and Bak is of interest in this context. It

suggests that auranofin-triggered apoptosis is regulated by the

Bcl-2 family rather than the mitochondrial permeability

transition (MPT) pore. Interestingly, recent studies have

revealed that the MPT pore plays an essential role in

mitochondrial membrane disruption during necrosis [62–64].

It is therefore possible that the MPT pore may regulate

auranofin-induced cell death at necrotic doses. It will be of

interest in future studies to characterise which BH3-only
proteins, if any, are involved in Bax/Bak activation following

cellular exposure to auranofin.

While this study has focused on apoptosis in auranofin-

treated cells, the oxidative stress following inhibition of TrxR

can promote a combination of apoptotic and necrotic cell

death, depending on concentration and cell type. These

deleterious effects may be due to inhibition of various Trx

and TrxR-dependent pathways, or due to the formation of

SecTRAPs that are derivatives of TrxR killing cells by a pro-

oxidant gain of function [65–67]. It is known that certain

compounds targeting TrxR may lead to Trx oxidation, whereas

knockdown of the enzyme or inhibition to the same extent

with other compounds apparently does not necessarily give

Trx oxidation [68]. More recently, reduced Trx has been

proposed to facilitate the denitrosylation of caspases [69,70],

and that inhibition of TrxR by auranofin inhibits apoptosis by

promoting the accumulation of nitrosylated caspases [70]. It is

not clear how this mechanism fits with the pro-apoptotic

properties of auranofin, and the observed oxidation of Prx3

and Trx2 during apoptosis [10,49,60].

Despite our ignorance of the details surrounding redox

changes during apoptosis, it is becoming increasingly clear

that inhibition of TrxR may be an important molecular



Fig. 9 – Auranofin inhibits proliferation of apoptosis-

resistant cells. (A) Monitoring growth of Jurkat (black bar)

and B9 (grey bar) cells incubated in the presence or

absence of 2 mM auranofin for 24 h. Cultures were treated

at an initial cell concentration of 1 T 106 cells/ml. (B)

Monitoring growth of WT (black bar) and Bax/Bak DKO

(grey bar) MEFs incubated in the presence or absence of

3 mM auranofin. MEFs were treated at an initial cell

concentration of 0.2 T 106 cells/200 mm2 well. The total

number of viable cells in each culture was determined by

counting cells on a hemocytometer in the presence of

trypan blue. Values represent the mean W S.E. of four

independent experiments. ‘*’ Indicates a significant

difference ( p < 0.05) between control and auranofin-

treated cells. ‘§’ Indicates a significant difference ( p < 0.05)

between cell types treated with auranofin. Significant

differences were determined by a two-way repeated

measures analysis of variance with Bonferroni multiple

comparison (Systat).
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mechanism leading to cell death upon use of electrophilic

compounds in anti-cancer therapy [20]. There are a number of

organic gold compounds that are currently being investigated

as anti-cancer drugs, several of which induce apoptosis by
Fig. 10 – Summary of the events asso
targeting the mitochondria or inhibiting TrxR [28,32,71–75]. For

instance, Rackham et al. recently showed that a gold (I)

phosphine complex selectively induces apoptosis in trans-

formed cells by inhibiting Trx and TrxR [73]. They also

demonstrated that the delocalised lipophilic cation accumu-

lated in the mitochondria. Another recent study used two

dimensional proteomic expression profiling to investigate the

action of a gold (III) complex that was selectively toxic to

cancer cells [75]. Interestingly, the authors found that one of

the few proteins with altered expression was Prx3, which

exhibited a 3-fold decrease in expression [75]. Auranofin has

been shown to induce apoptosis in cisplatin-resistant cancer

cells [76], suggesting that anti-cancer drugs targeting TrxR

may overcome some forms of drug resistance. It is proposed

that TrxR inhibitors are selectively toxic to transformed cells

because such cells rely on elevated TrxR activity to maintain

DNA synthesis and redox homeostasis [20,23,77,78]. In line

with this notion, studies using organic gold complexes similar

to auranofin have found that transformed cells exhibit a

greater sensitivity to the drug compared to normal cells

[71,73,75]. We found that overexpression of the oncogenic

protein Bcl-2 effectively blocked auranofin-triggered apopto-

sis. Considering that many cancers overexpress anti-apoptotic

Bcl-2 family members [79], it is possible that drugs targeting

TrxR may encounter similar resistance problems as traditional

chemotherapy. As such, it would also be of interest to

determine whether small molecule inhibitors of the Bcl-2

family, such as ABT-737 [80], can act synergistically with TrxR

inhibitors to promote cancer cell death. Despite this potential

limitation, auranofin was still able to inhibit the proliferation

of cells resistant to apoptosis. This is consistent with recent

studies demonstrating that knockdown of TrxR causes a

dramatic reduction in tumour progression in vivo [45]. These

findings reinforce the idea that TrxR is a key drug target, as its

inhibition can have multiple effects including triggering death

in cells with intact apoptotic machinery and inhibiting

proliferation of apoptosis-resistant cells.

Until recently auranofin was the primary agent used to

treat rheumatoid arthritis [81]. Overall auranofin is well

tolerated at doses of 6 mg/day. However, a minority of patients

on auranofin can exhibit adverse side effects such as

diarrhoea, gastro-intestinal upset and skin rash. It remains

to be seen whether the potent cytotoxicity of auranofin is

responsible for such side effects.

In summary, we have shown that auranofin disrupts

mitochondrial redox homeostasis and induces apoptosis via

mitochondrial outer membrane permeabilization and apop-

totic signalling events regulated by the Bcl-2 family (Fig. 10).

Cell death triggered by auranofin occurred in conjunction with

TrxR inhibition and Prx3 oxidation; two early events not

dependent upon downstream apoptotic signalling. These
ciated with auranofin exposure.
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results support a model in which auranofin inhibits TrxR,

resulting in the rapid accumulation of oxidised Prx3. Addi-

tional work is required to determine if oxidation of Prx3, in

addition to being an important antioxidant enzyme and a

sensitive marker of mitochondrial stress, also plays an active

role in the initiation of apoptosis.
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[15] España L, Martı́n B, Aragüés R, Chiva C, Oliva B, Andreu D,
et al. Bcl-x(L)-mediated changes in metabolic pathways
of breast cancer cells: from survival in the blood stream
to organ-specific metastasis. Am J Pathol 2005;167:
1125–37.

[16] Park JH, Kim YS, Lee HL, Shim JY, Lee KS, Oh YJ, et al.
Expression of peroxiredoxin and thioredoxin in human
lung cancer and paired normal lung. Respirology
2006;11:269–75.

[17] Kinnula VL, Lehtonen S, Sormunen R, Kaarteenaho-Wiik R,
Kang SW, Rhee SG, et al. Overexpression of peroxiredoxins
I, II, III, V, and VI in malignant mesothelioma. J Pathol
2002;196:316–23.

[18] Choi JH, Kim TN, Kim SY, Baek SH, Kim JH, Lee SR, et al.
Overexpression of mitochondrial thioredoxin reductase
and peroxiredoxin III in hepatocellular carcinomas.
Anticancer Res 2002;22:3331–5.

[19] Mukhopadhyay SS, Leung KS, Hicks MJ, Hastings PJ,
Youssoufian H, Plon SE. Defective mitochondrial
peroxiredoxin-3 results in sensitivity to oxidative stress in
Fanconi anemia. J Cell Biol 2006;175:225–35.

[20] Urig S, Becker K. On the potential of thioredoxin reductase
inhibitors for cancer therapy. Semin Cancer Biol
2006;16:452–65.

[21] Arnér ESJ, Nakamura H, Sasada T, Yodoi J, Holmgren A,
Spyrou G. Analysis of the inhibition of mammalian
thioredoxin, thioredoxin reductase, and glutaredoxin by
cis-diamminedichloroplatinum (II) and its major
metabolite, the glutathione-platinum complex. Free Radic
Biol Med 2001;31:1170–8.

[22] Hashemy SI, Ungerstedt JS, Avval FZ, Holmgren A.
Motexafin gadolinium, a tumor-selective drug targeting
thioredoxin reductase and ribonucleotide reductase. J Biol
Chem 2006;281:10691–7.

[23] Lu J, Chew EH, Holmgren A. Targeting thioredoxin
reductase is a basis for cancer therapy by arsenic trioxide.
Proc Natl Acad Sci USA 2007;104:12288–93.

[24] Wang XF, Zhang JS, Xu TW. Cyclophosphamide as a potent
inhibitor of tumor thioredoxin reductase in vivo. Toxicol
Appl Pharmacol 2007;218:88–95.

[25] Witte AB, Anestal K, Jerremalm E, Ehrsson H, Arner ESJ.
Inhibition of thioredoxin reductase but not of glutathione
reductase by the major classes of alkylating and platinum-
containing anticancer compounds. Free Radic Biol Med
2005;39:696–703.

[26] Finkelstein AE, Walz DT, Batista V, Mizraji M, Roisman F,
Misher A. Auranofin—new oral gold compound for
treatment of rheumatoid-arthritis. Ann Rheum Dis
1976;35:251–7.

[27] Mirabelli CK, Johnson RK, Sung CM, Faucette L, Muirhead K,
Crooke ST. Evaluation of the in vivo antitumor-activity and
in vitro cyto-toxic properties of auranofin, a coordinated
gold compound, in murine tumor-models. Cancer Res
1985;45:32–9.

[28] Barnard PJ, Berners-Price SJ. Targeting the mitochondrial
cell death pathway with gold compounds. Coordin Chem
Rev 2007;251:1889–902.

[29] Tiekink ERT. Gold derivatives for the treatment of cancer.
Crit Rev Oncol Hemat 2002;42:225–48.

[30] McKeage MJ. Gold opens mitochondrial pathways to
apoptosis. Br J Pharm 2002;136:1081–2.

[31] Gromer S, Arscott LD, Williams CH, Schirmer RH, Becker K.
Human placenta thioredoxin reductase—isolation of the
selenoenzyme, steady state kinetics, and inhibition by



b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 1 0 9 7 – 1 1 0 91108
therapeutic gold compounds. J Biol Chem 1998;273:
20096–101.

[32] Rigobello MP, Messori L, Marcon G, Cinellu MA, Bragadin M,
Folda A, et al. Gold complexes inhibit mitochondrial
thioredoxin reductase: consequences on mitochondrial
functions. J Inorg Biochem 2004;98:1634–41.
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