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Induction of mitochondrial permeability transition by auranofin, a
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1 Gold(I)-thiolate drugs are compounds that specifically interact with thiol and/or selenol groups
and are essentially utilized in the treatment of rheumatoid arthritis.

2 Considering the importance of thiol groups in regulating mitochondrial membrane permeability,
the effects of auranofin (S-triethylphosphinegold(I)-2,3,4,6-tetra-O-acetyl-1-thio-f-D-glucopyrano-
side), a second-generation gold drug, were studied on mitochondria isolated from rat liver.

3 Auranofin, at submicromolar concentrations, was able to induce the mitochondrial membrane
permeability transition observed as swelling and loss of membrane potential. Both events are
completely inhibited by cyclosporin A, the specific inhibitor of mitochondrial permeability
transition. Calcium ions and energization by succinate are required for the occurrence of
permeability transition.

4 By interacting with the active site selenol group, auranofin results as an extremely potent
inhibitor of mitochondrial thioredoxin reductase, both isolated and in its mitochondrial
environment.

5 It is concluded that auranofin, in the presence of calcium ions, is a highly efficient inducer of
mitochondrial membrane permeability transition, potentially referable to its inhibition of
mitochondrial thioredoxin reductase.
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GSPx, glutathione peroxidase; TEPAu, triethylphosphine gold chloride; TPP™", tetraphenylphosphonium ion;

AY, transmembrane electrical potential

Introduction

Gold(I)-thiolate drugs are compounds essentially utilized in
the treatment of rheumatoid arthritis (Kean ez al., 1997).
They have also been tested as anticancer agents (Simon et al.,
1981). Their mode of action involves the control of oxidative
damage (Grootveld er al., 1990) and inhibition of several
enzymes or transcription factors (Handel ez al., 1995; Daniel
et al., 1995).

The molecular mechanism of their inhibitory effects was
essentially referred to an interaction with thiol groups with a
reactivity depending on the type of ligand associated with the
gold (Crooke & Snyder, 1986). A sequential sulfhydryl
exchange mechanism was also postulated to explain the
cellular distribution of auranofin and related gold complexes
(Snyder et al., 1986). However, gold(I) compounds exhibit
also a marked and specific reactivity with selenoenzymes such
as glutathione peroxidase (GSPx) (Chaudiére & Tappel,
1984), iodothyronine deiodinase type I (Berry et al., 1991),
and thioredoxin reductase (Hill et al., 1997; Gromer et al.,
1998a, b; Smith et al., 1999), an enzyme recently shown to
possess selenium at its catalytic site (Tamura & Stadtman,
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1996; Zhong et al., 1998). Considering glutathione perox-
idase, gold(I) derivatives such as aurothiomalate, aurothio-
glucose and auranofin have been shown to exert their
inhibitory action by forming a glutathionate-gold(I)-seleno-
cysteine glutathione peroxidase ternary complex (GPxSe-Au-
SG) (Chaudiére & Tappel, 1984; Roberts & Shaw, 1998).
Thioredoxin reductase is present in both the cytosol and
mitochondria (Rigobello et al., 1998) where exhibits a
sequence different from that of the cytosolic isoform but,
similarly to the latter enzyme, possess selenium at its active
site (Lee et al., 1999). Selenols are able to bind heavy metals
more efficiently than thiols (Grootveld et al., 1990) and,
therefore, the selenocysteine of thioredoxin reductase appears
as the target of organic gold inhibitors (Gromer et al., 1998a;
Zhong et al., 1998).

In previous research, it was demonstrated that the redox
state of mitochondrial thiols could control the permeability
of the mitochondrial membranes (Bindoli et al, 1997;
Kowaltowski et al., 2001). In this respect, the thioredoxin
system present in mitochondria might play a critical role
(Wudarczyk et al., 1996; Rigobello et al., 1998; Kim et al.,
1999). We have previously demonstrated (Rigobello et al.,
1999) that 13-cis retinoic acid, an inhibitor of thioredoxin
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reductase (Schallreuter & Wood, 1989) is very effective in
inducing mitochondrial permeability transition and release of
cytochrome ¢. Similar effects on mitochondrial membranes
permeability increase were observed with arsenite and
arsenicals, heavy and transition metal cations, quinones,
alloxan and sulfhydryl reagents (Gunter & Pfeiffer, 1990;
Zoratti & Szabo, 1995; Sakurai et al., 2001) that are also
inhibitors or substrates of thioredoxin reductase. In the latter
case they act as electron acceptors (Arnér et al., 1999),
therefore, diverting electrons from thioredoxin reductase that
are no longer fed to its natural substrate, thioredoxin.

In the present paper we report evidence that auranofin is a
potent inducer of mitochondrial permeability transition
possibly referable to its interaction with the mitochondrial
isoform of thioredoxin reductase.

Methods

Rat liver mitochondria were isolated with differential
centrifugation according to Myers & Slater (1957) using a
medium containing 220 mM mannitol, 70 mM sucrose, 1 mM
EDTA and 5 mM HEPES at pH 7.0. In the homogenization
buffer, | mM EGTA was also present but was omitted in the
subsequent washings and in the final resuspension of
mitochondria. Mitochondrial proteins were estimated with
the biuret procedure (Gornall et al., 1949). Mitochondrial
matrix was prepared from mitochondrial suspension
(60 mg ml~' in 20 mM Tris-HCl, pH 7.5) subjected to
freezing and thawing (three times) followed by 30s of
sonication (twice) and 45 min of centrifugation at
100,000 x g. Supernatant was dialyzed overnight against the
same buffer, in order to remove glutathione, and concen-
trated in a pressure dialysis system using an Amicon YM10
membrane. Rat liver mitochondria thioredoxin reductase was
prepared and assayed as described by Rigobello et al. (1998)
and its protein content was measured according to Lowry et
al. (1951). Glutathione reductase was assayed according to
Carlberg & Mannervik (1985). Mitochondrial swelling was
followed spectrophotometrically by the decrease in absor-
bance at 540 nm (Lehninger, 1962). Membrane potential was
assessed by measuring the movements of TPP* (tetraphenyl-
phosphonium ion) across the mitochondrial membrane with a
TPP" selective electrode (Kamo et al., 1979). The ordinate
AY values of the curves were recalculated from the
experimental values in order to obtain a linear scale. Oxygen
uptake was measured polarographically utilizing a Clark-type
oxygen electrode (Estabrook, 1967) inserted in a water-
jacketed chamber (25°C) with constant stirring; the system
was connected to a personal computer (Cazzaro et al., 1996).
The data obtained from the various experiments and
generated via the spectrophotometer, oxygraph or membrane
potential measurement apparatus softwares were stored and
converted to ASCII format. The data pairs format was used to
transfer the data to numerical analysis and graphics software.
Therefore, the data obtained were utilized for averaging the
various curves that are the mean of 5—6 experiments.

Statistical analysis

All the values are the means+S.D. of not less than five
measurements.

Results

As apparent in Figure 1, auranofin, in the presence of
succinate, acts as a potent inducer of mitochondrial
membrane permeability transition both in the presence and
absence of calcium. By comparing Figure 1A,B, it can be
observed that the presence of added calcium to the
incubation mixture, although at a relatively low concentra-
tion (12 uM), markedly reinforces the action of auranofin.
The extent of swelling is concentration-dependent and occurs,
in our conditions, at concentrations as low as 16 nM, while,
at concentrations around 1 uM, the maximal rate and extent
of swelling are reached. Energization by a respiratory
substance such as succinate appears critical for the occur-
rence of swelling since, in its absence, the swelling induced by
1.2 uM auranofin, a concentration more than ten times higher
than that observed to give the maximal swelling (Figure 1A,
trace e) is inhibited by about 70% (Figure 1C, trace f’).
Similarly, de-energization of mitochondria by the uncoupler
CCCP (carbonylcyanide m-chlorophenylhydrazone) completely
prevents swelling (Figure 1C, trace c’). The lack of effect
observed in the absence of succinate or in the presence of the
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Figure 1 Induction of mitochondrial swelling by auranofin. Rat
liver mitochondria (0.25 mg ml~") were incubated at 25°C in 213 mm
mannitol, 71 mm sucrose, 5 mm HEPES-Tris (pH 7.4), 5 mm
succinate, 3 ug ml~' rotenone, and 3 uM oligomycin. In (A) 12 um
CaCl, was also present. In (A) and (B) swelling was triggered by the
addition of auranofin at the following concentrations (nM): a, none;
b, 16; ¢, 33; d, 66; e, 100. In (C) swelling was initiated by 1.2 um
auranofin (g'). Other additions were: a’, 0.5 mm EGTA; b’, no
auranofin; ¢/, 0.3 um CCCP; d’, 0.5 um cyclosporin A; ¢/, 0.6 um
ruthenium red; f', succinate absent.
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uncoupler is probably related to the prevention of calcium
uptake by the mitochondria. This interpretation is reinforced
by taking into account the effects of ruthenium red which is
an inhibitor of the electrophoretic uniport process of calcium
uptake (Moore, 1971), and hence of calcium cycling, and
prevents the swelling induced by 1.2 uM auranofin by more
than 70% (Figure 1C, trace ¢). As expected, EGTA
completely inhibits the swelling induced by auranofin,
indicating the essentiality of calcium ions for the induction
of this change of mitochondrial membrane permeability
properties. Swelling is also completely inhibited by cyclospor-
in A (Figure 1C, trace d’), a drug considered to be a highly
specific inhibitor of the ‘pore’ involved in the mitochondrial
permeability transition (Fournier er al., 1987) indicating that
a specific increase of membrane permeability does occur after
the addition of auranofin.

The effect of auranofin on the mitochondrial membrane
potential is apparent in Figure 2. Rat liver mitochondria, in
the presence of succinate as a respiratory substrate, establish
a membrane potential of about —180 mV. The addition of a
pulse of calcium ions (10 uM) determines a transient decrease,
rapidly re-established, of membrane potential due to calcium
intake. In standard conditions, this potential is maintained
for several minutes. When auranofin is added there is a
progressive decrease of membrane potential followed by a
rapid and total collapse. The duration of the slow phase of
membrane potential decrease is inversely correlated with the
concentration of auranofin added. In the presence of 10 um
auranofin (Figure 2, trace f) the slow phase is no longer
apparent. The addition of EGTA after swelling partially
restores the membrane potential (not shown). The addition of
DTT (dithiothreitol), after the onset of swelling, stops the
latter without reversing the phenomenon, indicating an
involvement of thiol or selenol groups in the action of
auranofin (not shown).

Figure 3 reports the effects of auranofin on mitochondrial
respiration in the presence and absence of EGTA. In the
latter case (Figure 3B) the addition of 2 uM auranofin
determines an increase of succinate-dependent respiration
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Figure 2 Effect of auranofin on mitochondrial membrane potential.
Rat liver mitochondria (1 mg ml~') were incubated at 25°C in
106 mM mannitol, 35 mM sucrose, 62 mm KCl, 15 mm HEPES-Tris
(pH 7.4), 1.4 mM phosphate, 2 ug ml~' rotenone and 5 ym TPP*.
Mitochondria were energized by the addition of 5 mM succinate.
After the addition of a pulse of 10 um CaCl,, auranofin was added at
the following concentrations (uM): a, none; b, 0.5; ¢, 1; d, 2; e, 5; f,
10.

that is not further stimulated by the subsequent addition of
ADP. This increase of respiration is dependent on the
swelling of mitochondria since it does not occur with the
NAD-dependent substrates (not shown) and indicates that no
inhibition of respiration is elicited, at least at this concentra-
tion, by auranofin. Furthermore, in the presence of EGTA,
the ‘uncoupling’ effect of auranofin is no longer occurring
indicating that the mitochondrial energy conservation
mechanism is not affected.

As reported before, auranofin is a potent and specific
inhibitor of thioredoxin reductase (Gromer ez al., 1998a). As
apparent in Figure 4A, when a preparation of mitochondrial
matrix, able to reduce DTNB (5,5-dithiobis(2-nitrobenzoic)
acid) in the presence of NADPH, was treated with auranofin,
the reduction of DTNB was completely inhibited. Further
addition of oxidized glutathione restores the reduction of
DTNB. This partial sensibility to the inhibition by auranofin
indicates the presence of two different reactions, the first
dependent on thioredoxin/thioredoxin reductase and sensitive
to auranofin, while the second depends on the glutathione/
glutathione reductase system and is not inhibited by
auranofin. Figure 4B shows that the isolated and purified
mitochondrial thioredoxin reductase is completely inhibited
by very low concentrations of auranofin (20 nM) in agreement
with the effect observed in the crude matrix, therefore
confirming the sensitivity of the mitochondrial isoform of
the enzyme to this gold complex. A recent paper has shown
that the mitochondrial thioredoxin reductase is inhibited by
aurothioglucose (Kerimova et al., 2000). In both cases, this is
a rather expected result because of the similarity at the active
site, between the mitochondrial and cytosolic isoforms of the
enzyme. It was further tested if, in condition of complete
prevention of swelling, the mitochondrial enzyme can be
inhibited by the same concentrations of auranofin previously
used to induce the membrane permeability transition. When
mitochondria are incubated in the presence of cyclosporin A
and EGTA, in order to absolutely avoid swelling, and are
treated with increasing concentrations of auranofin, a net
inhibition of thioredoxin reductase is apparent (Figure SA).
This result indicates that auranofin is able to easily penetrate
the mitochondrial membrane and that the mitochondrial
isoform of this enzyme can be inhibited in its matrix
environment. In addition, the concentrations of auranofin
able to completely inhibit the enzyme, correspond to those
inducing, in the absence of EGTA and cyclosporin A, the
maximal swelling, thus indicating a direct link between the
two events. Interestingly, in the same experimental condi-
tions, glutathione reductase is not modified at all (Figure 5B).
Triethylphosphine gold chloride (TEPAu) shows a behaviour
superimposable to that of auranofin, while dimethylsulphide
gold chloride (DMSAu) is less efficient (Figure S5A).

Discussion

Alterations of mitochondria by gold-based compounds,
essentially used as anti-arthritic drugs, have been known for
a long time (Stuve & Galle, 1970; Abou-Khalil et al., 1981).
It was previously reported that gold complexes of bidentate
phosphine determine an alteration of mitochondrial functions
possibly acting as uncouplers of oxidative phosphorylation
(Hoke et al., 1988). Their action appears to facilitate the
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Figure 3 Effect of auranofin on mitochondrial oxygen uptake. Rat liver mitochondria (RLM, 1 mg ml~") were incubated in 0.1 M
sucrose, 50 mm KCI, 1 mm MgCl,, 1 mm NaH,PO,, 20 mm HEPES (pH 7.4), 7 mm succinate, 0.3 mM ADP and, when indicated,

2 uM auranofin. In (C), 0.25 mMm EGTA was also present.
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Figure 4 Inhibitory effect of auranofin on mitochondrial thioredoxin
reductase measured both in the matrix (A) and with the purified
enzyme (B). (A) Aliquots of mitochondrial matrix (0.5 mg ml~') were
incubated with 0.25mM NADPH in 0.2wMm Tris-HCl (pH 8.1)
containing 1 mM EDTA. Where indicated, 0.5 uM auranofin and
1 mMm GSSG were also added. (B) Aliquots of purified mitochondrial
thioredoxin reductase (0.2 ug ml~') were incubated at 25°C with
0.25 mM NADPH in 0.2 M Tris-HCI (pH 8.1) containing | mMm EDTA
in the presence or absence of auranofin. Reactions were started by the
addition of 3 mM DTNB and the absorbance followed at 412 nm.

exchange of H" and K" and result of a gross increase of
membrane permeability (Hoke et al., 1988). Although with a
different mechanism, in isolated mitochondria, triethylpho-
sphine gold chloride causes a rapid dissipation of membrane
potential, inhibits state three respiration and decreases
respiratory control ratio (Rush et al., 1987b; Hoke et al.,
1989). It causes a concentration-dependent inhibition of
uncoupler-stimulated respiration that, however, can be
reversed by 2 mM dithiothreitol (Rush ez al., 1987b; Hoke
et al., 1989) indicating that its inhibitory action is exerted
through a reversible binding to sulphhydryl groups. Electron
microscopy of hepatocytes exposed to triethylphosphine gold

chloride reveals that mitochondria are the first organelles to
show an altered ultrastructure. After 60 min of incubation,
they undergo swelling with disruption of the cristae (Rush et
al., 1987a). At variance with the previously reported gold
derivatives, less attention was paid to the interaction of
auranofin with mitochondria. According to Dong et al.
(1997), in some human tumour cell lines, cisplatin resistance
is associated with sensitivity to the killing by a large number
of inhibitors of mitochondrial functions including auranofin.
The latter is effective at very low concentrations and its
action is potentially attributable to the inhibition of complex
III or to an alteration of the membranes.

In the present paper, we report that auranofin acts as a
potent inducer of mitochondrial permeability transition since
it is effective at very low concentrations. Permeability
transition indicates an increase of the mitochondrial inner
membrane permeability possibly dependent on the opening of
an unselective pore, that can be elicited by calcium
accumulation and several inducing agents apparently un-
related from the chemical or functional point of view (Gunter
& Pfeiffer, 1990; Zoratti & Szabo, 1995). The occurrence of
an effective permeability transition is demonstrated by the
marked inhibition exerted by cyclosporin A, the specific
inhibitor of this process. EGTA is a strong inhibitor of the
auranofin-induced permeability transition while, on the
contrary, the presence of calcium ions in the incubation
medium reinforces the action of auranofin, indicating that
calcium acts as the critical factor in the induction of
permeability transition as pointed out by Gunter & Pfeiffer
(1990). The presence of a respiratory substrate appears
relevant for eliciting the effect of auranofin that is no longer
apparent in its absence. In addition, the calcium transport
inhibitor ruthenium red and uncouplers inhibit the auranofin-
induced swelling effect. Altogether, these observations
indicate that calcium ions play a fundamental role in eliciting
the auranofin-dependent swelling. Auranofin, at the concen-
trations used in this study, is completely ineffective in
inhibiting the flux of electrons along the respiratory chain
(Figure 3) at variance with triethylphosphine gold chloride
(Rush et al, 1987b; Hoke et al., 1989). However, at
concentrations higher than 10 uM, auranofin is also able to
inhibit the respiratory chain. Although with different
reactivity, the action of both compounds should be essentially

British Journal of Pharmacology vol 136 (8)
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Figure 5 Effects of gold (I) complexes on the activities of
thioredoxin reductase (A) and glutathione reductase (B) of intact
mitochondria. Rat liver mitochondria (1 mg ml~") were incubated at
25°C for 5 min in 107 mM mannitol, 35 mM sucrose, 62 mm KCI,
15 mm HEPES-Tris (pH 7.4), 6.5 um rotenone, 0.25 mm EGTA,
1.5 um cyclosporin A and the indicated concentrations of auranofin,
TEPAu and DMSAu in a final volume of 12 ml. Reactions were
quenched by diluting with 24 ml of cold (4°C) incubation medium
followed by a rapid centrifugation of mitochondria at 6500 x g for
8 min. Mitochondrial pellet was gently resuspended and washed with
the same medium. The final pellet was resuspended in 60 ul of 0.3 M
CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulpho-
nate), and 300 ul of 0.2 wm Tris-HCl (pH 8.1) containing 1 mm
EDTA. The activities of thioredoxin reductase (nmoles DTNB
reduced min~' mg~' protein; (A) and glutathione reductase (nmoles
NADPH oxidized min~' mg~' protein; (B) of solubilized mitochon-
dria were measured as indicated under Methods.

referred to their interaction with thiol groups. Interestingly,
auranofin completely inhibits thioredoxin reductase at
concentrations scarcely affecting thiols (not shown) indicating
a specificity of this compound towards the selenol moiety.
The redox state of soluble and membrane-bound mitochon-
drial thiol groups appears critical for controlling the perme-
ability conditions of the membrane since, in general, swelling is
stimulated by thiol blocking or oxidizing agents and is
prevented by thiol reducing agents (Siliprandi et al., 1978;
Kowaltowski et al., 2001). However, in the presence of
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