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Abstract 

The thioredoxin system, composed of thioredoxin reductase (TrxR), thioredoxin (Trx), and NADPH 

(Nicotinamide adenine dinucleotide phosphate), plays a central role in regulating cellular redox homeostasis and 

signaling pathways. TrxR, overexpressed in many tumor cells and contributing to drug resistance, has emerged 

as a new target for anticancer drugs. Gold complexes have been validated as potent TrxR inhibitors in vitro in 

the nanomolar range. In order to obtain potent and selective TrxR inhibitors, we have synthesized a series of 

linear, ‘auranofin-like’ gold(I) complexes all containing the [Au(PEt3)]
+
 synthon and the ligands: Cl

-
, Br

-
, 

cyanate, thiocyanate, ethylxanthate, diethyldithiocarbamate and thiourea. Phosphine gold(I) complexes 

efficiently inhibited cytosolic and mitochondrial TrxR at concentrations that did not affect the two related 

oxidoreductases glutathione reductase (GR) and glutathione peroxidase (GPx). The inhibitory effect of the 

redox proteins was also observed intracellularly in cancer cells pretreated with gold(I) complexes. Gold(I) 

compounds were found to induce antiproliferative effects towards several human cancer cells some of which 

endowed with cisplatin or multidrug resistance. In addition, they were able to activate caspase-3 and induce 

apoptosis observed as nucleosome formation and sub-G1 cell accumulation. The complexes with thiocyanate 

and xanthate ligands were particularly effective in inhibiting thioredoxin reductase and inducing apoptosis. 

Pharmacodynamic studies in human ovarian cancer cells allowed for the correlatation of intracellular drug 

accumulation with TrxR inhibition that leads to the induction of apoptosis via the mitochondrial pathway. 

 

Keywords: Thioredoxin reductase, phosphine metal complexes, apoptosis, drug resistance, cytotoxicity, 

oxidative stress 
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1. Introduction 

 

Auranofin, triethylphosphine(2,3,4,6-tetra-O-acetyl-β-1-D-thiopyranosato-S)gold(I), is the first metal 

phosphine complex introduced into clinical practice for chrysotherapy, the treatment of rheumatoid arthritis 

with gold-based drugs [1], following the pioneering studies conducted with gold(I) thiolate compounds [2]. In 

contrast to the polymeric nature of the latter, auranofin is a discrete monomeric complex [3] composed of a 

tertiary phosphine and a thioglucose coordinated to the metal having bond lengths and angles [3] similar to 

those of typical two-coordinate, linear gold(I) compounds [4]. In this simple molecule the neutral 

triethylphosphine ligand was described as conferring membrane permeability while the mono-anionic 

tetraacetylthioglucose was reported as being displaced quite rapidly in vivo. Extensive multinuclear (
1
H, 

13
C and 

31
P) NMR studies, which focused on the interaction of auranofin with serum albumin, have established that the 

drug appears to react at the albumin cys-34 site via a ligand-exchange reaction that displaces the sulphydryl 

group [5]. Both deacetylated auranofin and the parent [AuCl(PEt3)] complex form the same [(Et3P)Au(S-alb)] 

adduct by displacement of the anion. By studying reactions with auranofin instead of the unstable deacetylated 

form, under conditions approximating those in vivo, such adduct formation is of the first-order in auranofin with 

a rate constant of 2.9 ± 0.2 s
-1

 [6]. These data support the view that auranofin (or its deacetylated metabolite) 

should have a very short lifetime after entering the bloodstream where albumin is present in excessive amount 

(10-40 fold) compared to the gold drug [6]. To corroborate this hypothesis, Christodoulou et al. [7]
 
reported a 

conformational change in albumin that accompanies gold binding to cys-34. Taken together the above studies 

indicate that the pharmacokinetic of auranofin appears to be markedly affected by the lability of the metal-

thioglucose bond, thereby suggesting that subtle modification of this interaction could produce changes in the 

biological profile of the drug.  

Auranofin was shown to possess in vivo antitumor activity against P388 murine leukemia and in vitro 

cytotoxic potency against both B16 melanoma and P388 leukemia cells for two decades [8]. However, very 

recently, additional in vitro studies indicated that auranofin is able to overcome cisplatin resistance in human 
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ovarian cancer cells [9], confirming the earlier assumption that a mechanism of action different from the 

recognized DNA damage induced by cisplatin could underlie the cytotoxic activity of phosphine Au(I) drugs. In 

particular, it was found that auranofin, acting as a potent inhibitor of thioredoxin reductase, causes an alteration 

of the redox state of the cell leading to an increased production of hydrogen peroxide and oxidation of the 

components of the thioredoxin (Trx) system, therefore creating the conditions for enhanced apoptosis [9].  

 

Among TrxR inhibitors, gold compounds are very effective, acting at nanomolar levels, probably due to the 

high affinity of gold towards chalcogenides (group 16 donors including S, Se and Te) which renders the 

nucleophilic selenolate of reduced TrxR the prime target site of modification by this metal. Hence, as pointed 

out above, the linear structure of auranofin and especially the lability of the thioglucose group appears to play a 

peculiar role both in the pharmacokinetic profile and in the cytotoxic effect of this molecule. It was also shown 

that phosphinegold(I) thiolates were more cytotoxic than gold(I) thiolates, and that phosphinegold(I) thiolates 

had more promising cytotoxicity profiles than their chloride analogues, indicating the importance of both the 

phosphine and the thiolate ligand for cytotoxic activity. We have consequently synthesized a series of 

„auranofin-like‟ gold(I) complexes maintaining intact the [Au(PEt3)]
+
 moiety and replacing the thioglucose 

anion with other mono-dentate ligands which have binding potential to gold(I). This series comprises of 

common gold(I) precursors such as [AuCl(PEt3)] (1) and [AuBr(PEt3)] (2) along with complexes containing 

mainly sulfur donor atoms having different nucleophilicity such as diethyldithiocarbamate (dedc), xanthate 

(xant), thiocyanate (SCN), thiourea (tu), and cyanate (CN) (see Scheme 1). The choice of these co-ligands was 

based on the rationale to optimize or customize TrxR inhibition by changing the thioglucose residue of 

auranofin, and on the availability of relatively simple synthetic procedures already reported in the literature for 

the preparation of linear phosphine gold(I) complexes. Thiocyanate and cyanide represent gold ligands involved 

in human metabolism of auranofin-like gold(I) complexes whose major pathway implicates myeloperoxidase 

[10].
 
Dithiocarbamates (DTCs) and xanthate are well known heavy-metal chelating agents which possess 

various biological activities [11]. Due to their lipophilic character, they may allow the formation of bioactive 

metal complexes with great tendency to cross the cell membrane by passive diffusion. Certain phosphine gold(I) 
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xanthate and dithiocarbamate compounds have proved to possess antiarthritic and in vitro antitumor activities 

[12]. Moreover, some gold(III)-DTC complexes have recently demonstrated an outstanding potential as 

anticancer agents able to overcome cisplatin resistance [13]. 

 

In the current study we have assessed the antitumor properties of these gold(I) compounds towards a wide 

panel of human cancer cell lines also including cisplatin and multidrug resistant (MDR) phenotypes. Gold(I) 

complexes were evaluated for their capacity to inhibit cytosolic and/or mitochondrial isoforms of TrxR, both in 

vitro (in a cell-free system) and in human ovarian cancer cells. The inactivation of the closely related enzymes 

glutathione reductase (GR) and glutathione peroxidase (GPx) was also examined with the aim of assessing 

gold(I) complex selectivity. Finally, reactive oxygen species (ROS) production and triggering of apoptosis in 

treated cancer cells, consequent to cellular TrxR targeting, have been investigated.  
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2. Material and methods 

 

2.1. Synthesis 

 

All reagents and [AuCl(PEt3)], (1), were purchased from Aldrich (St. Louis, MO, USA) and used without 

further purification. Phosphine gold(I) complexes were prepared in accordance with published procedures.   

 

2.1.1. [AuBr(PEt3)], (2), was prepared as described by El-Etri et al. [14] 
1
H NMR (CDCl3, δ) 1.21 (dt, 

P(CH2CH3)3, 9H; 
3
JHH = 7.6 Hz, 

3
JHP = 18.9 Hz), 1.84 (dq, P(CH2CH3)3, 6H; 

3
JHH = 7.6 Hz, 

3
JHP = 18.9 Hz). 

13
C{

1
H} NMR (CDCl3, δ) 11.78 (s, P(CH2CH3)3), 21.02 (d, P(CH2CH3)3); 

1
JCP = 35.9 Hz). 

31
P{

1
H} NMR 

(CDCl3, δ) 35.18 (s). 

 

2.1.2. [Au(CN)(PEt3)], (3), was prepared as described by El-Etri et al. [14] 
 1

H NMR (CDCl3, δ) 1.21 (dt, 

P(CH2CH3)3, 9H; 
3
JHH = 7.6 Hz, 

3
JHP = 18.6 Hz), 1.84 (m, P(CH2CH3)3, 6H). 

31
P{

1
H} NMR (CDCl3, δ) 36.81 

(s). 

 

2.1.3. [Au(SCN)(PEt3)], (4), was prepared as described by El-Etri et al. [14] 
1
H NMR (CDCl3, δ) 1.23 (dt, 

P(CH2CH3)3, 9H; 
3
JHH = 7.6 Hz, 

3
JHP = 18.6 Hz), 1.89 (m, P(CH2CH3)3, 6H), 

31
P{

1
H} NMR (CDCl3, δ) 37.23 

(s). 

 

2.1.4. [Au(dedc)(PEt3)], (5) was prepared according to de Vos et al. [11] 
1
H NMR (CDCl3, δ) 1.19 (t, 

>CN(CH2CH3)2, 6H; 
3
JHH = 7.6 Hz), 1.21 (dt, P(CH2CH3)3, 9H; 

3
JHH = 7.6 Hz, 

3
JHP = 18.9 Hz), 1.83 (m, 

P(CH2CH3)3, 6H), 3.89 (q, >N(CH2CH3)2, 4H; 
3
JHH = 7.6 Hz). 

13
C{

1
H} NMR (CDCl3, δ) 11.72 (s, 

P(CH2CH3)3), 15.00 (s, >N(CH2CH3)2),  21.33 (d, P(CH2CH3)3); 
1
JCP = 33.6 Hz). 

31
P{

1
H} NMR (CDCl3, δ) 

34.76 (s). 
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2.1.5. [Au(xant)(PEt3)], (6) was prepared according to de Vos et al. [11] 
1
H NMR (CDCl3, δ)), 1.25 (dt, 

P(CH2CH3)3, 9H; 
3
JHH = 7.6 Hz, 

3
JHP = 18.9 Hz), 1.39 (t, >COCH2CH3, 3H; 

3
JHH = 7.1 Hz) 1.84 (m, 

P(CH2CH3)3, 6H), 4.50 (q, >COCH2CH3, 2H; 
3
JHH = 7.1 Hz). 

13
C{

1
H} NMR (CDCl3, δ) 11.84 (s, P(CH2CH3)3), 

16.91 (s, >COCH2CH3),  21.02 (d, P(CH2CH3)3); 
1
JCP = 33.9 Hz). 

31
P{

1
H} NMR (CDCl3, δ) 36.65 (s).  

 

2.1.6. [Au(tu)(PEt3)][Cl], (7), was synthesised by the method used by Coates et al. [15] to prepare the 

bromide analog. 
1
H NMR (dmso-d6, δ) 1.09 (dt, P(CH2CH3)3, 9H; 

3
JHH = 7.6 Hz, 

3
JHP = 19.2 Hz), 1.90 (m, 

P(CH2CH3)3, 6H), 7.27 (broad s, 4H; SC(NH2)2). 
31

P{
1
H} NMR (CDCl3, δ) 36.31 (s). 

 

2.1.7. [Au(2,3,4,6-tetra-O-acetyl-β-1-D-thiopyranosato-S)(PEt3)], (8) Auranofin was obtained from Alexis 

Biochemicals (Lausen, Switzerland) or it was prepared according to Sutton et al. [16] 
1
H NMR (CDCl3, δ) 1.22 

(dt, P(CH2CH3)3, 9H; 
3
JHH = 7.6 Hz, 

3
JHP = 18.4 Hz), 1.85 (m, P(CH2CH3)3, 6H), 1.98, 2.01, 2.05 and 2.08 (four 

s, -OCH3, 3+3+3+3 H), 3.71 (bs, 1H), 4.09 (d, 1H), 4.24 (dd, 1H), 4.99 (m, 1H), 5.12 (m, 3H) (methine and 

methylene H of the thioglucopyranosato backbone). 
31

P{
1
H} NMR (CDCl3, δ) 38.06 (s). 

 

2.2. Experiments with human cells 

 

Cisplatin, auranofin and the synthesized complexes, along with the corresponding uncoordinated ligands, 

were dissolved in DMSO, just before the experiment. Calculated amounts of drug solution were added to the 

growth medium to a final solvent concentration of 0.5%, which had no discernible effect on cell killing. MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and cisplatin were obtained from Sigma-

Aldrich, St. Louis, MO, USA.  

 

2.2.1. Cell cultures. Human lung (A549), breast (MCF-7), colon (HCT-15) and cervix (HeLa) carcinoma cell 

lines along with melanoma (A375) and promyelocytic leukemia (HL60) cell lines were obtained by ATCC, 
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Rockville, MD. 2008 cell line, its cisplatin-resistant (C13*) and –revertant (RH4) variants, , are human ovarian 

cancer cells kindly provided by Prof. G. Marverti (Dept. of Biomedical Science of Modena University, Italy). 

A431 and A431-Pt are sensitive and resistant human cervix carcinoma cells, respectively; they were kindly 

provided by Prof. F. Zunino (Division of Experimental Oncology B, Istituto Nazionale dei Tumori, Milan, 

Italy). LoVo human colon-carcinoma cell line and its derivative multidrug-resistant subline (LoVo MDR) were 

kindly provided by Prof. F. Majone (Department of Biology of Padova University, Italy). The human parental 

lung carcinoma U1285 cell line was obtained from ATCC (American Type Culture Collection) whereas its 

doxorubicin-resistant subline U1285dox, was selected to tolerate 1.6 μM doxorubicin as previously described 

[17]. Cell lines were maintained in the logarithmic phase at 37°C in a 5% carbon dioxide atmosphere using the 

following culture media containing 10% foetal calf serum (Euroclone, Milan, Italy), antibiotics (50 units·mL
-1 

penicillin and 50 µg·mL
-1 

streptomycin) and 2mM l-glutamine : i) RPMI-1640 medium (Euroclone) with 25 

mM HEPES buffer for HL60, MCF-7, HCT-15, 2008, C13*, RH4, A431, A431-Pt, U1285 and U1285dox cells; 

ii) F-12 HAM‟S (Sigma-Aldrich) for HeLa, LoVo and LoVo MDR cells; iii) D-MEM medium (Euroclone), for 

A549 and A375 cells. LoVo MDR culture medium also contained 0.1 µg·mL
−1

 doxorubicin. 

 

2.2.2. Cytotoxicity assay. The growth inhibitory effect towards tumor cell lines was evaluated by means of 

MTT (tetrazolium salt reduction) assay [18].
 
Briefly, 3-8·10

3
 cells/well, dependent upon the growth 

characteristics of the cell line, were seeded in 96-well microplates in growth medium (100 µL) and then 

incubated at 37°C in a 5% carbon dioxide atmosphere. After 24 h, the medium was removed and replaced with a 

fresh one containing the compound to be studied at the appropriate concentration. Triplicate cultures were 

established for each treatment. After 48 or 72 h, each well was treated with 10 µL of a 5 mg·mL
-1

 MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) saline solution, and after 5 h of incubation, 100 µL of a 

sodium dodecylsulfate (SDS) solution in HCl 0.01 M was added. After overnight incubation, the inhibition of 

cell growth induced by the tested complexes was detected by measuring the absorbance of each well at 570 nm 

using a Bio-Rad 680 microplate reader. Mean absorbance for each drug dose was expressed as a percentage of 
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the control untreated well absorbance and plotted vs drug concentration. IC50 values represent the drug 

concentrations that reduced the mean absorbance at 570 nm to 50% of those in the untreated control wells. 

 

2.2.3. Cellular uptake. 2·10
6
 2008 cells were seeded in 75 cm

2
 flasks in growth medium (20 mL). After 24 h, 

the medium was replaced and the cells incubated for 6, 12 and 18 h in the presence of tested gold complexes. 

Cell monolayers were washed twice with cold PBS and harvested. Samples were subjected to three 

freezing/thawing cycles at -80 °C, and then vigorously vortexed. Aliquots were removed for the determination 

of protein content by the Lowry assay [19]. The samples were added of 5 mL 65% nitric acid and transferred 

into a microwave teflon vessel. Subsequently, samples were digested using a speed wave MWS-3 Berghof 

instrument (Eningen, Germany). After cooling, each mineralized sample was poured into a plastic vial and 

diluted to 10 mL with ultra pure water. The determinations of gold were performed by using an axial ICP-OES 

Liberty, Series II, Varian (Palo Alto, CA, USA), at the wavelength 242.795 nm. The calibration curve was 

obtained using known concentrations of standard solutions purchased by Sigma-Aldrich. 

 

2.3. Enzyme inhibition 

 

2.3.1. Isolation and purification of thioredoxin reductases from rat liver cytosol and mitochondria. Highly 

purified cytosolic thioredoxin reductase (TrxR1) was prepared according to Luthman and Holmgren [20] 

starting from rat liver cytosol obtained after centrifugation of the liver homogenate at 45,000g for 1 h. 

Mitochondrial thioredoxin reductase (TrxR2) was purified from liver mitochondria following the procedure of 

Rigobello et al. [21].
 
After affinity chromatography (2', 5'-ADP-sepharose), the enzymes were further purified 

by chromatography through a ω-aminohexyl-sepharose 4B column. Briefly, the fractions obtained after the 

affinity chromatography step were concentrated by ultrafiltration and than applied on a ω-aminohexyl-sepharose 

4B column equilibrated with 50 mM Tris-HCl buffer (pH 7.5) and the enzymatic fraction was eluted with a 

linear gradient of NaCl (from 0.0 to 0.8 M). The enzyme showed a unique band on SDS-PAGE.  
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2.3.2. In vitro TrxR1 and TrxR2 inhibition. The assay was performed in 0.2 M Na, K-phosphate buffer (pH 

7.4) containing 2 mM EDTA, 0.25 mM NADPH and about 0.5-2 µg of TrxR protein. The reaction was initiated 

by the addition of 3 mM DTNB (5,5‟-dithiobis (2-nitrobenzoic acid)) to both sample and reference and the 

increase of absorbance was monitored at 412 nm over 5 min at 25 °C. Enzyme activity was calculated taking 

into account that 1 mole of NADPH yields 2 moles of CNTP anion (reduced DTNB). 

 

2.3.3. In vitro GR inhibition. Glutathione reductase activity was estimated at 25 °C in 0.1 M Tris/HCl (pH 

8.1) containing 0.2 mM NADPH. Reactions were started by the addition of 1 mM GSSG and followed 

spectrophotometrically at 340 nm.  

 

2.3.4. In vitro GPx inhibition. Glutathione peroxidase activity  was estimated at 25 °C in 50 mM Hepes/Tris 

(pH 7.0) and EDTA 3 mM, 0.3 mM NADPH, 5 mM GSH and 0.25 mM tert-butyl hydroperoxide according to 

Little et al. [22].
 

 

2.3.5. Inhibition of redox enzymes by gold(I) complexes in cells. 2008 cells were grown in 75 cm
2
 flasks at 

confluence and treated with gold complexes at concentrations corresponding to IC50 values for 18 h. At the end 

of incubation time, cells were collected, washed with PBS and centrifuged. Each sample was then lysed with 

RIPA buffer modified as follows: 150 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 1 % SDS, 1% DOC, 1 

mM NaF, 1 mM EDTA, and immediately before use, an anti-protease cocktail (Roche, Basel, Switzerland) 

containing PMSF was added supplemented with protease inhibitors. Samples were tested for thioredoxin 

reductase (0.080 mg proteins), glutathione reductase (0.080 mg proteins) and glutathione peroxidase (0.5mg 

proteins) activities as above described. 

 

2.4 Apoptosis studies 
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2.4.1. Caspase-3 activation. Caspase-3 activity was detected by using the ApoAlert Caspase-3 Fluorescent 

Assay Kit (Clontech, Mountain View, CA, USA) according to the manufacturer‟s recommended procedures. 

2008 cells (1 10
6
)
 
were collected after 12 h of incubation in the presence of tested compounds (at concentrations 

corresponding to IC50 values) and lysed on ice in 50 µL of lysis buffer for 10 min, then treated with 50 µL of 

reaction buffer containing dithiothreitol (DTT) and 5 µL of caspase-3 substrate solution (Asp-Glu-Val-Asp-7-

amino-4-trifluoromethyl-coumarin [DEVD-AFC], Clontech). The fluorescence was determined with a Perkin-

Elmer 550 spectrofluorometer (excitation 440 nm, emission 505 nm). The caspase-3 activity was expressed as 

the increase of the AFC-emitted fluorescence. 

 

2.4.2. Nuclear DNA fragmentation. 2008 or C13* cells (10
4
 per well) were treated in a 96-well plate at 37°C 

for 24 h with IC50 concentration of tested compounds, 1.5 μM auranofin and 25 μM cisplatin. Afterwards, the 

plate was centrifuged for 10 min, the supernatant removed, and the pellet treated according to the 

manufacturer‟s instructions of the ELISA
plus

 cell death detection kit (Roche). The extent of nuclear 

fragmentation was measured in a plate reader following absorbance at 405 minus 492 nm. 

 

2.4.3. DAPI and Hoechst 33342 staining. 2008 cells were seeded into 8-well tissue-culture slides (BD 

Falcon, Bedford, MA, USA) at 5·10
4
 cells/well (0.8 cm

2
). After 24 h, cells were washed twice with PBS and 

following 24 h of treatment with IC50 concentration of tested complexes cells were fixed in 4% freshly prepared, 

ice-cold paraformaldehyde, postfixed in ethanol and air-dried. Slides were then stained for 5 min with 5 µg/mL 

4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich,) or 1 mg/mL Hoechst (Sigma-Aldrich,) in PBS before 

being examined by fluorescence microscopy (Olympus BX41, Cell F software, Olympus, Munster, Germany). 

 

2.5. Reactive oxygen species (ROS) production  

 

The production of ROS was measured in 2008 cells (10
4
 per well) grown for 24 h in a 96-well plate in RPMI 

1640 without phenol red. Cells were then washed in PBS/10 mM glucose and loaded with 10 μM 2',7'-
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dichlorodihydrofluorescein diacetate (H2-DCFDA) (Molecular Probes-Invitrogen, Eugene, OR) for 20 min, in 

the dark. Afterwards, the cells were washed with the same medium and incubated with IC50 concentration of 

tested compounds. Fluorescence increase of DCFDA was estimated utilizing the wavelengths of 485 nm 

(excitation) and 527 nm (emission) in a Fluoroskan Ascent FL (Labsystem, Finland) plate reader. Antimycin (3 

µM, Sigma), a potent inhibitor of Complex III in the electron transport chain, was used as positive control. 

 

2.6. Flow cytometric analysis 

 

Drug-induced cell cycle effects and DNA fragmentation were analysed by flow cytometry after DNA 

staining with propidium iodide (PI) according to Nicoletti et al. [23].
 
Briefly, 2008 cells (5·10

5
 cells) were 

exposed for 1-24 h to tested compound concentrations corresponding to IC50 values. PI solution (1 mL) 

containing 50 g/mL of PI, 0.1% m/v of Triton X-100 and 0.01% m/v of sodium citrate, was added to cells and 

then incubated for 25 minutes at 4°C in the dark. Induced cell death was determined as percentage of 

hypodiploid nuclei counted over the total cell population measured by FACScalibur flow cytometer (Becton–

Dickinson, CA, USA) using a 550-600 nm filter. Analysis was performed by Cell Quest software (Becton–

Dickinson).  

 

2.7. Statistical analysis 

 

All the values are the means ± SD of not less than five measurements. Multiple comparisons were made by 

one-way analysis of variance followed by Tukey-Kramer multiple comparison test or ANOVA test 

(***p<0.001; ** p<0.01; * p<0.05). 
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3. Results  

 

3.1. Synthesis of phosphine gold(I) complexes  

 

Phosphine gold(I) complexes were prepared according to the literature procedures as outlined in Figure 1. 

The commercially available complex [AuCl(PEt3)] (1) was utilized as the precursor of gold(I) compounds 

which were obtained by replacing directly, or via the aquo derivative, the labile chloride group. By reactions 

with the pertinent salt (NaBr, KCN and KSCN) in aqueous solutions, the aquo intermediate species gave the 

corresponding neutral bromo, (2) cyano (3) and thiocyanato (4) complexes [10], respectively. Direct mixing of 

[AuCl(PEt3)] and sodium diethyldithiocarbamate (Nadedc) or potassium xanthate (Kxant) in ethanol/water 

solutions afforded neutral [Au(dedc)(PEt3)] (5) and [Au(xant)(PEt3)] (6) complexes [11], whereas mixing with 

thiourea (tu) gave the monocationic complex [Au(tu)(PEt3)][Cl] (7) [15]. The physico-chemical data of these 

compounds correlate well with the analytical data of the corresponding complexes reported in the literature. 

 

For comparison purposes, Table 1 shows selected X-ray parameters and 
31

P NMR chemical shifts of the 

triethylphosphine gold(I) compounds utilised in our study. X-ray data taken from the literature confirm that the 

molecular structure of all of these complexes adopts a near-linear arrangement (P-Au-X angle in the narrow 

173.6 – 178.7° window). The Au-P distance is a little affected by the nature of the trans-coordinated atom, 

being restricted in the 2.245-2.265 Å range in the case of trans-S donors, and slightly lengthened at 2.288 Å by 

the cyano group [24]. On the other side, the Au-S distance lengthens from 2.293 Å in Auranofin [24]
 
 to 2.337 Å 

in the dedc derivative [25], suggesting that the metal S-thioglucose bond may be considered stronger than the 

metal S-dithiocarbamate bond. The analysis of NMR data establishes that coordination of PEt3 to Au(I) induces 

a significant downfield shift of the 
31

P signal from – 17.8 ppm in uncoordinated PEt3 to ca. 35 ± 3 ppm in the 

gold complexes pointing toward a strong metal phosphine interaction. The larger downfield shift is observed for 

Auranofin, suggesting that this complex has the strongest metal-P bond in the series. 
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We have also checked the stability of these gold(I) complexes in the reconstituting solvent DMSO by means 

of NMR. All of them were found to be stable for the time necessary before addition to the growth medium. 

However, the cyano and xant derivatives appears less stable. As previously reported [26], the cyano complex 

undergoes a disproportionation reaction as specified in Eq(I) below 

2[(Et3P)-Au-CN]    ↔    [Au(CN)2]
-
   +   [Au(PEt3)2]

+
          Keq = 0.36              Eq(I) 

 

3.2. Cytotoxicity Studies  

 

Gold(I) complexes and the corresponding uncoordinated ligands were examined for their cytotoxic 

properties against a panel of human tumor cell lines including lung (A549), colon (HCT-15), breast (MCF-7) 

and cervical (HeLa) cancers along with leukemia (HL60) and melanoma (A375). Under the same experimental 

conditions, cisplatin and auranofin were also evaluated, the former as the most widely used anticancer 

metallodrug and the latter as the reference phosphine gold(I) compound. IC50 values, calculated from the dose-

survival curves obtained after 72 h of drug treatment from the MTT test, are shown in Table 2. Uncoordinated 

ligands proved to be quite ineffective against all tumor cell lines (data not shown). Although the 

[Au(tu)(PEt3)][Cl] complex showed a cytotoxic potency higher than that of cisplatin, it proved to be roughly 5-

times less effective than auranofin in decreasing cell viability over 6 cancer cell types. [Au(dedc)(PEt3)], 

[AuCl(PEt3)] and [AuBr(PEt3)] complexes showed a cytotoxic activity in the sub-micromolar range against all 

cancer cell lines, with IC50 average values from about 15- to 20-fold lower than those obtained with cisplatin 

and comparable with those exhibited by the phosphine gold(I) reference drug. The most effective compounds 

were [Au(xant)(PEt3)], [Au(CN)(PEt3)] and [Au(SCN)(PEt3)]. Xanthogenate, cyanate and thiocyanate gold(I) 

complexes showed IC50 average values of about 80 and 2 times lower than that of cisplatin and auranofin, 

respectively. Interestingly, they appeared efficient against human non-small lung A549 and colon HCT-15 

cancer cells, notoriously poorly sensitive to cisplatin, thus reflecting their ability to overcome intrinsic cisplatin 
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resistance. Moreover, classical clonogenic assays were performed in 2008 human ovarian cancer cells exposed 

to tested compounds and results were found very consistent with data obtained with MTT test (data not shown). 

The encouraging results obtained against the in-house panel of cell lines prompted us to test the cytotoxic 

activity of these gold(I) complexes onto three additional cell line pairs, two of which (2008/C13* human 

ovarian cancer cells and A431/A431-Pt human cervix carcinoma cells) had been in vitro selected for their 

resistance to cisplatin and two (U1285/U1285dox human lung cancer cells and LoVo/LoVoMDR human colon 

adenocarcinoma cells) selected for their resistance to doxorubicin, thus retaining the MDR phenotype. Although 

cisplatin resistance is multifactorial, the main molecular mechanisms involved in C13* and A431-Pt cell 

resistance have almost been defined. In particular, in human ovarian cancer C13* cells, resistance is correlated 

to reduced cellular drug uptake, high cellular glutathione and thioredoxin reductase levels [9], and enhanced 

repair of DNA damage [27]. In human squamous cervical carcinoma A431-Pt cells, resistance is due to defect in 

drug uptake and to decreased levels of proteins involved in DNA mismatch repair (MSH2), causing an increased 

tolerance to cisplatin-induced DNA damage [28]. Cytotoxicity of tested compounds in cisplatin sensitive and 

resistant cells was assessed after a 48-h drug exposure by the MTT test (Table 3). Cross-resistance profiles were 

evaluated by means of the resistance factor (RF), which is defined as the ratio between IC50 values calculated 

for the resistant cells and those arising from the sensitive ones. All the tested gold(I) complexes, as well as 

auranofin, exhibited a different cross-resistance profile than that of cisplatin. RF values calculated for all gold(I) 

complexes were about 2 and 10 times lower than those calculated for cisplatin against human cervix and ovarian 

cancer cell line pairs, respectively. These results attesting their ability to overcome resistance in both cisplatin 

phenotypes (C13* and A431/Pt) strongly support the hypothesis of a different pathway of action of these gold(I) 

complexes from that of cisplatin. Table 3 also reports data obtained in RH4 cisplatin-revertant cells, a cisplatin-

sensitive cell line obtained from C13* subline after reverting cisplatin resistance [29]. RH4 revertant cells have 

been isolated from C13* cells by selection with the lipophilic cation rhodamine123. The RH4 cells lost a 

substantial portion of their cisplatin resistance, being only 2- to 3-fold resistant to cisplatin. Despite this major 

loss of resistance, they retained a number of the phenotypic features related to cisplatin resistance, observed in 

C13* cells [29]. As a whole, against RH4 cells, the behavior of all gold complexes was comparable to that 
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elicited in the cisplatin sensitive 2008 cell line, even if Au(SCN)PEt3  emerged as the most efficient in inhibiting 

RH4 cell growth.  

 

Acquired multidrug resistance (MDR), whereby cells become refractory to multiple drugs, poses a very 

important challenge to the success of anticancer chemotherapy. The resistance of U1285dox cells to 

doxorubicin, a drug belonging to the MDR spectrum, is an atypical multidrug-resistance characterised by the 

absence of the P-glycoprotein (P-gp) overexpression as well as by the overexpression of MRP1 [30]. Recently, 

in U1285dox cells, the basal level of active TrxR has been found significantly higher (1.5-fold) than in the drug 

sensitive U1285 cells [17]. On the contrary, in LoVo/MDR cells, resistance to doxorubicin is associated with an 

overexpression of the multispecific drug transporters, such as the 170 kDa P-glycoprotein [31]. Cytotoxicity of 

tested compounds in wild-type and MDR strain cells was assessed after a 48 h drug exposure by the MTT test 

(Table 4). The calculation of an RF average value from about 35 to 88 times lower than that obtained with 

doxorubicin, in U1285dox and LoVo/MDR, respectively, clearly suggests that gold(I) complexes are not 

potential MDR substrates. [Au(xant)(PEt3)], [Au(CN)(PEt3)] and [Au(SCN)(PEt3)] were particularly powerful 

in decreasing viability of both resistant phenotypes. 

 

3.3. Inhibition of purified thioredoxin reductase, glutathione peroxidase and glutathione reductase  

 

The inhibitory effects of gold(I) complexes toward cytosolic or mitochondrial isoforms of isolated rat TrxR 

were measured according to the current procedures [20]. Gold(I) complexes were tested at increasing 

concentrations and IC50 values were calculated from the dose-effect curves (Table 5). The cytosolic isoform 

appeared markedly inhibited by all gold(I) derivatives at nanomolar concentrations. Some complexes such as 

[Au(xant)(PEt3)] and [Au(dedc)(PEt3)] exhibited IC50 values lower than that determined after auranofin 

treatment whereas [Au(CN)(PEt3)] and [Au(tu)(PEt3)][Cl] showed an inhibitory potency similar to that observed 

for auranofin. The IC50 values calculated for [AuCl(PEt3)], [Au(SCN)(PEt3)] and [AuBr(PEt3)] appeared slightly 

lower than those determined for auranofin. 
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Mitochondrial thioredoxin reductase appeared less sensitive to the inhibitory effect promoted by the tested 

complexes and higher concentrations were required for a reduction of 50% of TrxR2 activity (Table 5). 

Moreover, the IC50 values obtained with all gold(I) derivatives were higher than that obtained with auranofin, 

excluding those calculated for [Au(xant)(PEt3)] and [Au(dedc)(PEt3)]. The difference in sensitivity to gold 

derivatives is a common feature of the two thioredoxin reductases and possibly depends on the different 

sequence of the two isoforms and the greater acidity of cytosolic thioredoxin reductase [32]. 

With the aim of attesting the selectivity of phosphine gold(I) compounds toward thioredoxin reductase 

isoenzymes, we had also performed glutathione reductase and peroxidase inhibition tests. IC50 values were 

calculated from the dose-effect curves obtained testing gold(I) complexes within the 1-100 µM range (Table 5). 

[Au(tu)(PEt3)][Cl] appeared the most active in reducing Gpx activity, while [Au(SCN)(PEt3)] markedly 

inhibited glutathione reductase. However, glutathione reductase and glutathione peroxidase were affected by all 

complexes in the micromolar range of concentration, i. e. three orders of magnitude higher than those required 

for TrxR inhibition. These results clearly suggest that these complexes preferentially inhibit thioredoxin 

reductase over the other redox enzymes. 

 

3.4. Effects of gold(I) complexes on redox enzymes in human ovarian cancer cells 

 

TrxR inhibition was also evaluated in 2008 cells treated for 18 h with IC50 concentrations of gold(I) 

complexes. As illustrated in Fig. 2A, all tested complexes showed IC50 values comparable with that obtained 

with auranofin; [Au(CN)(PEt3)], [Au(SCN)(PEt3)] and [AuBr(PEt3)] were the most active derivatives, being 

able to decrease cellular TrxR activity by approximately 90, 92 and 94% with respect to untreated cells. 

Similarly to the isolated enzymes, also in cultured cells glutathione reductase and peroxidase were inhibited 

by gold(I) complexes, although far less intensely than thioredoxin reductase. Interestingly, [Au(tu)(PEt3)] [Cl], a 

charged gold(I) compound, noticeably inhibited isolated glutathione peroxidase, but it was far less effective in 
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inhibiting the same enzyme in 2008 cancer cells in line with its scarce permeability to plasmalemma, as shown 

in Fig. 3.  

 

3.5. Cellular uptake 

 

In our previous studies we had highlighted the relationship between auranofin cytotoxicity and cellular 

accumulation [9]. Cellular uptake of phosphine gold(I) complexes was quantified, by means of ICP analysis, in 

2008 cells after a continuous treatment with IC50 concentrations lasting 6, 12 and 18 h. Intracellular 

accumulation was time-dependent and reached the highest levels after 18 h exposure. Most probably, for longer 

treatments the detection may be affected by the strong cytotoxicity induced by gold derivatives. As seen in Fig. 

3, which reports the results after 18 h treatment, [Au(xant)(PEt3)], [Au(dedc)(PEt3)], [Au(CN)(PEt3)] and 

[Au(SCN)(PEt3)] entered cancer cells with a similar efficiency to auranofin, whereas [AuBr(PEt3)] and 

[AuCl(PEt3)] cellular uptake was found roughly 2-fold lower. Conversely, [Au(tu)(PEt3)][Cl] seemed to hardly 

cross cellular plasmalemma giving rise to a cellular gold amount of about 4 times lower compared with the 

reference gold(I) compound. Clearly, the degree of uptake of all gold(I) derivatives correlates well with the 

cytotoxicity data.  

 

3.6. ROS production 

 

It is well-known that mitochondria can generate hydrogen peroxide [33] and, thus, play a crucial role in the 

apoptotic process [34]. Moreover, it has been previously shown that TrxR inhibition alters cell conditions, as the 

increase of hydrogen peroxide concentration due to the prevention of its removal causes an inbalance in cell 

redox conditions, thus leading to mitochondrial membrane permeabilization and swelling [35,36]. On this basis, 

we thought it of interest to measure the modification of H2O2 basal production in 2008 cancer cells treated with 

IC50 concentrations of gold(I) complexes by using the peroxide-sensitive fluorescent probe CM-DCFDA (Fig. 

4). Antimycin, a classic inhibitor of the mitochondrial respiratory chain at the level of complex III, used as a 
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positive control, was able to stimulate the production of hydrogen peroxide. All the compounds were able to 

increase the hydrogen peroxide basal production at a level similar ([AuBr(PEt3)], [Au(tu)(PEt3)][Cl], 

[Au(dedc)(PEt3)]) or higher ([Au(CN)(PEt3)], [Au(SCN)(PEt3)], [AuCl(PEt3)] and [Au(xant)(PEt3)]) than that 

elicited by antimycin. 

 

3.7. Apoptosis and cell cycle studies 

 

It has been previously reported that auranofin and other gold(I) derivatives induce apoptosis in cancer cells 

through the activation of caspases [37,38]. As caspase-3 is a well-known executor enzyme in apoptosis pathway 

[39], we have investigated the ability of gold(I) derivatives to activate caspase-3 in 2008 cells treated for 12 h 

with IC50 concentrations of these compounds. Fig. 5 A shows that all derivatives markedly stimulated caspase-3 

activity with respect to the control. The most active compounds were the gold(I) complexes bearing the cyanate, 

thiocyanate and xanthogenate ligands, with an apoptosis induction about 1.2, 1.4 and 1.6 times greater with 

respect to that induced by auranofin treatment, respectively. On the contrary, [Au(tu)(PEt3)][Cl] was the less 

effective, with a caspase-3 activation roughly 2 times lower compared to that exerted by auranofin.
 

 

Nuclear DNA fragmentation and apoptosome complex formation are critical steps in the apoptotic process 

[40]. DNA fragmentation tests performed on 2008 cells treated for 24 h with IC50 concentrations showed the 

ability of all gold(I) derivatives to increase mono- and oligo-nucleosome formation, although to a different 

extent (Fig. 5 B). In particular, [Au(xant)(PEt3)] appeared the most efficient in inducing DNA fragmentation, 

being able to increase about three times nucleosome formation. [Au(tu)PEt3)][Cl] and [AuCl(PEt3)] were the 

less effective, with a DNA fragmentation about 3 and 10 times lower compared to that exerted by auranofin, 

respectively.  

Figure 5 C shows Hoechst33342 and DAPI stained 2008 cells after 24 h treatment with IC50 concentrations 

of [Au(xant)(PEt3)]. Treated cells as compared with untreated cells, displayed chromatin condensation and 

fragmentation characteristics, typical features of apoptosis.  
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Apoptotic cell death induction was confirmed through a time dipendent cell cycle analysis performed by 

FACS. Fig. 6 reports cell cycle profiles of 2008 cells treated for 24 h with IC50 concentrations of 

[Au(CN)(PEt3)], [Au(SCN)(PEt3)] and [Au(xant)(PEt3)] that distinguished themselves as the most effective 

compounds, being able to increase sub-G1 cell population of about 6, 11 and 14 times with respect to control 

cells. However, a slight accumulation of 2008 cells in G2/M phase was observed after treatment with all tested 

gold(I) complexes. 

 

4. Discussion 

 

The Trx system, which includes NADPH, thioredoxin reductase (TrxR), and Trx, participates in several cell 

processes including reduction of protein disulfides, removal of hydrogen peroxide through peroxiredoxins, 

formation of deoxyribonucleotides mediated by ribonucleotide reductase, and regulation of transcription factors 

[41]. TrxR has recently emerged as a new exciting anti-cancer target since it is overexpressed in various 

aggressive tumors and may contribute to drug resistance. Indeed, expression level of TrxR correlates well with 

the resistance of several human tumor cells to cisplatin, doxorubicin, adriamycin and other chemotherapeutics 

[42,43]. TrxR is endowed with a flexible C-terminal extension containing a cysteine/selenocysteine redox center 

[44] that can easily interact with different and chemically unrelated substrates and inhibitors. Most of the 

recognized inhibitors of thioredoxin reductase are electrophilic compounds interacting at the level of the SH/Se
-
 

motif of the C-terminal portion of the enzyme [45]. Previous research has shown that gold(I) compounds readily 

react with physiological thiols forming relatively stable thiol gold(I) adducts [46]. However, the various cellular 

thiols exhibit a different reactivity depending on steric factors and, primarily, on their acidity, as apparent from 

the pH dependency [47]. Consequently, to explain the reactivity and cellular distribution of triethylphosphine 

gold(I) compounds, a sequential thiol exchange mechanism has been proposed [48]. According to this 

mechanism, membrane sulfhydryl groups exert a shuttling action of the gold-triethylphosphine moiety to the 

cytosolic sulfhydryl groups. Thiolates are known to act as „soft‟ ligands forming covalent bonds with the „soft‟ 
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gold(I) ion; corresponding selenolates are „softer‟ donor ligands compared to thiolates and, consequently, 

behave as better substrates for the gold(I) ion [49-51]. This enhanced affinity of the gold(I) ion for selenolates 

makes the selenocysteine group present in a well accessible C-terminal arm of thioredoxin reductase, a primary 

selective target of gold (I) compounds. Gold(I) complexes are linear complexes characterized by a mono-

cationic gold ion coordinated by two ligands (usually a neutral along with a mononegative ligand). 

 

In our [Au(X)(PEt3)]-type complexes, the triethylphosphine ligand was retained for all the compounds, as 

[Au(PEt3)]
+
 moiety has been found critical to achieve a significant in vitro antitumor activity [12]. The (X) 

group was selected (Scheme 1) among a series of ligands possessing different binding strength to gold in order 

to investigate a possible structure-activity relationship based on the different lability of the Au-(X) bond. In fact, 

the lability of the thiolate group may play a crucial role in the biodistribution and kinetic properties of this class 

of metal complexes. Consequently, a different degree of reactivity with both physiological thiolates and/or 

selenolate groups could be envisaged depending on the various (X) ligands utilized. In order to correlate the 

influence of the variable ligands (X) in our compounds to the different effects observed we may tentatively refer 

to the softness-hardness principle [52]. The latter suggests that hard acids preferentially associate with hard 

bases, while soft acids prefer to combine with soft bases. The halogens Cl and Br are a hard base and a 

borderline hard/soft base, respectively and consequently show scarce preference for the soft acid Au(I). As 

matter of fact [AuCl(PEt3)] and [AuBr(PEt3)] derivatives are the less active both in inhibiting thioredoxin 

reductases (Table 5) and in penetrating into the cell (Fig. 5). All the other ligands are soft bases, which exhibit 

high preference for the gold(I) center, although to a different extent. In particular, the binding of 

dithiocarbamate and xanthogenate ligands to gold is strengthened by the mesomeric resonance form. The gold 

compounds bearing these ligands ([Au(dedc)(PEt3)] and [Au(xant)(PEt3)]) are particularly effective both in 

inhibiting thioredoxin reductases (Table 5) and in penetrating through cell membranes (Fig. 3). Possibly, these 

complexes can easily reach the biological target and once there exchange their ligands with the cellular 

nucleophiles either when entering the cell or when interacting with the selenolate or thiolate groups present at 
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the active site of thioredoxin reductases. However, also other properties of the ligands, including steric and 

electronic properties and lipophilicity contribute to the different effects observed. 

 

Thiol redox state and cellular hydrogen peroxide levels are controlled not only by thioredoxin system but 

also by glutathione system which depends on glutathione reductase. Both systems utilize NADPH and remove 

hydrogen peroxide through the respective peroxidases. Glutathione peroxidase and thioredoxin reductase 

possess a selenol group at their catalytic site. It has been already described that some phoshine gold(I) 

compounds are also able to inhibit glutathione peroxidase at very low concentrations [37]. In vitro studies on the 

interaction with TrxR, GR and GPx showed that all phosphine gold complexes, as already stated for a variety of 

gold compounds, mostly inhibit cytosolic and mitochondrial TrxR enzyme isoforms while GR and GPx required 

higher concentrations to be inhibited. In this context, previous studies established that the rate of enzyme 

inhibition may depend either on the structure of the active site or on the lability of the gold-ligand bond [53].  

 

In previous studies we have compared the cellular response of human ovarian cancer cells to auranofin with 

that evoked by cisplatin, the first line drug against ovarian cancer [9]. Auranofin, acting as a potent TrxR 

inhibitor, determined an alteration of the cellular redox state leading to an oxidation of the components of the 

Trx system thus triggering apoptosis [54]. In human ovarian cancer cells phosphine gold(I) derivatives markedly 

inhibited TrxR and, to a lesser extent also GR and GPx. Moreover, the cationic complex, [Au(tu)(PEt3)][Cl] , 

appeared less effective in inhibiting enzyme activity confirming its reduced bioactivity observed in cytotoxicity 

as well in apoptosis induction experiments. This behaviour could be related to the charged nature of this species 

that may hinder its ability to cross the cell membrane by passive diffusion. ICP measurements of cellular gold 

accumulation (Fig. 3) are consistent with this hypothesis. Furthermore, uptake experiments gave important 

information concerning the essential role of the (X) ligand in facilitating cellular internalization. In fact, gold(I) 

complexes bearing the most lipophilic xant and dedc ligands, as well as those complexes involving a metal-X 

covalent bond (complexes 3-6 and 8) entered cells roughly 2 times more efficiently than the halogenated gold 

compounds (complexes 1 and 2), that are characterised by a partial ionic interaction between the metal and 
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halogen. In conclusion, neutral and lipophilic gold(I) compounds are internalised more efficiently than charged 

gold(I) compounds. Coherently, cytotoxicity studies highlighted neutral [Au(xant)(PEt3)], [Au(CN)(PEt3)] and 

[Au(SCN)(PEt3)] as the most powerful derivatives. In a parallel study, by considering the cytotoxic profiles of a 

series of linear alkylphosphine and arylphosphine gold(I) dithiocarbamate and xanthate compounds, de Vos et 

al. demonstrated that they possess a greater cytotoxicity than cisplatin, xanthate derivatives being less active 

than dithiocarbamate ones [11]. Similarly, our tested xant and dedc complexes showed a significant cytotoxic 

efficiency, although the xanthate derivative was found to be more efficient than the dithiocarbamate counterpart. 

In this field, other studies [55]
 
indicated that xanthate complexes of several metals, including gold, palladium 

and bismuth, are endowed with a high antitumor activity. It has also to be considered that xanthate ligands are 

reported to be, in general, less toxic than dithiocarbamate ligands [11]. Interestingly, some members of the 

xanthate family such as tricyclododecan-9-yl-xanthogenate showed selective cytotoxicity towards tumor cells 

and favor apoptosis by inhibiting sphingosine kinase [56].
 
Our studies have demonstrated that [Au(xant)(PEt3)] 

strongly decreased cancer cell viability inducing a massive apoptosis. The marked inhibition of TrxR leads to 

the generation of superoxide anion radicals, resulting in an accumulation of intracellular ROS that triggers 

apoptosis. Moreover, the TrxR inhibition impairs the control of apoptosis signal-regulating kinase 1 (ASK-1) 

activity exerted by Trx, resulting in the activation of downstream signaling cascades such as MAP kinase 

apoptotic cell death pathway [57].
 
In order to characterize the cell death program triggered by tested gold(I) 

compounds and to correlate TrxR inhibition to apoptosis induction, we have examined some characteristic 

events of apoptosis in ovarian cancer cells. A close relationships between TrxR inhibition and apoptosis 

induction has been highlighted with [Au(SCN)(PEt3)] and [Au(CN)(PEt3)]. Thiocyanate is a physiological 

ligand having a “soft” character suitable for interaction with gold(I) ions. Serum thiocyanate concentrations are 

relatively high (from 10 to 100 μM) and increase to the millimolar range in milk, saliva and tears [58,59]. 

Thiocyanate present in the body fluids derives from dietary sources and from the cyanide detoxification reaction 

involving thiosulfate and catalyzed by rhodanese. Its affinity for gold(I) would also depend on the presence of 

two isomeric forms, as described in the case of [Au(SCN)(PMe3)] and [Au(NCS)(PMe3)] contributing to the 

formation of the complex [60].
 
Our results showed that [Au(SCN)(PEt3)] elicited marked cytotoxic properties, 
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strong inhibitory effects on thioredoxin reductase and also make the cells more prone to apoptosis. 

[Au(SCN)(PEt3)] provides a molecule where the small NCS
-
 ligand can be easily displaced by the S

-
/Se

-
 group 

of thioredoxin reductase, thus explaining the above reported properties. 

Recent studies focused on bis-chelate Au(I) complexes of the ligand 1,3-bis(di-2-pyridylphosphino)propane 

[38], Au(I) N-heterocyclic carbenes [61]
 
and phosphine Au(I) naphthalimide [62] show that these compounds 

exhibit selective cytotoxicity towards cancer cells consequent to an efficient inhibition of thioredoxin reductase. 

In the first study [40] the pyridylphosphino ethane complexes show a low reactivity with protein thiols, while 

the corresponding analogs containing pyridylphosphino propane ligands show a great tendency to stimulate 

ligand exchange reactions with thiols indicating that a six-membered chelate ring undergo a more facile ring 

opening compared to the corresponding five-membered chelates. The peculiar role of phosphine and carbene 

ligands in gold(I) pro-drugs appears to be under the control of the chemical reactivity of the gold centre [38,61-

63]. Moreover, other properties of the ligands such as size, charge, lipophilicity and toxicity determine their 

biological activity and biodistribution. Finally, in order to be efficient in the biological context, gold(I) 

complexes should be relatively stable to reach their specific molecular targets, but not too stable to hamper the 

reaction with the target itself. In linear gold(I) complexes, these properties are permitted and tuned by the 

accurate choice of the ligands and some of the ligands used in the present work, such as thiocyanate and 

xanthate, offer interesting perspectives for further studies. In conclusion, these findings clearly validate further 

investigations for the customization of TrxR inhibition induced by gold(I) complexes with a view to obtain 

increasingly effective therapeutics able to overcome drug resistance afforded by TrxR overexpression. 
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Figure captions 

 

Figure 1. Reaction pathways for the preparation of gold(I) complexes.     

                  Legend: i) Ag NO3; ii) NaBr; iii) KCN; iv) KSCN; v) Nadedc; vi) Kxant, Na2S2O3;  

                  vii) tu. 

 

Figure 2. Effects of gold(I) complexes on redox enzymes in human ovarian cancer cells. 2008 cells were 

incubated for 18 h with IC50 of tested compounds. Subsequently, cells were washed twice with PBS and lysed. 

Thioredoxin reductase activity was assayed by measuring NADPH- dependent reduction of DTNB at 412 nm 

(A); glutathione reductase activity (B) and glutathione peroxidase (C) activities were followed at 340 nm. 

Figure 3. Estimation of gold(I) compound uptake in 2008 cells. 2008 cells were incubated for 18 h with IC50 

of tested compounds. Au cellular content was estimated by means of ICP analysis. Results are expressed as ng 

Au/mg of proteins.  

Figure 4. Effect of gold(I) compounds on hydrogen peroxide formation in 2008 cells. 2008 cells were pre-

incubated in PBS/10 mM glucose medium for 20 min at 37°C in presence of 10 µM CM-DCFDA and then 

treated with IC50 of gold(I) compounds. Control cells: dashed line. Gold(I) complexes treated cells: continuous 

line. Antimycin treated cells: dotted line. 

Figure 5. Effect of gold(I) compounds on caspase-3 activation (A), nucleosome formation (B) DAPI and 

Hoechst staining (C). 2008 cells were incubated for 12 h with IC50 of gold(I) compounds and then submitted to 

the test on caspase-3 induction (A). For DNA fragmentation experiments (B) and DAPI and Hoechst staining 

(C), 2008 cells were incubated for 24 h in presence of IC50 of gold(I) compounds. 
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Figure 6. Cell cycle analysis of 2008 cells treated with gold(I) compounds. 2008 cells were treated with 

gold(I) derivatives for 24 h. Cell cycle profiles were analyzed by flow cytometry after DNA staining with 

propidium iodide. 
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Table 1. Physico-chemical data of phosphine gold(I) complexes utilised in this study.

Gold(I) complex 31P a   Et3P------Au------(X) b P--Au--X c

PEt3 -17.80

[AuCl(PEt3)]           (1) 32.32 ……. 2.306 (Cl) 178.7

[AuBr(PEt3)]           (2) 35.18

[Au(CN)(PEt3)]       (3) 36.81 2.288 1.971 (C) 176.6

[Au(SCN)(PEt3)]     (4) 37.23

[Au(dedc)(PEt3)]     (5) 34.76 2.245 2.337 (S) 173.8

[Au(xant)(PEt3)]      (6) 36.65 2.265 2.328 (S) 177.7

[Au(tu)(PEt3)][Cl]c    (7) 36.31

[Au(S-thiog)(PEt3)] (8)      
‘auranofin’

38.06 2.259 2.293 (S) 173.6

a Unless otherwise specified, NMR spectra are recorded in chloroform-d,.

b Au-P and Au-X distances in Å.

c P-Au-X angle in degree (°). 

d NMR spectra recorded in dimethylsulfoxide-d6. 

Table
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Table 2. Cytotoxicity of gold(I) complexes

Compound
IC50 (µM) ± S.D.

HL60 A549 MCF-7 A375 HCT-15 HeLa

[AuCl(PEt3)]           (1) 0.52±0.13 0.85±0.01 0.84±0.01 0.78±0.31 0.97±0.17 0.90±0.21

[AuBr(PEt3)]           (2) 0.62±0.06 1.21±0.54 1.44±0.41 1.02±1.00 1.08±0.82 0.63±0.32

[Au(CN)(PEt3)]       (3) 0.19±0.07 0.41±0.06 0.45±0.12 0.21±0.23 0.08±0.01 0.09±0.02

[Au(SCN)(PEt3)]     (4) 0.21±0.12 0.71±0.02 0.65±0.11 0.37±0.29 0.32±0.02 0.18±0.01

[Au(dedc)(Pet3)]     (5) 0.96±1.21 1.22±0.96 1.63±0.58 1.47±0.77 0.92±0.01 0.54±0.07

[Au(xant)(PEt3)]      (6) 0.19±0.06 0.33±0.47 0.41±0.21 0.13±0.27 0.61±0.13 0.13±0.61

[Au(tu)(PEt3)][Cl]   (7) 2.84±1.29 3.01±1.01 3.28±1.12 2.23±1.03 2.75±1.43 1.84±0.25

Auranofin                (8) 0.23±0.11 0.75±0.05 0.98±0.32 0.34±0.21 0.11±0.02 0.15±0.03

Cisplatin 4.56±1.13 29.21±1.92 19.04±1.51 2.37±1.23 20.34±1.31 8.50±1.51

S.D.= standard deviation

IC50 values were calculated by probit analysis (P < 0.05, 2 test). Cells (5-8·104·mL-1) were treated for 
72 h with increasing concentrations of tested compounds. Cytotoxicity was assessed by MTT test.
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Table 3. Cisplatin cross-resistance profiles

Compound

Human ovarian adenocarcinoma cells

2008

IC50 (µM) ± S.D.

C13

IC50 (µM) ± S.D.

R.F. RH4

IC50 (µM) ± S.D.

[AuCl(PEt3)]           (1) 1.12±0.29 1.05±0.43 0.93 0.91±0.53

[AuBr(PEt3)]           (2) 1.61±0.71 1.06±0.68 0.66 0.93±0.47

[Au(CN)(PEt3)]       (3) 0.99±0.01 0.96±0.25 0.96 0.98±0.12

[Au(SCN)(PEt3)]     (4) 0.95±0.02 0.94±0.04 0.93 0.12±0.59

[Au(dedc)(PEt3)]     (5) 0.86±1.38 0.87±0.98 1.00 0.81±0.45

[Au(xant)(PEt3)]      (6) 0.67±0.65 0.66±0.02 0.98 0.68±0.58

[Au(tu)(PEt3)][Cl]   (7) 4.21±2.30 4.13±0.74 1.08 4.09±2.11

Auranofin                (8) 1.01±0.97 0.43±0.09 0.43 0.89±0.72

Cisplatin 10.14±1.43 89.18±2.08 8.79 26.61±1.53

Compound

Human cervix carcinoma cells

A431

IC50 (µM) ± S.D.

A431/Pt

IC50 (µM) ± S.D.

R.F.

[AuCl(PEt3)]           (1) 0.95±0.11 1.08±0.91 1.14

[AuBr(PEt3)]           (2) 1.75±0.002 1.77±0.61 1.10

[Au(CN)(PEt3)]       (3) 0.97±0.17 0.98±0.13 1.01

[Au(SCN)(PEt3)]     (4) 0.95±0.52 0.97±0.16 1.02

[Au(dedc)(PEt3)]     (5) 2.02±0.75 2.06±0.72 1.02

[Au(xant)(PEt3)]      (6) 0.53±0.76 0.27±1.44 0.94

[Au(tu)(PEt3)][Cl]   (7) 2.01±0.42 1.87±0.12 0.98

Auranofin                (8) 2.01±1.54 1.87±0.50 0.93

Cisplatin 22.06  2.21 57.76  3.94 2.61

S.D. = standard deviation
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IC50 values were calculated by probit analysis (P < 0.05, X2 test). Cells (3-8·104·ml-1) were treated for 48 

hrs with increasing concentrations of tested compounds dissolved in DMSO. Cytotoxicity was assessed 

by MTT test.
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Table 4. MDR cross-resistance profiles

Compound

Human small cell lung carcinoma cells

U1285

IC50 (µM) ± S.D.

U1285dox

IC50 (µM) ± S.D.

R.F.

[AuCl(PEt3)]           (1) 1.29±0.31 1.18±0.11 0.92

[AuBr(PEt3)]           (2) 1.43±0.17 1.41±0.36 0.99

[Au(CN)(PEt3)]       (3) 0.73±0.29 0.72±0.51 0.98

[Au(SCN)(PEt3)]     (4) 0.62±0.23 0.61±0.36 0.98

[Au(dedc)(Pet3)]     (5) 2.33±1.04 2.46±0.93 1.06

[Au(xant)(Pet3)]      (6) 0.79±1.56 0.43±1.43 0.54

[Au(tu)(PEt3)][Cl]   (7) 6.62±1.98 6.69±1.39 1.01

Auranofin                (8) 0.92±1.43 0.67±0.45 0.73

Doxorubicin 1.01  0.34 87.07  2.97 86.21

Compound

Human colon adenocarcinoma cells

LoVo

IC50 (µM) ± S.D.

LoVo MDR

IC50 (µM) ± S.D.

R.F.

[AuCl(PEt3)]           (1) 1.79±0.56 1.47±0.59 0.82

[AuBr(PEt3)]           (2) 1.85±0.77 1.21±0.86 0.65

[Au(CN)(PEt3)]       (3) 0.67±0.08 0.65±0.07 0.97

[Au(SCN)(PEt3)]     (4) 0.69±0.33 0.61±0.65 0.88

[Au(dedc)(Pet3)]     (5) 1.33±1.54 1.04±1.50 0.78

[Au(xant)(Pet3)]      (6) 0.69±1.56 0.57±1.59 0.82

[Au(tu)(PEt3)][Cl]   (7) 6.06±1.98 6.28±1.67 1.04

Auranofin                (8) 1.12±0.74 1.11±0.45 1.01

Doxorubicin 1.46 2.30 44.89  0.90 30.75

S.D. = standard deviation
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IC50 values were calculated by probit analysis (P < 0.05, X2 test). Cells (3-8·104·ml-1) were treated 

for 48 hrs with increasing concentrations of tested compounds. Cytotoxicity was assessed by MTT 

test.
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Table 5 Inhibitory effect of gold(I) compounds on rat cytosolic (TrxR1) and mitochondrial (TrxR2) 

thioredoxin reductases, on glutathione reductase (GR) and glutathione peroxidase (GPx).

Compound TrxR1 TrxR2 GR GPx
IC50 (nM) IC50 (µM)

[AuCl(PEt3)]         (1) 1.80±0.60 9.00±0.34 19.00±0.79 79.00±3.00

[AuBr(PEt3)]         (2) 1.50±0.20 7.00±0.30 17.29±0.67 89.00±4.00

[Au(CN)(PEt3)]     (3) 1.10±0.20 5.00±0.23 77.88±1.40 80.00±3.00

[Au(SCN)(PEt3)]   (4) 1.80±0.23 7.80±0.29 7.86±0.34 72.00±2.60

[Au(dedc)(Pet3)]   (5) 0.31±0.45 0.70±0.32 28.01±0.45 68.00±2.45

[Au(xant)(Pet3)]    (6) 0.72±0.50 3.60±1.20 18.10±1.00 40.27±2.00

[Au(tu)(PEt3)][Cl] (7) 1.00±0.30 10.00±0.42 50.37±0.98 17.53±1.34

Auranofin              (8) 0.80±0.24 3.70±0.24 30.00±1.00 63.00±2.00

S.D. = standard deviation

Thioredoxin reductase activity was assayed by measuring NADPH- dependent reduction of DTNB 

at 412 nm; glutathione reductase activity and glutathione peroxidase activities were followed at 340 

nm. IC50 values were calculated by probit analysis (P < 0.05, X2 test).
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Figure 1
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Figure 2. 
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Figure 3. 
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Figure 4.
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Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

control

[AuCl(PEt3)]

[AuBr(P
Et3)]

[Au(CN)(PEt3)]

[Au(SCN)(PEt3)]

[Au(dedc)(PEt3)]

[Au(xant)(P
Et3)]

[Au(tu)(PEt3)][C
l]

Auranofin

F
lu

o
re

s
c

e
n

c
e

 (
a

rb
it

ra
ry

 u
n

it
s

)

0

30

60

90

***

***

***

**

**

***

***

***

control

[AuCl(PEt3)]

[AuBr(P
Et3)]

[Au(CN)(PEt3)]

[Au(SCN)(PEt3)]

[Au(dedc)(PEt3)]

[Au(xant)(P
Et3)]

[Au(tu)(PEt3)][C
l]

Auranofin

N
u

c
le

o
s

o
m

e
 f

o
rm

a
ti

o
n

 (
a

b
s

o
rb

a
n

c
e

 [
 A

4
0

5
-A

4
5

2
])

0

1

2

**

***

***

***

***

**

***

A B 

Figure



Page 48 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

Control [Au(xant)(PEt3)]

DAPI

Hoechst 

33342

Figure 5

C

Figure



Page 49 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure 6.

Figure



Page 50 of 50

Acc
ep

te
d 

M
an

us
cr

ip
t

Graphical abstract

Contro
l

[AuCl(P
Et3)]

[AuBr(P
Et3)]

[Au(CN)(P
Et3)]

[Au(SCN)(P
Et3)]

[Au(dedc)(P
Et3)]

[Au(xant)(P
Et3)]

[Au(tu
)(P

Et3)][C
l]

Auranofin

%
 T

h
io

re
d

o
xi

n
 r

ed
u

ct
as

e 
ac

ti
vi

ty
0

20

40

60

80

100

[Au(xant)(PEt3)]

* Graphical Abstract


