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Mammalian thioredoxin reductase (TrxR) catalyzes the NADPH-dependent reduction of oxidized thiore-
doxin (Trx) and plays a central role in regulating cellular redox homeostasis, cell growth and apoptosis.
Increasing evidence shows that TrxR is over-expressed or constitutively active in many tumor cells. More-
over, TrxR appears to contribute to increased tumor cell growth and a resistance to chemotherapy. In this
study, we evaluated the activity of TrxR in adriamycin-resistant leukemic cells (K562/ADM) and adriamycin-
sensitive parental lines (K562), and found that TrxR activity was higher in the drug resistant cell sublines
K562/ADM than in K562 drug sensitive parental cells. Auranofin, a gold(l) compound clinically used as
an antirheumatic agent, reduced TrxR activity and was more effective than adriamycin in decreasing cell
viability in K562/ADM cells. In addition, auranofin induced apoptosis in dose-dependent manners, accom-
panied by caspase-3 activation in K562/ADM cells. Our results demonstrate that inhibition of TrxR and
induction of apoptosis by auranofin provides its ability in overcoming adriamycin resistance in K562/ADM

cells.

1. Introduction

The thioredoxin system consists of thioredoxin (Trx), thiore-
doxin reductase (TrxR) and nicotinamide adenine dinucleotide
phosphate (NADPH). This system is one of the main thiol-
dependent electron donor systems in the cell and participates
in several cell processes, including regulation of cellular redox
homeostasis and other cellular processes, such as cell pro-
liferation, angiogenesis, apoptosis and signaling (Arnér and
Holmgren 2000). Mammalian TrxR contains a conserved
N-terminal redox active disulfide motif -Cys-Val-Asn-Val-Gly-
Cys-, and a C-terminal active site sequence -Gly-Cys-Sec-Gly-,
the latter of which is essential for catalysis and access by dif-
ferent substrates and inhibitors (Sandalova et al. 2001; Liu et al.
2009). So it reduces not only the disulfide in oxidized Trx, but
also some other protein disulfides or a wide spectrum of oxi-
dized low molecular weight compounds (Nordberg and Arnér
2001; Becker et al. 2001; Wipf et al. 2004). Most of these
substrates are involved in cellular redox regulation. At early
stages, TrxR may be beneficial for preventing cancer due to
its capability to counteract the oxidative stress caused by many
carcinogens (Tonissen and Di Trapani 2009). Once a cell has
initiated a cancer phenotype, then high levels of TrxR may
assist cancer development due to its growth promoting, through
the disulfide reduction of ribonucleotide reductase needed for
deoxyribonucleotide synthesis (Nordlund and Reichard 2006)
and anti-apoptotic functions (Lincoln et al. 2003; Nguyen et al.
2006). A growing body of evidence indicates TrxR is over-
expressed or constitutively active in many tumor cells (Biaglow
and Miller 2005; Engman et al. 2003). Thus, TrxR is a potential

440

molecular target for cancer therapy. Inhibition of TrxR may con-
tribute to the mechanism of some anticancer drugs (Witte et al.
2005). Targeting TrxR is a basis for cancer therapy by arsenic
trioxide (Lu et al. 2007). In addition, the activity of TrxR is
higher in some drug resistant cell sublines compared with the
drug sensitive parental lines (Bjorkhem-Bergman et al. 2002).
TrxR is regarded as a contributing factor leading to resistance
to chemotherapeutic drugs (Nguyen et al. 2006).

Gold(I) compounds have been used for the treatment of rheuma-
toid arthritis for a long time (Champion et al. 1990). Moreover,
gold compounds were shown to act as anticancer agents
(McKeage et al. 2002), to inhibit mitochondrial functions (Rigo-
bello et al. 2002), to stimulate the release of Cytochrome c
(Rigobello et al. 2004), and to induce apoptosis (Liu et al. 2000;
Park and Kim 2005; Venardos et al. 2004). Auranofin (Fig. 1) is
a gold (I) compound well known as an antirheumatoid agent. It
reacts with selenolcontaining residues, and inhibits the reduced
form of TrxR (isolated from human placenta) at nanomolar lev-
els (Ki=4nM)(Gromer et al. 1998). Auranofin was shown to
possess in vivo antitumor activity against P388 murine leukemia
(Simon et al. 1981). More recently, it was reported that auranofin
is able to overcome cisplatin resistance in human ovarian can-
cer cells (Marzano et al. 2007), highlighting the potential of this
drug in the treatment of drug resistant tumors.

In the present paper, we compared the activity of TrxR in
K562/ADM multidrug-resistant leukemic cells and the drug sen-
sitive parental lines (K562). We demonstrate that the activity of
TrxR is higher in the drug resistant cell sublines K562/ADM
compared to the drug sensitive parental lines (K562). Aura-
nofin, a gold(I) compound clinically used as an antirheumatic
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Fig. 1: Chemical structure of auranofin

agent, inhibits TrxR activity, decreases cell viability and induces
apoptosis in K562/ADM.

2. Investigations, results and discussion

The emergence of adriamycin (ADM)-resistance constitutes a
frequent barrier to successful treatment of a number of tumors.
Many mechanisms are involved in the development of drug
resistance. Of note, TrxR is over-expressed in many tumor
cells, exhibits pro-survival signaling attributes and incites a pro-
survival effect, enhances tumor proliferation and resistance to
therapeutic modalities (Nguyena et al. 2006). However, whether
the activity of TrxR is increased in the drug resistant cell sublines
K562/ADM compared with the drug sensitive parental lines
(K562) has not been investigated. Therefore, the TrxR activity
was assessed in K562/ADM multidrug-resistant leukemic cells
and the drug sensitive parental lines (K562). Our result show that
the basal level of active TrxR in the resistant K562/ADM cells
was 3.6-fold higher than in drug sensitive parental lines (Fig. 2).
This result indicates that high TrxR activity may contribute to
the acquired adriamycin resistance in K562/ADM cells.

In clinical practice, gold(I) drugs have been extensively used
to treat theumatoid arthritis (Kean and Kean 2008), but they
have also been studied for their potential antitumor properties
(von Essen 1978). Among gold-containing drugs, auranofin,
a phosphine gold(I) compound, has been found to selectively
inhibit TrxR in near-stoichiometric amounts (Gromer et al.
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Fig. 2: Estimation of TrxR activity in K562/ADM multidrug-resistant leukemic cells
and the drug sensitive parental lines (K562). TrxR activity was evaluated by
means of the Thioredoxin Reductase Assay Kit as described in the Materials
and Methods. The data are represented as means £ SD of triplicate
experiments *p <0.05, K562/ADM vs K562 cells
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Fig. 3: Inhibition of TrxR activity by auranofin in K562/ADM cells. K562/ADM
cells were treated with the indicated concentrations of auranofin for 24 h.
TrxR activity was evaluated by means of the Thioredoxin Reductase Assay
Kit as described in the Materials and Methods. The data are represented as
means % SD of triplicate experiments. *p <0.05, **p <0.01 as compared with
the control group

1998). Whether auranofin shows inhibition of TrxR activity and
cytotoxity in K562/ADM cells was further studied. Treatment
for 24h with various concentrations of auranofin drastically
decreases TrxR activity in the K562/ADM cells (Fig. 3). To
evaluate the effect of auranofin on cell growth, cell viability was
performed by MTT assay. As shown in Fig. 4, auranofin reduced
the viability of K562/ADM cells in a dose and time-dependent
manner. It was noted that auranofin reduces cell viability at short
incubation time (6 h, Fig. 4A). Atconcentrations of 0.25,0.5, 1,2
and 3 uM of auranofin for 24 h, the proliferation of K562/ADM
cells was decreased by 45, 75, 81, 96 and 100%, respectively
(Fig. 4B), when compared with control cells. Moreover, prolif-
eration of the cells which exposed to only 0.5 wM auranofin for
6h, 24 h and 48 h (Fig. 4A, 4B and 4C) was decreased by 34, 75
and 86%, respectively, while the application of the same doses of
adriamycin decreased the proliferation of K562/ADM cells by
1.1, 12 and 33% respectively. These results clearly demonstrate
that auranofin reduces cell viability at very low concentrations
and short incubation time and is able to overcome the acquired
adriamycin resistance.

Apoptosis is one of major forms of cell death. The cytotoxicity
of chemotherapeutic agents is attributed to apoptosis (Nakan-
ishi and Toi 2005). To determine whether the cytotoxic effect
of auranofin is due to apoptosis, we examined the characteris-
tic events of apoptosis. The quantitative assessment of sub-G1
cells by flow cytometry was used to estimate the number of apo-
ptotic cells. The percentage of apoptotic cells with the treatment
of auranofin for 24 h was increased concentration-dependently
from 2.14% to 24.6%, which was significantly higher than that in
the adriamycin treated cells (from 2.14% to 4.8%)(Fig. 5). This
result suggests that auranofin is able to induce cell apoptosis in
K562/ADM cells.

Caspases have been shown to be activated during apoptosis
in many cells and play critical roles in both the initiation and
execution of apoptosis. Among the identified caspases, activa-
tion of caspase-3 is crucial in numerous types of cells leading
to the execution of apoptosis (Porter and Janicke 1999; Yang
et al. 2007). Therefore, we examined whether caspase-3 was
involved in apoptosis induced by auranofin in K562/ADM cells.
As shown in Fig. 6, the caspase-3 activity was increased by 53%
in k562/ADM cells after 12 h of treatment with 1 WM auranofin.
Compared to auranofin, the caspase-3 activity of K562/ADM
cells after adriamycin treatment was not significantly increased
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Fig. 5: Auranofin induces apoptosis in K562/ADM cells. K562/ADM cells were
incubated with the indicated concentration of auranofin and adriamycin for
24 h, and The level of apoptosis was analyzed by flow cytometry as described
in the Materials and Methods. Data are represented as means £ S.D. of three
experiments. *p <0.05, **p <0.01 as compared with the control group

Auranofin exhibited cytotoxic effect on adriamycin-resistant
human leukemia K562/ADM cell lines via cell apoptosis with a
decrease in cellular TrxR activity. These results clearly demon-
strate that auranofin is able to overcome the acquired adriamycin
resistance in K562/ADM cells and it might be a candidate drug
to overcome the drug resistance of human chronic myelogenous
leukemia.

3. Experimental
3.1. Materials

Auranofin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), propidium iodide (PI) and Thioredoxin Reductase Assay Kit were
purchased from Sigma (St. Louis, MO, USA). RPMI-1640 medium, fetal
bovine serum and RNase A were products of Gibco BRL (USA).

3.2. Cell line and culture conditions

Adriamycin-sensitive human chronic myeloid leukemia cells (K562) and
adriamycin -resistent variant, K/ADM cells, which was generated by
monthly selection with 5 pg/ml adriamycin, were kindly provided by

Fig. 4: Inhibition of K562/ADM proliferation by auranofin. K562/ADM cells were
treated with the indicated concentrations of auranofin and adriamycin for 6
(A), 24 (B), 48 (C) h. Cell viability was determined by MTT assay and
expressed as the percentage of the untreated control. The data are represented
as means = SD of triplicate experiments

(4.5% after 24h).The result shows that auranofin activates
caspase-3 in K562/ADM cells.

In conclusion, our results showed that the activity of TrxR was
higher in adriamycin-resistance cell sublines (K562/ADM cells)
compared to adriamycin -sensitive parental lines (K562 cells).

442

250

200

150

100 - T

(% of control)

50 F

Caspase-3 relative activity

control auranofin

adriamycin

Fig. 6: Auranofin enhances caspase-3 activation in K562/ADM cells. K562/ADM
cells were incubated for 12 h in the absence or in the presence of 1 uM of
auranofin and adriamycin, respectively. Quantitation of the percentage of
caspase-3 positive cells based on flow cytometry analysis, and data show the
mean = SD of duplicate realized experiments. *p <0.05 as compared with the
control group
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Professor Hulai Wei (Department of Biochemistry and Molecular Biology,
University of Lanzhou, China). The cells were cultured at 37 °C in a humidi-
fied atmosphere of 5% CO; in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 100 units/ml penicillin and 100 pg/ml
streptomycin.

3.3. MTT assay

Auranofin was dissolved in DMSO to achieve a stock solution, which was
diluted to different concentrations prior to use. Cell viability was determined
by MTT colorimetric assay (Mosmann 1983). Briefly, K562/ADM cells
(5 x 10* per well) were seeded in 96-well plates and cultured in the presence
of 0.25-3 uM auranofin for 4-48h. At the end of treatment, cells were
incubated with 0.5 mg/ml of MTT at 37°C for 4h. Then 10% SDS was
added to each well to dissolve the formazan formed. The absorbance was
measured at a wavelength of 570 nm using a microplate reader (Bio-Rad).

3.4. Estimation of TrxR activity

TrxR activity was determined by the Thioredoxin Reductase Assay Kit
(Sigma-Aldrich) according to the manufacturer’s instruction. Briefly, after
treatment with different concentrations of auranofin for 24 h, the cells
were harvested and lysed with a buffer containing 150 mM NaCl, 50 mM
Tris—HCI, 1% Triton X-100, 1% SDS, 1% deoxycholate, ] mM NaF, and
I mM EDTA, and protease inhibitors. After centrifugation at 14,000 x g
for 10 min at 4 °C, protein concentrations of supernatants were determined
using the Bio-Rad Protein Assay kit. 20 g portion of protein was used
to initiate the activity assay in reactions in a 96-well plate. Reduction of
5,5'-dithiobis(2-nitrobenzoic) acid was followed at 412 nm using a spec-
trophotometer. The percentage of TrxR activity in comparison with the
control was determined (Cattaruzza et al. 2011).

3.5. Flow cytometric analysis

After treatment with different concentrations of auranofin and adriamycin
for 24 h, the cells were harvested and washed with PBS. Cell pellets were
fixed in cold 70% ethanol. After centrifugation at 1200 rpm for 5 min, cells
were resuspended in 0.5 ml DNA staining reagent containing 50 p.g/ml pro-
pidium iodide, 50 pg/ml RNase A, 0.1% Triton X-100 and 0.1 mM EDTA
(pH 7.4). The samples were read on a Becton Dickson FACStar Plus cytome-
ter, and the results were analysed with CellQuest software (Ho et al. 2006).

3.6. Measurement of caspase-3 enzyme activity

Caspase-3 activation was determined using the Active Caspase-3 Apoptosis
kit (BD Pharmingen, San Diego, CA, USA) according to the manufac-
turer’s instruction. Cells (1 x 10°) stained with FITC conjugated anti-active
caspase-3 antibody, were analyzed by flow cytometry (Augustin et al. 2010).

3.7. Statistical analysis

The data are expressed as means & SD. Statistical comparisons were made
by using Student’s t-test. P <0.05 was considered statistically significant.
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