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carbene ligands (bisNHC). One of these complexes 4, shows strong and selective anticancer activity against the
human ovarian cancer cell line A2780. Mechanistically, 4 enhances the oxidative stress by stimulating reactive
oxygen species production and inhibiting the scavenging activity of thioredoxin reductase. Our findings provide
evidence that tuning ligand and electronic properties of metal-NHC complexes can modulate their reactivity and
selectivity and it may result in potential novel anticancer drugs.

1. Introduction

Platinum-containing compounds, such as cisplatin, oxaliplatin and
carboplatin, are largely used in anticancer chemotherapy. However,
systemic toxicities resulting from the poor specificity and increasing
development of resistances over time have significantly restricted its use
and promoted the research for new anticancer drugs.' As a result, novel
potential metal-based drugs are emerging as interesting tools as they
seem to operate via different mode of action than the traditional plat-
inum drugs, barely targeting DNA and thereby interfering with its
replication and transcription.”

The novel antitumor metal complexes possess a great structural di-
versity including variations in the metal and its oxidation state (silver(I),
gold(I) and (III), iridium(III), ruthenium(Il)) and a variety of organic
ligands including phosphines,® dithiocarbamates,” and N-heterocyclic
carbenes (NHC).”® Gold complexes, initially developed as antirheu-
matic agents, have dominated the research for novel anticancer drug
candidates.”

The mechanism of action of gold complexes remains controversial.
Thus, the structural variety of the active compounds suggests that the
assumption of a single mode of action may not be valid. Moreover, ac-
tivity may also depend on the nature and lipophilicity of the ligand,

* Corresponding authors.

which adds further complexity to the systems. Several potential targets
have been suggested including the mitochondrial pathway,® DNA
structures,” '” the NRF2 transcription factor'' and the inhibition of
protein targets such as thioredoxin reductase (Ter),&12 PARP—l,13
cysteine proteases,'* or protein tyrosine phosphatases.'® Besides, silver
complexes have been mainly investigated as anti-infective agents but
their potential as cytotoxic agents against cancer cells is gaining
increasing attention.® The mechanism of action of Ag(I) complexes is
also unclear. Several targets have been identified including loss of
membrane integrity due to the release of Ag(l) ions,'® the inhibition of
TrxR,"” topoisomerase I or PARP-1.'® Herein, four dinuclear silver(I)
and gold(I) complexes containing two different bridging bidentate NHC
ligands have been tested as potential anticancer agents with the aim of
examining the effect of the ligands and metal centers on their biological
activity. The cytotoxic effect of the compounds has been initially
assessed in vitro on different cell lines, cancerous and nontumorigenic.
We then evaluated their effect on TrxR inhibition and production of
reactive oxygen species (ROS). Finally, the impact on cellular apoptosis
and mitochondrial membrane potential was investigated in treated cells.
The results obtained give a new insight into the mechanism of action of
dinuclear Ag(I) and Au(I)-NHC complexes and the effect of the substi-
tution pattern at the nitrogen atom of the N-heterocycle.
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2. Materials and methods

Minimum Essential Medium Eagle (MEM), Dulbecco’s modified Ea-
gle’s medium (DMEM), Roswell Park Memorial Institute medium
(RPMI), fetal bovine serum (FBS), nonessential amino acids, penicillin/
streptomycin, non-essential amino acids, 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT), trypsin-EDTA, 2',7'-dichloro-
fluorescin diacetate, sulforhodamine B, 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB), aprotinin, leupeptin, Tween-20, Triton X-100 and 1-sele-
nocystine were from Sigma. 4X Laemmli buffer and acrylamide were
from BioRad, SDS from Fluka, and the microBCA protein assay kit from
Thermo Scientific. The polyvinylidene difluoride (PVDF) membrane was
from Roche. ECL Prime Western Blotting Detection Reagent was pur-
chased from GE Healthcare. Z-VAD-FMK and E-64-D were from Enzo
Life Science. Z-IEDT-FMK and Z-LEHD-FMK were from Alfa Aesar.
Annexin V-FITC Early Apoptosis Detection was from Cell Signalling. The
Guava EasyCyte MitoPotential Kit, Nicotinamide Adenine Dinucleotide
Phosphate Hydrogen (NADPH) and sodium pyruvate were from Merck
Milipore. Thioredoxin Reductase was from IMCO Corporation Ltd AB.
Antibodies: TrxR was from Santa Cruz (sc-28321) and f-actin (mouse)
was from Sigma (A2228). HRP secondary antibodies were from GE
Healthcare.

2.1. General experimental methods

[Auy(bisButIm),] (NOg3), (4) was prepared following an analogous
procedure to that reported for 3.1 [Ago(bisButlm)2](NO3); (3) (37 mg,
0.043 mmol) was reacted with [Au(tht)Cl] (27.6 mg, 0.086 mmol) in 2
mL acetonitrile at room temperature. After 16 h, AgCl was eliminated by
filtration. Addition of diethylether to the filtrate provokes the precipi-
tation of 4, which was subsequently isolated and dried. Yield: 67 % (20
mg). 'H NMR (CD5CN, & ppm, 300 MHz): 7.61 (s, 4H, H5im), 7.44 (s, 4H,
H4im), 6.67 (dd, 4H, Jy_y = 259.2, 14.0, CHy-bridge), 4.24 (dt, 8H,
Jy_g=6.5,21.7; NCH>), 2.01-1.79 (m, 8H; CH,CH,CH>), 1.38-1.18 (m,
8H; CH2CH3), 0.86 (t, 12H, Jy_y = 7.3; CH3). HRMS (electrospray, m/z):
caled. for CsoHugNgAuy [4 — (NO3)o1%: 457.1666, found: 457.1475
(Fig. S1).

Purification of reaction products was carried out when required
either by filtration or by flash chromatography using silica-gel
(0.063-0.200 mm). Analytical thin layer chromatography was per-
formed on 0.25 mm silica gel 60-F plates. ESI ionization method and
mass analyzer type MicroTof-Q were used for the ESI measurements. 'H
NMR spectra were recorded at 300 and 400 MHz; 13C NMR-APT spectra
were recorded at 75 and 100 MHz; CD3CN as the solvent. All commer-
cially available solvents and reagents were used as received.

Cell culture. Human gastric cancer cells (HGC-27) and African green
monkey kidney cells (Vero) were culture in MEM. Madin-Darby canine
kidney (MDCK) cells were cultured in DMEM with 1000 mg/L of
glucose. Human colorectal adenocarcinoma (HT-29) cell line was
cultured in DMEM with 4500 mg/L of glucose. Humane ovary cancer
(A2780) cell line was cultured in RPMI with histidine medium. All
mediums were supplemented with 10% FBS and 100 ng/mL each of
penicillin and streptomycin. In addition, MEM was supplemented with
1% non-essential amino acids and RPMI with 0.2% sodium pyruvate. All
cell lines were cultured at 37 °C in 5% CO».

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. To determine cell viability, the colorimetric MTT meta-
bolic activity assay was employed. Cells were seeded at a density of 0.15
x 10° cells/mL, 0.1 mL/well (96-well plates) and cultured at 37 °C and
5% CO». Twenty-four hours after seeding, cells were exposed to varying
concentrations of the investigated compounds and viability was deter-
mined at the indicated times. The control culture was prepared with
addition of culture medium (cell viability control) or DMSO (vehicle
control) in the absence of treatment. After treatment, MTT solution (10
pL at 5 mg/mL in PBS) was added to each well and the cells were
incubated for another 3 h. The solution was removed from the
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precipitate and the resultant formazan crystals were dissolved in DMSO
(100 pL) and the absorbance intensity was measured using a microplate
reader (Molecular Devices, SpectramaxM5) at 570 nm. All experiments
were performed in triplicate, and the relative cell viability (%) is
expressed as a percentage of cell viability relative to the cells treated
with the DMSO (0.1%, vehicle group).

Sulforhodamine B assay. Initial cell viability studies with the cell
lines of human ovary carcinoma (A2780, IGROV1, OVCAR3, OVCAR4,
SKOV3) colon carcinoma (CACO2, COLO205, HCT116, HCT15, SW620)
and hematological cells PBMC were done by OncolLead GmbH & Co. KG
(Miinchen, Germany) using a SRB assay after 72 h treatment as previ-
ously described.?® After a 48 h pre-growth period, cells were treated in
triplicate with serially diluted samples of tested compounds (0.1%
DMSO final concentration). The cells were allowed to grow at 37 °C for
72 h. For quantification of cell proliferation, cells were stained with
fluorescent dye sulforhodamine B (SRB). Cell number that existed before
treatment, at time zero, was obtained after processing cells at this time
point. Calculations (GIsg) used nomenclature introduced by DTP NCIL.?!
In SRB assays carried out in our laboratories, cells were seeded at a
density of 0.1 x 10° cells/mL, 0.1 mL/well (96-well plates) and cultured
at 37 °C and 5% CO,. Twenty-four hours after seeding, cells were
exposed to varying concentrations of tested compounds and viability
was determined after the indicated times. The control culture was pre-
pared with addition of DMSO in the absence of treatment. After 24 h, 50
uL of TCA 50% w/v and 200 pL of PBS were added to each well and the
cells were incubated for 1 h at 4 °C. The solution was then removed and
the plate was washed with double-distilled water. After that, 100 uL/
well of SRB solution (0.4% sulforhodamine B w/v in 0.1% acetic acid)
was added and the samples were incubated for another 30 min at room
temperature. The plate was then washed with 1% acetic acid five times
and with 200 pL of a 10 mM Tris solution (pH 10.5) were added to each
well. After 30 min incubation at room temperature, the absorbance in-
tensity was measured using a microplate reader (Molecular Devices,
SpectramaxM5) at 564 nm. All experiments were performed in tripli-
cate, and the relative cell viability (%) is expressed as a percentage of
cell viability relative to the cells treated with DMSO (0.1%, vehicle
group).

Inhibition of purified thioredoxin reductase (TrxR). Recombi-
nant rat TrxR1 (ICMO Corp, Sweden; 11.2 nM) was pretreated with 100
pL potassium phosphate buffer 0.1 M pH 7.4 containing 1 mM EDTA.
0.2 mM NADPH, 0.1 mg/mL BSA at 37 °C for 30 min. Then, the com-
pound diluted in 100 pL phosphate buffer 50 mM pH 7.4 was added and
the reaction mixture was incubated for 30 min at 37 °C. After this time,
DTNB in ethanol (6 mM) was added and the activity was measured by
reading the absorbance at 412 nm every 20 s during 10 min. ICsg values
were calculated using the residual activity (vt/vo) where vt, vo corre-
spond to the slope of the lineal portion of the curve in the presence or
absence of tested compounds.

Cellular thioredoxin reductase assay. Cells were seeded at a
density of 1 x 10° cells/mL and cultured at 37 °C and 5% COs. Twenty-
four hours after seeding, cells were exposed to tested compounds at the
indicated times. Cells were collected with trypsin-EDTA and washed
with PBS. Cell lysis was performed in 50 mM Tris-Cl (pH 7.5), 150 mM
NacCl, 0.5% Triton X-100 supplemented with 2 ug/mL aprotinin, 5 pg/
mL leupeptin and 1 mM PMSF. Lysates were sonicated at 4 °C for 5 s and
let for 20 s on ice. This process was repeated 5 times. After 30 min on ice,
samples were centrifuged for 10 min at 13.000 rpm at 4 °C and protein
concentrations of the supernatants were estimated using a Micro BCA™
protein assay kit. A 45.3 mM solution of 1-selenocystine and a master-
mix solution (NADPH 1 mM, 3 mM t-selenocystine in 4qH20) were
prepared following reported procedures.’” A total reaction volume of
100 uL was assembled in clear 96-weel round bottom microplates con-
taining 25 L of lysates (25 pg of protein), 35 uL of buffer solution (Tris
HC150 mM, pH 7.5, 1 mM EDTA) and 40 uL of master mix. The plate was
read in 30 s intervals over an 18-min time period at 340 nm. Activity was
determined by measuring the change of NADPH absorbance during the
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measured time and it is reported as mol NADPH consumed/min/mg
total protein.

Western blotting. Cells (200.000 cells) were plated in 6-well plates
and grown for 24 h. After treatment, cells were collected with trypsin-
EDTA, washed with PBS, and lysed with Laemmli sample buffer. Pro-
tein concentration was estimated by Micro BCA™ protein assay Kkit.
Equal amounts of proteins (20 pg) were loaded and separated on a 12%
polyacrylamide gel and transferred onto a PVDF membrane. Membranes
were blocked with 3% BSA in TBS-T (Tris-buffered Saline containing
0.1% Tween-20) for 1 h at room temperature and incubated with anti-
TrxR antibody. Alternatively, membranes were treated with 5% milk
in TBS-T and incubated with anti-B-actin antibody. After washing with
TBS-T, membranes were probed with the correspondent secondary
antibody. Protein detection was carried out using ECL and scanning the
membrane with LI-COR C-DiGit® blot scanner. Band intensity was
quantified using the LI-COR Image Studio Lite software. Band intensities
are expressed as a relation of the samples with the control.

ROS Detection. Oxidative metabolism was examined in triplicate
samples by using 2/,7’-dichlorofluorescin diacetate. This is a non-
fluorescent membrane-permeable compound which can be oxidized to
2',7'-dichlorofluorescein in case cell has high levels of reactive oxygen
species. Cells were seeded at a density of 0.1 x 10° cells/mL, 0.1 mL/
well (96-well plates), cultured at 37 °C and 5% CO» and allowed to
adhere for 24 h. Then 2',7'-dichlorofluorescin diacetate (25 pyM) in
DMSO was added and after 1 h, compounds (or DMSO as a vehicle) were
then added and cells were incubated 3 h. If required, scavengers (Trolox
(50 uM) or sodium pyruvate (10 mM)) were added together with tested
compounds. Fluorescence was measured by a microplate reader (Mo-
lecular Devices, SpectramaxM5) at an excitation wavelength of 485 nm
and emission wavelength of 538 nm. ROS levels were normalized to SRB
values as an indicator of cellular protein amount.

Apoptosis. Cells were seeded in 6 well plates (0.15 x 10° cells per
mL), cultured at 37 °C and 5% CO5 and allowed to adhere for 24 h. Then,
cells were treated for 24 h with either Auranofin, 4 or DMSO (control) at
the specified concentrations. When required, caspase inhibitors (Z-VAD-
FMK, Z-IETD-FMK, Z-LEHD-FMK (20 uM)) were added 1 h before
treatment with the compounds. After treatments, cells were collected by
trypsinization, washed twice with PBS and centrifuged (200 rpm/3
min). The Annexin V-FITC Early Apoptosis Detection Kit was used to
analyze cell apoptosis according to manufacturer’s instructions. Briefly,
the cell pellet was resuspended in 96 pL of Annexin V binding buffer, 1
pL of FITC-Annexin V and 12.5 pL of propidium iodide. After 10 min on
ice in the dark, apoptosis was determined using a Guava easyCyte ™
flow cytometer (Merck Millipore). Samples were excited at 488 nm with
barrier filters and FITC and PI emissions were detected with 525 nm and
575 nm filters, respectively. Data were analyzed by InCyte Software and
plotted for Annexin V-FITC and PI in a two-way dot plot. Results are
shown as a percentage of cells.

2.2. Mitochondrial membrane potential

Cells were seeded in 6 well plates (0.1 x 100 cells per mL), cultured
at 37 °C and 5% CO», and allowed to adhere for 24 h. Cells were then
treated for 24 h with either Auranofin as a positive control, 4 or DMSO
(control) at the specified concentrations. After treatments, cells were
collected by trypsinization, washed twice with PBS containing 5% BSA
and centrifuged (200 rpm/3 min). Cell pellet was then resuspended in
200 pL medium and seeded into a 96-well plate (1 sample / well). 4 pL of
a previously prepared 50X solution of JC-1 and 7-AAD (7-amino-
actinomycin) were added to each well and cells were incubated for 30
min at 37 °C and 5% CO,. Finally, cells were collected and mitochon-
drial membrane potential was measured using a Guava easyCyte ™ flow
cytometer (Merck Millipore). The percentage of cells of green (530 nm)
and red (590 nm) fluorescence of JC-1 was analyzed.
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3. Results and discussion
3.1. Synthesis

Dinuclear silver [Agz(bisNHC)z]2+ cations (Chart 1) have been pre-
pared with slight modifications of reported methods: [Aga(bisMeOE-
tIm)2](NO3), (1)%° (bisMeOEtIm = bis(2-methoxyethyl-1-imidazole)
methane), and [Ago(bisButlm),](NO3), @' (bisButlm = bis(n-butlyl-
1-imidazole)methane). Subsequent treatment of 1 and 2 with [Au(tht)
Cl] (tht = tetrahydrothiophene) under mild conditions resulted in the
respective gold [Ago(bisNHC)2] 2+ cations, namely, [Auy(bisMeOEtIm);]
(NO3)2 (3)** and [Auy(bisButlm),] (NO3)3 (4). In addition to the metal
exchange, the structural difference of these compounds lies in the formal
substitution of an ether group (-O-) by a methylene (-CHy-) entity. As a
result, it is interesting to point out that solubility of the ether compounds
(1 and 3) is significantly higher in water if compared to the n-butyl
derivatives (2 and 4). All the complexes were stable under physiological
conditions to perform all the studies described in this work.

3.2. Cytotoxicity

The in vitro cytotoxicity of the complexes 1-4 was initially assessed
using a 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay and different cell lines, the human gastric cancer cell line
HGC-27 and the non-tumorigenic Madin-Darby Canine Kidney Epithe-
lial (MDCK) cell line. Half maximal inhibitory concentrations (ICsg)
were measured after 24 h treatment and the results are summarized in
Table 1. A dose-dependent inhibition of cell growth was observed for all
the metal complexes [Mz(bisNHC)z]2+ except for Au(I)-NHC 3, whereas
4, only differing from 3 by the nature of the ligand showed an increased
potency for the cancerous cell line HGC-27, that was confirmed after
longer treatments (72 h exposure). Contrarily, both Ag(I)-containing
compounds 1 and 2 showed higher cytotoxicity and similar ICs in all
the cases.

Afterwards, the triggering of the antiproliferative effects of the most
effective and selective complex 4 was further evaluated on a panel of
cancer cell lines, including five human ovarian carcinoma cell lines
(A2780, IGROV1, OVCAR3, OVCAR4, SKOV3) and six human colon
carcinoma cell lines (CACO2, COLO205, HCT116, HCT15, SW620, HT-
29), as well as the non-cancer African green monkey kidney (Vero)
and the resting, non-proliferative peripheral blood mononuclear cells
(PBMOQ). In this case, cell viability was measured after 72 h exposure
using the Sulforhodamine B (SRB) assay, which quantifies the total
amount of cellular protein and it is independent of mitochondrial ac-
tivity. The results of the panel screening proved outstanding anti-
proliferative potencies of 4 (Glsp, the concentration causing 50% cell
growth inhibition in relation to the initial cell seeding number, of 0.63
uM) towards the ovarian cancer cell line A2780. Moderate potencies
were also observed in other cells lines with mean GIs data in the range
of 5-15 uM. No activity could be observed in in the human ovarian
carcinoma cells OVCAR4 and SKOV3 or in quiescent PMBC suggesting
that antiproliferative activities are related to actively cycling cells
(Table 2). The silver complex 2 (ICs¢ 0.43 uM) displayed similar potency
in A2780 cells, whereas the gold complex 3 was again not toxic at the
concentrations tested.

3.3. TrxR inhibition

The selenoenzyme thioredoxin reductase (TrxR) has already been
identified as cellular target for gold?® and silver complexes.'”?® TrxR
plays a major role in the regulation of the intracellular redox homeo-
stasis. It is required to convert oxidized thioredoxin (Trx) into its
reductive form, which can scavenge ROS and consequently improves
cell viability under oxidative stress.”’ Moreover, TrxR variants appear to
be overexpressed in certain types of cancer”® and its inhibition increases
sensitivity to oxidants and leads to apoptosis.”’
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Chart 1.

Table 1
Antiproliferative effects of [Aga(bisNHC),] 2+ 1-2 and [Auz(bisNHC)z]2 3-4 expressed as ICsq values (uM, (95% confidence intervals)); N.A.: not active.
Cell line ICs0 (UM)
[My(bisNHG),] 2+ 1 2 3 4
Time (h) 24 24 24 24 72
HGC-27 11.4 11.8 N.A. 48.7 3.45
(10.4-12.4) (10.4-13.4) (37.6-63.2) (3.2-3.7)
MDCK 4.8 3.0 N.A. 89.0 54.67
(4.3-5.3) (2.0-4.6) (61.0-130.0) (45.7-65.2)

Table 2

Antiproliferative effects of [Auy(bisNHC),]?> 4
expressed as Glso values (UM, 95% confidence in-
tervals); N.A. not active.

Cell line Glsp (uM)
A2780 0.63
(0.16-2.5)
IGROV1 9.62
(2.5-36,99)
OVCAR3 5.32
(1.13-25.0)
OVCAR4 N.A.
SKOV3 N.A.
CACO2 4.99
(0.99-25.0)
COLO205 7.44
(2.21-25.0)
HCT116 6.44
(1.67-25.0)
HCT15 9.85
(2.5-38.88)
SW620 6.82
(1.85-25.0)
HT-29 15.21
(13.3-17.0)
Vero 12.59
(10.98-14.45)
PBMC N.A.

Whereas direct targeting of TrxR by Au(I)-NHC compounds have
been widely investigated, its inhibition by Ag(I)-based complexes re-
mains less characterized and no evidences of TrxR inhibition by dinu-
clear [Ago(bisNHC),] 2+ complexes have been reported so far. Hence, we
next evaluated whether the antiproliferative effects of the

[Agz(bisNHC)g]2+ and [Auz(bisNHC)Z]2+ complexes could be explained
by direct inhibition of TrxR. Thus, the inhibitory effect of the Ag(D-
based complex 2 and the two Au(I) complexes 3 and 4 was next stud-
ied on mammalian TrxR. Enzyme activity was efficiently inhibited by all
three complexes. However, whereas 2 and 4 exhibited ICs, values in the
low nanomolar range (8.9 and 4.8 nM), the activity of the noncytotoxic
3, only differing from 4 by the aliphatic chain linked to the imidazole
moiety, dropped to 13.5 uM (Supporting Information Fig. S2). Although
these results suggest a possible correlation between cell viability and
TrxR inhibition, it was still unclear whether the selectivity profile
observed for 4 can be solely explained based on TrxR activity.

The rapid proliferation of cancer cells requires high metabolic ac-
tivity. To compensate this high oxidative stress, the expression and ac-
tivity of TrxR is upregulated in several tumor types.*” As a result, cancer
cells may have an increased dependency on TrxR activity, what makes
them more vulnerable to the effect of small molecules targeting this
enzyme. To investigate this hypothesis, we measured the protein levels
of TrxR1 in A2780 cells compared to the non-cancer cells Vero and the
less sensitive HT-29. Immunoblot analysis of TrxR1 relative abundance
showed that contrarily to what may have been expected, Vero and HT-
29 cells showed increased levels of the enzyme as compared with A2780
cells (Fig. 1B). Next, enzyme activity was measured using a continuous
direct assay based on the reduction of L-Selenocystine and cell lysates as
a source of enzyme.>” In line with the previous results, TrxR activity was
slightly increased in HT-29 and Vero cells compared with A2780 cells
(Fig. 1C, Supporting Information Fig. S3). These results suggested that
the larger vulnerability of A2780 cells could not only rely on an
increased activity of TrxR.

3.4. Reactive oxygen species

The higher metabolic activity of cancer cells is usually associated
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Fig. 1. A) TrxR protein expression in Vero, HT-29 and A2780 cells. Densitometry of immunoblot signals normalized to actin expression. Bar chart shows quanti-
fication of protein levels compared to actin control as a loading control. One representative blot is shown of two independent experiments. B) TrxR activity measured
in the indicated cell lysates using L-Selenocystine as a substrate and a continuous direct assay (Error bars show Mean + SD, *P < 0.05; ** P < 0.01; Student’s test).

with the generation of abundant ROS, such as superoxide anion,
hydrogen peroxide, singlet oxygen or hydroxyl radical. As an excessive
ROS can be toxic, cancer cells are likely to be more vulnerable to damage
by further oxidative insults and this altered redox status can be exploited
for therapeutic benefits.’! Thus, an increase of ROS above certain
threshold levels, induced by either inhibiting ROS scavenging or
enhancing ROS production, should lead to selective death of malignant
cells sparing normal cells.

The thioredoxin system maintains the intracellular redox homeo-
stasis by directly scavenging ROS. However, as TrxR inhibition seems no
to be the solely responsible of the observed effect, we decided to
investigate if basal intracellular ROS levels could contribute to the se-
lective toxicity observed in A2780 cells. A fluorogenic probe, 2/,7'-
dichlorofluorescin diacetate (DCFH-DA) was employed, which in the
presence of intracellular ROS is converted to highly fluorescent
dichlorofluorescein (DCF). As shown in Fig. 2A, the results indicated
that the ovarian cancer cell line A2780 presents higher baseline levels of
ROS as compared to the less-sensitive Vero and HT-29 cell lines.

Gold compounds have been described to markedly increase the
production of intracellular ROS.%? An increase could specifically affect
A2780 cells, that may be more vulnerable to further oxidative stress due
to their high basal levels of ROS, probably closer to cell-death threshold.
To test this hypothesis, we next investigated the effect of complexes 2
and 4 on the intracellular ROS production. Indeed, a significant ROS
accumulation was observed in cells treated with both metal NHC com-
plexes cases. Hence, treatment with 4 resulted in a 3-, 2- and 2.5-fold
increase in DCF fluorescence signals in Vero, HT-29 and A2780 cells
respectively, whereas treatment with 2 resulted in a marked 4, 5.2 and
5.4-fold increase as compared with the vehicle treated cells (Fig. 2A).

To explore whether ROS production is required for the cell death
induced by 4, Vero cells were treated with 4 in the presence of the
hydrogen peroxide scavenger sodium pyuvate®’ or 6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (trolox), a water-soluble deriv-
ative of vitamin E and a scavenger of peroxyl and alkoxyl radicals.>* The

results showed that trolox and sodium pyruvate almost completely
suppressed ROS accumulation induced by 4 (Fig. 2B). We next examined
the possible relationship between ROS overproduction and decreased
cell viability. Indeed, treatment with trolox and sodium pyruvate scav-
engers partially inhibited cell death induced by 4 and neutralized its
anti-proliferative effect (Fig. 2C). Taken all together, these results
indicate that increased ROS levels play a key role in 4-elicited cell death.

3.5. Apoptosis assay

It is well established that the generation of ROS can cause cell death
by either apoptosis or necrosis. Hence, to explore the cell death caused
by 4 and to determine the most prevalent death mechanism, an
apoptosis assay was next carried out in A2780 cells. To this end, A2780
cells were treated with vehicle alone as control or with three different
concentrations of 4. The established gold-containing drug Auranofin
was included as a positive control. This gold containing compound is
clinically used to treat rheumatic arthritis but has been shown to induce
apoptosis in several cancer cell lines.>® After Annexin V-FITC/PI stain-
ing, cells were a subsequently analyzed cells by flow cytometry.*® As
shown in Fig. 3, the cell-state distribution after treatment indicated that
apoptosis was the main cell death mechanism as in cells treated with 2.5
uM 5 pM and 10 pM, the total percentage of early and late apoptotic cells
were 29.4%, 34.5% and 49.2 % respectively. In contrast, only 5.5% of
apoptotic cells were detected in the vehicle-treated cells (Fig. 3A, B).

To elucidate whether apoptosis was triggered through caspase-
dependent or independent mechanisms, we explored the activation of
caspases. Thus, pretreatment of cells with the pan-caspase inhibitor Z-
VAD-FMK (20 uM) for 1 h partially prevented 4-induced cell death (20%
vs 39%), thus suggesting that a caspase-dependent mechanism may be
involved. Next, the involvement of the extrinsic or the intrinsic signal-
ling pathway in apoptosis induction was investigated. The extrinsic
signalling pathway involves death receptors located at the membrane,
the transmission of the signal to intracellular pathways and the
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Fig. 2. The production of ROS was monitored after 4 h treatment of cells with 2 or 4 (9 uM) or vehicle (DMSO) by fluorescence of dichlorofluorescein. ROS levels
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treated for 4 h with Trolox or sodium pyruvate (SP) in presence of 4 (13 uM). C) Viability of Vero cells was determined by an SRB assay after 24 h treatment. Data are
the mean + SD of three experiments (*P < 0.05; ** P < 0.01; ***P < 0.001; Student’s test).

implication of caspase-8. The intrinsic pathway may be caused by
different stimuli including ischemia and oxidative stress and involves
the activation of caspase-9. To this end, cells were pretreated with a
caspase-8 (Z-IETD-FMK, extrinsic pathway) or a caspase-9 (Z-LEHD-
FMK, intrinsic pathway) inhibitor. Interestingly, the percentage of
apoptotic cells markedly decreased upon treatment with the caspase-9
inhibitor Z-LEHD-FMK (39% vs 12%), whereas no changes could be
observed in cells treated with caspase-8 inhibitor, thus suggesting the
implication of the mitochondrial pathway (Supporting Information
Fig. S4).

3.6. Mitochondria permeabilization

The apoptosis data suggested the existence of mitochondria damage
that correlate well with the previously observed increase of ROS levels,
as mitochondria are the main source of intracellular ROS production. In
addition, changes in mitochondrial membrane potential (MMP, A¥,,)
and loss of membrane permeability can be an indicator of impaired
mitochondrial integrity and the activation of the intrinsic apoptotic
pathway. Therefore, the effects of 4 on MMP were next investigated by
employing 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolcarbo-
cyanine iodide (JC-1), a cationic dye that inserts into the mitochondrial
membrane forming yellow aggregates. When MMP collapses, JC-1 dif-
fuses to the cytosol forming monomers with green emission.’” There-
fore, JC-1 has been widely used to detect mitochondrial depolarization.

As it can be seen in Fig. 3C and S5, analysis of MMP by JC-1 labeling
revealed that the percentage of depolarized cells significantly increased
in A2780 cells after treatment with 4. This effect was dose-dependent
clearly indicating that 4 induces A¥,, changes in A2780 cells. As the
dissipation of MMP is considered to be a mitochondrial disruption event
during apoptosis, these results are in alignment with the implication of
the intrinsic pathway in the 4-mediated cell death.

4. Conclusions

Ovarian cancer is the most lethal gynecologic malignancy. Current
standard treatment consists of surgery and chemotherapy with cisplatin
and derivatives, either alone or in combination with other drugs.
However, chemotherapy resistance leading to recurrent disease has
emerged as a major challenge in ovarian cancer. Therefore, the devel-
opment of additional therapeutic approaches, ideally acting on different
mechanisms of action, has emerged as a promising approach for cancer
therapy. Herein, we describe series of novel dinuclear gold and silver
complexes featuring two different bridging bis(NHC) ligands. The
compounds have been tested for their antiproliferative effects on a va-
riety of cancerous and nontumorigenic cells lines. The results are
indicative of a role of both the metallic center and the functionalized
ligand in the biological activity.>® Hence, the [Auy(bisNHC),]%* com-
plex 4 bearing a n-butyl group on the nitrogen of the imidazole rings
display promising activity with significant selectivity towards the
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Student’s test).

human ovarian cancer cell line A2780, whereas the 2-methoxy ethyl-
substituted 3 is ineffective in all the cell lines tested. Lipophilicity has
been previously shown to play a role in the selective toxicity of cationic
Au(I) complexes to cancer cells over noncancer cells, probably due to
selective accumulation in tumor cell mitochondria.® Notably, the
replacement of the gold with silver results in a superior and general
toxicity leading to detriment of the selectivity, irrespective of the sub-
stitution pattern of the imidazole moiety. One of the possible reasons is
that Ag(D)-NHC complexes present an increased lability compared with
Au(l) complexes resulting in a faster release of Ag" ions. Higher cyto-
toxicity and increase in ROS levels for silver complexes have been also
previously described as compared with gold analogues, leading to the
detriment of the selectivity towards cancer cells.*”

Treatment with the [Auz(bisNHC)2]2+ complex 4 resulted in a sub-
stantial alteration of the cellular redox homeostasis mediated by the
combined effect of TrxR inhibition and enhanced ROS production. This
oxidative stress ultimately results in the depolarization of mitochondrial
membrane and the death of the treated cells via caspase-9 dependent
apoptosis, whereas treatment with ROS scavengers can rescued cells
from damage. The high basal ROS levels detected in A2780 may have a
significant effect on their capacity to cope with oxidative stress and
make them more vulnerable to damage caused by further elevation of
ROS. Taken together, those data suggest that the [Auz(bisNHC)z]2+
complex 4 could be a promising drug candidate for cancer therapy.
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