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Abstract

The gold(I) mixed-ligand complexes involving O-substituted derivatives of 9-deazahypoxanthine (HLn) and triphenylpho-
sphine (PPh3) with the general formula [Au(Ln)(PPh3)] (1–5) were prepared and thoroughly characterized by elemental
analysis, FT-IR and multinuclear NMR spectroscopy, ESI+ mass spectrometry, single crystal X-ray (HL5 and complex 2) and
TG/DTA analyses. Complexes 1–5 were evaluated for their in vitro antitumor activity against nine human cancer lines, i.e.
MCF7 (breast carcinoma), HOS (osteosarcoma), A549 (adenocarcinoma), G361 (melanoma), HeLa (cervical cancer), A2780
(ovarian carcinoma), A2780R (ovarian carcinoma resistant to cisplatin), 22Rv1 (prostate cancer) and THP-1 (monocytic
leukaemia), for their in vitro anti-inflammatory activity using a model of LPS-activated macrophages, and for their in vivo
antiedematous activity by l-carrageenan-induced hind paw edema model on rats. The results showed that the complexes
1–5 exhibit selective in vitro cytotoxicity against MCF7, HOS, 22Rv1, A2780 and A2780R, with submicromolar IC50 values for
2 against the MCF7 (0.6 mM) and HOS (0.9 mM). The results of in vitro cytotoxicity screening on primary culture of human
hepatocytes (HEP220) revealed up to 30-times lower toxicity of compounds against healthy cells as compared with cancer
cells. Additionally, the complexes 1–5 significantly influence the secretion and expression of pro-inflammatory cytokines
TNF-a and IL-1b by a similar manner as a commercially used anti-arthritic drug Auranofin. The tested complexes also
significantly influence the rate and overall volume of the edema, caused by the intraplantar application of l-carrageenan
polysaccharide to rats. Based on these promising results, the presented compounds could qualify to become feasible
candidates for advanced testing as potential antitumor and anti-inflammatory drug-like compounds.
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Introduction

Medicinal use of gold-based therapeutic agents can be traced

back to 2500 BC in China [1,2]. Currently, the foremost clinical

use of gold compounds is related to their application in the

treatment of rheumatoid arthritis. The most important clinically

used gold-based anti-arthritic drugs are various gold(I) thiolate

salts, e.g. sodium aurothiomalate (Myochrysin, sodium ((2-

carboxy-1-carboxylatoethyl)thiolato)gold(I)), Figure 1A) and

aurothioglucose (Solganol, {(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)-oxane-2-thiolato}gold(I), Figure 1B) [3,4] be-

longing to the class of disease-modifying anti-rheumatic drugs

so-called DMARDs, and an orally active gold(I) phosphine

compound Auranofin (Ridaura, triethylphosphine-(2,3,4,6-tetra-

O-acetyl-b-D-thiopyranosato)gold(I), Figure 1C) [5–7]. Over the

past few years, research interests in medicinal chemistry of gold

compounds have not been focused only on the development of

gold-based drugs with better or comparable efficiency, and/or

fewer negative side-effects than commercially clinically used

anti-rheumatoid agents, but also on the study of the mode of

action of gold compounds in the physiological environment with

the aim to understand the relationship between the mechanism

and anti-inflammatory activity as well as possible variety of their

biological applications, e.g. anti-cancer, anti-microbial, anti-

malarial and anti-HIV activities [8–15].

Deeper investigations of gold-based compounds as potential

antitumor agents started when commercially used anti-arthritic

drugs such as Auranofin and gold(I) thiolate salts showed

promising results of cell growth inhibiting effects in vitro [16–

18] and some efficacy in experimental in vivo models [19–20].

Accordingly, numerous Auranofin analogues, i.e. linear Au(I)

phosphine complexes incorporating S-donor ligands [21–26] or

heterocyclic N-donor ligands [27–30] as well as various analogues

of tetrahedral gold(I) diphosphines e.g. of the type [Au(DPPE)2]Cl,

where DPPE represents a tetrasubstituted ethylene-1,2-dipho-

sphine ligand [31–35] (for a representative example see Figure 1D)

and Au(I) N-heterocyclic carbene (NHC) complexes of the type

[Au(NHC)2] and [Au(NHC)Cl], where NHC is a heterocyclic
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carbene ligand derived from N,N’-disubstituted imidazole [36–37]

(for representative examples see Figure 1E and 1F), have gained

more attention due to their cytotoxicity and/or antitumor activity

against several tumor cell lines/models, e.g. melanoma and

leukaemia cell lines/leukaemia model.

Not surprisingly, the studies focusing on the class of gold(I)

compounds containing triphenylphosphine and heterocyclic N-

donor ligands (L), with the general composition [Au(L)(PPh3)],

described both anti-inflammatory and cytotoxic activities and also

showed clinical potential of these compounds in the treatment of

anti-inflammatory diseases or cancer. In relation, significant in
vitro cytotoxicity against breast MCF7, lung A549, cervical (A431)

colon (LoVo cell line and multi-drug resistant LoVo MDR cell

line), ovarian (2008 and C13*) cancers was described for gold(I)

complexes with triphenylphosphine and imidazoles [27]. Further,

gold(I) complexes involving triphenylphosphine and 6-benzylade-

nine (HBap) derivatives, [Au(Bap)(PPh3)], showed better anti-

inflammatory effect and lower in vitro cytotoxicity as compared

with the commercially used drug Auranofin [38].

9-Deazahypoxanthine derivatives (6-oxo-9-deazapurines) as

inhibitors of purine nucleoside phoshorylase (PNP) [39], represent

a novel class of prospective selective immunosuppressive agents

with potential utilization in the treatment of autoimmune and T-

cell proliferative diseases such as T-cell leukaemia and lymphomas

[40]. The immunicillin family (C9-substituted 9-deazahypox-

anthines) represents the most powerful PNP inhibitors, with two

members, immucillin-H and DADMe-immucillin-H, included in

clinical trials for the treatment of T-cell and B-cell cancers [41–

42].

One of the possible ways how to obtain metal-based drugs with

improved biological activity is a coordination of suitable ligands to

a proper metal. This general pathway, which is associated with a

combination of suitable ligands with a proper transition metal (all

these components being partly biologically active or even

biologically inactive), may lead to the formation of biologically

active compounds [e.g. 38, 43–45]. Despite the above-mentioned

biological potential of 9-deazahypoxanthine derivatives in clinical

applications, its coordination chemistry is still quite new. To date,

only one work has been published in connection with the study of

coordination compounds incorporating the molecule of 9-

deazahypoxanthine [46].

In this work, we wish to present the preparation, characteriza-

tion and evaluation of in vitro and in vivo antitumor and anti-

inflammatory activities of a series of gold(I)-triphenylphosphine

complexes with the general formula [Au(Ln)(PPh)3], where HLn

represents an O-substituted 9-deazahypoxanthine derivative.

As a model of in vitro inflammatory response, the expression of

pro-inflammatory cytokine tumor necrosis factor a (TNF-a) and

interleukin 1b (IL-1b) were determined in lipopolysaccharide

(LPS)-stimulated macrophage-like cells THP-1. TNF-a plays an

important role during inflammation, as it stimulates the expression

of other cytokines and adhesion molecules, causes vasodilatation,

Figure 1. Schematic representations of gold-containing anti-inflammatory drugs (A–C) and some anticancer drug candidates (D–F).
doi:10.1371/journal.pone.0109901.g001
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participates on generation of reactive oxygen species (ROS), and

also possesses other effects on inflamed tissues [47]. The IL-1b
cytokine represents another key molecule involved in inflamma-

tion processes. It influences signalling pathways leading to fever,

expression and activation of other inflammatory-related agents

[48–49]. Both of these cytokines are under transcription control of

the nuclear factor kB (NF-kB) since the LPS activation of NF-kB

signalling pathway leads to the cleavage of its complex with the

inhibitor of NF-kB (IkB), while the free NF-kB is translocated

from cytoplasm to the nucleus and initiates the transcription of

several hundreds of genes, including the TNF-a and IL-1b [50].

Overall positive results and findings related to biological

activities are discussed within the framework of the following text.

Materials and Methods

Ethic Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institute of Health [51].

The protocol was approved by the Expert Committee on the

Protection of Animals Against Cruelty at the University of

Veterinary and Pharmaceuticals Science in Brno (Permit Number:

73-2013). To minimize the suffering of laboratory animals, all

pharmacological interventions were done under anaesthesia. The

animal tissues for ex vivo experiments were taken post mortem,

immediately after all animals were sacrificed by cervical disloca-

tion.

Chemicals and Biochemicals
Chemicals and solvents used for the synthesis of O-substituted 9-

deazahypoxanthine derivatives, HLn (n = 1–5, HL1 = 6-ethoxy-9-

deazapurine, HL2 = 6-isopropyloxy-9-deazapurine, HL3 = 6-(tet-

rahydrofuran-2-yl-methyloxy)-9-deazapurine, HL4 = 6-benzyloxy-

9-deazapurine, HL5 = 6-phenethyloxy-9-deazapurine), and gold(I)

triphenylphosphine complexes 1–5 were purchased from Across

Organics Co. (Pardubice, Czech Republic), Sigma-Aldrich Co.

(Prague, Czech Republic) and Fisher-Scientific Co. (Pardubice,

Czech Republic), and were used without any further purification.

The precursor [AuCl(PPh3)] was prepared by the synthetic

procedure described in the literature [52–53].

The RPMI 1640 medium and penicillin-streptomycin mixture

were purchased from Lonza (Verviers, Belgium). Phosphate-

buffered saline (PBS), fetal bovine serum (FBS), phorbol myristate

acetate (PMA), prednisone ($98%), Auranofin ($98%), erythrosin

B, and Escherichia coli 0111:B4 lipopolysaccharide (LPS) were

purchased from Sigma-Aldrich (Steinheim, Germany). Cell

Proliferation Reagent WST-1, Cell Proliferation Kit I (MTT),

cOmplete Proteinase Inhibitor Cocktail, and RealTime Ready

Cell Lysis Kit used for the isolation of RNA from cells, and

Transcriptor Universal cDNA Master used for reverse transcrip-

tion of RNA to cDNA were obtained from Roche (Mannheim,

Germany). Specific primers and probes (Gene Expression assays)

for polymerase chain reaction (PCR) were obtained from Applied

Biosystems (Foster City, CA, USA). The following assays were

chosen for the quantification of gene expression: Hs00174128_m1

for TNF-a, Hs01555410_m1 for IL-1b, and 4326315E for b-actin,

which served as an internal control of the gene expression.

Quantitative PCR (qPCR) was performed with Fast Start

Universal Probe Master from Roche (Mannheim, Germany).

Instant ELISA Kits from eBioscience (Vienna, Austria) were used

to evaluate the production of TNF-a and IL-1b by the enzyme

linked immunosorbent assay (ELISA) method. The Immun-Blot

PVDF (polyvinylidene fluoride) membrane 0.2 mm from Bio-Rad

(Hercules, CA, USA) and albumin bovine fraction V (pH 7) (BSA)

from Serva (Heidelberg, Germany) were used for Westernblot.

Murine monoclonal anti-IkB-a from Cell Signaling (Danvers, MA,

USA), murine monoclonal anti-b-actin from Abcam (Cambridge,

UK) and goat polyclonal anti-mouse IgG (with conjugated

peroxidase) antibodies from Sigma-Aldrich (Saint Louis, MO,

USA) were applied for immunodetection. Conjugated peroxidase

was detected by Opti-4CN Substrate Kit from Bio-Rad (Hercules,

CA, USA).

Chemistry
The O-substituted 9-deazahypoxanthine derivatives, HLn

(n = 1–5, HL1 = 6-ethoxy-9-deazapurine, HL2 = 6-isopropyloxy-9-

deazapurine, HL3 = 6-(tetrahydrofuran-2-yl-methyloxy)-9-deaza-

purine, HL4 = 6-benzyloxy-9-deazapurine, HL5 = 6-phenethy-

loxy-9-deazapurine) were synthesized by a slight modification of

the procedure involving the nucleophilic substitutions as published

previously [54–55]. The purity and composition of the products

were confirmed by elemental analysis (C, H, N), electrospray

ionization (ESI+) mass spectrometry, FT-IR, 1H and 13C NMR

spectroscopies, results of which are given in Information S1,

including the detailed synthetic procedure of HL1–5. The

molecular structure of HL5 was determined by single crystal X-

ray analysis (for further details see Information S1).

Gold(I) complexes of the composition [Au(L1–5)(PPh3)] (1–5),

where L1–5 stands for the deprotonated form of the appropriate O-

substituted 9-deazahypoxanthine derivative, were synthesized by a

slightly modified procedure, as previously described in [38].

Accordingly, the acetone solutions of the appropriate O-substitut-

ed 9-deazahypoxanthine derivative (HL1–5) (0.2 mmol in 10 mL)

and [AuCl(PPh3)] (0.2 mmol in 10 mL) were mixed. Then, an

aqueous solution of 1 M NaOH (1 mL) was added and the

reaction mixture was heated up to 50uC. The insoluble crystals of

NaCl, formed during 2 hours of stirring, were filtered off. The

colourless filtrate was evaporated to dryness by standing at room

temperature. After a few days, the products 1–5 were precipitated

by diethyl ether from the residue of gel-like consistency. The pale

yellow powders were filtered off, washed with diethyl ether (5 mL)

and dried at 40uC under an infrared lamp. The results of

elemental analysis, ESI+ mass spectrometry, FT-IR spectroscopy,

thermogravimetric (TG) and differential thermal (DTA) analyses

are given in Information S1, including the selected crystallograph-

ic data and structure refinement of complex 2.

Physical Measurements
Elemental analyses (C, H, N) were carried out using a Flash

2000 CHNO-S Analyzer (Thermo Scientific, USA). FT-IR spectra

were measured on a Nexus 670 spectrometer (Thermo Nicolet,

USA) in the 400–4000 cm21 (ATR technique) and 150–600 cm21

(Nujol technique) regions. Mass spectra of the methanol solutions

(ca 1025 M) of complexes 1–5 were obtained by an LCQ Fleet ion

trap mass spectrometer by the positive mode electrospray

ionization (ESI+) technique (Thermo Scientific, USA). All the

observed isotopic distribution representations were compared with

the theoretical ones (QualBrowser software, version 2.0.7, Thermo

Fischer Scientific). Simultaneous TG/DTA analyses were per-

formed using an Exstar TG/DTA 6200 thermal analyzer (Seiko

Instruments Inc., Japan); ceramic crucible, 150 mL min21

dynamic air atmosphere, 25–850uC temperature range and

temperature gradient of 2.5uC min21. 1H and 13C NMR spectra

and two dimensional correlation experiments (1H–1H gs-COSY,
1H–13C gs-HMQC, 1H–13C gs-HMBC; gs = gradient selected,

COSY = correlation spectroscopy, HMQC = heteronuclear

multiple quantum coherence, HMBC = heteronuclear multiple

Anticancer and Anti-Inflammatory Gold(I) Complexes
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bond coherence) of the DMF-d7 solutions were measured at 300 K

on a Varian 400 device at 400.00 MHz (1H) and 100.58 MHz

(13C). 1H and 13C spectra were adjusted against the signals of

tetramethylsilane (Me4Si). The splitting of proton resonances in

the reported 1H spectra is defined as s = singlet, d = doublet, t =

triplet, br = broad band, dd = doublet of doublets, m =

multiplet. The single crystal X-ray data of 6-phenethyloxy-9-

deazapurine (HL5) and [Au(L2)(PPh3)] (2) were collected on a

Xcalibur2 diffractometer (Oxford Diffraction Ltd., UK) equipped

with a Sapphire2 CCD detector using the MoKa radiation

(monochromator Enhance, Oxford Diffraction Ltd.), and v-scan

technique at 120K. Data collection, data reduction and cell

parameter refinements were performed by the CRYSALIS software

package [56]. The molecular structures were solved by direct

methods and all non-hydrogen atoms were refined anisotropically

on F2 with the full-matrix least-squares procedure (SHELX-97)

[57]. H-atoms were located in difference maps and refined using

the riding model. Molecular graphics were drawn and additional

structural parameters were interpreted using DIAMOND [58].

Maintenance and Preparation of Macrophages
For the determination of biological activity, we used the human

monocytic leukaemia cell line THP-1 (ECACC, Salisbury, UK).

The cells were cultivated at 37uC in the RPMI 1640 medium

supplemented with 2 mM L-glutamine, 10% FBS, 100 U/mL of

penicillin and 100 mg/mL of streptomycin in a humidified

atmosphere containing 5% CO2. Stabilized cells (3rd–15th passage)

were split into microtitration plates to get a concentration of 500

000 cells/mL and the differentiation to macrophages was induced

by phorbol myristate acetate (PMA) dissolved in dimethyl sulfoxide

(DMSO) at the final concentration of 50 ng/ml, and the cells were

incubated for 24 h. In comparison with monocytes, differentiated

macrophages tend to adhere to the bottoms of the cultivation

plates. For next 24 h the cells were incubated with a fresh

complete RPMI medium, i.e. containing antibiotics and FBS,

without PMA. The medium was then aspirated, and the cells were

washed with PBS and cultivated for next 24 hours in serum-free

RPMI 1640 medium. These prepared macrophages were used for

the detection of inflammatory response.

In Vitro Cytotoxicity Assay
In vitro cytotoxic activity was determined by the MTT assay in

human breast adenocarcinoma (MCF7; ECACC no. 86012803),

human osteosarcoma (HOS; ECACC no. 87070202), lung carci-

noma (A549; ECACC no. 86012804), malignant melanoma

(G361; ECACC no. 88030401), cervix epitheloid carcinoma

(HeLa; ECACC no. 93021013), ovarian carcinoma (A2780;

ECACC no. 93112519), cisplatin-resistant ovarian carcinoma

(A2780R; ECACC no. 93112517) and prostate carcinoma

(22Rv1; ECACC no 105092802) cancer cell lines, purchased

from European Collection of Cell Cultures (ECACC). The cells

were cultured according to the ECACC instructions and they were

maintained at 37uC and 5% CO2 in a humidified incubator. The

primary culture of human hepatocytes (HEP220, batch number

HEP220819) was obtained from Biopredic International (France).

The culture medium was Williams and HAM’s F-12 (1:1)

supplemented with penicillin, streptomycin, ascorbic acid, linoleic

acid, holo-transferin, ethanolamine, glucagon, insulin, dexameth-

asone, pyruvate, glucose, glutamine, amphotericin. The medium

was enriched for plating with 2% foetal calf serum (v/v). The

medium was exchanged for a serum-free medium the day after

and the culture was stabilized for additional 24 h. Thereafter, the

cells were ready for treatments. The cultures were maintained at

37uC and 5% CO2 in a humidified incubator. The cells were

treated with complexes 1–5 (at the concentration levels of 0.01,

0.1, 1.0, 5.0, 25.0, and 50.0 mM), starting compounds e.g. HL1–5,

AuCl, and cisplatin (applied up to 50 mM) for 24 h, using multi-

well culture plates of 96 wells. In parallel, the cells were treated

with vehicle (DMF; 0.1%, v/v) and Triton X-100 (1%, v/v) to

assess the minimal (i.e. the positive control), and maximal (i.e. the

negative control) cell damage, respectively. The MTT assay [59]

was performed spectrophotometrically at 540 nm (TECAN,

Schoeller Instruments LLC).

Before the in vitro anti-inflammatory testing, in vitro cytotox-

icity on human monocytic leukaemia cells (THP-1, ECACC

no. 88081201) was determined using the WST-1 assay. The THP-

1 cells (floating monocytes, 500 000 cells/mL) were incubated in

100 mL of the serum-free RPMI 1640 medium and seeded into

Figure 2. Schematic representations of O-substituted 9-deazahypoxanthine derivatives (HL1–5) used as the ligands in complexes 1–
5.
doi:10.1371/journal.pone.0109901.g002

Figure 3. A pathway for the preparation of complexes 1–5.
doi:10.1371/journal.pone.0109901.g003
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96-well plates in triplicate at 37uC. Measurements were taken 24 h

after the treatment with the tested compounds dissolved in 0.1%

DMSO in the concentration range of 0.16–10.00 mM. Viability

was determined by the WST-1 test according to the manufactur-

er’s manual. The amount of the formed formazan (which

correlates to the number of metabolically active cells in the

culture) was calculated as a percentage of the control cells, which

were treated only with 0.1% DMSO and was set-up as 100%. The

IC50 values of the tested compounds were calculated from the

obtained data. The WST-1 assay was performed spectrophoto-

metrically at 440 nm (FLUOstar Omega, BMG Labtech).

Drug Treatment and Induction of Inflammatory Response
Differentiated macrophages were pretreated with 300 nM

solutions of the tested complexes, HLn, AuCl, [AuCl(PPh3)],

PPh3 and Auranofin dissolved in DMSO (the final DMSO

concentration was 0.1%) and with 0.1% DMSO solution itself

(vehicle) for 1 h; the given concentrations of the tested compounds

lack the cytotoxic effect (cell viability .94%) based on the results

of WST-1 test. The inflammatory response in pretreated

macrophages was triggered by the addition of 1.0 mg/mL

lipopolysaccharide (LPS) dissolved in water, while the control

cells (CTRL) remained without the LPS treatment.

RNA Isolation and Gene Expression Evaluation
In the order to evaluate the expression of TNF-a, IL-1b, and b-

actin mRNA, total RNA was isolated directly from the LPS-

stimulated THP-1 cells. THP-1 macrophages were pretreated with

compounds 2, 5, and Auranofin at the concentration of 300 nM

or the vehicle (0.1% DMSO) only. After 1 h of the incubation, the

inflammatory response was induced by LPS [except for the control

cells (CTRL)]. After 2 h of the incubation with LPS, the medium

was aspirated and the total RNA was isolated directly from the

cells in cultivation plates using a RealTime Ready Cell Lysis Kit

(Roche), according to the manufacturer’s instructions.

The gene expression was quantified by two-step reverse-

transcription quantitative (real-time) PCR (RT-qPCR). The

reverse transcription step was performed by Transcriptor Univer-

sal cDNA Master using cell lysate as a template. The reaction

consists of 3 steps: (1) primer annealing 29uC for 10 min; (2)

reverse transcription 55uC for 10 min; and (3) transcriptase

inactivation 85uC for 5 min. A FastStart Universal Probe Master

and Gene Expression assays were used for qPCR. These assays

contain specific primers and TaqMan probes that bind to an exon-

exon junction to avoid DNA contamination. The parameters for

the qPCR work were adjusted according to the manufacturer’s

recommendations: 50uC for 2 min, then 95uC for 10 min,

followed by 40 cycles at 95uC for 15 s and 60uC for 1 min. The

results were normalized to the amount of ROX reference dye, and

the change in gene expression was determined by the 22DDCT

method [60]. A degree of transcription in the control cells (i.e. in

the cells which were pretreated by vehicle only and not LPS

stimulated) was set as 1 and other experimental groups were

multiples of this value.

Evaluation of Cytokine Secretion
Macrophages, which were pretreated with the tested com-

pounds (complexes 1–5, HLn, AuCl, [AuCl(PPh3)], PPh3 and

Auranofin) for 1 h, were incubated with LPS for next 24 h. After

this period, the medium was collected and the concentration of

TNF-a, and IL-1b was determined by the Instant ELISA Kit

according to the manufactures’ manual.T
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Determination of IkB degradation
Macrophage-like THP-1 cells were pretreated with the tested

compounds and stimulated by LPS as was describe above. Thirty

minutes after the addition of LPS, the medium was aspirated and

cells were washed by cold phosphate buffer solution (PBS).

Subsequently, the cells were collected using the lysis buffer

[50 mM Tris-HCl pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 mM

sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium

pyrophosphate, 270 mM sucrose, 0.1% (v/v) Triton X-100, and

cOmplete Protease Inhibitor Cocktail (Roche, Germany)] and

scraper. The lysis of cells was facilitated by a short (<30 s)

incubation in the ultrasonic water bath. The protein concentration

was determined according to Bradford’s method. For protein

separation, 30 mg of protein was loaded onto the 12% polyacryl-

amide gel. Then, they were electrophoretically transferred on the

PVDF membranes, which were subsequently blocked by 5% BSA

dissolved in TBST buffer [150 mM NaCl, 10 mM Tris base

pH 7.5, 0.1% (v/v) Tween-20]. The membranes were incubated

with the primary anti-IkB-a antibody at the concentration ratio of

1:500, or with the primary anti-b-actin at the concentration ration

of 1:5 000 at 4uC for 16 h. After washing, the secondary anti-

mouse IgG antibody diluted 1:2 000 was applied on the

membranes and incubated at laboratory temperature (22uC) for

1 h. The amount of the bound secondary antibody was detected

colorimetrically by an Opti-4CN Kit according to the manufac-

turer’s manual.

Animals
Wistar-SPF (6–8 weeks male) rats were obtained from AnLab,

Ltd. (Prague, Czech Republic). The animals were kept in

plexiglass cages at the constant temperature of 2261uC and

relative humidity of 5565% for at least 1 week before the

experiment. They were given food and water ad libitum. All the

experimental procedures were performed according to the

National Institutes of Health (NIH) Guide for the Care and Use

of Laboratory Animals [51]. In addition, all the tests were

conducted under the guidelines of the International Association for

the Study of Pain [61]. After a one-week adaptation period, male

Wistar-SPF rats (200–250 g) were randomly assigned to five

groups (n = 7) of the animals in the study. The first, control group,

received 25% DMSO (v/v in water, intraperitoneal; i.p.). The

next three groups were pretreated with complexes 2, 4 and 5, and

involved into the carrageenan-treatment. The fifth group was

treated with a non-steroidal anti-inflammatory drug Indomethacin

(5 mg/kg), which served as a positive control group (Indomethacin

+ carrageenan).

Carrageenan-Induced Hind Paw Edema
The carrageenan-induced hind paw edema model was used for

the determination of anti-inflammatory activity [62]. Animals

were i.p. pretreated with complexes 2, 4, and 5 (the dosages of the

individual complexes were adjusted to contain the same amount of

gold as in 10 mg/kg dose of Auranofin), Indomethacin (5 mg/kg),

or 25% DMSO (v/v in water) 30 min prior to the injection of 1%

l-carrageenan solution (50 mL) into the plantar side of right hind

paws of the rats. The paw volume was measured immediately after

the carrageenan injection (this value was set-up as baseline value

Figure 4. The molecular structure of 6-phenethyloxy-9-deazapurine (HL5), showing the atom numbering scheme and N–H???N and
C–H???O non-covalent bonding (dashed lines). Non-hydrogen atoms are displayed as ellipsoids at the 50% probability level.
doi:10.1371/journal.pone.0109901.g004

Figure 5. The molecular structure of [Au(L2)(PPh3)] (2), showing
the atom numbering scheme. Non-hydrogen atoms are displayed as
ellipsoids at the 50% probability level.
doi:10.1371/journal.pone.0109901.g005
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for the hind paw volume) and during the next 6 h after the

administration of the edematogenic agent using a plethysmometer

(model 7159, Ugo Basile, Varese, Italy). The degree of swelling

was evaluated as a percentage of the change of the volume of the

right hind paw after the carrageenan treatment from the baseline

volume. A non-steroidal anti-inflammatory drug Indomethacin

was used as a positive control and the obtained data were also

compared with the previously reported profile of antiedematous

activity for Auranofin [38]. After 6 h, the animals were sacrificed

and the edematous feet were dissected, the tissue from the plantar

parts was extracted, fixed and stained by a standard hematoxylin/

eosin (HE) staining for cytological evaluation of polymorphonu-

clear cells infiltration.

Statistical Evaluations
The cytotoxicity data were expressed as the percentage of

viability, where 100% represented the treatments with vehicle

(0.1% DMF or 0.1% DMSO). The cytotoxicity data from the

cancer cell lines were acquired from three independent experi-

ments (conducted in triplicate) using cells from different passages.

The IC50 values were calculated from viability curves. The results

are presented as arithmetic means6standard error of the mean

(S.E.). The significance of the differences between the results was

assessed by the ANOVA analysis with p,0.05 considered to be

significant (QC Expert 3.2, Statistical software, TriloByte Ltd.,

Pardubice, Czech Republic).

The statistically significant differences between individual

groups during anti- inflammatory testing were evaluated using a

one-way ANOVA test for statistical analysis, followed by Tukey’s

post-hoc test for multiple comparisons. GraphPad Prism 5.02

(GraphPad Software Inc., San Diego, CA, USA) was used to

perform the analysis. The results are presented as arithmetic

means6S.E. values.

Interactions of the Complexes with Sulfur-containing
Biomolecules

The interactions of selected gold(I) complexes 2 and 4, involving

the isopropyloxy and benzyloxy substituent on C6 of 9-

deazapurine, with the sulfur-containing biomolecules (i.e. L-

cysteine and reduced glutathione) were studied by ESI+ mass

spectrometry (ESI+ MS). The experiments were carried out using

a Thermo Scientific LTQ Fleet Ion-Trap mass spectrometer, in

positive ionization mode. The reactions of the representative

complexes 2 and 4 were performed in methanol/water mixture

(1:1, v/v) containing the physiological concentrations of L-cysteine

and glutathione (at the final concentrations of 290 mM, and 6 mM

[63], respectively). The reference system consisted of the solutions

of complexes (20 mM) in methanol/water mixture (1:1, v/v). The

flow injection analysis (FIA) method was utilized to introduce the

reaction system (5 mL spikes) into the mass spectrometer and pure

acetonitrile was used as a mobile phase. The ESI-source was set-up

as follows: source voltage (5 kV), the vaporizer temperature

(160uC), the capillary temperature (250uC), the sheath gas flow

(30 L/min), and auxiliary gas flow rate (10 L/min). The system

was calibrated as stated in the manufactured specifications and no

further tuning was needed.

Results and Discussion

General Properties of Gold(I) Complexes 1–5
The pale yellow gold(I) complexes of the composition

[Au(Ln)(PPh3)] (1–5), where Ln stands for a deprotonated form

of the appropriate O-substituted 9-deazahypoxanthine derivative

(HL1–5, Figure 2), were prepared in relatively high yields of
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60–75%, as shown in Figure 3. The complexes 1–5 are very

soluble in N,N’-dimethylformamide, dimethyl sulfoxide and

acetone, soluble in alcohols and very slightly soluble in water.

Their composition and structure were proved using a variety of

physical techniques, mainly by single crystal X-ray analysis in the

case of [Au(L2)(PPh3)] (2). Moreover, their thermal stability was

determined by TG/DTA techniques, using complexes 2 and 4 as

representative samples (see Figure S1 in Information S1). ESI+ MS

spectra of 1–5 in methanol solutions (1025 M) showed the

[Au(Ln)(PPh3) + H]+ molecular peaks of all the studied complexes

at m/z 622.2 (1), 636.2 (2), 678.1 (3), 684.2 (4) and 698.1 (5). The

sodium adducts of [Au(Ln)(PPh3) + Na]+ with usually lower

Figure 6. Effects of complexes 1–5, Auranofin, and other relevant compounds on LPS-induced TNF-a (A) and IL-1b (B) secretion. The
cells were pretreated with the tested compounds (300 nM) or the vehicle (0.1% DMSO) only. After 1 h of the incubation, the inflammatory response
was induced by LPS [except for the control cells (CTRL)]. The secretion was measured 24 h after the LPS addition. The results are expressed as
means6S.E. of three independent experiments. Significant difference in comparison to: * vehicle-treated cells (p,0.05), ** vehicle-treated cells (p,
0.01), *** vehicle-treated cells (p,0.001), ### Auranofin-treated cells (p,0.001) (determined only for complexes 1–5).
doi:10.1371/journal.pone.0109901.g006
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intensity than the molecular peaks were also observed in the mass

spectra (for more detailed information about ESI+ mass spectra

see Figure S2 in Information S1). The mid-IR spectra confirmed

the presence of both types of the ligands in the complexes, as may

be demonstrated by peaks observed at 3077–3018, 1593–1589 and

1545–1470 cm21, which could correspond to the n(C–H)ar, n(C–

N)ring, and n(C–C)ring stretching vibrations, respectively. In the far-

IR spectra, the bands detected at ca. 509–502 cm21 and 310–

289 cm21 can be assigned to the n(Au–N), and n(Au–P) stretching

vibrations, respectively, [64–65] (for more detailed information

about FT-IR spectra see Information S1).

The 1H and 13C spectra were obtained for all the complexes 1–
5 and free ligands HLn. The interpretation of the spectra clearly

confirmed the presence of the organic molecules, i.e. deprotonated

O-substituted 9-deazahypoxanthine derivatives (Ln) and triphenyl-

phosphine (PPh3), in the presented complexes (see Figure S3 and

S4 in Information S1) and the comparison of chemical shifts (d) in

the NMR spectra of free compounds HLn and complexes 1–5,

which are further discussed as coordination shifts, Dd = dcomplex

2 dligand; ppm, provided information about the possible coordi-

nation mode of these ligands to the metal centre (Table 1). In

general, parts of NMR spectra regarding the HLn ligands in the

complexes were qualitatively similar to the spectra of the

corresponding free HLn, except for the signals of the atoms lying

in the vicinity of the coordination site, i.e. the N7 atom, whose

chemical shifts changed significantly. Accordingly, the greatest

changes were detected for the C5 and C8 atoms, adjacent to the

N7 coordination site and shifted by 7.44–7.65 ppm, and 10.09–

10.19 ppm downfield, respectively. In the proton NMR spectra,

the most shifted signals were found for the C2H and C8H atoms

(0.14–0.16 ppm, and 0.08–0.10 ppm upfield, respectively). It is

noteworthy to mention that the 1H NMR spectra of 1–5 also

showed the absence of the signal corresponding to the N7H proton

with respect to NMR spectra of free HLn. Further, the signals of

triphenylphosphine ligand in 1–5 were detected in the region

around 7.70 ppm and 130 ppm in the proton, and carbon spectra,

Figure 7. Effects of complexes 2 and 5, and Auranofin on gene
expression of TNF-a (A) and IL-1b (B). THP-1 macrophages were
pretreated with compounds 2, 5, and Auranofin at the concentration of
300 nM or the vehicle (0.1% DMSO) only. After 1 h of the incubation,
the inflammatory response was induced by LPS [except for the control
cells (CTRL)]. After 2 h, the level of TNF-a and IL-1b mRNA was
evaluated by RT-qPCR. The amount of cytokines mRNA was normalised
to b-actin mRNA. The results are expressed as means 6 S.E. of three
independent experiments. A.U. = arbitrary unit. * significant difference
in comparison to vehicle-treated cells (p,0.05), ** significant difference
in comparison to vehicle-treated cells (p,0.01), *** significant
difference in comparison to vehicle-treated cells (p,0.001).
doi:10.1371/journal.pone.0109901.g007

Figure 8. Effects of complexes 2 and 5, and Auranofin on the
LPS-induced degradation of IkB-a. The cells were pretreated with
tested compounds (300 nM) or the vehicle (Veh., DMSO) only. After 1 h
of incubation, the inflammatory response was induced by LPS [except
for the control cells (CTRL)]. The levels of IkB-a and b-actin were
measured 30 min after LPS treatment. The graph indicates the IkB-a/b-
actin ratio. The results are expressed as means 6 S.E. of three
independent experiments. The blots show the representative results
from three independent experiments.
doi:10.1371/journal.pone.0109901.g008
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respectively, with relative integral intensity corresponding to 15

protons of this compound. All the above mentioned chemical shifts

of the signals observed in the NMR spectra of the herein reported

complexes indirectly confirmed the presence of one molecule of

PPh3 and deprotonated Ln molecule in 1–5, and the coordination

of Ln through the N7 atom to the metal centre as it was

determined using X-ray analysis of 2.

Crystal Structures of 6-phenethyloxy-9-deazapurine (HL5)
and [Au(L2)(PPh3)] (2)

The crystals of 6-phenethyloxy-9-deazapurine (HL5) and

[Au(L2)(PPh3)] (2), where HL2 = 6-isopropyloxy-9-deazapurine,

suitable for the single crystal X-ray analysis were obtained by

slow evaporation of the saturated acetonitrile, and acetone

solution, respectively. The molecular structures of HL5 and 2
are depicted in Figures 4, and 5, respectively. The crystal data and

structure refinements (see Table S1 in Information S1), selected

bond lengths and angles (see Tables S2 and S3 in Information S1)

and parameters of selected non-covalent contacts (see Tables S4

and S5 in Information S1) are listed in Information S1. The

molecular structure of HL5 consists of two crystallographically

independent molecules within the asymmetric unit (discussed as

HL5 and HL5A), which are mutually connected through the

N7–H???N3 and C9–H???O1 non-covalent contacts connecting

also both individual molecules into one dimensional supramolec-

ular chains (see Figure S5 in Information S1), which are mutually

connected through C–H???C, C–H???N and C???C interactions.

Parameters of selected non-covalent contacts are given in Table S4

in Information S1.

Single crystal X-ray analysis of 2 confirmed coordination mode

of 6-isopropyloxy-9-deazapurine (HL2) to the gold(I) centre in the

complexes 1–5, as suggested by 1H and 13C NMR spectrometry.

As shown in Figure 5, the gold(I) atom of 2 is two-coordinated in a

slightly distorted linear fashion [N7–Au1–P1 = 176.35(6)u], with

the {NP} donor set formed by the N7 atom of 6-isopropyloxy-9-

deazapurine and P1 atom of triphenylphosphine. The Au1–N7

and Au1–P1 bond lengths of 2, i.e. 2.041(2) Å, and 2.2272(7) Å,

respectively, are comparable with those found in the compounds

involving the same N–Au–P structural motif deposited in Cam-

bridge Structural Database (CSD, ver. 5.35, February 2014

update), which were found to lie in the range of 1.91–2.32, and

2.17–2.29 Å, respectively [66]. Based on the search within CSD,

the mean N–Au–P angle is around 175u in about 260 gold(I)

complexes. Further, the crystal structure of 2 is stabilized by C–

H???C and C–H???N non-covalent interactions (see Table S5 in

Information S1).

In Vitro Cytotoxicity
In order to analyse the potential of the gold(I) compounds as

anticancer agents, complexes 1–5 were studied by the MTT assay

for their in vitro cytotoxic activity against a variety of human

cancer cell lines, i.e. MCF7 breast carcinoma, HOS osteosarcoma,

A549 lung carcinoma, G361 malignant melanoma, HeLa cervix

epitheloid carcinoma, A2780 ovarian carcinoma, A2780R ovarian

carcinoma resistant to cisplatin and 22Rv1 prostate carcinoma.

For comparison purposes, the cytotoxic activity of the commer-

cially used drug cisplatin and other relevant compounds, i.e. AuCl,

HAuCl4 and free HLn, was evaluated by using the same

experimental conditions. As for the obtained results regarding

the relevant compounds they were found as inactive up to the

concentration of 50 mM, except for HAuCl4 which showed a

moderate effect only on G361 (IC50 = 38.162.3 mM). In vitro
anticancer activity data are summarized in Table 2.

As can be seen from Table 2, the complexes 1–5 were found to

be anticancer effective against all the cancer cell lines tested, with

IC50<0.6–22.8 mM. However, the complexes revealed selectively

and significantly higher anticancer activity on MCF7, HOS,

G361, A2780, A2780R and 22Rv1 as compared to cisplatin, with

IC50<0.6–5.3 mM, except for complex 5 on MCF7 (IC50 .

50 mM) and complex 3 on 22Rv1 (IC50 = 21.060.7 mM). More-

over, the in vitro cytotoxicity testing of 1–5 evaluated against the

A2780 and A2780R cell lines showed a similar pattern of response

across the parental and resistant sub-lines and allowed the

calculation of resistance factor (RF) values (defined as the ratio

between the IC50 values calculated for the resistant cells and those

arising from the sensitive ones; IC50(A2780R)/IC50(A2780))

Figure 9. The time-dependent profile of antiedematous activity of complexes 2, 4 and 5, and Indomethacin.
doi:10.1371/journal.pone.0109901.g009
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ranging from 1.1 to 1.3 in comparison with the value obtained for

cisplatin, which equals to 2.4.

All the gold(I) complexes 1–5 were also evaluated for in vitro
cytotoxicity against the THP-1 cells (Table 2). The complexes

showed a strong in vitro cytotoxic action with the IC50 values in

the range of 0.8–1.7 mM, comparable to Auranofin

(IC50 = 0.960.1 mM). An interesting finding is the fact that all

the complexes showed the hormetic effect at very low concentra-

tions of ca. 0.3 mM. This is in accordance with the behaviour of

the previously reported gold(I) complexes containing derivatives

6-benzylaminopurines (HBap) of the composition [Au(Bap)(PPh3)]

[38,67].

With the aim to reveal the influence of complexes 1–5 on

healthy tissues, the in vitro cytotoxicity against primary culture of

human hepatocytes was evaluated. It has been found that the

complexes 1–5 reached up to 30-times lower cytotoxicity (complex

2 on MCF7 vs. HEP220) against human healthy cells in

comparison to cancer cell lines. A relatively broad concentration

range between anti-proliferative and cytotoxicity on healthy cells

shows on real applicability of the complexes, although we are

aware of the fact that next deeper biological studies are needed.

The respective data are included in Table 2.

In Vitro Anti-inflammatory Activity
For the evaluation of in vitro anti-inflammatory activity, the

ability of the complexes 1–5 to decrease the production of pro-

inflammatory cytokines TNF-a and IL-1b in LPS-stimulated

macrophage-like cells was determined. The results showed that all

the tested complexes significantly decreased the production of both

pro-inflammatory cytokines (Figure 6), however the discrepancy

was found between the abilities of complexes to influence the

secretion of IL-1b in comparison with TNF-a. This observation is

in accordance with our previous results regarding the anti-

inflammatory activities of gold(I) complexes of the type

[Au(L)(PPh3)], where L represents other types of N-donor ligands,

e.g. different adenine derivatives [38,67]. Concretely, the effect of

complexes 1–5 on the secretion of pro-inflammatory cytokine

TNF-a was comparable with Auranofin (Figure 6A), while none of

the reference compounds, such as AuCl, HLn, [AuCl(PPh3)] and

PPh3, exhibited any expected effect. Moreover, the compounds

HL2, HL4, and HL5 were found to stimulate the production of this

cytokine. This indicates that only the whole complexes are able to

diminish the production of TNF-a. More complicated situation

was found in the case of evaluation of secretion of pro-

inflammatory cytokine IL-1b influenced by complexes 1–5.

Although complexes 1–5 significantly attenuated the secretion of

this cytokine, only 2–5 had a similar effect as Auranofin with the

secretion level decreased to 50–70% (Figure 6B). Further,

compound 1 diminished the level of IL-1b only by 32%, similarly

as free triphenylphosphine. To understand the role of individual

constituent as a part of complexes in vanquished production of IL-

1b, the other reference compounds, as free molecules of HLn,

PPh3, AuCl and [AuCl(PPh3)], were also evaluated. It can be

pointed out that the compounds PPh3 and AuCl decreased the

production of IL-1b by a manner comparable to free ligands.

To evaluate whether the secretion of TNF-a and IL-1b is

attenuated by post-translation or by pre-translation mechanism,

the influence of selected complexes 2 and 5 (these were chosen in

connection with their structural diversity in O-substitution at the

C6 atom of the ligand) on gene expression was assessed on the

level of mRNA [68]. Both the complexes as well as Auranofin were

able to significantly reduce the transcription of these cytokines

(Figure 7). Pro-inflammatory cytokines TNF-a and IL-1b are

under the transcription control of the transcription factor NF-kB,

therefore the effect of the complexes on this signalling pathway

was examined. Particularly, the effect on IkB degradation was

evaluated. As shown in Figure 8, the complexes 2 and 5 were able

to block moderately the IkB degradation as effectively as

Figure 10. Histological evaluation of inflammatory response in
tissue sections of the hind paw, stained with Hematoxylin –
eosin (40x magnification). Tissue exposed to 25% DMSO (control; A)
and complex 5 (C) with the acute inflammatory reaction dermis and
hypodermis with a massive infiltrate of neurophils (PMN); tissue
exposed to complex 2 (B) and Indomethacin (D) with the inflammatory
reaction in the hypodermis with scarce PMN infiltrate.
doi:10.1371/journal.pone.0109901.g010
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Auranofin. These results indicate that the tested complexes

attenuate the pro-inflammatory cytokine production, at least in

part, due to the blocking of the NF-kB signalling pathway through

the inhibition of IkB degradation. This observation is in the

concordance with previous findings, in which Auranofin and other

gold-containing complexes are able to bind to cysteine residues of

IkB kinase (IKK) and thus block its function [69].

In Vivo Anti-inflammatory Activity and Ex Vivo
Histological Evaluation

Based on the promising results of in vitro experiments, the

complexes 2, 4 and 5 were subjected to in vivo tests of anti-

inflammatory activity using the carrageenan-induced hind paw

edema model. This model evaluates the effect of the tested

complexes on the acute inflammatory process induced by the

polysaccharide carrageenan injection. The main symptom of this

process is the formation of edema, which is assessed plethysmo-

metrically. The clinically used non-steroidal anti-inflammatory

Figure 11. ESI+ MS spectra of the interacting system containing cysteine + glutathione + complex 2 in the water/methanol (1:1 v/v)
mixture (A), and the solution of complex 2 in the water/methanol (1:1 v/v) mixture (B).
doi:10.1371/journal.pone.0109901.g011
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drug Indomethacin was used as a primary standard for anti-

inflammatory activity, and pharmacological profiles of the tested

complexes were compared to the previously published results of

gold-containing drug Auranofin [38]. In the experiments, we used

the dosages of the tested compounds equivalent by the content of

gold to 10 mg/kg dosage of Auranofin. The complexes were

applied intraperitonealy in the form of the fine suspension in 25%

DMSO (v/v in water) 30 min before the intraplantar injection of

carrageenan. A reference standard of Indomethacin was applied in

the dose of 5 mg/kg [70]. The comprehensive overview of

antiedematous activity profiles of the tested compounds is

summarized in Figure 9.

The results of antiedematous activity showed very similar

pharmacological profiles of complexes 2 and 4 with the reference

drug Indomethacin up to the 180 min after the application of

carrageenan. After this time point, the complex 2 showed

significant increase in biological activity, leading to the ameliora-

tion of the inflammatory response, which resulted in elimination of

hind paw swelling. In this time period, the antiedematous effect of

complex 2 was found to be even better than that of gold-

containing metallodrug Auranofin and showed a significant

difference at the probability level p,0.001. With respect to the

structural similarity of all tested complexes and expected similar

mechanism of action, their efficacy is probably dependent on the

bioavailability, while the molecular weight might be a key

parameter in this matter. This hypothesis is supported by the

results of antiedematous activity of complex 5 (having the highest

molecular weight) that was identified as inactive.

To assess the tissue consequences connected with the reduction

of inflammation caused by the tested compounds after the

intraplantar injection of carrageenan, the histopathological obser-

vations were made on the tissue sections obtained from the

laboratory animals after the plethysmometric experiments were

finished. All animals were sacrificed by cervical dislocation, and

immediately after that, the tissue samples were taken from the

plantar area of hind paws. The histopathological changes in

tissues, stained by the standard HE staining (see Figure 10), were

evaluated by the presence of the inflammation infiltrate, which

contained mainly neutrophils (polymorphonuclear cells - PMN).

These changes provided evidence of the acute inflammation,

which were manifested by the massive presence of PMN cells, in

the samples from the control group (see Figure 10A) and the group

pretreated with complex 5 (see Figure 10C), which showed the

lowest antiedematous effect in plethysmometrical evaluation. On

the other hand, the PMN distribution was mainly scarce and

diffuse in samples obtained from the Indomethacin (see Fig-

ure 10D) and complex 2 (see Figure 10B) treated groups. Both

these substances significantly decreased the inflammatory reaction.

Interactions with Cysteine and Reduced Glutathione
Analysed by ESI MS

The gold(I) species prefer to form the strong coordination bonds

with soft Lewis base ligands, i.e. thiolate or selenolate ions, or

phosphine derivatives. It is a well known fact, that Au(I) complexes

bind to selanyl- and sulfanyl- groups of biomolecules, such as

amino acid cysteine (Cys), small proteins, such as glutathione

(GSH), and high molecular weight proteins (e.g. selenium

flavoproteins, serum albumin or globulins [71]) by the ligand

exchange mechanism. The exchange of N-ligands for S-ligands

occurs relatively fast (within 20 minutes when interacting with

albumin and globulins in the blood [72]), while the P-ligand

exchange proceeds much more slowly, involving a much more

complicated mechanism. It seems that in this mechanism the

cooperative effects of adjacent thiolato or selenolato ligands in the

neighbourhood of the interaction site play an important role. As

such, the described ligand exchange is interpreted as one of the

molecular mechanisms of incorporation of gold into the active site

of selenium-containing flavoreductases, such as thioredoxin

reductase [73]. In the scope of this work, we strived to uncover

the molecular behaviour of anti-inflammatory active complex 2
(applied in the concentration of 20 mM, corresponding approxi-

mately to the highest therapeutic blood levels of gold during

chrysotherapy [74]) in biologically relevant conditions using a

mixture of cysteine (at 290 mM concentration) and reduced

glutathione (at the 6 mM concentration) [63].

Based on the results of the ESI-MS experiments, we confirmed

that complex 2 is able to react with the used sulfhydryl-containing

substances quite rapidly (the interaction intermediates were

detected within 1 h) by the ligand-exchange mechanism associated

with the substitution of the N-ligand (Ln) by the cysteine or

glutathione molecule. This mechanism was confirmed by the

emergence of the signals at 602.23 m/z, and 662.93 m/z,

corresponding to the [Au(PPh3)+Cys+Na]+, and [Au(PPh3)+Cys+
2CH3CN]+ intermediates, respectively (see Figure 11).

In concordance with the above mentioned suggestion and in

accordance with the previously reported behaviour of some Au(I)

complexes in water-containing solutions [26], the mass spectra of

the reacting systems involving sulfur-containing molecules and also

the reference solutions of complexes revealed a considerable

instability of the complexes demonstrated by the appearance of the

intensive ion at 721.34 m/z, corresponding to the [Au(PPh3)2]+

intermediate, and other ionic species involving the residue Au-

PPh3 (i.e. [Au(PPh3)3+CH3OH+Na]+ at 1038.30 m/z, and

[Au(PPh3)+CH3CN]+ at 500.16 m/z), the free HLn molecules

([HL2+H]+ at 178.08 m/z, or the free triphenylphosphine residue

(i.e. [PPh3+H]+ at 263.24 m/z.

Conclusions

A series of gold(I) complexes of the general formula

[Au(Ln)(PPh3)] (1–5) (involving O-substituted 9-deazahypox-

anthine derivatives; HLn) is reported. The complexes were

thoroughly structurally characterized and their anticancer (in
vitro) and anti-inflammatory (in vitro and in vivo) activities were

evaluated. The cytotoxicity results revealed that the complexes are

significantly anticancer effective against MCF7, HOS, A2780,

A2780R and 22Rv1, with IC50<0.6–5.3 mM, whereas the

complex 2 was identified as the most active, being at least 20-

times more efficient as cisplatin on the MCF7 and HOS cell lines.

On the other hand, the complexes showed up to 30-times lower

cytotoxicity against healthy cells (human hepatocytes, HEP220) as

compared with cancer cells. The results of in vitro and in vivo
anti-inflammatory activity screening indicated that complexes 2
and 4 show significant anti-inflammatory effects on both levels,

comparable with the commercially used drug Auranofin. It may be

concluded, in connection with the overall positive findings

regarding the biological testing, that the [Au(Ln)(PPh3)] 1–5
complexes could represent usable alternatives to anticancer

(cisplatin) as well as anti-inflammatory (Auranofin) metallodrugs

of major diseases negatively affecting humankind.
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41. Clinch K, Evans GB, Fröhlich RFG, Furneaux RH, Kelly PM, et al. (2009)

Third-Generation Immucillins: Syntheses and Bioactivities of Acyclic Immucillin
Inhibitors of Human Purine Nucleoside Phosphorylase. J Med Chem 52: 1126–

1143.

42. Balakrishnan K, Verma D, O’Brien S, Kilpatrick JM Chen Y, et al.(2010) Phase

2 and pharmacodynamic study of oral forodesine in patients with advanced,
fludarabine-treated chronic lymphocytic leukemia. Blood 116: 886–892.
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