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ABSTRACT: The gold(I) complexes of the general formula [Au(Ln)(PPh3)]·xH2O (1−8; n = 1−8 and x = 0−1.5), where Ln
stands for a deprotonated form of the benzyl-substituted derivatives of 6-benzylaminopurine, were prepared, thoroughly
characterized (elemental analyses, FT-IR, Raman and multinuclear NMR spectroscopy, ESI+ mass spectrometry, conductivity,
DFT calculations), and studied for their in vitro cytotoxicity and in vitro and in vivo anti-inflammatory effects on LPS-activated
macrophages (derived from THP-1 cell line) and using the carrageenan-induced hind paw edema model on rats. The obtained
results indicate that the representative complexes (1, 3, 6) exhibit a strong ability to reduce the production of pro-inflammatory
cytokines TNF-α, IL-1β and HMGB1 without influence on the secretion of anti-inflammatory cytokine IL-1RA in the LPS-
activated macrophages. The complexes also significantly influence the formation of edema, caused by the intraplantar application
of polysaccharide λ-carrageenan to rats in vivo. All the tested complexes showed similar or better biological effects as compared
with Auranofin, but contrary to Auranofin they were found to be less cytotoxic in vitro. The obtained results clearly indicate that
the gold(I) complexes behave as very effective anti-inflammatory agents and could prove to be useful for the treatment of difficult
to treat inflammatory diseases such as rheumatoid arthritis.

■ INTRODUCTION
Adenine derivatives substituted at the N6 position, such as 6-
benzylaminopurine (Bap) and its benzyl-substituted analogues,
belong to the group of both natural and artificial growth
regulators called cytokinins.1 Furthermore, the Bap derivatives
substituted besides the benzyl aromatic ring also at a purine
moiety may be integrated into a family of cyclin dependent
kinase inhibitors, such as 2-[(R)-(1-ethyl-2-hydroxyethylami-
no)]-6-benzylamino-9-isopropylpurine (R-roscovitine),2 which
have received attention because of their biological, particularly
antitumor, activity.3 From the coordination or bioinorganic
chemistry point of view, variously substituted Bap derivatives
represent a group of polydentate N-donor ligands biologically
active themselves, and moreover, the transition metal
complexes involving such ligands were found to be highly
biologically active as well.4−7

Gold(I) coordination compounds are known to play several
biochemical roles.8−10 Focusing on the gold(I) triphenylphos-
phine (PPh3) complexes involving N-donor heterocyclic
ligands, some compounds of the general composition [Au(L)-

(PPh3)] were tested and found to be in vitro antimicrobial
active agents [HL = 4-amino-N-(5-methylisoxazole-3-yl)-
benzenesulfonamide, mercaptopropionic acid, mercaptonico-
tinic acid and mercaptobenzoic acid, D-penicillamine, pyrazole,
imidazole, 1,2,3-triazole, 1,2,4-triazole, tetrazole].11−13 In vitro
antitumor activity against the cervival carcinoma (HeLa-229),
ovarian carcinoma (A2780), and cisplatin-resistant ovarian
carcinoma (A2780cis) human cancer cell lines was investigated
for 10 gold(I) complexes of the above-mentioned general
composition with the anions of 3-(aryl)-2-sulfanylpropenic
acid.14 Recently, it has been reported that Auranofin
[triethylphosphine-(2,3,4,6-tetra-O-acetyl-β-D-thiopyranosato)-
gold(I)] and other gold(I) and gold(III) complexes have a
positive therapeutic effect on HIV-infection15,16 and their
application could be beneficial for AIDS suffering patients.17

Nevertheless, the best known application of gold(I)
compounds concerns the treatment of rheumatoid arthritis.
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Nowadays, their representatives Auranofin, Solganal
[{(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)-oxane-
2-thiolato}gold(I)], and Myochrysin [sodium ((2-carboxy-1-
carboxylatoethyl)thiolato)gold(I), GST] are the most impor-
tant clinically used gold(I) complexes.18,19 An administration of
metallic gold or its complexes for the treatment of different
diseases, known as chrysotherapy, came through various phases
during its several thousand years history. The last one started in
1929,20 when the first parenteral drug preparations, containing
gold or its compounds, were introduced into the therapy of
inflammation-related indications. A significant progress in
chrysotherapy occurred in mid-1980s, when the first oral
formulations, containing drug Auranofin,21 were approved. At
the time of the introduction of parenteral chrysotherapy, only a
little was known about the pharmacodynamics and mechanism
of action of gold-containing compounds in biological systems.
Since then, major advances have been achieved to elucidate the
mechanisms of action, although this topic is not completely
closed even nowadays.16,22−25 Several mechanisms of action
were proposed to explain the anti-inflammatory activity of gold-
containing drugs. A lot of discussions were dedicated to the
identification of the biologically active end-products of gold
drugs metabolism, and most of investigators agreed that
Au(I)26 as well as Au(I) metabolites (such as [Au(CN)2]

−,27,28

Au(III),29 or Au nanoparticles30,31) play a major role. Because
of the composition and structure diversities of active species, a
number of various mechanisms of action were proposed.
Specifically: (a) the mechanism induced by Au(I) compounds
and based on the cellular enzymes inhibition,32 especially the
serine esterases, such as elastase, cathepsin G, B, K, S.33,34 The
next identified cellular processes, also directly influenced by
Au(I) compounds, may be as follows: the inhibition of
lysosome enzymes release (i.e., β-glucuronidase, lysosyme) in
polymorphonuclears,32,35 the inhibition of T-lymphocytes,
macrophages, immunoglobulin levels, rheumatoid factor titers,
tumor necrosis factor,35 monocyte capacity to produce
superoxide anions,36,37 bone resorption, and vascular cell
adhesion molecules on endothelial cells, the release of stress
proteins from macrophages and surface adhesion of poly-
morphonuclear neutrophils,38,39 the inhibition of selenium
enzymes, especially activity of thioredoxin reductase,40,41 and
expression of different oxidative-stress proteins such as ezrin or
peroxiredoxins;42 (b) the conversion of Au(I) compounds to
the [Au(CN)2]

− species, which suppress oxidant production of
inflammatory cells, including neutrophils, monocytes, and
lymphocytes;28 (c) the oxidation of Au(I) to Au(III) involved
into a reversible redox process, in which Au(III) can be
considered to be a better oxidant than Au(I) and dominates
both the anti-inflammatory and toxic effects of gold salts;29 (d)
the reduction of Au(I) or Au(III) to colloidal gold Au(0),43

which, similarly to Au(I), suppresses the activity of
inflammatory-associated cytokines, tumor necrosis factor,
immune complexes, and rheumatoid factors.44

On the basis of the clinical success of the last-mentioned
gold(I) complexes, we decided to prepare, characterize, and
study anti-inflammatory activity of the prepared complexes on
in vitro and in vivo models. The ability to regulate the levels of
inflammatory-related cytokines TNF-α (tumor necrosis fac-
tor‑α), IL-1β (interleukin-1β), and HMGB1 (high-mobility
group protein B1), i.e., pro-inflammatory cytokines, and IL-10
(interleukin-10) and IL-1RA (interleukin-1 receptor antago-
nist), i.e., anti-inflammatory cytokines, were determined in vitro
on lipopolysacharide-(LPS)-stimulated macrophages derived

from the human acute monocytic leukemia (THP-1) cell line.
The influence of the tested compounds on carrageenan-induced
paw edema on rats was also evaluated. The obtained results are
discussed within the framework of the following text.

■ CHEMISTRY
Synthesis and General Properties. The gold(I) com-

plexes of the composition [Au(L1)(PPh3)]·H2O (1), [Au(L2)-
(PPh3)] (2), [Au(L3)(PPh3)] (3), [Au(L4)(PPh3)] (4),
[Au(L5)(PPh3)]·1.5H2O (5), [Au(L6)(PPh3)] (6), [Au(L7)-
(PPh3)] (7), [Au(L8)(PPh3)] (8) (Figure 1), where Ln stands

for the deprotonated form of the appropriate 6-benzylamino-
purine derivative (see Supporting Information, Scheme S1),
were prepared by the reaction of [AuCl(PPh3)] and HLn in
acetone, as described in the Experimental Section, and obtained
as white powder products (see Supporting Information).
Complexes 1−8 are very well soluble in N,N′-dimethylforma-
mide (DMF), methanol, ethanol, and butanol and partially
soluble in water at room temperature. The complexes behave as
nonelectrolytes in the 10−3 M methanolic solutions. The
presence of the water molecules of crystallization in 1 and 5
was proved by simultaneous thermogravimetric (TG) and
differential thermal (DTA) analyses, which also showed the
dehydrated complexes 1 and 5, as well as the remaining gold(I)
complexes, to be thermally stable up to 144−190 °C, when
their thermal decay started (see Supporting Information, Figure
S1). Electrospray ionization mass spectrometry in a positive
mode (ESI+) mass spectra of 1−8 contain the [Au(Ln)(PPh3)

Figure 1. Synthetic pathway for the preparation of the gold(I)
complexes (1−8) and schematic representations of Auranofin,
indomethacin, and prednisone.
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+ H]+ molecular peaks (in the case of the hydrated complexes 1
and 5 without the water molecules of crystallization) as well as
the [HLn + H]+ fragments corresponding to the respective 6-
benzylaminopurine derivative. The peaks of the [Au(Ln)(PPh3)
+ Na]+ adducts were observed in the mass spectra of 3−5
(Supporting Information, Figure S2).
NMR, IR and Raman Spectroscopy. All the hydrogen and

carbon atoms of the free HLn and PPh3 molecules were located
in the 1H and 13C NMR spectra of 1−8, except for the N6H
proton, which was detected in the case of 6−8 only, and the
N9H one, which was not found, due to deprotonization of HLn,
in any proton spectrum of 1−8 (see Supporting Information).
The highest coordination shifts (Δδ = δcomplex − δligand; ppm) of
the signals of the 6-benzylaminopurine derivatives were
calculated for the C4 and C8 atoms, which were shifted by
4.83−10.27 ppm upfield and 8.33−9.08 ppm downfield,
respectively, and C8H protons shifted by 0.17−0.32 ppm
upfield (see Supporting Information, Table S1). The complex 1
was also studied by 31P NMR showing the P-atom signal shifted
by 36 ppm upfield as compared with free PPh3. These results
indicate that the 6-benzylaminopurine derivatives coordinate
through the N9 atoms and PPh3 molecule coordinates to the
central gold(I) atom through the phosphorus atom. The
anticipated N9-coordination of the purine moiety to the Au(I)
atom within the structure of 1−8 was reported for several
gold(I) complexes, such as [Au(ade)PPh3]

45 and [Au(ade)-
PEt3],

46 where the deprotonated form of adenine (ade)
coordinates to the central atom via the N9 atom of the purine
moiety, as determined by the X-ray crystallographic study.
The IR and Raman spectra of 1−8 contain the ν(CN)ar

vibration of the purine ring of very strong intensity, whose
maximum were detected at 1610−1619 cm−1 (IR) and 1612−
1617 cm−1 (Raman) and shifted by 3−30 cm−1 as compared
with those observed in free 6-benzylaminopurine derivatives.
The ν(CC)ar, ν(C−H)al, ν(C−H)ar, and ν(N−H) vibrations
were, as well as ν(Car−Cl), ν(Car−F), and ν(Cmet−H) of the
appropriate substituent, also detected in the spectra of the
complexes (see Supporting Information). The maxima
assignable to ν(Au−N) were detected at 543−547 cm−1 (IR)
and 542−593 cm−1 (Raman), while the ν(Au−P) stretching
vibrations were observed at 338−361 cm−1 (IR) and 358−368
cm−1 (Raman).
Quantum Chemical Calculations. In an effort to predict

the molecular structure of 1, the knowledge based on the
results of spectroscopic and other analyses were summarized,
together with the known structures of similar complexes, and
the built model was optimized at the DFT-level using the
hybrid B3LYP functional with the LACVP+** basis set using
the Spartan (version 1.1.0) software.47−49 Optimized geometry
of the complex 1 is shown in Supporting Information, Figure
S3. The gold(I) atom is bidentate-coordinated by one N9-
coordinated 6-(2-fluorobenzylamino)purine anion (Au−N9 =
2.035 Å) and by one P-coordinated triphenylphoshine molecule
(Au−P = 2.382 Å). More detailed discussion regarding
interatomic parameters is given in Supporting Information.

■ IN VITRO ANTI-INFLAMMATORY ACTIVITY
TESTING

Cytotoxicity against THP-1 Cells. The cytotoxic effect of
the selected representatives of the gold(I) complexes 1, 3, and
6 and Auranofin was evaluated against THP-1 cells before the
testing of anti-inflammatory activity itself. Complexes 1, 3, and
6 showed strong cytotoxic action (Figure 2) with the LD50

values of 1.91 μM for 1, 1.87 μM for 3, and 2.44 μM for 6. On
the other hand, in the range of the concentrations between 1.00
and 0.02 μM, complexes 1, 3, and 6 caused significant accrual of
numbers of metabolically active cells, which was manifested by
higher amount of formazan, formed by the NAD(P)H-oxidase
enzymatic system of viable cells from the WST-1 dye. It is
widely known that kinetin (6-furfurylaminopurine) itself as well
as some other cytokinins (including Bap and its derivatives) are
able to positively affect the cell proliferation and metabolism,
and may serve as antiaging agents (for more information, see
recent review, Barciszewski et al., ref. 50). It has been found
that the Bap derivates, which serve as N-donor ligands in
compounds 1, 3, and 6, did not influence the number of
metabolically active cells in the concentrations between 3.13
and 0.02 μM (data not shown). Therefore, the observed pro-
proliferative effect is undoubtedly caused by the individual
Au(I) complexes.

Cytokine Expression. The progression of inflammation is
connected with the expression of many genes, which trigger,
maintain, and terminate it. The cooperation of individual types
of immune cells during the inflammation is driven by the
cytokines. The prepared gold(I) complexes have been
supposed to exhibit an anti-inflammatory effect primarily
because of their similarity to Auranofin, which was demon-
strated by their ability to modulate cytokine expression.51 For
this purpose, the expression of inflammatory-related cytokines
was determined. To better understand the activity of the
complexes (1−6), we tested their influence on the selected pro-
and anti-inflammatory cytokines in the equitoxic concentration
to Auranofin, i.e., 600 nM and further also in the 100 nM
concentration. The biological effect of Au complexes was
compared to Auranofin (tested in the 100 nM concentration)
and prednisone (tested in the 1 μM concentration).
The ability of the tested compounds to reduce gene

transcription of a typical member of pro-inflammatory
cytokines TNF-α is depicted in Figure 3a. The complex 1
was able to significantly decrease the level of mRNA of TNF-α
at 2 and 4 h after the LPS treatment. On the other hand, all
three selected complexes (1, 3, and 6) were able to reduce the
TNF-α secretion by the factor of ∼2.5 (see Figure 3b). This
effect is more similar to the effect of prednisone than to
Auranofin, which reduced the TNF-α secretion only by the
factor of 1.3. The mechanism of this regulation probably lies in
the post-transcriptional phase because the level of TNF-α

Figure 2. THP-1 cells were treated with the decreasing concentration
(50.00−0.00 μM) of 1, 3, 6, and Auranofin. After 24 h incubation, the
number of metabolically active cells was determined by the WST-1
test. The viability was calculated as the percentage of vehicle-treated
cells. The results are expressed as means ± SE for three independent
experiments.
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mRNA was only slightly affected with the exception of 1. This
correlated with the level of the secreted cytokine, where 1
showed the lowest level of the secreted TNF-α among all the
tested compounds. The complexes (1, 3, and 6) were two times
more efficient than Auranofin at the same effective concen-
tration (i.e., at the same cytotoxicity levels) (Figure 3b). It has
been found that the complexes (1, 3, and 6) showed the same
minimal effect on the TNF-α secretion as compared to
Auranofin in the equimolar concentration of 100 nM
(Supporting Information, Figure S4). Auranofin was able to
decrease the TNF-α secretion in concentrations higher than 5
μM.51,52

The IL-1β pro-inflammatory cytokine was tested as the
second one. Complexes 1 and 3 significantly reduced its
transcription (Figure 4a). Although complex 6 also decreased
the IL-1β transcription 2 and 8 h after the LPS treatment, 4 h
after adding LPS, when IL-1β transcription reached the
maximum, this compound showed only a slight effect on this
action. Compound 6 exhibits very similar quantitative effect on
the transcription of this gene as prednisone but slower onset of
its action. These observations corresponded to the secretion of

IL-1β (Figure 4b). The complexes 1 and 3 reduced the secreted
amount of IL-1β by the factor of ∼7, while complex 6 was by
only 3.4. Nevertheless, it was still twice lower than for
Auranofin, which decreased the amount of the secreted IL-1β
by the factor of 1.6. However, it has to be noted that Auranofin
was used in the 6 times lower (equitoxic) concentration than
the tested gold(I) complexes. In the 100 nM concentration, the
tested Au(I) complexes showed the same or better ability to
reduce the IL-1β secretion than Auranofin. The best effect on
the secretion of this cytokine was observed for complex 6,
which reduced its level 5.9 times in comparison with the
vehicle-treated cells, while complexes 1 and 3 decreased the IL-
1β production by the factors of 3.6 and 2, respectively
(Supporting Information, Figure S5). Different behavior of
complex 6 at lower concentration could be caused by a different
pattern of cytotoxic curve in the range of the concentrations of
3.13 and 0.02 μM (Figure 2). A previous study showed that
Auranofin becomes more active at the concentrations over 10
μM.51 Similar effect was observed for another Au(I)-containing
drug, Myochrysine (GST). Myochrisine (GST) decreased IL-
1β secretion at the concentration of 2.6 μM, but massive

Figure 3. Effects of the gold(I) complexes and the reference drugs Auranofin and prednisone on the LPS-induced TNF-α gene expression (a) and
TNF-α secretion (b). The cells were pretreated with complexes 1, 3, and 6 (600 nM) and Auranofin (100 nM), prednisone (1 μM), or the vehicle
(DMSO) only. After 1 h of incubation, the inflammatory response was induced by LPS (except for the control cells). Gene expression was measured
2, 4, and 8 h after LPS treatment, and secretion was measured 24 h after LPS adding. The results are expressed as means ± SE for three independent
experiments. AU = arbitrary unit. * Significant difference in comparison to vehicle-treated cells (p < 0.05), *** significant difference in comparison
to vehicle-treated cells (p < 0.001), # significant difference in comparison to Auranofin-treated cells (p < 0.05), ## significant difference in
comparison to Auranofin-treated cells (p < 0.01).

Figure 4. Effects of the gold(I) complexes and the reference drugs Auranofin and prednisone on the LPS-induced IL-1β gene expression (a) and IL-
1β secretion (b). The cells were pretreated with complexes 1, 3, and 6 (600 nM) and Auranofin (100 nM), prednisone (1 μM), or the vehicle
(DMSO) only. After 1 h of incubation, the inflammatory response was induced by LPS (except for the control cells). Gene expression was measured
2, 4, and 8 h after LPS treatment, and secretion was measured 24 h after LPS adding.The results are expressed as means ± SE for three independent
experiments. AU = 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), # significant difference in comparison to
Auranofin-treated cells (p < 0.05), ## significant difference in comparison to Auranofin-treated cells (p < 0.01), ### significant difference in
comparison to Auranofin-treated cells (p < 0.001).
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decrease was achieved by the concentration of 25.6 μM.53

Interestingly, Auranofin decreased the secretion of IL-1β
without affection of its transcription, and contrariwise,
prednisone reduced transcription of this cytokine but did not
change its secretion.
IL-1RA acts as a physiological antagonist of IL-1β, and their

mutual balance is important for the regulation of the progress
of inflammation and for maintaining the homeostasis. The
tested gold(I) complexes tended to decrease its transcription,
similarly to prednisone (Figure 5a). Contrary to the tran-
scription, complexes 1, 3, and 6 did not affect the secretion of
IL-1RA significantly (Figure 5b). We were not able to explain
this discrepancy yet, but it is possible that these compounds
decreased the transcription, and on the other side, they
stabilized mRNA or positively regulated translation and
secretion, and thus they preserved the physiological conditions.
Prednisone decreased the level of produced IL-1RA by the
factor of 2.5 (Figure 5b). The metallodrug Auranofin slightly
increased IL-1RA mRNA synthesis, and this trend correlated
with the IL-1RA secretion, which was 1.3 times higher than in
the vehicle-treated cells. With the aim to better describe the
inflammatory process in the target cells, the ratio between the
expression of IL-1β and IL-1RA was calculated. It is known that
many of inflammatory diseases, like arthritis or inflammatory
bowel disease, are characterized by either local overproduction
of IL-1 (either IL-1α and/or IL-1β) and/or underproduction of
IL-1RA.54 This situation leads into absolutely or relatively
higher level of pro-inflammatory cytokine IL-1. As demon-
strated in Figure 6, complexes 1 and 3 reached very low IL-1β/
IL-1RA ratios, comparable to the control cells (without the LPS
treatment). On the other hand, complex 6, behaved similarly to
Auranofin. The steroid anti-inflammatory drug prednisone-
treated cells showed this ratio almost 3 times higher than the
vehicle-treated cells.
The extracellular HMGB1 also exhibits pro-inflammatory

properties. As can be seen from Figure 7a, the tested
compounds had only little effect on the HMGB1 transcription.
However, they almost twice increased the production of mRNA
for HMGB1 8 h after the LPS treatment. On the other hand,
complexes 1, 3, and 6 reduced extracellular translocation of this
dual-function protein, similarly to Auranofin (Figure 7b).
Recently reported papers showed that the gold-containing drug

Myochrysine (GST) decreased the HMGB1 secretion on
different experimental models but concentrations used in these
studies were higher than 50 μM.55,56

This work was also focused on the expression of anti-
inflammatory cytokine IL-10. However, the THP-1 cells are not
able to secrete anti-inflammatory cytokine IL-10,57 thus only
the transcription of this protein was measured. As it is shown in
the Figure 8, the tested gold(I) complexes, Auranofin, and
prednisone markedly reduced production of mRNA for IL-10 2
h after the LPS addition. In the other time intervals (4 and 8 h
after the LPS treatment), the effect of the used compounds was
minimal. The lower level of IL-10 mRNA was detected, but the
study of Lampa et al.58 described a stimulatory effect of
Myochrysine (GST) on the IL-10 secretion.
The obtained results clearly showed that the transcription

and expression of inflammatory-related cytokines TNF-α, IL-
1β, and HMGB1 (pro-inflammatory cytokines) and IL-10 and
IL-1RA (anti-inflammatory cytokines) is influenced by the
application of the tested gold(I) complexes.

Figure 5. Effects of the gold(I) complexes and the reference drugs Auranofin and prednisone on the LPS-induced IL-1RA gene expression (a) and
IL-1RA secretion (b). The cells were pretreated with complexes 1, 3, and 6 (600 nM) and Auranofin (100 nM), prednisone (1 μM), or the vehicle
(DMSO) only. After 1 h of incubation, the inflammatory response was induced by LPS (except for the control cells). Gene expression was measured
2, 4, and 8 h after LPS treatment, and secretion was measured 24 h after LPS adding. The results are expressed as means ± SE for three independent
experiments. AU = 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), # significant difference in comparison to
Auranofin-treated cells (p < 0.05), ## significant difference in comparison to Auranofin-treated cells (p < 0.01), ### significant difference in
comparison to Auranofin-treated cells (p < 0.001).

Figure 6. The calculated ratio of IL-1β/IL-1RA. The values were
obtained from the ELISA experiments of individual cytokines as it is
described in Figures 4 and 5. The results are expressed as means ± SE
for three independent experiments. AU = 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), ### significant difference in comparison to Auranofin-
treated cells (p < 0.001).
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Effect of the Au(I) Complexes on Carrageenan-
Induced Hind Paw Edema on Rats. On the basis of in
vitro experiments, the in vivo tests of anti-inflammatory activity
of the complexes 1, 3, and 6 were performed using the

carrageenan-induced hind paw edema model, where the effect
of the tested complexes on one of the symptoms of acute
inflammation (i.e., the formation of edema) is investigated.
Because of the structural similarity and intended purpose, we
chose Auranofin as the primary standard of anti-inflammatory
activity. According to the literature, it has been used in
biological experiments in relatively wide range of dosage. In our
experiments, we used it in the same dosages as the tested
compounds, at 10 mg/kg in the form of the fine suspension in
25% DMSO (v/v in water for injections PhEur) applied
intraperitonealy 30 min before the intraplantar injection of
carrageenan. As a secondary standard, NSAID indomethacin
was used in the dose of 5 mg/kg. The changes in the hind paw
volume were continuously monitored plethysmometrically for 6
h after the carrageenan injection and assessed as percentual
changes of the initial volume for every individual animal. The
comprehensive overview of antiedematous activity profiles of
the tested compounds are summarized in Figure 9.

The highest activity was found for 1, which was able to
significantly decrease the volume of hind paw edema, even in
the comparison with Auranofin (p < 0.001) and indomethacin
(p < 0.01). The complex 6 was less effective than 1, and its
activity profile correlated well with indomethacin, especially in
the later stages of the experiment, but it showed significantly
higher activity (p < 0.001) in comparison to Auranofin. Both
complexes 1 and 6 showed antiedematous activity, comparable
with the highly active derivatives of gold(I) complexes
involving 3-(aryl)-2-sulfanylpropenoic acid59 and higher activity
than other gold(I) and gold(III) complexes.60,61 The complex 3
showed only weak activity in this experiment. This could be due
to its generally lower solubility, probably related to the presence
of the chloro substituent at the benzyl moiety. With the
intention to better understand and describe the effect of the
tested compounds on the inflammation affected tissues, the
sections from the animals were evaluated by cytological and
histochemical methods.

Cytological and Imunohistochemical Analyses of
Animal Tissues. To assess the tissue consequences connected
with the reduction of inflammation caused by the tested
compounds after the intraplantar injection of carrageenan, the
histopathological observations were made on the tissue sections
obtained from the laboratory animals after the end of
plethysmometric experiments. All animals were sacrificed by
cervical dislocation, and immediately after that, the tissue
samples were taken from the plantar area of hind paws.

Figure 7. Effects of the gold(I) complexes and the reference drugs
Auranofin and prednisone on the LPS-induced HMGB1 gene
expression (a) and HMGB1 secretion (b). The cells were pretreated
with complexes 1, 3, and 6 (600 nM) and Auranofin (100 nM),
prednisone (1 μM), or the vehicle (DMSO) only. After 1 h of
incubation, the inflammatory response was induced by LPS (except for
the control cells). Gene expression was measured 2, 4, and 8 h after
LPS treatment. Secreted HMGB1 protein was detected in conditioned
media by Western blot and immunodetection 24 h after LPS adding.
The blot is a representative result of three independent experiments.
The results of gene expression are expressed as means ± SE for three
independent experiments. AU = 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), # significant difference in comparison to Auranofin-treated
cells (p < 0.05).

Figure 8. Effects of the gold(I) complexes and the reference drugs
Auranofin and prednisone on the LPS-induced IL-10 gene expression.
The cells were pretreated with complexes 1, 3, and 6 (600 nM) and
Auranofin (100 nM), prednisone (1 μM), or the vehicle (DMSO)
only. After 1 h of incubation, the inflammatory response was induced
by LPS (except for the control cells). The results are expressed as
means ± SE for three independent experiments. AU = 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), # significant difference in comparison to Auranofin-
treated cells (p < 0.05).

Figure 9. The time-dependent profile of antiedematous activity of the
tested compounds.
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Different histopathological changes in tissues, stained by the
standard H&E-staining, were evaluated semiquantitatively using
the five-point scale from 0 (no changes observed) up to 5
(maximum of changes). In addition to the classical histological
investigation, the immunohistochemical detection of apoptosis
(caspase 3), TNF-α, interleukin 6 (IL-6), and selectin E
(CD62E) was performed. The results of the immunohisto-
chemical IL-6 detection were due to the tissue nature being
disputable because no differences were observed between the
samples and control, and therefore they are not listed in the
total evaluation. The results of histological and histoimmu-
nochemical investigations are summarized in Table 1.

The inflammation infiltrate contained mainly neutrophils
(polymorphonuclear cells, PMNs), vasodilatation with the
hemostasis and presence of leukocytes in bloodstream, and
extracellular edema. These changes provided evidence of the
acute inflammation. Table 1 shows significant presence of
PMNs and edematous changes in hypodermis. Total
histopathological changes are qualified by the disruption
score. The highest disruption scores were found in tissues
exposed to 25% DMSO (Figure 10a), which was used as a
vehicle for the preparation of all the tested samples, with a high
amount of PMNs in hypodermis and lower in dermis. The
PMN distribution was mainly diffuse in dermis in the area near
the veins, and in hypodermis, a massive infiltration (more than
1000 cells in microscope field of view, 200× magnification) was
found in thin collagen connective tissue. Immunohistochemical
TNF-α detection was significantly positive, which correlates
with the histological results. The selectin E (CD62E)
positiveness was less conclusive due to the nature of the
tissues under study. The second highest disruption score was
detected in tissues exposed to 6. The inflammatory infiltrate
was significantly lower, which corresponds with the TNF-α
positiveness. However, significant venous dilatation (charac-
terized by the relaxation of venous epithelium, often
accompanied by venostasis) and hemorrhage significantly

increased the score from the histopathological point of view.
The tissue exposed to 3 can be characterized by the third
highest disruption score. The inflammatory infiltrate was the
lowest out of all the examined tissues; nevertheless, significant
extracellular edema was present, together with a slight
hydrophic degeneration of other cells (intracellular edema,
characterized by small inclusions in cytoplasm of the cells). The
disruption scores of the tissue exposed to Auranofin (Figure
10b), indomethacin, and 1 (Figure 10c) can be considered as
identical. All the substances significantly decreased the
inflammatory reaction. Apoptotic changes were not found in
any of the tested samples.

Interactions of 1−3 with a Mixture of Cysteine and
Glutathione by Mass Spectrometry. Because of their

Table 1. Semiquantitative Evaluations of Different
Manifestations of Inflammation in Histological and
Histochemical Samples Obtained from Animals Treated with
Complexes 1, 3, and 6, and the reference drugs Auranofin
and indomethacin

1 3 6 Auranofin indomethacin
25%

DMSO

Inflammation
PNM infiltration
into epidermis

0 0 0 0 0 0

infiltration PMN
dermis

0 0 0 0 0 1

infiltration PMN
hypodermis

2 1 2 2 2 3

total infiltration
PMN

2 1 2 2 2 4

extracellular edema 1 4 1 2 2 4
intracellular edema 0 1 0 0 0 0
vasodilatation 2 2 3 1 2 3
hemorrhage 1 1 3 1 0 1
disruption score 8 10 11 8 8 16
Immunohistochemistry
apoptosis (caspase
3)

0 0 0 0 0 0

TNF-α 1 1 3 1 4
CD 62 E 3 3 3 3 2

Figure 10. Histologic sections of the hind paw, stained with
hematoxylin−eosin (200× magnification): tissue exposed to 25%
DMSO (control; a) with the massive acute inflammatory reaction in
the transition from dermis to hypodermis with a massive infiltrate of
neurophils (PMN); tissue exposed to Auranofin (b) and 1 (c) with the
acute inflammatory reaction in the hypodermis with a slight PMN
infiltrate. 1, PMN infiltrate; 2, arteriola; 3, extracellular edema; 4,
dilated veins with hemostasis; 5, vein with PMN presence in the
bloodstream and hemostasis; 6, collagen connective tissue; 7, slight
hemorrhage characterized by the presence of erythrocytes in
interstitium; 8, muscle fiber.
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properties (as soft Lewis acids), Au(I) ions prefer to form the
strong coordination bonds with soft Lewis base ligands, such as
thiolato or selenolato ions, or phosphine derivatives, while the
latter ones form the most stable bonds. Therefore, in the
biologically relevant environments (such as blood or serum),
the Au(I) complexes tend to bind to sulfhydryl-containing
substances, such as amino acid cysteine (Cys), or small proteins
(such as glutathione, GSH) and in particular with high
molecular proteins (such as albumin or globulins62) with the
ligand exchange mechanism. In the case of Auranofin the
exchange occurs for S-ligand of tetraacetylthioglucose,63 and in
the next step the triethylphosphine (PEt3) ligand is substituted
by another thiolato ligand while oxidized to triethylphosphine-
oxide (ref 64 and the references therein). The exchange of N-
ligands for S-ligands occurs relatively quickly (within 20 min
when interacting with albumin and globulins in the blood),65

the P-ligand exchange occurs much more slowly, and it seems
that in this mechanism the cooperative effects of adjacent
thiolato or selenolato ligands in the neighborhood of
interaction site play an important role, which is interpreted as
one of the molecular mechanisms of incorporation of gold into
the active site of selenium-containing flavoreductases such as
thioredoxin reductase.66

In the scope of our work, we have verified the expected
behavior of complexes 1−3 (applied in the concentration of 15
μM, corresponding to the highest therapeutic blood levels of
gold during chrysotherapy67) in biologically relevant con-
ditions68 using a mixture of cysteine (at 290 μM concentration)
and reduced glutathione (at 6 μM concentration). On the basis
of the results of ESI-MS experiments, we confirmed that the
complexes 1−3 react with sulfhydryl-containing substances in a
concentration dependent manner so that N-ligands of 6-
benzylaminopurine derivatives are substituted by cysteine,
which was confirmed by the emergence of ion 580.1 m/z,
corresponding to the [Cys-S-Au-PPh3]

+ intermediate (see
Figure 11 and Supporting Information, Figure S6). In
biologically relevant concentrations of both low molecular
sulfhydryl-containing compounds, the intermediate with
glutathione, corresponding to [GS-Au-PPh3]

+ and the mass of
766.0 m/z, reached the negligible intensity below the LOD
(limit of detection, with signal-to-noise ratio S/N < 3).

■ CONCLUSIONS
The results indicated that the prepared gold(I) complexes of
the type [Au(Ln)(PPh3)], involving 6-benzylaminopurine
derivatives (HLn), exhibit a strong ability to reduce the
production of pro-inflammatory cytokines TNF-α, IL-1β, and
HMGB1 without influence on the secretion of anti-inflamma-
tory cytokine IL-1RA in LPS-activated macrophages. Moreover,
complexes 1 and 6 showed that they could significantly
influence the formation of edema caused by the application of
polysaccharide λ-carrageenan in vivo. All the tested gold(I)
complexes exhibit similar or better effects as compared to
Auranofin in equitoxic doses but lower cytotoxicity than
Auranofin. The electrospray-ionization mass spectrometry
experiments, under physiologically relevant conditions mimick-
ing the interactions of the Au complexes with a mixture of
cysteine and glutathione, confirmed that the complexes 1−3
react with sulfhydryl-containing substances in concentration-
dependent manner, i.e., the 6-benzylaminopurine derivatives as
ligands are substituted by cysteine, thus acting as pro-drugs,
similarly to Auranofin. The obtained results entitle us to believe
that the gold(I) complexes can become effective agents for

managing difficult to treat inflammatory diseases. On the basis
of such promising findings, the mechanism of their action and
applicability as potential drugs will be further investigated.

■ EXPERIMENTAL SECTION
Chemistry. Materials and General Methods. The starting

materials such as AuCl3, NaOH, and solvents were obtained from
the commercial sources (Sigma−Sigma-Aldrich Co., Acros Organics
Co., Lachema Co., and Fluka Co.) and used without further
purification. The 6-benzylaminopurine derivatives (HL1−HL8) (see
Supporting Information, Scheme S1) were synthesized according to
the previously published procedure.69 The purity (≥95%) of the final
products (complexes 1−8) was confirmed by elemental analysis
(CHN), with the experimental values differing less than 0.4% from the
calculated ones, and by 1H and 13C NMR spectroscopy.

Elemental analyses (C, H, N) were performed on a Flash 2000
CHNO-S analyzer (Thermo Scientific). Conductivity measurements
of 10−3 M methanol solutions of the prepared complexes were carried
out using a conductometer 340i/SET (WTW) at 25 °C. IR spectra
were recorded on a Nexus 670 FT-IR spectrometer (ThermoNicolet)
using KBr pellets (400−4000 cm−1) and the Nujol technique (150−
600 cm−1). A Raman spectrometer Nicolet NXR 9650 equipped with
the liquid nitrogen cooled NXE Genie germanium detector
(ThermoNicolet) was used to record Raman spectra of all the
complexes (150−4000 cm−1). 1H and 13C NMR spectra of the DMF-
d7 solutions were measured on a Varian 400 MHz NMR spectrometer
at 300 K. Tetramethylsilane (TMS) was used as an internal reference
standard during 1H and 13C NMR experiments. Mass spectra of the
methanol solutions of the complexes were obtained by an LCQ Fleet
ion trap mass spectrometer by the positive mode electrospray
ionization (ESI+) technique (Thermo Scientific). The theoretical
values were calculated by the QualBrowser software (version 2.0.7,
Thermo Fisher Scientific). The electrospray-ionization mass spec-
trometry interaction experiments were performed on an Agilent
HP1100 LC-MSD VL ion-trap mass spectrometer in positive
ionization mode. Thermogravimetric (TG) and differential thermal
analyses (DTA) were performed using a thermal analyzer Exstar TG/
DTA 6200 (Seiko Instruments Inc.) in dynamic air conditions (150

Figure 11. ESI-MS spectra of (a; black line) the mixture of
physiological levels of cysteine (290 μM) and glutathione (6 μM) in
50 mM ammonium acetate in water (b; green line) the interacting
system containing cysteine (290 μM) + glutathione (6 μM) + complex
3 (15 μM) in the mixture of 50 mM ammonium acetate and methanol
(1:1, v/v) immediately after preparation; (c; red line) the interacting
system containing cysteine (290 μM) + glutathione (6 μM) + complex
3 (15 μM) in the mixture of 50 mM ammonium acetate and methanol
(1:1, v/v) 20 min after preparation, both showing the appearance of
peak at 580.08 m/z, corresponding to ion [Cys−S−Au-PPh3]+; (d;
blue line) complex 3 solution in methanol.
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mL min−1) between room temperature (∼25 °C) and 900 °C
(gradient 2.5 °C min−1).
Synthesis of [Au(L1)(PPh3)]·H2O (1), [Au(L2)(PPh3)] (2), [Au(L3)-

(PPh3)] (3), [Au(L4)(PPh3)] (4), [Au(L5)(PPh3)]·1.5H2O (5), [Au(L6)-
(PPh3)] (6), [Au(L7)(PPh3)] (7), [Au(L8)(PPh3)] (8). The amount of 1
mmol of [AuCl(PPh3)]

70,71 dissolved in acetone (20 mL) was added
to a solution of 1 mmol of the appropriate 6-benzylaminopurine
derivative (HL1−HL8) in acetone (70 mL). Aqueous 1 M NaOH (1
mL) was added to this mixture. NaCl formed during 4 h of stirring,
and it was filtered off. The obtained colorless clear filtrate was
evaporated to dryness at 50 °C. The residue was dissolved in 30 mL of
benzene. The clear solution was added dropwise into 250 mL of
hexane. White precipitates of 1−8 were filtered off, washed with a
small amount of ethanol and acetone, and dried at 40 °C under an
infrared lamp.
Complex 1: 1H NMR (400.00 MHz, DMF-d7, ppm): δ (SiMe4)

8.15 (bs, C2H, 1H), 7.96 (bs, C8H, 1H), 7.77 (m, C2H, C6H, 6H,
PPh3), 7.70 (m, C3H, C4H, C5H, 9H, PPh3), 7.55 (bs, N6H, 1H),
7.42 (tt, 7.9, 1.6, C14H, 1H), 7.38 (qq, 7.5, 1.6, C15H, 1H), 7.13 (d,
9.2, C12H, 1H), 7.03 (t, 7.5, C13H, 1H), 5.09 (bs, C9H, 2H). 13C
NMR (75.43 MHz, DMF-d7, ppm): δ (SiMe4) 162.05, 159.14 (C11),
156.39 (C6), 151.53 (C2), 148.52 (C8), 145.25 (C4), 135.06, 134.92
(C2, C6, PPh3), 131.09, 130.06 (C14), 130.67, 130.47 (C15), 130.46,
130.34 (C3, C5, PPh3), 129.21 (C10), 129.82, 129.28 (C1, PPh3),
129.12, 129.04 (C4, PPh3), 124.02, 124.00 (C13), 120.96 (C5),
114.64, 114.43 (C12), 39.15 (C9). ESI+ mass spectra (methanol, m/z)
244 (calcd 243), 702 (701). Yield: 55%. Anal. Calcd for
C30H26N5OFPAu: C, 50.0; H, 3.6; N, 9.7. Found: C, 50.3; H, 3.8;
N, 9.9%.
Complex 3: 1H NMR (400.00 MHz, DMF-d7, ppm): δ (SiMe4)

8.13 (s, C2H, 1H), 7.93 (s, C8H, 1H), 7.77 (m, C2H, C6H, 6H,
PPh3), 7.70 (m, C3H, C4H, C5H, 9H, PPh3), 7.41 (d, 8.5, C12H,
C15H, 2H), 7.36 (d, 8.5, C13H, C14H, 2H), 5.14 (bs, C9H, 2H). 13C
NMR (75.43 MHz, DMF-d7, ppm): δ (SiMe4) 156.38 (C6), 151.51
(C2), 148.44 (C8), 141.10 (C4), 139.10 (C10), 135.06, 134.92 (C2,
C6, PPh3), 131.11 (C15), 131.07 (C12), 130.47, 130.35 (C3, C5,
PPh3), 129.86 (C14), 129.78, 129.16 (C1, PPh3), 129.40, 129.27 (C4,
PPh3), 120.92 (C5), 43.86 (C9). ESI+ mass spectra (methanol, m/z)
259 (calcd 258), 718 (717), 740 (740). Yield: 60%. Anal. Calcd for
C30H24N5ClPAu: C, 50.1; H, 3.3; N, 9.7. Found: C, 50.0; H, 3.3; N,
9.9%.
Complex 6: 1H NMR (400.00 MHz, DMF-d7, ppm): δ (SiMe4)

8.14 (s, C2H, 1H), 7.92 (bs, C8H, 1H), 7.78, (m, C2H, C6H, 6H,
PPh3), 7.70 (m, C3H, C4H, C5H, 9H, PPh3), 7.50 (bs, N6H, 1H),
7.21 (s, C11H, 1H), 7.20 (m, C15H, 1H), 7.11 (t, 7.5, C14H, 1H),
7.01 (d, 7.5, C13H, 1H), 4.97 (bs, C9H, 2H). 13C NMR (75.43 MHz,
DMF-d7, ppm): δ (SiMe4) 154.06 (C6), 151.57 (C2), 148.31 (C8),
145.15 (C4), 139.51 (C10), 139.25 (C12), 135.05, 134.92 (C2, C6,
PPh3), 130.47, 130.35 (C3, C5, PPh3), 129.38, 129.26 (C4, PPh3),
128.14 (C14), 128.04 (C13), 128.02 (C11), 125.67 (C15), 121.16
(C5), 44.58 (C9). ESI+ mass spectra (methanol, m/z) 239 (calcd
238), 698 (697). Yield: 55%. Anal. Calcd for C31H27N5PAu: C, 53.3;
H, 3.8; N, 10.0. Found: C, 53.6; H, 3.8; N, 10.1%.
The results of NMR, mass spectrometry and elemental analyses (for

2, 4, 5, 7, and 8), IR and Raman spectroscopy, and conductivity
measurements (for 1−8) are given in Supporting Information.
Biological Activity Testing. Chemicals and Biochemicals. 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 was
obtained from Roche (Mannheim, Germany). A RealTime ready cell
lysis kit (Roche, Mannheim, Germany) served for isolation of RNA
from cells and Transcriptor Universal cDNA Master (Roche,
Mannheim, Germany) was used for reverse transcription of RNA to
cDNA. Specific primers and probes (gene expression assays) for
polymerase chain reactions (PCRs) were obtained from Applied
Biosystems (Foster City, CA, USA). The following assays were chosen

for the quantification of gene expression: Hs00174128_m1 for TNF-α,
Hs00961622_m1 for IL-10, Hs01555410_m1 for IL-1β ,
Hs00893626_m1 for IL-1RA, Hs01590761_g1 for HMGB1, and
4326315E for β-actin, which served as an internal control of gene
expression. Quantitative PCR (qPCR) was performed with Fast Start
Universal Probe Master (Roche, Mannheim, Germany). Instant ELISA
kits (eBioscience, Vienna, Austria) were used to evaluate the
production of TNF-α and IL-1β. Cytoscreen kit (BioSource Europe
SA, Nivelles, Belgium) was used to detect the IL-1RA cytokine by the
enzyme linked immunosorbent assay (ELISA) method. The supported
nitrocellulose membrane 0.2 μm (Bio-Rad, Hercules, CA, USA) and
albumin bovine fraction V (pH 7) (BSA) (Serva, Heidelberg,
Germany) were used for Western blot. Rabbit polyclonal Anti-
HMGB1 and goat polyclonal antirabbit IgG (with conjugated
peroxidase) antibodies (Sigma-Aldrich, Saint Louis, MO, USA) were
applied for immunodetection. Conjugated peroxidase was detected by
Opti-4CN substrate kit (Bio-Rad, Hercules, CA, USA).

Maintenance and Preparation of Macrophages. For the
measurement of biological activity, we used the human monocytic
leukemia cell line THP-1 (ECACC, Salisbury, UK). The cells were
cultivated at 37 °C in the RPMI 1640 medium supplemented with 2
mM L-glutamine, 10% FBS, 100 U/mL of penicillin, and 100 μg/mL of
streptomycin in a humidified atmosphere containing 5% CO2. The
stabilized cells (3rd−15th passage) were split into microtitration plates
to get a concentration of 100000 cells/mL, and the differentiation to
macrophages was induced by a phorbol myristate acetate (PMA) as we
described previously.72

Cytotoxicity Testing. The THP-1 cells (floating monocytes, 500000
cells/mL) were incubated in 100 μL of the serum-free RPMI 1640
medium and seeded into 96-well plates in triplicate at 37 °C.
Measurements were taken 24 h after the treatment with 0.024, 0.12,
0.6, 1.56, 3.13, 6.25, 12.5, 25, or 50 μM tested compounds dissolved at
dimethylsulfoxide (DMSO). Viability was measured by WST-1 test
according to manufacturer’s manual. The amount of created 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 DMSO and was set up as 100%. The results of the
WST-1 test were confirmed by the erythrosine-exclusion test, as was
described in a previous paper.73 The cytotoxic LD50 concentrations of
the tested compounds were determined by the data from the equation
generated by the KURV+ Version 4.4b software (Conrad Button
Software, Arlington, WA, USA).

Prednisone was used for in vitro experiments as a control, while
indomethacin was used in in vivo studies. This experiment design was
chosen because of the fact that indomethacin shows negligible effect
on the cytokine expression (it is a typical cyclooxygenase inhibitor).73

On the other hand, steroid drugs, such as prednisone or dexametha-
sone, are able to affect gene expression.74

Drug Treatment and Induction of Inflammatory Response.
Differentiated macrophages were pretreated for 1 h with 100 or 600
nM solutions of 1, 3, or 6, 100 nM solution of Auranofin, 1.0 μM
solution of prednisone dissolved in DMSO (the final DMSO
concentration was 0.1%), and with 0.1% DMSO solution itself
(vehicle); the given concentrations of the tested compounds lack the
cytotoxic effect (cell viability >94%). The inflammatory response was
triggered by adding 1.0 μg/mL lipopolysaccharide (LPS) dissolved in
water to pretreated macrophages, control cells were without the LPS
treatment. Each experiment was repeated three times.

RNA Isolation and Gene Expression Evaluation. To evaluate the
expression of TNF-α, IL-1β, IL-1RA, IL-10, HMGB1, and β-actin
mRNA, the total RNA was isolated directly from the cells in cultivation
plates using a RealTime ready cell lysis kit according to the
manufacturer’s instructions. The concentration and purity of the
RNA were determined by UV spectrophotometry.

The gene expression was quantified by two-step reverse-tran-
scription quantitative (real-time) PCR (RT-qPCR). The reverse
transcription step was performed by Transcriptor Universal cDNA
Master using cell lysate as a template. The reaction consists of three
steps: (1) primer annealing 29 °C for 10 min and (2) reverse
transcription 55 °C for 10 min and (3) transcriptase inactivation 85 °C
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for 5 min. A Fast Start 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: 50 °C for 2 min,
then 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60
°C for 1 min. The results were normalized to the amount of ROX
reference dye, and the change in gene expression was determined by
the ΔΔCT method.75 Transcription of the control cells was set as 1,
and other experimental groups were multiples of this value.
Evaluation of Cytokine Secretion by ELISA. Macrophages, which

were pretreated with the tested compounds for 1 h, were incubated
with LPS for next 24 h. After this period, the medium was collected
and the concentration of TNF-α, IL-1β, and IL-1RA was measured by
either Instant ELISA kit or Cytoscreen kit according to the
manufactures’ manual.
Determination of HMGB1 Release by Western Blot. Media from

LPS-stimulated macrophages were obtained similarly as for ELISA.
They were lyophilized, and the resting material was resuspended in the
1/10 of the original volume. The same volumes of samples were
resolved in the 15% polyacrylamide gel. Then they were electophoreti-
cally transferred on the nitrocellulose membranes, which were
subsequently blocked by 5% BSA dissolved in TBST buffer [150
mM NaCl, 10 mM Tris base, 0.1% (v/v) Tween-20]. The membranes
were incubated with the primary anti-HMGB1 antibody at the
concentration of 1:500 at 4 °C 16 h. After washing, the secondary
antirabbit IgG antibody diluted 1:2000 was applied on the membranes
and incubated for 1 h at laboratory temperature (∼23 °C). The
amount of the bound secondary antibody was colorimetrically
detected by Opti-4CN kit according to the manufacturer’s manual.
Animals. Wistar-SPF (6−8 weeks male) rats were obtained from

the AnLab, Ltd., Prague. The animals were kept in plexiglass cages at
the constant temperature of 22 ± 1 °C and relative humidity of 55 ±
5% for at least 1 week before the experiment. They were given food
and water ad libitum. All experimental procedures were performed
according to the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals. In addition, all tests were
conducted under the guidelines of the International Association for the
Study of Pain.76 After a 1-week adaptation period, male Wistar-SPF
rats (200−250 g) were randomly assigned to three groups (n = 10) of
the animals in the study. The control group received 25% DMSO (v/v
in water for injections PhEur, intraperitoneal; ip). The other three
groups include a carrageenan-treated, an Auranofin positive control
(Auranofin + carrageenan), and indomethacin positive control groups
(indomethacin + carrageenan).
Carrageenan-Induced Hind Paw Edema. The carrageenan-

induced hind paw edema model was used for the determination of
anti-inflammatory activity.77 Animals were ip pretreated with
complexes 1, 3, and 6 (10 mg/kg), Auranofin (10 mg/kg),
indomethacin (5 mg/kg), or 25% DMSO (v/v in water for injections
PhEur) 30 min prior to the injection of 1% Carr (50 μL) into the
plantar side of right hind paws of the rats. The paw volume was
measured immediately after carrageenan injection 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 induced was evaluated by the percentage of change of the
volume of the right hind paw after carrageenan treatment from the
volume of the right hind paw before carrageenan treatment. Auranofin
and indomethacin were used as positive controls. After 6 h, the animals
were sacrificed and the carrageenan-induced edema feet were dissected
for cytological and histochemical evaluation.
Histological Examination. For the histological examination,

biopsies of paws were taken 6 h following the intraplantar injection
of carrageenan. The tissue slices were fixed in 4% buffered
formaldehyde for 1 week at room temperature, dehydrated by graded
ethanol, and embedded in paraffin (Histowax). The sections
(thickness 5 μm) were deparaffinized with xylene and stained with
hematoxylin and eosin (H&E) stain and immunohistochemistry
detection apoptosis: caspase 3 (AbCam), TNF-α (AbCam), and
CD62E (AbCam). All samples were observed and photographed with

BX-40 Olympus microscopy. Every 3−5 tissue slices were randomly
chosen from carrageenan, indomethacin, Auranofin, and studied
gold(I) complexes groups. The histological examination of these
tissue slices revealed an excessive inflammatory response with massive
infiltration of neutrophils [polymorphonuclear leukocytes (PMNs)] by
microscopy.

Statistical Analysis. All experiments were performed in three
independent experiments, and results are presented as mean values,
with error bars representing the standard deviation (SE) of the mean.
A one-way ANOVA test was used for statistical analysis, followed by a
Tuckey’s posthoc test for multiple comparisons. A value of p < 0.05
was considered to be statistically significant. GraphPad Prism 5.02
(GraphPad Software Inc., San Diego, CA) was used to perform the
analysis.
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