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Epithelial Cell Line

Milog Arsenijevi¢"", Marija Milovanovic’, Vladislav Volarevic', Ana Djekovi¢®, Tatjana Kanjevac',
Nebojsa Arsenijevi¢* Svetlana Buki¢! and Zivadin D. Bugargi¢?

Faculty of Medicine, University of Kragujevac, 69 Svetozara Markovica Street, 34000 Kragujevac, Serbia

?Faculty of Science, Department of Chemistry, R. Domanovica 12, P. O. Box 60, 34000 Kragujevac, Serbia

Abstract: We have studied the kinetics of the complex formation of gold(lll) complexes, [Au(en)Cl,]* (dichlo-
rido(ethylendiamine)aurate(l11)-ion) [Au(dach)Cl,] (dichloride(1,2-diaminocyclohexane)aurate(lll)-ion) and
[Au(bipy)Cl,]" (dichlorido(2,2’-bipyridyl)aurate(111)-ion) with guanosine5’-monophosphate (5’-GMP). It was shown that
5’-GMP have a high affinity for gold(I11) complex, which may have important biological implications, since the interac-
tions of Au(l11) with DNA are thought to be responsible for the anti-tumor activity. The [Au(bipy)Cl,]* complex is more
reactive than [Au(en)Cl,]" or [Au(dach)Cl,]". The activation parameters for all studied reactions suggest an associative
substitution mechanism. The cytotoxicity of gold(l11) complexes was tested on A549 human lung carcinoma epithelial cell
line and was evaluated by cytotoxic (MTT and LDH test) and apoptotic assays. The results showed that all tested
gold(ll1) complexes displayed cytotoxic effect on A549 cells. Among the tested gold (lll) complexes, AuBIPY

showed the best cytotoxic effects.
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INTRODUCTION

In recent years, great interest has been focused on
gold(111) complexes as cytotoxic and anticancer drug [1-2].
To design a metal-based applicable anticancer drug,
however, is quite challenging. Presently, platinum drugs are
playing a major role in established medical treatments of
cancer [3-4]. Gold(Ill) complexes are square-planar d®,
isoelectronic and isostructural to Pt(I1) complexes. Generally
speaking, gold(lll) complexes are not very stable under
physiological conditions because of their high reduction
potential and fast hydrolysis rate. Therefore, selection of a
suitable ligand to stabilize the complex becomes a foremost
challenge in the design of gold(lll) with one or more
multidentate ligand to enhance the stability of the complex.
However, Au(lll) is coordinated by at list two chelating
nitrogen donors which lower the reduction potential of metal
center and thereby stabilize the complex. The acceptable
solution stability of these gold(lll) complexes [5-6],
facilitated extensive pharmacological investigation, both in
vitro and in vivo [7-10].

We have performed and now report here a detailed study
on the complex formation kinetics of some selected gold(I11)
complexes, viz. [Au(en)Cly]*, [Au(dach)Cly], [Au(bipy)Cl,]"
with 5’-GMP. We choose 5’-GMP because it is the fragment
of DNA, and it seems that DNA is the primary target for the
gold(111) complexes. The reactions were studied in aqueous
solutions at physiological pH (7.2), using stopped-flow tech-
nique.
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In addition, we evaluated and report here in vitro cyto-
toxic activity of these complexes on A549 human lung car-
cinoma epithelial cell line. A549 cells are in vitro most usu-
ally used cancer cell line for research in the field of testing
cytotoxicity and metabolism of new synthesized complexes
towards human lung carcinoma epithelial cells [11].

It was envisaged that this study could throw more light
on the interactions of gold(lll) complexes with nitrogen-
donor nucleophiles suggesting these complexes as potentaily
new therapeutic agents in the treatment of lung carcinoma.

2. EXPERIMENTAL
2.1. Chemicals

The nucleophile guanosine-5’-monophosphate sodium
salt hydrate, (5’-GMP) was obtained from Acros Organics.
Nucleophile stock solutions were prepared shortly before
use, by dissolving the chemicals in purified water. The
ligands  2,2’-bipyridyl (bipy) and (1R,2R)-1,2-
diaminocyclohexane (dach), ethylenediamine (en) were ob-
tained from Acros Organics. Starting complex potassium
tetrachloridoaurate(l11), K[AuCl,], was purchased from
ABCR GmbH & Co. KG, 98%. All the other chemicals were
of the highest purity commercially available and were used
without further purification. Ultra pure water was used in all
experiments.

The solutions of complexes and ligands were prepared in
25 mM Hepes buffer (pH = 7.20). The reactions of
bifunctional complexes were studied in the presence of 20
mM NaCl, to prevent the hydrolysis of complexes.

Cisplatin  (cis-diamminedichloroplatinum(ll), cis-
[Pt(NH3)2CI2]), was purchased from Sigma-Aldrich.

© 2012 Bentham Science Publishers
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2.2. Synthesis of the Complexes

The complexes [Au(en)Cl,]Cl and [Au(bipy)CI,]CI were
prepared according to the published procedure [12].
Complex [Au(dach)Cl,]JCI was synthesized starting from
KAuCl,. Salt (0.2 g, 0.5 mmol) was dissolved in a little
amount of water and to the solution was dropped the solution
obtained by dissolving (1R,2R)-1,2-diaminocyclohexane
(0.057 g, 0.5 mmol) to the mixture of MeOH/H,0 (1:1, v/v).
The reaction was stirred for 5 h at room temperature.
Obtained yellow solution was left in the darkness to
evaporate. After few days formed yellow crystals were
filtrated, washed with cold water and dried. Found: H, 4.91;
C, 13.66; N, 2.84; Calc. for AuCgH14N,Cl5: H, 5.34; C,
13.80; N, 2.71%.

2.3. Instrumentation

Chemical analyses were performed on a Varian IlI
CHNOS Elemental Analyzer, Elemental Analysensysteme,
GmbH. The optical density was measured using microplate
multimode detector Zenyth 3100. UV-VIS spectra were
recorded on Shimadzu UV 250 and Hewlett-Packard 8452A
diode-array spectrophotometers with thermostated 1.00 cm
quartz Suprasil cells. Kinetic measurements were carried out
on an Applied Photophysics SX.18MV stopped-flow
instrument coupled to an online data acquisition system. The
temperature was controlled throughout all Kinetic
experiments to + 0.1 K.

2.4. Kinetic Measurements

At the beginning of the investigations, spectral changes
resulting from the mixing of complex and nucleophile
solutions were recorded over the wavelength range 280 to
350 nm to establish a suitable wavelength at which kinetic
measurements must be performed. After that, the reactions
were initiated by mixing equal volumes of the complex and
ligand solutions directly in the stopped-flow instruments and
were followed for at least eight half-lives at determined
wavelength (working wavelengths are given in Supp. Mate-
rial, Tables S1-S3). AIll Kkinetic measurements were
performed under pseudo-first-order conditions, i.e., at least a
10-fold excess of the entering nucleophile was used. The
Kinetic traces were evaluated using the OLIS KINFIT
(Jeferson, GA) set of programs. Kinetic runs were fitted as
double exponential function for the reactions of bifunctional
[Au(bipy)Cl,]", [Au(dach)Cl,]", [Au(en)Cl,]" complexes.

The observed pseudo-first-order rate constants, Kgpsd,
were calculated as the average value from five to eight
independent kinetic runs. All experimental data are reported
in Tables S1 — S3, Supp. Material.

All reactions were followed at three different tempera-
tures (288, 298 and 310 K). The temperature was controlled
throughout all kinetic experiments to + 0.1 °C.

2.5. Culture of Human A549 Lung Carcinoma Epithelial
Cell Line

The A549 cells were purchased from American Type
Culture Collection (ATCC), Manassas, VA, USA. The A549
cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% FBS, 100 1U/mL penicillin G and

Medicinal Chemistry, 2012, Vol. 8, No.1 3

100 pg/mL streptomycin (Sigma-Aldrich chemical, Munich,
Germany). A549 cells in passage 3 were used throughout
these experiments.

2.6. Cytotoxicity Assays

Effects of gold(lll) complexes on A549 cell viability
were determined using MTT 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) colorimetric technique and
LDH (Lactate dehydragenase) assay.

2.6.1. MTT Assay

Gold(111) complexes are biologically active substances of
special interest as potential anticancer agents. Effects of
[Au(en)Cl,]" [Au(dach)Cly] and [Au(bipy)Cl,]" complexes
on cell viability were determined using MTT colorimetric
technique [13]. A549 cells were diluted with medium to 4 x
10* cells/mL and aliquots (4 x 10° cells/100uL) were placed
in individual wells in 96-multiplates. After 24 hours, cells
were treated with selected concentrations of complexes for 3
days. Control wells were prepared by the addition of culture
medium. Wells containing culture medium without cells
were used as blanks. After incubation drug containing me-
dium was discarded and replaced with serum free medium
containing 15% of MTT (5mg/ml) dye. After additional 4 h
of incubation 37°C in a 5% CO2 incubator, medium with
MTT was removed and DMSO (150 pL) with glycine buffer
(20 pL) was added to dissolve the blue formazan crystals.
The plates were shaken for 10 min. The optical density of
each well was determined at 595 nm. The percentage of cy-
totoxicity was calculated using the formula:

% cytotoxicity = 100-((TS—BGO0)—E/(TS—BGO0) x 100)

where BGO is for background of medium alone, TS is for
total viability/spontaneous death of untreated target cells,
and E is for experimental well.

2.6.2. LDH Assay

LDH assays can be performed by assessing LDH re-
leased into the media as a marker of dead cells or performing
lysis LDH as a marker of remaining live cells. LDH, there-
fore, is the most widely used marker in cytotoxicity study.
[14] Cytotoxicity of gold complexes was examined by Cyto-
toxicity Detection Kit (LDH) (Roche Applied Science).
Ab549 cells were prepared and treated with complexes in the
same manner as for MTT assay. Additional wells were pre-
pared as high control, cells were treated with Triton X (1%).
Cells exposed to medium were used as low controls. After
treatment, supernatant (100uL) was transferred to new plate
and incubated with an equivalent volume of substrate solu-
tion. After incubating the plates for 30 minutes at RT, 50
ul/well stop solution was added and data were acquired by
spectrophotometry at 450 nm. The percentage of dead cells
was calculated using the formula:

% of dead cells=(exp. value-low control)/(high control-
low control) x 100.
2.7. Apoptosis Assay

For the detection of apoptosis, the Annexin V binding
capacity of treated cells was examined by flow cytometry. At
the onset of apoptosis, phosphatidylserine which is normally
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Scheme 1.

found on the internal part of the plasma membrane becomes
translocated to the external portion of the membrane and
becomes available to bind to the annexin V-FITC. 7-AAD
bind to the cellular DNA in cells where the cell membrane
has been totally compromised [15]. After A549 cells reached
subconfluency, medium was replaced with gold (l11) com-
plexes (500 puM). Exposed A549 cells were placed at 370C
in a 5% CO2 incubator for 24h. Cultured cells were washed
twice with phosphate-buffered saline (PBS, Sigma Aldrich)
and resuspended in 1x binding buffer (10x binding buffer:
0,1 M Hepes/NaOH (pH 7,4), 1,4 M NaCl, 25 mM CaCl2) at
concentration 1x106 / mL. Annexin FITC and propidium
iodide (P1) were added to the 100 puL of cell suspension and
incubated for 15 min at room temperature (25 oC) in the
dark. After incubation 400 uL of 1x binding buffer was
added to each tube and stained cells were analyzed within 1
hour using FACS Calibur (BD, San Jose, USA) and Win-
MDI software. Since, Annexin V FITC staining precedes the
loss of membrane integrity that accompanies the later stage
identified by PI, Annexin FITC positive, Pl negative indi-
cates early apoptosis, while viable cells are Annexin V FITC
negative, Pl negative. Cells that are late apoptosis or already
dead are both Annexin V FITC and PI positive.

3. RESULTS
3.1. Kinetic Measurements

Here we report the results of kinetic studies of some
bifunctional gold(I11) complexes. The substitution reactions
of gold(ll) complexes [Au(en)Cl,]", [Au(dach)Cl,]* and
[Au(bipy)Cl,]" with nucleophile 5’-GMP were investigated
spectrophotometrically by following the change in
absorbance at suitable wavelengths as a function of time
under pseudo-first-order conditions. All reactions were
studied at physiological (pH = 7.20) conditions in 25 mM
Hepes, with the presence of NaCl, to prevent the hydrolysis
of the starting complexes. All reactions were performed as a
function of nucleophile concentration and temperature using
stopped-flow technique.

The substitution reactions of [Au(en)Cly]" and
[Au(dach)Cl,]" and [Au(bipy)Cl,]" with nucleophile 5’-GMP
were studied also at physiological pH 7.20 in 25 mM Hepes
with the presence of 20 mM NacCl, to prevent the hydrolysis
of the complexes. The process of substitution could be de-
scribed as shown in Scheme 1.

The first step of the substitution is a reversible process,
where the direct reaction nucleophile substitutes one chloride
ion from the coordination sphere of the starting complex.
However, due to the presence of 20 mM NacCl solvolytic step

is eliminated and the reaction becomes equilibrium. The
second step is also equilibrium when another molecule of
nucleophile substitutes the other chloride ion.

The obtained pseudo-first order rate constants for the first
(Kopsa f) @nd the second (Konsqs) Steps of the substitution (data
are given in Tables S1- S3. Supp. Material) were plotted
versus the concentrations of the entering nucleophiles. A
linear dependence on the nucleophile concentration was
observed for all reactions. Representative plots for the
substitution reactions of [Au(bipy)Cl,]", [Au(dach)Cl,]" and
[Au(en)Cl,]" complexes with 5’-GMP are shown in Fig. (2),
and in Supp. Mat., Fig. (1S and 2S).

The observed pseudo-first-order rate constant, Kopsg 1, s @
function of the total concentration of nucleophile is
described by Eq. (1) and the rate constants k;; and k-, can
be determined from the slopes and intercepts of the plots.

kobsd,f =k ,¢ +ky [Nu] (1)

The observed rate constants for the second reaction step
can be expressed as given in Eq. 2.

Kobsds = K- + Ko s[NU] 2

All The rate constants for the first and the second
reaction steps for the all reactions, calculated by OriginPro8,
are summarized in Table 1.

The first reaction step occurs via nucleophilic attack of
N7 donor atom of purine base comprised in 5’-GMP,
resulting in the formation of a product by departing one
chloride ion [16-17]. The second step includes the substitu-
tion of another chloride ion from the starting complex, when
1:2 complexes is formed. However, the first and the second
steps of the substitution of [Au(bipy)Cl,]" complex are faster
than in the case of [Au(dach)Cl,]" and [Au(en)Cl,]" complex
due to the same effect of inert, bidentate, ligand as it was
explained before [17].

The temperature dependence of rate constants enabled
the calculation of the activation enthalpies and entropies by
using Eyring equation. Activation parameters derived from
these experiments are summarized in Table 1. The entropy of
activation for all studied systems is large and negative,
which is in line with an associative substitution mechanism.

3.2. Gold (111) Complexes Showed Cytotoxic Effects and
Induce Apoptosis of A549 Cells

All of three gold (111) complexes showed cytotoxic effect
on A549 cells (Figs. 3, 4, 5). The concentration increase is
followed by markedly increase of apoptotic cell's percentage.
The concentrations from 7.8 uM to 250 puM of all tested
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Table 1. Rate Constants and Activation Parameters for the First and the Second Steps of the Substitution Reactions of [Au(dien)Cl,]*
and [Au(en)Cl,]" Complexes with Ligand 5’-GMP at 298 K in 25 mM Hepes bufFer (pH = 7.2 and 20 mM NacCl).

5’-GMP
First step koM s AH,/kJ mol™ AS;713 K*mol™* kydls™t AH*/kJ mol™ AS713 K mol™*
[Au(bipy)Cl,]* (1.49 £ 0.05) 102 743 -180 +10 (3.9+0.9)x 102 86+2 T2
[Au(dach)Cl,]* (6.6 0.2) 10" 10+3 -170 +10 (1.86 % 0.0.04)10™ 2142 -190 £ 20
[Au(en)Cl,]* 33+ 0.3)'101 24+3 140+ 10 8.2+ 0.7)-10'2 39+2 -139+8
Second step koo/M st AH,"*/kJ mol™ AS’ 13 Ktmol™? kiofst AH 7k mol™ | AS’/J K mol™
Au(bipy)Cl,]* (1.03 £ 0.03)-10" 33+3 120+ 10 (39+0.1)x 102 14+3 1699
[Au(dach)Cl,]* 62+03 27+5 140+ 10 (31%0.1)x 102 48£2 120 + 10
[Au(en)CL,]* 25401 26+2 1549 (3.1 0.04).10° 8 +4 -140+ 10
+ H, +
/C
+
HQ ik S
H\N — A‘u —ClI jAui
N— Au—Cl 2 | N cl
2
cl Cl
[Au(bipy)Cl,]* [Au(en)Cl,]* [Au(dach)Cl,]*
0

N NH,

5-GMP

Fig. (1). Structures of the investigated complexes and nucleophile.

Fig. (2). Pseudo-first order rate constants for the first (Kqpsg1) and the second (Kopsaz) Steps of the substitution reactions between [Au(bipy)Cl,]*

complex and 5’-GMP as a function of ligand concentration and temperature, in 25 mM Hepes buffer (pH = 7.2) with the addition of 20 mM
NaCl.
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Fig. (4). The results of LDH cytotoxic assay.

complexes showed similar and low cytotoxic effect. How-
ever, gold complexes differ at concentration of 250 uM.
[Au(dach)Cl,]" complex show high cytotoxicity with almost
100% of dead cells and [Au(bipy)Cl,]" had low cytotoxic
effect (40% dead cells). Interestingly, A549 cells proliferated
24 h after treatment with [Au(en)Cl,]" complex (at concen-
tration 250 uM). All three gold (111) complexes show 100%
of cytotoxicity at the concentration of 500 uM (Fig. 3).

Results obtained from LDH assay correlate with MTT re-
sults (Fig. 4). Apoptotic assay showed that most of dead cells
were in the stage of early apoptosis (Fig. 5).

Flow cytometry results have shown that cisplatin had
54.77% cells in the early apoptosis, [Au(en)Cl,]" 7.16%,
[Au(dach)Cl,]" 21.19% and [Au(bipy)Cl,]* 60,92 %.

This indicates that [Au(bipy)Cl,]" shows higher cytotoxic
effect on A549 cells after 24hrs of exposure in comparison to
the cisplatin. Also it is shown that at the concentration of 250
uM both cisplatin and [Au(bipy)Cl,]" show same level of of
cytotoxicity measured through MTT assay.

4. DISCUSSION

Here we, for the first time, demonstrate the cytotoxic ef-
fects of newly synthesized [Au(bipy)Cly]" [Au(dach)Cl,]"

[Au(en)Cl,]" gold (111) complexes on A549 human lung car-
cinoma epithelial cell line. Our results showed that all tested
gold(l111) complexes displayed cytotoxic effect on A549 cells
(Fig. 3,4,5). The concentration decrease was followed by
markedly decrease of apoptotic cell's percentage. At the
highest and at the lowest concentrations (500 uM vs. 7,8 uM)
all tested complexes showed similar cytotoxic effects. How-
ever, at the concentration of 250 uM for which we suppose
that could be used in vivo, [Au(bipy)Cl,]" complex showed
the best cytotoxic effects among tested gold (111) complexes
and similar cytotoxicity compared to cisplatinum that we
used as control. At concentration 250 pM, only 24 hours
after treatment with [Au(bipy)Cl,]" almost all A549 cells
were dead (Fig. 3).

In addition, apoptotic assay showed high percentage of
early apoptotic cells after treatment with [Au(bipy)Cly]"*
(60,92 %) compared with cisplatin (54.77%) and other tested
gold (lll) complexes ([Au(dach)Cl,]* 21.19% and
[Au(en)Cl,]" 7.16%) suggesting apoptosis as the main
mechanism of [Au(bipy)Cl,]* cytotoxicity (Fig. 5).

The activation parameters for all studied reactions sug-
gest an associative substitution mechanism. As previously
described, the first reaction step occurs via nucleophilic
attack of N7 donor atom of purine base comprised in 5’-
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Fig. (5). The results of Apoptotic assay.

GMP, resulting in the formation of a product by departing
one chloride ion [16-17]. The second step includes the sub-
stitution of another chloride ion from the starting complex,
when 1:2 complexes is formed. Both the first and the second
steps of the substitution of [Au(bipy)Cl,]" complex are faster
than in the case of [Au(dach)Cly]" and [Au(en)Cl,]" com-
plexes suggesting better efficacy of [Au(bipy)Cl,]" complex.

In line with the obtained results, we suppose that
[Au(en)Cl,]" complex could be a good candidate for future
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pharmacological evaluation as new therapeutic agent in the
pre-clinical studies for the treatment of lung carcinoma.
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