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Abstract

A series of platinum(ll) diiodido complexes containing 7-azaindole derivatives, having the
general formula cis-[Ptl>(naza),] (1-8), has been prepared and thoroughly characterized,
including X-ray structure analysis of cis-[Ptlo(2Me4Claza),]- DMF (8-DMF; 2Me4Claza = 2-
methyl-4-chloro-7-azaindole). Complexes showed high in vitro cytotoxicity against nine
human cancer cell lines (ICso ranging from 0.4 to 12.8 uM), including the cisplatin-resistant
ovarian cancer cell line (A2780R; ICso = 1.0-3.5 uM). The results of in vivo testing, using the
L1210 lymphocytic leukaemia model, at the equimolar doses of Pt with cisplatin (2 mg/kg)
confirmed the activity of complex 8 comparable to cisplatin. From the mechanistic point of
view, evaluated ex vivo by Western blot analyses on the samples of isolated tumour tissues,
the treatment of the animals with complex 8, contrary to cisplatin, decreased the levels of
tumour suppressor p53 and increased significantly the amount of intracellular anti-apoptotic
protein MCL-1, (37 kDa). Additionally, the active form of caspase 3 was significantly ele-
vated in the sample of tumour tissues treated with complex 8, indicating that the activation of
p53-independent cell-death pathway was initiated. The light and electron microscopy obser-
vations of the cancerous tissues revealed necrosis as a dominant mechanism of cell death,
followed by scarce signs of apoptosis. The additional results (e.qg. in vitro interaction experi-
ments with selected biomolecules, cell cycle perturbations, gel electrophoretic studies on
pUC19 plasmid DNA) supported the hypothesis that the complexes might be involved in the
mechanism of action quite different from cisplatin.
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ray structural data are also provided as a
Supporting Information file.
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Introduction

Anticancer platinum(II) complexes are pharmaceutically successful group of compounds. To
date, more than twenty representatives entered the clinical trials as the prospective candidates
for the treatment of cancer [1]. Some of these complexes are currently used world-wide (cis-
platin, carboplatin, oxaliplatin) or locally (heptaplatin, nedaplatin, lobaplatin) for the treatment
of various types of cancer [1-2]. Interestingly, the clinically used, clinically studied and already
discontinued platinum complexes are quite rigid in terms of their leaving groups. Most of
complexes contain bidentate carboxylato ligands or some of them involve chlorido ligands as
leaving groups. Only three complexes (spiroplatin, TRK-710 and aroplatin) contain the leaving
groups different from the mentioned ones, in particular sulfato, 3-acetyl-5-methyl-2,4
(3H,5H)-furandionato, and neodecanoato, respectively [1]. Nevertheless, the current knowl-
edge of medicinal chemistry of the anticancer platinum complexes indicates that the scale of
the applicable leaving groups could be larger. In this context, platinum(II) diiodido complexes
seem to be prospective candidates.

Platinum(II) iodido complexes have long been overlooked by medicinal chemists, because
several pioneer works reported them as inactive analogues of potent chlorido complexes (e.g.
cis-[PtI,(NH3),], an iodido analogue of cisplatin), thus declaring iodide as unsuitable ligand
for development of novel platinum-based metallotherapeutics [3-4]. Remarkably, several com-
plexes previously declared to be inactive, were more recently reported as antitumour active [5-
6]. For example, cis-[PtI,(NH3),] showed in vitro antitumour activity against various cancer
cell lines including both cisplatin-sensitive (IC5, = 13.4 uM) and cisplatin-resistant (ICsq =
4.2 uM) HCT116 colon cancer cell lines (IC5, = 7.6, and 22.0 uM, respectively, for cisplatin)
[6]. Apart from that, many other platinum(II) iodido complexes of various types (monofunc-
tional [7-8], bifunctional [9-11], mixed-ligand [12-13] and multinuclear [14] complexes)
showed considerable potency connected with different mechanism of action from those of the
clinically used platinum-based drugs. For example, both isomers of [PtI,(ipam),] (ipam = iso-
propylamine) showed high potency against a panel of human breast, cervix, non-small cell
lung and colon carcinomas [9-10]. Moreover, these complexes showed different type of inter-
action with pBR322 plasmid DNA, more efficient induction of apoptosis as well as different
cell cycle modification, as compared with cisplatin, indicating the mechanistic differences in
relation to cisplatin. One of the reasons for the above said may be associated with the fact that
cis-[PtI(ipam),] releases the amine ligands instead of iodido ones when interacting with N-
acetyl-L-cysteine, 9-ethylguanine or single-stranded oligonucleotide [9-10]. A next example of
the above-discussed may be documented by interaction of cis-[PtI,(NH3),] with the a hen egg
white lysozyme (HEWL), in which one of two NH; ligands is released and the remaining
[PtI,(NH3)] moiety forms a bond with the His15 imidazole residue in the structure of a
HEWL protein, as suggested by X-ray crystallography [15]. To sum up, the above-cited studies
[9,10,15] shed a new light on the topic of anticancer platinum iodido complexes, suggesting
this type of compounds to be an interesting target for future development of new antitumour
active complexes.

With respect to these findings and to the promising results of anticancer screening of plati-
num(II) dichlorido complexes containing the 7-azaindole derivatives reported previously by
our group [16-18] and others [19-20], we decided to study a series of cis-[Ptl,(naza),] (1-8;
Fig 1) complexes and further evaluate their in vitro and in vivo activities and mechanisms of
action.
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Fig 1. Synthetic pathway for the preparation of complexes 1-8. The structural formulas of the used
7-azaindole and its derivatives are also included.

doi:10.1371/journal.pone.0165062.9001

Materials and Methods
Chemicals

The chemicals K,[PtCl,] was purchased from Precious Metals Online, while KI, 7-azaindole,
3-chloro-7-azaindole, 3-bromo-7-azaindole, 3-iodo-7-azaindole, 4-chloro-7-azaindole,
4-bromo-7-azaindole, 5-bromo-7-azaindole, 4-chloro-2-methyl-7-azaindole, cisplatin, oxali-
platin, reduced glutathione, guanosine 5'-monophosphate disodium salt hydrate, ethidium
bromide, tris(hydroxymethyl)aminomethane, calf thymus DNA, Roswell Park Memorial Insti-
tute medium, fetal calf serum, glutamine, penicillin and streptomycin, and solvents (methanol,
diethyl ether, n-octanol, DMF-d,, D,0O) were supplied by Sigma-Aldrich Co. and Fisher-Scien-
tific Co.

Synthesis

The platinum(II) diiodido complexes 1-8 (Fig 1) were prepared using a slight modification of
the recently reported protocol [21]. Briefly, 0.5 mmol (207.5 mg) of K,[PtCl,] was dissolved in
5 mL of deionized water at 60°C and an excess of KI (415.0 mg; 2.5 mmol) was added to the
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red solution, which turned dark red over 10 min of stirring at 60°C. After cooling to ambient
temperature, 1.0 mmol of naza (118.1 mg for aza, 152.6 mg for 3Claza and 4Claza, 197.0 mg for
3Braza, 4Braza 5Braza, 244.0 mg for 3Iaza and 166.6 mg for 2Me4Claza; Fig 1) dissolved in 5
mL of methanol was poured in. The mixture was stirred overnight at ambient temperature and
the obtained yellow solid was removed by filtration and washed with deionized water (3 x 5
mL), methanol (3 x 2 mL) and diethyl ether (3 x 5 mL). The products (yields ~90%) were
dried under vacuum and stored in desiccator over silica gel.

cis-[Pt(aza),l,] (1): "H NMR (400 MHz, DME-d,, 300 K): & 13.33 and 12.78 (br, N1H, 1H),
8.97 (d, 1H, J = 4.7 Hz, C6H), 8.03 (br, 1H, C4H), 7.80 (s, 1H, C2H), 7.20 (br, 1H, C5H), 6.60
(s, 1H, C3H) ppm. '*C NMR (100 MHz, DMF-d,, 300 K): 5 148.6 (C7a), 145.9 (C6), 132.2
(C4), 128.6 (C2), 124.3 (C3a), 117.7 (C5), 102.8 (C3) ppm. Anal. Calcd. for C;,H,N,I,Pt: C,
24.54; H, 1.77; N, 8.18. Found: 24.40; H, 1.63; N, 8.02%.

cis-[Pt(3Claza),L,] (2): "H NMR (400 MHz, DME-d,, 300 K): & 13.76 and 13.07 (br, 1H,
N1H), 9.10 (d, 1H, J = 5.3 Hz, C6H), 8.08 (br, 1H, C4H), 8.03 (s, 1H, C2H), 7.37 (m, 1H,
C5H) ppm. >C NMR (100 MHz, DMF-d,, 300 K): § 147.5 (C6), 146.2 (C7a), 130.0 (C4), 126.2
(C2),122.1 (C3a), 118.4 (C5), 105.0 (C3) ppm. Anal. Calcd. for C,,H,,N,CLI,Pt: C, 22.30; H,
1.34; N, 7.43. Found: 22.60; H, 1.27; N, 7.57%.

cis-[Pt(3Braza),l,] (3): "H NMR (400 MHz, DMF-d,, 300 K): § 13.87 and 13.17 (br, 1H,
N1H), 9.11 (br, 1H, C6H), 8.11 (br, 1H, C2H), 7.99 (s, 1H, C4H), 7.34 (br, 1H, C5H) ppm. °C
NMR (100 MHz, DMEFE-d,, 300 K): & 147.4 (C6), 146.1 (C7a), 130.8 (C4), 128.8 (C2), 123.6
(C3a), 118.9 (C5), 90.0 (C3) ppm. Anal. Calcd. for C,,H;(N,Br,L,Pt: C, 19.95; H, 1.20; N, 6.65.
Found: 19.72; H, 1.12; N, 6.43%.

cis-[Ptl,(3Iaza),] (4): 'H NMR (400 MHz, DMF-d., 300 K): & 13.85 and 13.19 (br, 1H,
N1H), 9.06 (br, 1H, C6H), 8.09 (br, 1H, C2H), 7.79 (s, 1H, C4H), 7.33 (br, 1H, C5H) ppm. °C
NMR (100 MHz, DMF-d,, 300 K): & 147.2 (C7a), 145.8 (C6), 133.6 (C2), 132.4 (C4), 126.7
(C3a), 118.8 (C5), 56.4 (C3) ppm. Anal. Calcd. for C;,H;oN4I,Pt: C, 17.95; H, 1.08; N, 5.98.
Found: 17.53; H, 1.02; N, 5.49%.

cis-[Pt(4Claza),L,] (5): "H NMR (400 MHz, DMF-d,, 300 K): § 13.77 and 13.12 (br, 1H,
N1H), 8.98 (br, 1H, C6H), 7.95 (br, 1H, C2H), 7.37 (br, 1H, C5H), 6.67 (br, 1H, C3H) ppm.
3C NMR (100 MHz, DMF-d,, 300 K): & 148.0 (C7a), 146.4 (C6), 138.4 (C4), 129.6 (C2), 123.3
(C3a), 118.0 (C5), 101.1 (C3) ppm. Anal. Calcd. for C;,H,(N,CLI,Pt: C, 22.30; H, 1.34; N,
7.43. Found: 22.07; H, 1.46; N, 6.85%.

cis-[Pt(4Braza),L,] (6): "H NMR (400 MHz, DMF-d,, 300 K): 5 13.78 and 13.12 (br, 1H,
N1H), 8.88 (br, 1H, C6H), 7.96 (br, 1H, C2H), 7.51 (br, 1H, C5H), 6.59 (br, 1H, C3H) ppm.
C NMR (100 MHz, DMF-d,, 300 K):  147.0 (C7a), 146.0 (C6), 129.6 (C2), 128.0 (C3a),
125.7 (C4), 121.1 (C5), 102.7 (C3) ppm. Anal. Calcd. for C,4,H;oN,Br,I,Pt: C, 19.95; H, 1.20;
N, 6.65. Found: 19.60; H, 1.22; N, 6.25%.

cis-[Pt(5Braza),L,] (7): "H NMR (400 MHz, DMF-d,, 300 K): 5 13.66 and 12.97 (br, 1H,
N1H), 9.26 (br, 1H, C6H), 8.27 (br, 1H, C4H), 7.90 (br, 1H, C2H), 6.60 (br, 1H, C3H) ppm.
13C NMR (100 MHz, DME-d,, 300 K): & 146.8 (C7a), 145.8 (C6), 134.4 (C4), 130.8 (C2), 126.0
(C3a), 110.9 (C5), 102.7 (C3) ppm. Anal. Calcd. for C;,H,(N,Br,,Pt: C, 19.95; H, 1.20; N,
6.65. Found: 19.55; H, 1.03; N, 6.23%.

cis-[Ptl,(2Me4Claza),] (8): "H NMR (400 MHz, DMF-d,, 300 K): & 13.52 and 12.84 (br, 1H,
N1H), 8.83 (s, 1H, C6H), 7.30 (s, 1H, C5H), 6.37 (s, 1H, C3H), 2.63 (s, 3H, C8H) ppm. °C
NMR (100 MHz, DMF-d,, 300 K): & 148.4 (C7a), 143.6 (C6), 141.4 (C4), 136.6 (C2), 124.0
(C3a), 118.2 (C5), 98.8 (C3), 14.1 (C8). Anal. Calcd. for C,¢H,,N,CLPtL,: C, 24.57; H, 1.80; N,
7.16. Found: 24.32; H, 1.72; N, 7.04%.
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General Methods

"H and ">C NMR spectroscopy and "H-"H gs-COSY, "H-""C gs-HMQC and 'H-">C gs-
HMBC two dimensional correlation experiments (gs = gradient selected, COSY = correlation
spectroscopy, HMQC = heteronuclear multiple quantum coherence, HMBC = heteronuclear
multiple bond coherence) of the DMF-d; solutions were performed at 300 K on either Varian
400 device (at 400.0 MHz ('H) or 100.6 MHz (**C)) or JEOL JNM-ECA 6001I device (at
600.00 MHz (*H) or 150.86 MHz (**C)). 'H and *C NMR spectra were calibrated against the
residual DMF-ds; "H NMR (8.03, 2.92 and 2.75 ppm) and '*C NMR (163.2, 34.9 and 29.8 ppm)
signals. The splitting of proton resonances in the reported "H spectra is defined as s = singlet,
d = doublet, t = triplet, br = broad band, m = multiplet. Electrospray ionization mass spec-
trometry (ESI-MS) was performed by LCQ Fleet ion trap spectrometer (Thermo Scientific;
QualBrowser software, version 2.0.7) in positive (ESI+) and negative (ESI-) ionization modes
of the methanol solutions. Elemental analyses were carried out using Flash 2000 CHNS Ele-
mental Analyzer (Thermo Scientific).

X-ray Crystallography

Single crystals of cis-[PtI,(2Me4Claza),]-DMF (8-DMF) were grown from the saturated DMF
solution of cis-[Ptl,(2Me4Claza),] by a diffusion method with diethyl ether. A suitable crystal
was selected and placed on an Xcalibur™2 diffractometer (Oxford Diffraction Ltd.) equipped
with a Sapphire2 CCD detector, using Mo Ko radiation (monochromator Enhance, Oxford
Diffraction Ltd.) and w-scan rotation techniques. The crystal was kept at 120(2) K during data
collection. The CRYSALIS software package (Oxford Diffraction Ltd.) was used for data collec-
tion and reduction [22]. The structure was solved with the ShelX-97 [23] structure solution
programs using direct methods and refined on F* using a full-matrix weighted least-squares
procedure. All H-atoms were found from difference Fourier maps and refined using a riding
model with AFIX 43 and AFIX 137 instructions, with C-H = 0.95 A for (CH)romatic 0.98 A
for (CH;), and N-H = 0.88 A for (NH), and with U,,(H) = 1.2 Ueq(CH, NH) and 1.5
Ueq(CH3). X-ray crystallographic data for complex 8-:DMF have been deposited in the Cam-
bridge Crystallographic Data Centre under the accession number CCDC 1480147. The crystal
data and structure refinements are given in S1 Table and the Crystallographic Information File
is available for download as S1 File. The graphics were drawn and additional structural calcula-
tions were performed by DIAMOND [24] and Mercury [25] software.

Studies of Solution Chemistry and Interactions with Biomolecules

Complex 6 was dissolved in 120 pL of DMF-d; and diluted with 480 pL of D,O to give the solu-
tion of ca 1 mM concentration; a presence of DMF ensured the solubility of complex 6, with
respect to its low solubility in water. Similar solutions were prepared with two molar equiva-
lents of either GSH or GMP dissolved in 480 pL of D,0 subsequently added into the solution
of complex 6 dissolved in 120 uL of DMF-d.. "H NMR spectra were recorded at different time
points over 48 h at 300 K using a JEOL JNM-ECA 60011 device. The obtained "H NMR spectra
were calibrated against the residual signal of DMF-d found at 8.03 ppm. Similar experiments
were carried out also in non-deuterated solvents and evaluated by ESI+ mass spectrometry.

Cell Cultures

A2780 ovarian carcinoma, A2780R cisplatin-resistant ovarian carcinoma, HOS osteosarcoma,
G361 malignant melanoma, MCF7 breast carcinoma, A549 lung carcinoma, HeLa cervix carci-
noma, 22Rv1 prostate carcinoma and Caco-2 colorectal carcinoma human cancer cell lines
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were purchased from the European Collection of Cell Cultures (ECACC), while the human
non-cancerous hepatocytes (Hep) were supplied by Biopredic Intl. The cell lines were cultured,
according to the suppliers‘instructions, in RPMI-1640 medium supplemented with 10% of
fetal calf serum, 1% of 2 mM glutamine, and 1% penicillin/streptomycin. All cell lines were
grown as adherent monolayers at 37°C and 5% CO, in a humidified atmosphere.

In Vitro Cytotoxicity Testing

Appropriate amount of the tested compounds (1-8, cisplatin and oxaliplatin) was dissolved in
DMEF to give the 50 mM stock solutions.

The cells were seeded to 96-well culture plates, pre-incubated in drug-free media at 37°C
for 24 h and treated typically with the 0.01-50.0 uM solutions, prepared from the stock solu-
tions by dilution with medium, for 24 h at 37°C. The Caco-2 cells and hepatocytes were treated
by cisplatin up to higher than 50.0 pM concentrations, in particular 90.0 and 75.0 uM, respec-
tively. Cisplatin was used as the reference drug for all the cell lines used, while oxaliplatin
served as the standard only in the case of Caco-2 cells. The highest applicable concentration of
oxaliplatin (25.0 uM) is given by its limited solubility in the medium used. In parallel with
compounds 1-8 and the reference drugs, the cells were also treated with vehicle (0.1% DMF in
medium; negative control) and Triton X-100 (1%; positive control) to assess the minimal and
maximal cell damage, respectively. The MTT assay was used to determine the cell viability;
MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. A concentration of the
formed dye was evaluated spectrophotometrically at 540 nm (TECAN, Schoeller Instruments
LLC). Complexes 5 and 6 (and cisplatin for comparative purposes) were also tested for their
time-dependent in vitro cytotoxicity against A2780 cancer cell line at different time points
(6h,24h,48h).

The data were expressed as the percentage of viability, where 100% and 0% represents the
treatments with negative and positive controls, respectively. The data from the cancer cells
were acquired from three independent experiments (conducted in triplicate) using cells from
different passages. The resulting ICs, values (uM) were calculated from viability curves and the
results are presented as arithmetic mean+SD.

Hydrophobicity Studies (logP Determination)

Octanol-saturated water (OSW) and water-saturated octanol (WSO) were prepared from octa-
nol and 0.2 M KI solution in distilled water (overnight shaking; Vibramax 100, Heidolph
Instruments). Complexes 4 and 6 (1 mmol) were ultrasonicated for 15 min in 10 mL of OSW,
centrifuged and supernatants were collected. Aliquots (5 mL) of the obtained OSW solutions
of complexes 4 and 6 were added to WSO (5 mL) and shaken for 2 h at ambient temperature.
After that, the mixtures were centrifuged and aqueous layer was separated carefully. The plati-
num concentration was determined from OSW aliquots taken before ([PtJOSW,,) and after
([Pt]JOSW,) partition by ICP-MS (ICP-MS spectrometer 7700x, Agilent) with the obtained val-
ues corrected for the adsorption effects. logP = log([Pt]WSO/[PtJOSW,) equation was used for
the partition coefficients calculation; [PtJWSO = [PtJOSW},—[Pt]JOSW,. The experiments were
conducted in triplicate.

Cellular Accumulation

The A2780 cells were seeded in 6-well culture plates (1x10° cells per well) and incubated over-
night (37°C and 5% CO, in a humidified incubator). After that the cells were treated with the
ICs, concentrations of complexes 4, 6 and cisplatin. The cells were washed with PBS (2 x 2
mlL) after 24 h treatment, harvested by trypsin treatment, collected and centrifuged in PBS.
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The supernatants were discarded after centrifugation and pellets were digested in 500 uL of
nitric acid (3 min at 150°C) using a microwave system Monowave300 (Anton Paar). Solutions
were diluted with 4.5 mL of water and the platinum content was determined by ICP-MS. The
obtained values were corrected for adsorption effects. The experiments were conducted in
triplicate and the results are presented as arithmetic mean+SD.

Cell Cycle Analysis

The A2780 and MCF7 cells (1.0 x 10° per well) were pre-incubated in a six-well plate for 24 h
as described above. The selected complexes 6 and 8 were added at the concentrations equal to
ICsy (cisplatin was involved in the study for comparative purposes). After 24 h, floating cells
were collected and attached cells were harvested using trypsin/EDTA in PBS. Total cells were
washed twice with PBS and fixed in 70% ethanol. Cells were re-suspended in PBS and DNA
staining was achieved by a solution of propidium iodide (PI) supplemented with RNase A (30
min, 25°C, in the dark). After that, the cells were washed (PBS), re-suspended (PBS) and DNA
content was measured using flow cytometry (CytoFlex, Beckman Coulter) detecting emission
of DNA-bound PI (maximum at 617 nm) after excitation at 535 nm. The data were analysed
using CytExpert™ software (Beckman Coulter).

Fluorescence Quenching Experiments

A volume of 405 uL of 154 uM ctDNA and 10 pL of 3 mM EtBr were mixed together in TRIS/
NaCl buffer (pH = 7.2) and incubated for 30 min at ambient temperature. 0, 100, 200, 400,
600 and 1000 pL of 150 pM 4Braza, 2Me4Claza or representative complexes 6 and 8, and cis-
platin for comparative purposes (corresponding to the final concentration of 0, 5.0, 10.0,
20.0, 30.0 and 50.0 pM) dissolved in 10% methanol solution in TRIS/NaCl buffer were added
to the pre-incubated EtBr/ctDNA system and the volume was adjusted to 3 mL with TRIS/
NacCl buffer. The mixtures were incubated at ambient temperature for next 15 min. The max-
ima of the emitted fluorescence of EtBr/ctDNA system have been observed at 613 nm (using
the 546 nm excitation wavelength) and the intensity of fluorescence was recorded on a AvaS-
pec HS1024x122TE fluorescence spectrometer using a 1 cm quartz cell. The Stern-Volmer
quenching constants, Ksy (M), were calculated according the equation Fy/F = 1 + Kgy-[Q];
F, and F stand for EtBr/DNA fluorescence intensity in the absence and presence of the com-
plex, respectively, and [Q] is the molar concentration of the quencher, i.e. the concentration
of complex 6, complex 8 or cisplatin [26]. Due to the indirect nature of the fluorescence
quenching method, the value of Kgy can be used for the estimation of the apparent binding
constant K,,,, of the complex by using the equation Kgg [EtBr] = K, [Qs0], where [Qso] is
the concentration of the complex causing the 50% reduction in the intensity of fluorescence
of the EtBr/DNA supramolecular complex, Kgp = 1.0 x 10° M! and [EtBr] = 10 uM [27].

Gel Electrophoresis Studies of Interaction with pUC19 Plasmid dsDNA

Supercoiled pUC19 plasmid dsDNA (2686 bp, 1750 kDa) was isolated from Escherichia coli
TOP10F by QIAprep Spin Miniprep Kit (Qiagen, Germany). The concentration and purity of
the isolated plasmid DNA were evaluated spectrophotometrically. Plasmid was dissolved in
nuclease-free water and stored at -20°C.

Stock solutions of complexes 6 and 8, and cisplatin were prepared in three different concen-
trations (23.0, 11.5 and 2.30 uM) in DMF. 2 pL of these solutions were added to 18 pL of the
pUCI9 plasmid DNA water solution (300 ng per reaction, corresponding to a concentration of
23 uM calculated for the base pairs) and the mixture was left to react in the final 10% DMEF/
90% water solution containing the final concentrations of the complexes of 2.30, 1.15 and
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0.23 puM, corresponding to 0.10, 0.05 and 0.01 metal-to-base pair stoichiometry. In parallel, the
experiment was performed on plasmid DNA in the 10% DMF/90% water solution and in
water. The reaction mixtures were incubated at 37°C for 24 h. An electrophoretic mobility was
evaluated by gel electrophoresis (90 V/cm, 3 h) performed on a 0.8% (w/v) agarose gel contain-
ing EtBr (2.0 mg/L (w/v)) at ambient temperature in Tris-acetate/EDTA buffer. The bands on
the obtained electrophoretogram were detected by an MUV21-CP-02 gel scanner (Major Sci-
ence) and analysed with AlphaEaseFC software (version 4.0.0.34, Alpha Innotech) in order to
evaluate the relative percentages of the SC, OC and L forms. Each experiment was performed
in triplicate.

Animals

The experimental animals used for in vivo antitumour testing were female DBA/2 SPF mice
obtained from Charles Rivers Laboratories. The animals were housed in the Sealsafe NEXT—
IVC Blue Line Housing System (Tecniplast, Italy) to ensure the best possible experimental
conditions and eliminate the risk of possible intergroup cross-contamination, and kept in
Plexiglas cages at constant temperature (22+1°C) and relative humidity of 55+5% for one-
week adaptation period before the start of the experiment. All experimental procedures were
performed according to the National Institute of Health (NIH) Guide for the Care and Use of
Laboratory Animals. The protocol was approved by the Expert Committee on the Protection
of Animals Against Cruelty at the University of Veterinary and Pharmaceutical Sciences Brno
(Permit Number: 71/2013). The number of pharmacological interventions was limited to the
necessary minimum in order to minimize the suffering of animals, which were observed regu-
larly for the symptoms connected with the tumour progression. The criteria set for the humane
endpoints during the study were as follows: 1/ the loss of >25% body weight as compared with
the initial values (measured regularly each day in the morning); 2/ acute toxicity symptoms
(e.g. tremors, paralysis, etc., observed regularly every 2 hours); and 3/ excessive volume of the
tumour tissues hindering the free movement of the animals (observed regularly every 2 hours).
No animals had to be sacrificed due to the above mentioned criteria of humane treatment and
no post-application deaths within the 2 hours after the application were observed during the
experiment. All unexpected deaths (i.e. the animals were found dead) were proved by the his-
tological examination to be caused by the excessive tumour progression. The animal tissues for
the ex vivo experiments and histological evaluations were taken post mortem, in case of surviv-
ing animals immediately after they were sacrificed by the lethal dose of carbon dioxide inhala-
tion, immediately followed by the cervical dislocation.

In Vivo Antitumour Activity Testing

After one-week adaptation, animals were randomly assigned to five groups (n = 10)—one con-
trol group (received 10% DMF in water (v/v)) and four groups of animals treated with com-
plexes 5, 6 and 8, and the reference drug cisplatin. Complexes (including cisplatin) were
dissolved in DMF for molecular biology and diluted with sterile isotonic saline solution to the
final content of 10% DMF. Due to the lack of acute toxicity data and in order to eliminate the
excessive use of laboratory animals, the doses of complexes 5, 6 and 8 equimolar to maximum
tolerated dose of cisplatin (2 mg/kg) were applied intraperitoneally 10 days after the intraperi-
toneal implantation of 10® L1210 mouse lymphocytic leukaemia cells. The animals were moni-
tored several times a day for the signs of tumour progression and distress development. The
experimental data were collected for all groups of animals as mean survival time (days), and
further expressed as the percentage of mean survival time extension, T/C (%), defined as the
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ratio of the mean survival time of the animals treated either with complexes 5, 6 and 8 or cis-
platin (T) and the control group animals (C).

Histological Observations

The samples of different tissues, dominantly spleen, renal tissue including the perirenal fat and
half of the isolated diffuse and well-circumcised tumours, from in vivo antitumour activity test-
ing were fixed in 10% neutral buffered formaldehyde, dehydrated by an increasing amount of
alcohol (30%-50%-70%-80%-95%-100%), cleared in xylene and embedded in paraffin. Ran-
domly selected paraffin block preparations were stained by standard hematoxylin and eosin
stain for light microscopic evaluation. Due to high cellularity, the semi-quantitative method
was used for the evaluation of necrosis in well-circumcised and diffuse tumour samples and
PMN cells infiltration in normal tissues as an indirect sign of toxicity to healthy tissues. The
evaluation of necrotic processes and infiltration by PMN cells was semi-quantitative, based on
the percentage of necrotic areas and/or infiltrated area in the view-field of at least three differ-
ent samples. The scale from 0 to 4 was used, where 0 = without necrosis, 1 = up to 25%, 2 = up
to 50%, 3 = up to 75% and 4 = up to 100% of the areas in the view field.

Randomly selected sections from the tumour tissues (from the control group and the
groups treated with cisplatin and complex 5) were further processed for transition electron
microscopy observations of cellular and subcellular processes. The samples in paraffin blocks
were deparaffinised, transferred into acetone and rehydrated by an increasing amount of
water (100%-90%-75%-50%-25%), each step for 15 min. The samples were rinsed with phos-
phate buffered solution (pH 7.4), fixed with glutaraldehyde for 1 h and after that contrasted
with osmium tetroxide solution for 2 h. In continuation, the samples were dehydrated once
again by an increasing amount of acetone (25%-50%-75%-90%-100%) and the dehydrated
samples were saturated with Durcupan and Epon and transferred to gelatine capsules for poly-
merization at 56°C for 3 days. The embedded blocks were cut to 90-150 nm thick sections
using a ultramicrotome and subsequently contrasted with uranyl acetate solution for 30 min
and Reynolds solution for 10 min. The sections were observed using the Tescan VEGA3 LM
scanning electron microscope equipped with the scanning transmission electron microscopy
(STEM) detector in both Bright Field and Dark Field at magnification of ca 50,000x. The
morphological changes in the tissue and cell integrity and cell organelles (if possible) were
observed.

Protein Expression Analysis

Frozen tumour samples were homogenized by a bench blender IKA DI25 (IKA-Werke, Ger-
many) in the presence of a lysis buffer [cOmplete Protease Inhibitor Cocktail (Roche, Ger-
many), 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, 0.5% (v/v) Triton X-
100]. Subsequently, the blended samples were centrifuged at 9.000 g at 4°C for 15 min. The
supernatants were collected and the protein concentration was measured by the Brandford’s
method using the Brandford reagent (Amresco, USA) according to the manufacturer’s man-
ual. The measured samples were stored at -80°C for the following experiments.

The expression of caspase 3, MCL-1, p53, and B-actin as loading control were evaluated by
Western blot analysis and immunodetection. Lysates were mixed with a denaturing loading
dye [250 mM Tris-HCl pH 6.8, 5% (v/v) B-mercaptoethanol, 10% (w/v) sodium dodecyl sul-
fate, 30% (v/v) glycerol, 0.04% (w/v) bromophenol blue], heated for 5 min at 70°C. To elimi-
nate intra-species variability, and to obtain the same amount of proteins from all experimental
groups, all samples from one group of animals were pooled together and loaded onto a 15%
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polyacrylamide denaturing gel. The final protein amount was 50 pg per well. After protein sep-
aration in the gel, they were transferred on the Immun-Blot polyvinylidene difluoride mem-
brane 0.2 um (Bio-Rad, USA). Then, the membrane was blocked by 5% (w/v) BSA in TBST
[10 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween-20]. The following primary and
secondary antibodies [conjugated with horseradish peroxidase (HRP)] were used for immuno-
detection: cleaved caspase 3 (Cell Signaling, USA; product number 9664) in the dilution of
1:2500, MCL-1 (Abcam, UK; product number ab32087) in the dilution of 1:2000, p53 (Abcam,
UK; product number ab26) in the dilution of 1:2000, and B-actin (Abcam, UK; product num-
ber ab8226) in the dilution of 1:5000, goat anti-mouse antibody in the dilution of 1:2500
(Sigma-Aldrich, USA; product number A0168), goat anti-rabbit antibody in the dilution of
1:2500 (Sigma-Aldich, USA; product number A0545). HRP was detected by Clarity Western
ECL Substrate (Bio-Rad, USA) using chemiluminescent documentation system Syngene PXi-4
(UK).

Statistical Analysis

An ANOVA test was used for statistical analysis with the values of p < 0.05 (*), 0.01 (**) and
0.005 (***) considered to be statistically significant. QC Expert 3.2 Statistical software (Trilo-
Byte Ltd.) was used to perform the analysis.

Results and Discussion
Chemistry

Complexes 1-8 were prepared following the well-established Dhara’s method [28] using
K,[Ptl,] as a key intermediate (Fig 1). The compositions of complexes 1-8 were proved by 'H
and >C NMR spectroscopy, which have been performed for all the studied complexes together
with 2D experiments (S1 Text; see Experimental Section) necessary for the relevant assignment
of the appropriate 'H and '>C NMR signals. The "H NMR spectra showed five (for 1 contain-
ing unsubstituted aza), four (for 2-7 containing monosubstituted naza) or three (for 8 contain-
ing disubstituted 2Me4Claza) signals of aromatic C-H hydrogens between 6.4-9.3 ppm. A
CHj singlet of 2Me4Claza was detected at 2.63 ppm in the "H NMR spectrum of complex 8.
Regarding the '>C NMR spectra, the chemical shift values are dependent on the substitution of
the corresponding or adjacent carbon atoms. The most evident changes were observed for C3,
whose 8 was found to be 101.1-102.8 ppm for 7-azaindole and its C4- and C5-derivatives.
However, in the case that the C3 atom is substituted by Cl (3Claza in 2), Br (3Braza in 3) or I
(3Iaza in 4), its chemical shift changed markedly and equalled 105.0, 90.0, and even 56.4 ppm,
respectively. Similar situation can be discussed also for the C4 atom. The chemical shift
changes between the free naza ligands and the corresponding complexes, known as the coordi-
nation shifts (A8 = 8complex— Sligand; PPM), were also analysed, and the highest "H NMR A8 was
observed for C6H adjacent to the N7 coordination site (0.70-0.96 ppm), while the coordina-
tion shifts of other C-H hydrogen atoms were found to be 0.05-0.33 ppm (S2 Table).

The ESI+ mass spectra of complexes 1-8 contained the molecular peaks of
{[Ptl,(naza),]+A}" (A = H", Na" or K"), while the ESI-mass spectra revealed the pseudo-
molecular peaks corresponding to {[Ptl,(naza),]-H} (S2 Text, S1 Fig). The results of
RP-HPLC/MS experiments (performed for the representative complexes 6 and 8) showed
one dominant HPLC peak at fg = 2.39 min for complex 6 and g = 3.14 min for complex 8,
corresponding to the assumed composition of the complexes and proving their >99%
purity. Higher g of complex 8 determined by RP-HPLC/MS suggested its higher relative
lipophilicity than for complex 6 [29-30].
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The representative complex 6, chosen for its high in vitro cytotoxicity (see below) and a rel-
atively good solubility, was highly hydrolytically stable in a mixture of 20% DMEF-d,/80% D,O
(the presence of DMF ensured the sufficient solubility of 6), because only ca 10% of complex 6
hydrolyzed after 48 h (S2 Fig). Complex 6 did interact with reduced glutathione (GSH) in 20%
DMF-d,/80% D,O ("H NMR and ESI+ MS studies; 3 Fig). Similarly, complex 6 was found to
be inert to GMP, in contrast to cisplatin, which exhibited reactivity toward GMP under the
used experimental conditions (20% DMF-d,/80% D,O) (54 Fig).

X-ray Structure of Complex 8-DMF

The central Pt(II) atom of cis-[Ptl,(2Me4Claza),]-DMF (8-DMF) reveals a distorted square-
planar geometry with two iodido ligands and two monodentate-coordinated 2Me4Claza
molecules mutually arranged in a cis-position (Fig 2, Table 1 and S1 Table). In the molecular

Fig 2. X-ray molecular structure of cis-[Ptl,(2Me4Claza),]-DMF (8-DMF). DMF molecule of crystallization
is omitted for clarity, thermal ellipsoids are drawn at the 50% probability level.

doi:10.1371/journal.pone.0165062.9002
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Table 1. Selected bond lengths (A) and angles (°) for cis-[Ptl,(2Me4Claza),]- DMF (8-DMF).

Bond lengths (A) Bond angles (°)
Pt1-N7 2.044(4) N7-Pt1-N7A 88.9(2)
Pt1-N7A 2.055(4) 11-Pt1-12 92.237(13)
Pt1-I1 2.5833(4)
Pt1-12 2.5836(4)
N7-Pt1-12 175.97(12)
N7A-Pt1-I1 176.68(11)

doi:10.1371/journal.pone.0165062.t001

structure of complex 8, the two 2Me4Claza ligands are head-to-head oriented and form a
dihedral angle of 88.98(11)° (the least-squares planes fitted through the non-hydrogen
atoms of the 7-azaindole rings). The bond lengths between the Pt(II) atom and donor atoms
(I1,12,N7 and N7A; Table 1) are consistent with those found in CCDC database for seven-
teen square-planar platinum(II) diiodido complexes, containing two heterocyclic N-donor
ligands, whose values equal to 1.985-2.073 A for Pt-N (average 0f 2.033 A)and 2.575-2.616
A for Pt-I (average of 2.597 A). On the other hand, the Pt-N bond lengths are shorter for
complex 8- DMF (Table 1) than those in dichlorido (2.023(2) and 2.009(2) A for cis-
[Pt(aza),Cl,]-DMF, and 2.020(3) and 2.012(3) A for cis-[PtCl,(3Claza),]-DMF) or oxalato
(2.001(4) and 2.009(4) A for [Pt(aza),(0x)]) complexes [16,31]. Similarly, different Pt-N
bond lengths have been also observed for cis-[Ptl,(4pic),] (Pt-N =2.056(13) and 2.060(14)
A) and cis-[PtCl,(4pic),] (Pt-N = 2.005(4) and 2.017(5) A) complexes containing 4-methyl-
pyridine (4pic) [32-33].

The crystal structure of complex 8-DMF is stabilized by the N-H- - -O hydrogen bonds
between the N1 atoms of the 2Me4Claza molecules and oxygen atoms of the DMF molecules
of crystallization (N1- - -O1, N1A. - -O1; S5 Fig), and C-H- - -C, C-H-: - -I and C. - -Cl types of
non-covalent contacts (S6 Fig and S3 Table). Two individual molecules of the complex are
mutually connected through the C2A- - -Cl1' and C3A- - -Cl1' contacts, thus forming the cen-
trosymmetric dimers (S6 Fig; symmetry code: i) 1-x, 1-y, 1-z).

In Vitro Antitumour Activity

In vitro cytotoxicity of complexes 1-8 was evaluated against the panel of nine human cancer
cell lines (i.e. HOS, G361, MCF7, A549, HeLa, 22Rv1, A2780, A2780R and Caco-2). The selec-
tivity of the compounds was assessed against normal cell culture of human hepatocytes (Hep).
Cisplatin (for all the used cell lines) and oxaliplatin (only for Caco-2 cell line) were used for
comparative purposes. The results are summarized in Table 2.

All the complexes 1-8 showed considerably higher activity than both reference drugs (cis-
platin and oxaliplatin). Complexes 5, 6 and 8 were identified as the most effective substances
against all cell lines and were found to be up to ca 47-times more potent than cisplatin against
HOS cell line. In the time-resolved experiments, the representative complexes 5 and 6
showed more rapid onset of cytotoxicity than cisplatin in the A2780 cells (Fig 3). To the best
of our knowledge, there are only few examples of platinum(II) diiodido complexes contain-
ing two monodentate or one bidentate N-donor ligand/s which showed at least 5-fold higher
activity than cisplatin. In particular, cis-[Ptl,(ipam),] was found to be up to ca 11-times more
potent than cisplatin against A2780, T-47D human breast carcinoma and WiDr human
colon carcinoma cell lines [9]. The complex trans-[PtI,(L,),] exceeded activity of cisplatin
against the HeLa cells approximately by the factor of 6 (L; = dimethylamine) [10]. The effec-
tivity of [PtI,(L,)] in the EA.hy 926 cancer cells was ca 6-times higher than that of cisplatin;
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Table 2. The in vitro cytotoxicity for the studied complexes 1-8 and cisplatin against a panel of human cancer cell lines (HOS, G361, MCF7, A549,
HelLa, 22Rv1, A2780, A2780R and Caco-2) and human non-cancerous cell line (Hep). Experiments included 24 h of drug exposure with no cell recovery
in drug-free medium. Data are expressed as IC50xSD (uM) for all the used cancer cell lines and as 1C5, (uM) for non-cancerous Hep cell line.

HOS
0.8+0.4%**
1.310.8%**
2.2+1.2%**
2.8+1.0%**
0.5+0.2%**
0.440.1%**
1.411.1%%*
0.7+0.2%**
Cisplatin 18.9+1.7

O IN O (G|~ WON =

G361
2.9+0.6%**
2.3+1.0%*
3.1+0.2%*
1.6+0.7%**
3.2+0.2%**
3.240.2%**
3.4+0.3%**
1.741.3**
5.3+0.7

MCF7 A549 HeLa 22Rv1 A2780 A2780R Caco-2 Hep

1.7£0.8*** 12.3+1.1 7.0+0.6* 4.6+1.2%** 3.5+0.7%** 3.340.3 3.34+0.2 3.9
1.5+£0.4*** 6.4+1.4 4.8+0.4* 4.8+2.4%** 3.7+0.4%** 3.340.5 3.1+0.2 5.9
1.9+£0.5%** 8.8+2.2 4.7+0.8* 4241 2%*%* 2.8+0.3%** 3.240.2 3.0£0.1 3.9
1.84£0.3*** 9.8+1.3 6.2+0.7* 4.5+1.6%** 2.3+1.1%** 2.6+0.8 3.340.1 11.8
1.5+0.5%** 4.7+0.3 3.8+0.3* 4.240.1%** 3.1£0.1%%** 3.4+0.2 2.4+0.7 4.2
1.0+0.4%*** 4.3+0.9 3.8+0.2% 3.8+0.1%** 3.2+0.2%** 3.3+0.4 0.4+0.3 4.1
1.6+0.8*** 7.3+1.6 5.4+1.2% 5.1£0.8%** 3.4+0.2%** 3.5+0.5 3.6+0.2 3.8
2.1+£1.0%** 3.5+0.2 3.8+0.1* 3.5+0.2%** 1.7+0.3*** 1.0+0.4 0.4+0.2 9.5
17.94£3.5 >50.0 30.4+11.0 26.9+3.5 28.1+0.9 >50.0 >90.0 >75.0

The significant differences between the ICsq values for 1-8 and cisplatin are given as follows:

* p<0.05,
** p<0.01,
*%% < 0,005.

doi:10.1371/journal.pone.0165062.t002

L, = isobutyl ester of (S,S)-1,3-propanediamine-N,N '-di-2-(cyclohexyl)propanoic acid; EA.
hy 926 = derived by fusing human umbilical vein endothelial cells with A549 cells [11]. How-
ever, only the platinum(II) iodido complexes of the different types, such as mixed-ligand

[13] or dinuclear [14] N-heterocyclic carbene complexes, showed in vitro anticancer activity
comparable with 1-8, but the mentioned substances were found to be toxic to the non-
cancerous MRC-5 human fibroblasts (see below).

l —‘ e | |
30_' e I 1

\\

5+0.1

> 50.0
11.0%£2.9

Cisplatin 5

Fig 3. The results of time-dependent in vitro cytotoxicity experiments for the representative
complexes 5 and 6, and cisplatin, as performed on the A2780 human ovarian carcinoma cell line with
6, 24 and 48 h exposure times. The significant difference between the ICs, values of complexes 5 and 6 and
cisplatinis given as ** for p<0.01 and *** for p < 0.005.

doi:10.1371/journal.pone.0165062.g003
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The high activity of complexes 1-8 against the Caco-2 cells, presumed to be intrinsic resis-
tant to cisplatin [34], and A2780R cisplatin-resistant subline of ovarian cancer cell line indi-
cated the ability of complexes 1-8 to overcome intrinsic, as well as acquired resistance of the
cancer cells to cisplatin. The resistance factor (RF) values for the given complexes 1-8, defined
as the ratio IC5y(A2780R)/IC5,(A2780) ranged from 0.59 to 1.14 (S4 Table). These results are
comparable with those obtained for the best performing platinum(II) iodido complexes pub-
lished to date, such as diiodido complexes containing different 1,2-bis(aminomethyl)cyclohex-
ane derivatives, which showed on the same pair of cell lines the resistance factors in the range
1.1-4.1 [35]. Moreover, the RF values obtained for complexes 1-8 are lower than for picoplatin
(RF = 2.0 as observed in the A2780 and A2780R pair of ovarian carcinoma cell lines used in
the present work as well) [36].

In comparison with the second reference drug oxaliplatin (IC5y > 25.0 pM), complexes 1-8
prevailed also in the cytotoxicity against the colon carcinoma Caco-2 cells (Table 2). Although
a lot of platinum(II) iodido complexes have been studied for their activity in the colon carci-
noma cells [6,9,10,13,14], not many of them were referenced to the activity of oxaliplatin, and
even less platinum(II) iodido complexes exceeded its activity. The latter group is represented
for example by the monofunctional ionic complex [PtI(mecyt)(mephen)]I (mecyt = 1-methyl-
cytosine; mephen = 2,9-dimethyl-1,10-phenanthroline), which showed higher activity (ICso =
0.2-0.5 uM) against HCT15, DLD-1, LoVo and oxaliplatin-resistant LoVo-OXP colon cancer
cell lines than oxaliplatin (ICsq = 1.2-16.4 uM) [8]. For comparison, in vitro potency of com-
plexes 1-8 against the colon carcinoma is higher than that of picoplatin, which showed lower
activity (ICsp = 12.5 and 17.0 uM) than oxaliplatin (ICso = 0.3 and 0.7 puM) in the HCT116 and
HT?29 colon carcinoma cells [36-37].

The studies of toxicity of complexes 1-8 against the cell culture of normal human hepato-
cytes (Hep) allowed us to assess the selectivity between the cancer and healthy cells. Although
the toxicity of complexes 1-8 was higher than that of cisplatin (Table 2), the selectivity factor
values, calculated as a ratio of IC5o(Hep)/ICsqo(cancer cell line), showed the pharmacologically
prospective selectivity for complexes 6 and 8 against HOS (ca 10, and 14, respectively) and
Caco-2 (ca 10, and 24, respectively). Only a few of platinum(II) iodido complexes have been
studied for their selective anticancer activity to date. Mixed-ligand complexes containing N-
heterocyclic carbene ligands, such as trans-[Pt(ach)I,(L,)] (L4 = 1-benzyl-3-methylimidazol-
2-ylide) or the above-mentioned [PtI,(L,)] complex and its analogues containing different
esters of (S,5)-1,3-propanediamine-N,N '-di-2-(cyclohexyl)propanoic acid, showed comparable
in vitro cytotoxicity in the cancerous and non-cancerous cells, indicating their low selectivity
[11,13].

The above presented results of in vitro antiproliferative screening studies showed not only
high activity and ability to overcome the resistance of some cancer cells to cisplatin, but also
high potential of selected complexes (i.e. complexes 5, 6 and 8) for further testing on in vivo
model of anticancer activity and mechanistic aspects of their interactions with biomolecules
and biological systems.

Hydrophobicity Studies (logP Determination) and Cellular Accumulation

The logP values for octanol/water system were determined only for the representative com-
plexes 4 and 6 (due to their different in vitro cytotoxicity, see Table 2). The values of logP
equalled 0.41 for complex 4 and -0.07 for complex 6 indicating that the prepared complexes
are markedly more hydrophobic than cisplatin with logP = -2.19 [38].

As it is known and generally accepted for biologically potent transition metal complexes
and reported also for several platinum(II) iodido complexes,*''*?* substances with higher
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cellular accumulation usually show higher anticancer potency. For example, the highly antitu-
mour active cis-diiodidoplatinum(II) complex containing acetone oxime showed markedly
higher cellular accumulation than less potent dichlorido and dibromido analogues and cis-
platin [39]. Herein reported complexes 4 and 6, which were found to be markedly more hydro-
phobic and in vitro anticancer active against the A2780 cells than cisplatin, showed comparable
(complex 6; 598+97 pmol Pt/10° A2780 cells), or slightly lower (complex 4; 354+63 pmol Pt/
10° A2780 cells) cellular accumulation as compared with cisplatin (53516 pmol Pt/10° A2780
cells). For complexes 4 and 6, the observed cellular accumulation rate (4 < 6) correlated with
differences in their cytotoxicity (see Table 2).

Cell Cycle Analysis

Platinum-based chemotherapeutics [40] as well as other anticancer drugs [41] affect the pro-
cesses involved in the progression of division of the treated cancer cells, resulting in perturba-
tion of the normal distribution of cell populations in the different phases of the cell cycle. In
this work, the cell cycle modifications were analyzed for the representative complexes 6 and 8
(and cisplatin for comparative purposes) in MCF7 and A2780 human cancer cells (Fig 4 and
S5 Table).

Both the studied complexes showed similar effects on the cell cycle in both cell lines used
(Fig 4). Surprisingly, the distribution of the cells treated with complexes 6 and 8 (applied at

100+

oo e et tetetold
R
ZRRRRRRRRR

9090500
REERAELRAELER
IRXS

KRR

o,

SRXHIRRIIRHXHIRRRS
o

SRXHHIRXHIRHXHRKS

0,

o,
Q
o
o,
o
o
Q
o
o
o
o
o
o,
Q
o

QRS
a%00s,
SRRHHIRRR

H

: + + \: + + + + \:
6 800Q0\$ 6 SOOQdé

Fig 4. Cell populations (%) in sub-G1, G0/G1, S and G2/M cell cycle phases as observed on human
cancerous MCF?7 (left) and A2780 (right) cells after 24 h exposure to complexes 6 and 8 (and cisplatin
for comparative purposes) at ICs, concentrations. Cells were stained with PI/RNase. The data are given
as arithmetic meanzSD from three independent experiments conducted on cells from three consecutive
passages.

doi:10.1371/journal.pone.0165062.9004
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the ICs, concentrations) in different cell cycle phase populations was comparable with the
untreated (control) cells and markedly different from cisplatin [6,42]. In comparison with
the untreated MCF-7 cells, the application of complex 6 induced a slight increase of their
G0/G1 populations. Contrary, the G0/G1 populations of the A2780 cells were lower after the
treatment with complexes 6 and 8 than for the control A2780 cells, while the G2/M popula-
tions of these cells treated by complexes 6 and 8 increased in comparison with control.
Treatment by complexes 6 and 8 led to the cell cycle perturbations different from recently
reported cis- and trans-platinum(II) diiodido complexes [10] as well as from mixed-ligand
platinum(II) dichlorido complexes containing 7-azaindole-based N-donor ligand [6], whose
application resulted in higher S cell cycle phase populations. Only the low portion of popula-
tions (1.2-4.3%) corresponding to apoptotic and necrotic cells were identified in the sub-Gl1
region after 24 h exposure to complexes 6 and 8 (Fig 4), which is considerably different than
recently reported for dichlorido analogues (sub-G1 populations of ca 30%) of the herein
studied platinum(II) diiodido complexes [43]. Cisplatin, on the other hand, showed a typical
increase of the S cell cycle phase populations in both the cancer cell lines [6,10,42,43], result-
ing in higher S and lower G0/G1 populations than observed for complexes 6 and 8 (and con-
trol cells) on both MCF-7 and A2780 cancer cells (Fig 4). Taken together, application of
complexes 6 and 8 led to the cell cycle perturbations indirectly indicating different mecha-
nism of action from cisplatin.

Interactions with dsDNA

The studies were performed by means of the mobility shift and/or fragmentation tests using
the gel electrophoresis of the reaction intermediates formed with pUC19 plasmid dsDNA, and
the fluorescence quenching experiments of the EtBr/ctDNA system. The representative results
for complexes 6 and 8 are given in Fig 5.

The results of gel electrophoresis of the reaction intermediates of pUC19 plasmid DNA
with complexes 6, 8 and cisplatin showed that complexes 6 and 8 did not significantly change
the mobility of the supercoiled (SC) form or other forms (i.e. open circular (OC) form or line-
arized (L) form) of pUC19 in contrast to cisplatin, which probably due to intramolecular
cross-linking helped to increase the electrophoretic mobility of former SC form of pUC19
dsDNA [44]. The same effect was observed for OC form of pUC19 plasmid DNA, in which the
formation of intramolecular cross-links led to increased mobility. These observations suggest
on the lower reactivity in the means of coordination (covalent modifications) or different type
of interactions of complexes 6 and 8 with dsDNA in comparison with cisplatin (Fig 5).

On the other hand, complex 8 visibly increased the amount of single strand-damaged OC
form, as well as double strand-damaged and cleaved linear (L) form of pUC19 DNA in con-
centration-dependent manner (Fig 5 and S6 Table). These results may bring an indirect proof
of different mechanism of action of the studied complexes from cisplatin, in terms of different
types of interactions with dsDNA, for example by its cleavage via various possible mechanisms
(e.g. photo-activation, radical cleavage, etc.) [45-46].

The results of the fluorescence quenching experiments performed for complexes 6 and 8
(and cisplatin for comparative purposes) on the EtBr/ctDNA system showed the ability of
these compounds to decrease the fluorescence intensity of the EtBr/ctDNA supramolecular
complex with the increasing concentration of the quencher. This effect is known for com-
pounds covalently binding to ctDNA (including cisplatin) [47], as well as for the substances
intercalating into the structure of DNA (including free 7-azaindoles) [48-49]. The Stern-Vol-
mer and apparent binding constants for complexes 6 (Ksy = 7.4 x 10° M™", K,,, = 7.8 x 10*
M) and 8 (Ksy = 1.4 x 10* M, K,pp = 1.2 x 10° M™"), were higher than those for cisplatin
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Fig 5. (A) The results of gel electrophoretic studies of interaction of complexes 6 and 8 (and cisplatin
for comparative purposes) with pUC19 plasmid dsDNA. (B) The results of fluorescence quenching
experiments on the EtBr/ctDNA system for complex 6. Experiment was performed on plasmid dsDNA in
the used medium (labeled as Control) and in water (labeled as pUC19).

doi:10.1371/journal.pone.0165062.9005

(Ksy = 4.7 x 10’ M™", K, = 4.8 x 10* M™") and showed on moderate binding affinity of com-
plexes 6 and 8 to the ctDNA (Fig 5).

In Vivo Antitumour Activity

The selected representative complexes 5, 6 and 8 (chosen for in vivo studies based on their
high in vitro cytotoxicity and relatively good solubility) were tested together with cisplatin for
in vivo antitumour activity using the implantation model of L1210 lymphocytic leukaemia in
mice. The maximum tolerated dose of cisplatin in our experiments was 2 mg/kg and the
respective doses of complexes 5, 6 and 8 were recalculated to be equimolar (i.e. contain the
same amount of Pt) to cisplatin. The mean survival times for the treated groups (T') were com-
pared with the intact control group (C) and expressed as a relative percentage of the survival
time extension T/C (%). These findings, together with Kaplan-Meier survival curves for all
groups of animals and the results of ex-vivo Western blot analyses are shown in Fig 6.

The tested complexes 5, 6 and 8 were well-tolerated and no signs of their toxicity (e.g.
weight loss) were observed during experiment. The applied dose of complexes 5, 6 and 8
showed different effects on the treated mice. In particular, only complex 8 enhanced the sur-
vival time (19.0+2.4 days) as compared with the control group (17.4+1.6 days), while survival
time of mice treated by complex 5 (17.3£2.3 days) and complex 6 (17.3£2.1 days) was found
to be comparable to control group (Fig 6). In vivo antitumour effect of complex 8 was compa-
rable with cisplatin (18.8+2.4 days). The obtained survival time results expressed as the per-
centage of mean survival time (T/C; %) were 100%, 99% and 109% for complexes 5, 6 and 8,
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Fig 6. (A) In vivo antitumour activity for complexes 5, 6 and 8 (and cisplatin for comparative
purposes), as investigated on L1210 leukaemia-bearing mice, and given as mean survival times * SD
(days) and T/C (%) values; (B) Kaplan-Meier plots showing the percentage of survival of animals in
the individual groups (days after tumour implantation); (C) the results for complexes 5, 6 and 8 on the
p53, MCL-1, (37 kDa) and Cas-3 (17 kDa) expression as obtained by Western blot analyses in the
samples of collected tumour tissues.

doi:10.1371/journal.pone.0165062.9006

PLOS ONE | DOI:10.1371/journal.pone.0165062 December 1,2016 18/25



@° PLOS | ONE

Platinum(Il) lodido Complexes of 7-Azaindoles with Significant Antiproliferative Effects

respectively, and 108% for cisplatin. In comparison with the dichlorido analogues of herein
tested diiodido complexes, complex 8 exceeded significantly the average T/C values previously
reported for the mentioned dichlorido complexes applied at 2 mg/kg dose, lying in the range
between 97.1 and 100.0% [17]. The similar results, as for the survival times, were also reported
for cis-[PtCL{E-N(H) = C(OMe)CH,Ph},] complex applied at 2.5 mg/kg dosage in similar
experimental model [50].

Histological and Protein Expression Ex Vivo Analysis

In order to better understand the cellular effects of the tested complexes on the cancerous as
well as the healthy tissues, different tissues (diffuse and well-circumcised tumours, spleen, and
renal tissue with intact perirenal fat) were collected from the sacrificed mice post mortem and
studied by means of optical microscopy (after standard hematoxylin and eosin staining) and
electron microscopy. The infiltration rate of normal tissues by polymorphonuclear (PMN)
cells was used as a sign of possible toxic effects of applied compounds and the average amount
of cell deaths (mostly of necrosis origin) has been evaluated in tumour tissue samples. The
semi-quantitative evaluations of these indicators are summarized in Table 3.

The results of light microscopy observations clearly supported the results of life-span evalu-
ation, and complex 8 was identified as the most effective in the induction of cell deaths in
tumour tissues and at the same time only slightly toxic towards the normal tissues (spleen and
renal tissues). Its effects were comparable with cisplatin. The representative micrograph image,
depicting the amount and distribution of necrotic processes in the tumour tissues, has been
included in S7 Fig. To evaluate the sub-cellular processes in the tumour tissues, the tissue sam-
ples from the control group, cisplatin treated group and complex 6 treated group were pro-
cessed for electron microscopy observations. The representative micrograph images depict the
usual appearance of the untreated tumour cells (Fig 7A), the late stages of necrotic processes in
the cisplatin treated tissue (Fig 7B) and the focal very late stages of complete tumour tissue
destruction by the necrosis (and partly apoptosis and/or necroptosis) induced by the applica-
tion of complex 6 (Fig 7C).

The anti-cancer effect of the tested complexes was also evaluated on the molecular level
using the collected tumour tissue samples from the individual groups involved in the in vivo
testing as described above. The expression of tumour suppressor p53, anti-apoptotic protein
MCL-1;, (37 kDa) and the cleavage of caspase 3 (Cas-3) into active pro-apoptotic form p17 was
detected in the tumour tissue (Fig 6C). Lowering of levels and/or dysfunction of p53 is one of
the best known mechanisms of the cancerogenesis and it is also connected with chemotherapy
resistance [51]. Our previously published work showed that cisplatin was able to increase the
p53 level in the L1210 cell-induced murine cancer model, but cis-[PtCl,(naza),] complexes,
that are previously reported dichlorido-analogues of the herein presented complexes, had

Table 3. The semi-quantitative evaluation* of PMN cells infiltration of spleen and renal tissues and the average number of cells undergoing the
cell death (mostly necrosis) in the tumour tissues obtained from the animals of individual groups treated with the selected compounds and
untreated control involved in testing of in vivo anticancer activity. The relative scale from 0 to 4 was used, where 0 = without necrosis, 1 = up to 25%,
2 =up to 50%, 3 = up to 75% and 4 = up to 100% of the areas in the view-field.

Group Infiltration of spleen
5 3

6 2

8 1-2

Cisplatin 1

Control 0

doi:10.1371/journal.pone.0165062.t003

Infiltration of renal tissues Areas of necrosis in tumour tissues
1 2

1 1-2

0-1 3

1 3

0 1-2
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Fig 7. Electron micrograph image of (A) tumour cells in the control group sample showing no significant
changes in chromatin structure and/or mitochondria shape; (B) a necrotic part of the tissue from the cisplatin
treated group showing the late stages of cell death (mostly necrosis) with specific vacuolization in the cells
nuclei and destruction of the cell membranes accompanied by the mitochondria swelling; (C) a focal very late
stage of necrosis in the tumour tissue from the complex 6 treated group with almost complete destruction of
the cells, advanced vacuolization and cell debris autophagy including the remnants of cell organelles.

doi:10.1371/journal.pone.0165062.9007

lower effect or even decreased its level [17]. Similarly, complex 8 attenuated the amount of p53
but complexes 5 and 6 did not affect the p53 level at all. The p53 protein could trigger the mito-
chondrial (intrinsic) apoptosis via the activation of Noxa and subsequently inhibition of MCL-
11 [52]. Complexes 5 and 6 had only negligible effect on the quantity of MCL-1y, correspond-
ing to their inability to modulate p53. However, complex 8 considerably increased the MCL-1;,
level, probably due to decreased amount of p53. Interestingly, although complex 8 attenuated
p53 expression and augmented MCL-1y, it also dramatically increased the level of active form
of Cas-3. Perhaps, this could be a result of the activation of p53-independent pathway, as it has
been previously demonstrated for different platinum(II) complex [53]. Activation of Cas-3 has
not been observed for other tested compounds (5, 6 and cisplatin). Higher degree of Cas-3 acti-
vation by complex 8 corresponds with its ability to prolong life-span of mice with induced
tumourigenesis.

Conclusions

Eight platinum(II) diiodido complexes containing 7-azaindole-based N-donor ligands showed
a wide-range in vitro antitumour activity against nine human cancer cell lines, including
Caco-2 colon carcinoma cells and A2780R variant of ovarian carcinoma cells with acquired
resistance to conventional cisplatin. Compounds 6 and 8 with the highest in vitro potency
exhibited pronounced selectivity towards HOS human osteosarcoma and Caco-2 cancer cells
over normal human hepatocytes, with the selectivity factor up to ca 24. Enhancement of the
survival time of L1210 lymphocytic leukaemia-bearing mice treated with complex 8 indicated
this substance as a possible candidate for further preclinical studies.

On the molecular level, the treatment with complex 8 led to the decrease of tumour sup-
pressor p53 amount and increase of the levels of anti-apoptotic protein MCL-1; (37 kDa) and
active pro-apoptotic form of caspase 3, possibly showing on the p53-independent cell death
pathway different from cisplatin. The microscopic observations of necrosis as the main cell
death mechanism and the results of A2780 and MCEF-7 cell cycle perturbation studies or gel
electrophoretic studies on plasmid DNA were also suggestive for different mechanism of
action as compared to clinically used platinum-based drug cisplatin.
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Supporting Information

S1 Table. Crystal data and structure refinements for cis-[Ptl,(2Me4Claza),]-DMF
(8- DMF).
(PDF)

S1 Text. "H-"H gs-COSY and '"H-">C gs-HMQC two dimensional NMR spectra of the rep-
resentative complexes 3, 7 and 8. The complexes were dissolved in DMF-d.,.
(DOCX)

S1 File. Crystallographic information file containing the structural data for complex
8-DMF.
(CIF)

S2 Table. The 'H and '*C NMR coordination shifts (calculated as AS = Ocomplex—
Ojigana; ppm) of the prepared complexes.
(PDF)

S2 Text. ESI-MS data for complexes 1-8.
(PDF)

S1 Fig. ESI-mass spectrum of the representative complex cis-[Ptl,(5Braza),] (7). The com-
plex was dissolved in methanol and an assignment of the observed peaks and details of experi-
mental (black) and simulated (grey) isotopic distribution of the {[PtI,(5Braza),]-H} (green)
and {[PtI,(5Braza)]-H} (orange) species is included.

(TIF)

$2 Fig. "H NMR spectra recorded at different time points at 293 K on 1 mM 20% DMEF-
d;/80% D,O solution of cis-[Ptl,(4Braza),] (6), given together with 'H NMR spectrum of
free 4Braza dissolved in the same mixture of solvents. The signals of complex 6 are marked

with circles and the signals of the hydrolysed form of complex 6 are marked with squares.
(TIF)

$3 Fig. "H NMR spectra recorded at different time points at 293 K on 1 mM 20% DMEF-
d;/80% D,0 solution of cis-[PtI,(4Braza),] (6) mixed with reduced glutathione (GSH). The
signals of complex 6 are marked with red circles, the signals of the hydrolysed form of complex
6 are marked with green squares and blue circles mark the signals of GSH.

(TIF)

$4 Fig. '"H NMR spectra recorded at different time points at 293 K on 1 mM 20% DMF-
d,/80% D,0 solution of cis-[Ptl,(4Braza),] (6) or cisplatin (orange rectangle), both mixed
with GMP. The signals of complex 6 are marked with red circles, the signals of the hydrolysed
form of complex 6 are marked with green squares, blue circles mark the signals of GMP and
yellow squares assign Pt—-GMP adduct.

(TIF)

S5 Fig. Hydrogen bonding (drawn in light blue) within the crystal structure of cis-
[PtI,(2Me4Claza),]-DMF (8- DMF). The hydrogen atoms not involved in the depicted hydro-
gen bonds were omitted for clarity.

(TIF)

S3 Table. The parameters of the non-covalent contacts in the crystal structure of cis-
[PtI,(2Me4Claza),]-DMF (8-DMF).
(PDF)
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S6 Fig. Part of the crystal structure of cis-[PtI,(2Me4Claza),]-DMF (8-DMF) showing the
formation of supramolecular structure through the selected C2A. - -Cl1, C3A- - -Cl1 and
C5A-H- - -I1 non-covalent contacts (orange dashed lines). The hydrogen atoms not involved
in the depicted non-covalent contacts and DMF molecule of crystallization were omitted for
clarity.

(TIF)

S4 Table. The resistance factors, defined as the ratio between in vitro cytotoxicity (ICsg)
against resistant and sensitive variants of the A2780 ovarian cancer cell line (IC5,-A2780R/
IC50-A2780), calculated for complexes 1-8 and cisplatin.

(PDF)

S5 Table. The sub-G1, G0/G1, S and G2/M populations (%) detected at MCF7 and A2780
human cancer cell lines treated with complexes 6 and 8, and cisplatin for comparative pur-
poses. The experimental conditions were as follows 24 h exposure time; ICsy concentrations
applied and stained with PI/RNase. The data are given as arithmetic mean+SD from three
independent experiments.

(PDF)

S7 Fig. A representative light micrograph image depicting the tumour tissue (lymphoma)
with focal necrosis (N). The tissue sample was stained by standard hematoxylin and eosin
staining and photographed at 100x magnification.

(JPG)
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