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ARTICLE INFO ABSTRACT

Lung cancer is the most frequent type of cancer worldwide. In Brazil, only 14% of the patients diagnosed with
lung cancer survived 5 years in the last decades. Although improvements in the therapeutic approach, it is
relevant to identify new chemotherapeutic agents. In this framework, ruthenium metal compounds emerge as a
promising alternative to platinum-based compounds once they displayed lower cytotoxicity and more selectivity
for tumor cells. The present study aimed to evaluate the antitumor potential of innovative ruthenium(II) com-
plex, [Ru(pipe)(dppb)(bipy)]1PF¢ (PIPE) on A549 cells, which is derived from non-small cell lung cancer. Results
demonstrated that PIPE effectively reduced the viability and proliferation rate of A549 cells. When PIPE was
used at 9 uM there was increase in GO/G1 cell population with concomitant reduction in frequency of cells in S-
phase, indicating cell cycle arrest in G1/S transition. Antiproliferative activity of PIPE was associated to its
ability of reducing cyclin D1 expression and ERK phosphorylation levels. Cytotoxic activity of PIPE on A549 cells
was observed when PIPE was used at 18 pM, which was associated to its ability of inducing apoptosis by intrinsic
pathway. Taken together, the data demonstrated that PIPE is a promising antitumor agent and further in vivo
studies should be performed.
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1. Introduction variable (Allardyce and Dyson, 2001; Brabec and Novakova, 2006;
Kostova, 2006), and it has been related to the nature of the complexes,
the ligands involved, and the presence of uncoordinated sites in the

coordination sphere of the metal center (Lima et al., 2014). In addition,

Lung cancer is one of the leading causes of death in the world, and
non-small cell lung carcinoma accounts for approximately 80% of all

lung cancers (Reck et al., 2013). In Brazil, it was reported in
2016 > 17.000 and 10.000 new cases of lung cancer in men and
women, respectively. Smoking represents the main cause of lung
cancer, and the available treatments are not very effective once the
disease is commonly diagnosed in advanced stage. Platinum-based
drugs (cisplatin and its analogues) have been used for lung cancer
treatment; however, the serious side effects and tumor resistance have
limited their clinical application. In this frame, the ruthenium-based
compounds represent an alternative to platinum-based compounds due
to their versatile chemistry and low toxicity (Allardyce and Dyson,
2001, Komor and Barton, 2013; Barry and Sadler, 2013). The me-
chanism by which ruthenium complexes exhibit anticancer effects is

the ruthenium compounds are not very toxic when compared to pla-
tinum-based compounds, and they have been shown to be quite selec-
tive for cancer cells (Allardyce and Dyson, 2001; Bergamo and Sava,
2011; Barry and Sadler, 2013).

Three ruthenium compounds (NAMI-A, KP1019, and NKP-1339, a
sodium salt of KP1019) reached clinical trials (Sava et al., 1989;
Hartinger et al., 2006; Galanski et al., 2003; Flocke et al., 2016; Ang
etal., 2011). NAMI-A interferes with the regulation of cell cycle and the
extracellular matrix, preventing tumor metastasis, with a current focus
on advanced lung cancer (Antonarakis and Emadi, 2010; Bergamo
et al., 2012). KP1019 has cytotoxic activity due to its ability in inducing
apoptosis by intrinsic pathway and increasing reactive oxygen species
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(ROS) formation (Hartinger et al., 2006). Both compounds are of ru-
thenium(III) and it is believed that their antitumor activity is dependent
on in vivo reduction to the more reactive ruthenium(II) species. In this
framework, there is an increased interest for compounds of ruthenium
more stable in the + 2 oxidation state (Huxham et al., 2003; Scolaro
et al., 2005).

Piperonylic acid is derived from piperine, obtained by alkaline hy-
drolysis (Si et al., 2013; Zarai et al., 2013). Piperin is a major pungent
alkaloid present in black pepper (Piper nigrum) and long pepper (Pipper
longum). Piperine antitumor proprieties have been described (Sunila
and Kuttan, 2004; Bezerra et al., 2006; Lai et al., 2012), although there
are no reports in the literature on biological effects of piperonylic acid.

The present study aimed to investigate the effects of ruthenium(II)/
pyperonilic acid complex [Ru(pipe)(dppb)(bipy)]PFe, from here on
called PIPE, on A549 cells, which is derived from lung non-small cell
lung cancer (NSCLC).

2. Materials and methods
2.1. Materials and instrumentation

All the synthesis reactions were carried out in an inert atmosphere
of argon. Solvents were purified by standard methods and all chemicals
used were of reagent grade or comparable purity (Aldrich). The
RuCl3xH,0 was purchased from Aldrich as well as the ligands 1,4-bis
(diphenylphosphino)butane (dppb), 2,2’-bipyridine (bipy) and piper-
onylic acid were used as received. The cis-[RuCl,(dppb)(bipy)] pre-
cursor complex was prepared according to published procedures
(Queiroz et al., 1998).

The infrared spectra were recorded on a FTIR Bomem-Michelson
102 spectrometer, with samples prepared as KBr pellets in the
4000-200 cm ™ ! region. UV-visible spectra were recorded in CH,Cl,
solutions at concentration 1.0 X 10°>M on a Shimadzu spectro-
photometer UV-2550 model. All NMR experiments were recorded at
293 K on a Bruker spectrometer AC-300 model operating at 300 MHz.
The electrochemical experiments were performed at room temperature
in CH,Cl, as solvent with tetrabutylammoniumperchlorate
(FlukaPurum), with a BAS-100B/W Bioanalytical Systems Inc. electro-
chemical analyzer; the working and auxiliary electrodes were sta-
tionary Pt foils, a Lugging capillary probe was used and the reference
electrode was Ag/AgCl. Conductivity measurements were carried out
with a Micronal conductometer B-330 model in acetone as solvent. The
microanalysis was performed using a Fisons elemental analyzer EA
1108 model.

2.2. X-ray diffraction

Suitably shaped single crystal of the complex was isolated out from
mother solution (methanol, dichloromethane, ethyl ether) and quen-
ched at 150K on the goniometer of a Bruker-AXS Kappa Duo dif-
fractometer with an APEX II CCD detector. MoKa radiation from an IuS
microsource with multilayer optics was employed. Diffraction images
were recorded by ¢ and w scans set using APEX2 software. This soft-
ware was also employed to treat the raw dataset for indexing, in-
tegrating, reducing and scaling of the reflections. Next, the crystal-
lographic softwares were used as follows: SIR2004 (Burla et al., 2005)
(structure solving), SHELXL-97 (Sheldrick, 2008) (structure refine-
ment), MERCURY (Macrae et al., 2008), and ORTEP-3 (Farrugia, 1997)
(structure analysis and representation). The structure was solved
through identification of all non-hydrogen atoms in its asymmetric unit
directly from the Fourier synthesis of the structure factors after retrieval
of their phase using the direct methods. The initial model was refined
by full-matrix least squares method on F?, adopting free anisotropic and
constrained isotropic atomic displacement parameters for non-hy-
drogen and hydrogen atoms, respectively. In the case of hydrogens,
their Ui, was set to 1.2U,, of the bonded carbon. Hydrogen coordinates
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Table 1
Crystal data and structure refinement results for the complex.

Structural formula Cy6H41FsN204P3Ru
Fw (g/mol) 993.79
Cryst syst Monoclinic
Space group C2/c
z/z 8/1
T (K) 150 (2)
Unit cell dimensions a (A) 20.331 (3)
b (A) 13.775 (2)
cA) 31.835 (5)
BO) 101.115 (7)
v (A% 8748 (2)
Calculated density (Mgm ™~ >) 1.509
Absorption coefficient p (mm ™~ ') 0.540
6 range for data collection (*) 1.30-25.44
Index ranges H —23to 24
K —16to 15
L —21to 38
Data collected 29,850
Unique reflections 8032
Unique reflections with I > 20(I) 6243
Symmetry factor (Rin) 0.0467
Completeness to Oy (%) 99.2
F (000) 4048
Refined parameters 559
Goodness-of-fit on F> 1.077
R; factor for I > 26(I) 0.0528
WR;, factor for all data 0.1276
Largest diff. peak/hole (eA™?) 0.963/—0.717
CCDC deposit number 1,062,380

were stereochemically defined and constrained in the refinements, os-
cillating as that of the bonded carbon to keep idealized bond angles and
lengths fixed in 0.95 A (Csp>—H) or 0.99 A (Csp>—H in CH, groups)
(Table 1).

2.3. Synthesis of [Ru(pipe)(dppb)(bipy)]PF¢

The obtained complex was synthesized by reaction of cis-
[RuCl,(dppb)(bipy)] (0.132 mmol; 100 mg) with piperonylic acid
(0.132 mmol; 22.0 mg), in 10 mL of dichloromethane and 10 mL of
ethanol under argon atmosphere for 6 h at room temperature. The li-
gand was previously deprotonated with triethylamine (0.14 mmol;
0.02 mL) and after 1 h NH4PF¢ (0.129 mmol; 21.0 mg) was added for
the precipitation. The solids were filtered, washed in methanol and
water and dried in vacuo. Yield: 100 mg (78%). Cs6H41FsN2O4P3RU
(Cale): C, 55.6; H, 4.2; N, 2.8. (exptl): C, 55.3; H, 4.1; N, 2.5. *'P NMR:
S(ppm) 47,5 (d); 33.8 (d), 2Jp-p/Hz = 37.8 Hz. 'H NMR (300 MHz,
CDCl3), §(ppm): (aromatic hydrogens of bipy): 8.6 (d, 1H); 8.15 (d, 1H);
(overlapped signals, 27H aromatic hydrogens of dppb, bipy and pipe);
5.9 (s, 2H piperonal group); 5.94 (d, 1H) and 5.36 (d, 1H) aromatic
hydrogens of pipe); (8H, CH, of dppb) 3.00-1.5.'3C{'H} NMR
(300 MHz, CDCls), 8(ppm): (CH, of dppb): 22.2 (s, CH,), 23.6 (s, CHy),
26.9 (d, YJep CHy), 28.3 (d, Jep CH,), 105.5 (s, CH, of piperonal
group), 106.6 (s, CH pipe), 108.5 (s, CH pipe), 117.9 (s, CH pipe), 122.9
(s, pipe), 123.7 (s, pipe), (CH of dppb and bipy): 124.0 (d), 125.5 (d),
127.0-136.0 (m, C-Ph), 141.5, 148.1, 148.9, 149.3, 155.9, 159.5, 183.4
(s, pipe). Conductivity (Acetone): 95.4 Q~“cm?mol !, T = 298 K.

2.4. Cell lines and treatment schedule

A549 (derived from lung cancer) and CCD-1059Sk (normal fibro-
blast derived from human skin) used in this study, were purchased from
Rio de Janeiro Cell Bank. The cell cultures were maintained in DMEM
(Dulbecco's Modified Eagle's Medium, Sigma, CA, USA) supplemented
with 10% fetal bovine serum (Vitrocell, Campinas, Brazil). Cells were
grown in a humidified atmosphere of 95% air and 5% CO, at 37 °C.
Ruthenium complexes were solubilized in DMSO immediately before



G.A. Ferreira-Silva et al.

treatment. After attachment (24 h), the cells were treated for 24 h or
48 h according to the experimental approach.

2.5. Cell viability analysis

2.5.1. Colorimetric assay

Cell viability was measured by MTS (dimethylthiazol carbox-
ymethoxyphenyl sulfophenyl tetrazolium) assay using CellTiter 96®
Aqueous Non-Radiative Cell Proliferation assay (Promega) according to
the manufacturer's instructions. Formazan, the reduced form of tetra-
zolium, absorbs light at 490 nm and viable cells rate is directly pro-
portional to the amount of produced formazan by dehydrogenase en-
zymes. Cells were seeded at a density of 5 x 10° cells/well (A549) or
1 x 10* cells/well (CCD-1059Sk) into a 96-well plate. Ruthenium
complex was used in different concentrations (0-20 uM) for 24 h or
48 h. Free piperonylic acid and the precursor [RuCl,(dppb)(bipy)] were
used in a concentration ranging from O to 100 uM. Experiments were
conducted in triplicate. Data are presented as the mean = standard
deviation (SD) of three independent experiments. The ICs, value was
determined from non-linear regression using GraphPad Prism®
(GraphPad Software, Inc., San Diego, CA, USA).

2.5.2. Trypan blue exclusion test

Cells were seeded into 35 mm plates at a density of 2 x 10°, and
treatment was performed at 9 or 18 uM (PIPE). Cells were harvested
with trypsin/EDTA and trypan blue solution (0.4%) was added to cel-
lular suspension (1:1). Subsequently, cells were counted using hemo-
cytometer chamber and light microscope. Non-viable (blue stained) and
viable cells (unstained) were quantified from three independent ex-
periments. The results are presented as mean + SD.

2.6. Cell cycle analysis

Cell cycle analysis was performed according to Pereira et al. (2016).
Briefly, cells were treated with ruthenium complexes for 24 h or 48 h at
9 or 18 uM (PIPE). Cells were fixed with 75% ethanol at 4 °C overnight,
rinsed twice with cold phosphate-buffered saline (PBS). Afterwards,
cells were homogenized in dye solution [PBS containing 30 ug:mL~*
propidium iodide (PI) and 3 mg-mL~ ' RNAase]. DNA was quantified
1h after staining. The analysis was performed by flow cytometry
(Guava easyCyte 8HT, Hayward, CA, USA). Results are presented as
mean * SD of three independent experiments.

2.7. Clonogenic assay

Clonogenic assay was performed according to Franken et al. (2006).
Briefly, 500 cells were seeded into 35 mm plates. Cells were treated for
24h and recovered in a drug-free medium for subsequent 15 days.
Afterwards, the colonies were fixed and stained with Crystal Violet.
Only colonies with > 50 cells were counted by direct visual inspection
with a stereomicroscope at 20 X magnification. Assays were performed
in triplicate and data were presented as mean * SD of three in-
dependent experiments.

2.8. Cytoskeleton elements analysis

Cells were seeded on coverslips and fixed with 3.7% formaldehyde
for 30 min. For a-tubulin immunolabelling, cells were permeabilized
with Triton X-100 (0.5%) for 10 min. After blocking with 1% BSA,
primary antibody (1:100, Sigma Aldrich) was incubated overnight. On
next day, secondary anti-mouse IgG-TRITC antibody (1:100, Sigma
Aldrich) was added to the sample and incubated for 2 h. Following,
phalloidin-FITC (Sigma Aldrich) incubation (1 h) was performed for
actin labeling. Nuclei were stained with DAPI and coverslips were
mounted on microscope slides using Vecta-Shield (Vector Laboratories).
All washes were done with PBS. Analyses were performed using a
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fluorescence microscope (Nikon).
2.9. Mitotic index

Mitotic cells were counted from fluorescent cytological preparations
containing DAPI stained nuclei; it was counted 1000 cells per sample.
Data are shown as mean + SD of three independent experiments.

2.10. Immunoblot

Cells were homogenized in RIPA lysis buffer (150 mM NacCl, 1.0%
Nonidet P-40, 0.5% deoxycholate, 0.1% SDS and 50 mM Tris pH 8.0)
containing both protease and phosphatase inhibitors (Sigma). Lysates
were centrifuged (10,000 X g) for 10 min at 4 °C. Supernatants were
recovered, total proteins were quantified (BCA kit, Pierce
Biotechnology Inc., Rockford, IL, USA) and resuspended in Laemmli
sample buffer containing 62.5 mM Tris-HCl pH 6.8, 2% SDS, 10%
glycerol, 5% 2-mercaptoethanol and 0.001% bromophenol blue. An
aliquot of 50 pg protein was separated by SDS-PAGE (12%) and
transferred (100V, 250mA for 2h) on to a PVDF membrane
(Amersham Bioscience), blocked for 1 h at 4 °C with blocking solution
[5% non-fat milk in Tris-buffered saline (TBS) + 0.1% (v/v) Tween-20]
to prevent nonspecific protein binding. The membrane was probed with
primary antibodies: (Tyr 204) phosphorylated ERK antibody (Santa-
Cruz - 1:50), ERK 1 (Santa-Cruz — 1:1000), Cyclin D1 (Sigma — 1: 200)
and a-tubulin (Sigma - 1:1000) overnight at 4 °C. After washing with
TBS-tween (0.1%), the membrane was incubated with a secondary
antibody (anti-rabbit peroxidase conjugated) for 2 h at room tempera-
ture. Immunoreactive bands were visualized with the ECL Western
Blotting Detection Kit (Amersham Pharmacia). A reprobing protocol
was followed for detecting immunoreactive bands for different anti-
bodies. Results were obtained from three independent experiments. The
quantification of immunoreactive bands was performed using a public
program (Image J).

2.11. Apoptosis detection by Annexin V/7-AAD

Kit Guava Nexin® (Merk Millipore, Massachusetts, EUA) was used
according to manufacturer's instructions. Briefly, cells were collected by
enzymatic digestion (Trypsin/EDTA, Sigma), centrifuged at 1000 rpm
for 5 min at 4 °C, washed with ice-cold PBS, and then 2 x 10* cells
were resuspended in 100 pL. of DMEM. In the next step, it was added
100 pL of mix solution containing buffered Annexin V-PE and 7-AAD.
The samples were read after 20 min of incubation at room temperature
in a dark chamber. The analysis was performed by flow cytometry using
GuavaSoft 2.7 software. The experiments were conducted in triplicate
and repeated twice. Data are presented as mean * SD.

2.12. Mitochondrial membrane potential (A¥m) analysis by JC-1
fluorescence

Cellular mitochondrial dysfunction can be observed by the loss of
the mitochondrial membrane potential, which can be indirectly mea-
sured by fluorescence probe JC-1. For this purpose, Guava
MitoPotential Kit (Merck/millipore) was used according to manufac-
turer's instructions. JC-1 is a mitochondrial dye (5,5’,6,6’-tetrachloro-
1,1,3,3’-tetraethylbenzimidazolylcarbocyanine chloride), that stains
mitochondria in living cells in a membrane potential-dependent
fashion. The JC-1 monomer is in equilibrium with J-aggregates which
binds to the mitochondrial membrane. The monomer JC-1 fluoresces
green (A = 527 nm), while the J-aggregates fluoresce red
(A = 590 nm). Therefore, cells with normal mitochondrial membrane
potential fluoresce orange. Mitochondria depolarization results in a
decrease of the red component and, consequently, green fluorescence.
In summary, cells were trypsinized and washed twice with PBS; after
that, the cells were labelled with the fluorescent dye JC-1/7-AAD for
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30 min at 37 °C. The analysis was performed by flow cytometry using
GuavaSoft 2.7 software. The data are shown as mean = SD from three
independent experiments.

2.13. Cleaved caspase-3 detection

Cells were seeded on coverslips and fixed with 3.7% formaldehyde
for 30 min. Cells were permeabilized with Triton X-100 (0.5%) for
10 min. After blocking with 1% BSA, cleaved caspase 3 antibody
(1:100, Sigma Aldrich) was incubated overnight at 4 °C. On the next
day, secondary anti-rabbit IgG-TRITC antibody (1:100, Sigma Aldrich)
was added to the sample and incubated for 2 h. Nuclei were stained
with DAPI and coverslips were mounted on microscope slides using
Vecta-Shield (Vector Laboratories). All washes were done with PBS.
Analyses were performed using a confocal microscope (Nikon).

2.14. Statistical analysis

The results were tested for significance using one-way analysis of
variance (ANOVA) followed by a Tukey's post-test using GraphPad
Prism®. The values were expressed as mean * SD.

3. Results
3.1. Synthesis of the complexes

The chemical reactivity of the piperonylic acid ligand with the
precursor cis-[RuCl,(dppb)(bipy)] allowed us to synthesize the [Ru
(pipe)(dppb)(bipy)]PF¢ complex containing three chelated ligands, in
mild conditions by simple chlorides exchange (see Scheme 1).

3.2. Structural studies

The X-ray study confirms the structure proposed for the complex
[Ru(pipe)(dppb)(bipy)1PFs (Fig. 1) which presents one piperonylic
acid, one 2,2’-bipyridine and one 1,4-bis(diphenylphosphino)butane
ligands, forming distorted octahedral geometries around metal center
as represented by the bonds and angles measurements in the Table 2.

The complex is crystallized in the monoclinic crystal system, with
space group C2/c. It is observed that the trans Ru—O bond to the
phosphorus atom of the 1,4-bis(diphenylphosphino)butane is longer
than the trans Ru—O bond to the nitrogen atom of the 2,2’-bipyridine,
confirming the preference of the withdrawal of this chlorine, since this
bond is weaker due to strong Ru—P trans interaction to it.

Similarly, when comparing the Rul-N1 (2.086(4) A) and Rul-N2
(2.059(3) /0\) bond lengths, the highest binding length for Rul-N1 is
promoted by the competitive effect, since N1 is trans to the phosphorus
atom of biphosphine.

Toxicology in Vitro 44 (2017) 382-391

T.c35
C362 / k.;c:u
oy (c24‘§ \‘6

c33
. ey cathing P
& = c28
c22 Y
Y cas P2 c27
j L% Ca6 C26
L \N2
Ru1 01 c3

2 cas

»

\C20 4 \?\_

C14/ !
*.}V?:’s v

: \ &
|

F5

F6

Fig. 1. X-ray structure for [Ru(pipe)(dppb)(bipy)]PFs, showing atoms labeling and 30%
of probability ellipsoids.

Table 2
Bond angles (°) and bond lengths (A) of Ru(I) complex with e.s.d. in parentheses.

Atoms Bond angles (°) Atoms Bond lengths A)
Rul-N1 2.086 (4) Rul-N1 2.086 (4)
Rul-N2 2.059 (3) Rul-N2 2.059 (3)
Rul-01 2.245 (3) Rul-01 2.245 (3)
Rul-02 2.115 (3) Rul-02 2.115 (3)
Rul-P1 2.2723 (12) Rul-P1 2.2723 (12)
Rul-P2 2.3079 (12) Rul-P2 2.3079 (12)
< N1-Rul-N2 78.76 (14) < N1-Rul-N2 78.76 (14)
< N1-Rul-O1 83.95 (12) < N1-Rul-O1 83.95 (12)
< N1-Rul-O2 90.36 (13) < N1-Rul-O2 90.36 (13)
< N1-Rul-P1 92.29 (10) < N1-Rul-P1 92.29 (10)
< N1-Rul-P2 168.53 (10) < N1-Rul-P2 168.53 (10)
< N2-Rul-O1 106.59 (12) < N2-Rul-O1 106.59 (12)
< N2-Rul-02 163.72 (12) < N2-Rul-02 163.72 (12)
< N2-Rul-P1 88.37 (10) < N2-Rul-P1 88.37 (10)
< N2-Rul-P2 97.59 (11) < N2-Rul-P2 97.59 (11)
< 01-Rul-02 59.76 (10) < 01-Rul-02 59.76 (10)
< O1-Rul-P1 163.44 (8) < O1-Rul-P1 163.44 (8)
< O1-Rul-P2 86.74 (8) < O1-Rul-P2 86.74 (8)

< 02-Rul-P1 104.27 (8) < 02-Rul-P1 104.27 (8)
< 02-Rul-P2 90.72 (8) < 02-Rul-P2 90.72 (8)

< P1-Rul-P2 98.50 (4) < P1-Rul-P2 98.50 (4)

3.3. Characterization of the compound

The complex Ru(pipe)(dppb)(bipy)]PF¢ was isolated in acceptable
purity, obtained in excellent yield and characterized by elemental
analysis (see experimental section), *'P{'H}, *C{'H} and 'H NMR
spectroscopy, UV-vis, IR, molar conductance and cyclic voltammetry.

Scheme 1. Synthetic route for the preparation of
ruthenium complex.
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S1p{'H} NMR spectra in CH,Cl, revealed doublets for the compound
at 47.5 (d); 33.8 (d) (3Jp.p = 37.8 Hz), which is due to the magnetically
different phosphorus atoms, as expected (Fig. S1). Signals at — 144 ppm
corresponding to the phosphorus atoms of the PF¢~ counter ion were
observed. Additionally, in the 'H NMR spectrum of the free piperonylic
acid ligand, a signal corresponding to a singlet of the O—H group proton
is observed in 11.0 ppm. This signal is not observed in the spectra of the
complex (Fig. S2), indicating the deprotonation of hydroxyl group after
its coordination to the metal. Additionally, the 'H NMR spectra of
complex showed the characteristic deshielded signal at 9-8 ppm, cor-
responding to the ortho hydrogen atoms of the bipy ligand. Other
aromatic hydrogen atoms resonances are in the range 6.28-7.94 ppm,
which are attributed to the protons present aromatic phosphine, pi-
peronylic acid and bipy. Additionally, a singlet at 5.9 ppm assigned to
the CH, group of piperonylic ligand was observed. The *C NMR
spectrum of the complex shows that the chemical shift of the carbox-
ylate carbon (C1 - 183.4 ppm) shifts to a lower field region indicating
participation of the carboxyl (COO) group in coordination to ruthenium
atom. Aromatic carbon atoms of bipy, phosphine and piperonylic acid
were also identified in the range 162-100 ppm. The complex present
signals at around 20-30 ppm assigned to carbon atoms of the CH,
groups of the dppb ligand (Barbosa et al., 2015; Lima et al., 2014) (Fig.
S3).

In the cyclic voltammogram a quasi-reversible process in 1340 mV
that correspond to the redox pair Ru(II)/Ru(Ill) was observed (Fig. S4).
The difference observed between them with precursor may be due to
the different stereochemistry found for them. The E1/2 value found for
the complex was considerably more anodic than that observed for
precursor [RuCl,(bipy)(dppb)] (Queiroz et al., 1998), indicating that
the ruthenium center is more stable after coordination of piperonylic
acid compared with the precursor.

The infrared spectra (IR) of complex show the typical asymmetric
Vas(COO ™) and symmetric vs(COO ™) carboxylate stretching frequencies
at 1682 and 1257 cm™ . Free ligand present asymmetric v,(COO ™)
and symmetric v5(COO ™) carboxylate stretching frequencies at 1674
and 1306 cm ™~ *. The Av value of 425 cm ™ * for complex is indicative of
a n? binding mode of the carboxylate group. Free ligand presented Av
value of 368 cm™ ! (Queiroz et al., 1998; Barbosa et al., 2015; Lima
et al., 2014). The characteristic P—F stretch of the PF¢ ™~ counter ion was
seen at 837 cm ™} (Fig. S5). Most of the vibrational modes observed
were characteristic of the dppb and bipy ligands occurring practically at
same frequencies observed for the precursor cis-[RuCl,(dppb)(bipy)].
The electronic spectra show three bands in the UV region, assigned as
intra-ligand transitions by means of comparison with the free ligands
(dppb and pip). One band observed in the visible region results from a
metal-to-ligand charge transfer transition, probably involving both
diimine and piperonylic ligand (Queiroz et al., 1998; Barbosa et al.,
2015; Lima et al., 2014) (Fig. S6).

3.4. Morphology, cell viability and proliferation behavior

PIPE reduced drastically A549 cells viability (Fig. 2A) after 24 h and
48 h of treatment. The ICs, values found are shown in Table 3. Cisplatin
was used as positive control and we verified that PIPE was potentially
more effective than cisplatin in reducing A549 cells viability. Cell cul-
tures were also treated with free piperonylic acid and the precursor
[RuCl,(dppb)(bipy)], however these compounds did not cause reduc-
tion in A549 cells viability of and, therefore, the ICso values were not
determined. We verified cytotoxic prolife of PIPE on normal cells (CCD-
1059Sk) after 48h of treatment. The ICs, value found was
12.43 = 0.37 uM, approximately 4-fold higher to that found for PIPE
on A549 cells in the same experimental condition.

In the next step, we could verify that reduction in cell viability,
previously detected by MTS assay, was due to the ability of PIPE in
inhibiting cell proliferation and inducing cell death, however these ef-
fects were concentration-dependent. According to data obtained by
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trypan blue exclusion test, viable cells frequency was significantly re-
duced (24 h, 25%; 48 h, 60%; and 72 h, 80%) when PIPE was used at
9 uM, despite no significant difference in frequency of dead cells in the
treated cultures in comparison to control samples (Figs. 2B and 3A).
When PIPE was used at 18 uM, we observed reduction in percentage of
viable cells (24 h, 68%; 48 h, 91%; and 72 h, 96%), but we detected a
significant increase in dead cells frequency (approximately 50%) in the
treated cultures when compared to controls (Figs. 2B and 3A). Thus,
PIPE at 18 uM displayed cytotoxic activity on A549 cells.

We performed cell morphology analysis and verified that treatment
with PIPE at 9 uM seems to have slight alteration on the morphological
aspect of A549 cells; on the other hand, PIPE at 18 uM induced drastic
alteration once cells became rounded and less adhered to the sub-
stratum (Fig. 2C, upper panel). Cytoskeleton analysis (F-actin and mi-
crotubule) allowed us to evidence long microtubule distributed in cy-
toplasm of the cells treated with PIPE at 9 uM, by contrast to
microtubule network evidenced on control cells, suggesting a possible
interference of PIPE on dynamic instability of microtubules. Micro-
filaments distribution also seems to have been altered by treatment
once fewer fibers could be observed in the cytoplasm of treated cells,
mainly in the cortex region, when compared to control cells that dis-
played high concentration of actin filaments in the cortex as well as
actin stress distributed in the cytoplasm (Fig. 2C, lower panel). The
treatment with PIPE at 18 uM caused drastic disturbance in both mi-
crotubule and actin filaments network, and this finding could be just
related to cytotoxic activity of PIPE when used at this concentration.

We used different methodological approaches to evidence the in-
fluence of PIPE on proliferative behavior of A549 cells. Cell viability
was assessed again by trypan blue exclusion test at 24 h, 48 h and 72 h;
and, in fact, we observed a significant reduction in viable cells number
when compared to control cultures (Fig. 3A). Then we observed by flow
cytometry that the treatment altered cell cycle progression. There was
significant increase in GO/G1 population with concomitant decrease in
S-phase and G2/M populations in cultures treated with PIPE at 9 uM.
However, when PIPE was used at 18 uM we observed an increase in
Sub-G1 population and reduction in S and G2/M populations (Fig. 3D).
These finding were corroborated by mitotic index determination,
therefore there was drastic reduction (62% and 76% for PIPE at 9 e
18 uM, respectively) in mitosis frequency. Concerning to clonogenic
capacity, we observed that PIPE at 9 uM was capable of reducing co-
lonies number in 63%, and no colonies were observed in samples
treated with PIPE at 18 uM (Fig. 3B).

3.5. Expression profile of cyclin D1 and ERK

In next step, we sought to investigate molecular mechanism in-
volved with antiproliferative activity of PIPE on A549 cells. For this
purpose, and considering results previously obtained by flow cyto-
metry, we evaluated the expression profile of cyclin D1 and extra-
cellular signal-regulated kinase (ERK), a member of mitogen-activated
protein kinase family (MAPK). According to immunoblot results
(Fig. 3E and F), total ERK expression was not altered in consequence of
PIPE treatment; by contrast, it reduced significantly cyclin D1 expres-
sion and ERK activation.

3.6. Apoptosis detection

Pro-apoptotic potential of PIPE on A549 cells was assessed initially
by Annexin V/PI assay. After that, we verified the influence of PIPE on
mitochondrial membrane deporalization using fluorescent probe JC-1.
We observed an increase in frequency of cells positive for annexin V in
treated cultures. Although, the percentage was significantly higher in
cultures treated with PIPE at 18 uM (42%) in comparison to control
samples (8%) (Fig. 4A). Further, we verified that pro-apoptotic activity
of PIPE is related to intrinsic pathway activation. As shown in Fig. 4B,
treated cells had lower Awym, once they exhibited more green
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Fig. 2. (A) Cell viability determined by MTS assay after 24 h and 48 h of treatment with PIPE. (B) Non-viable cells population determined by trypan blue exclusion test at 24 h, 48 h and
72 h. (C) Phase contrast microscopy images (upper — 100 X magnification) showing morphology of A549 cells, and fluorescent images (lower — 400 X magnification) evidencing
microfilaments (red) and microtubules (green) distribution pattern. Nuclei were stained with DAPL. ***p < 0.001 using ANOVA followed by Tukey's post-test from of 3 independent
experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
ICso + DP (uM) values determined from MTS assay.

24h 48h
PIPE 17.99 + 0.39 411 = 0.27
Piperonylic acid nd nd
[RuCl,(dppb)(bipy)] nd nd
Cisplatin® 61.84 = 7.75 24.70 = 4.78

nd = not determined; cell viability was not significantly altered in the used concentration
range (0-100 pM).
2 Cisplatin was used as positive control.

fluorescence than control group. Quantitative analysis showed that the
percentage of cells with lower of Aym (higher ratio of green to red
fluorescence) significantly increased when PIPE was used at 18 uM
(34%) when compared to control samples (6%). We also verified in-
creased frequency of positive cells for cleaved-caspase-3. In cultures
treated at 9 uM and 18 uM we found, respectively, around 12% and
100% of positive cells for cleaved-caspase-3. Fig. 4C shows pattern of
distribution observed for cleaved-caspase-3 on A549 cells.

4. Discussion
Ruthenium compounds have been considered a promising alter-

native to platinum-based drugs in cancer therapy, especially due to
their selectivity (Barry and Sadler, 2013). Ruthenium complexes tend to

accumulate preferentially in neoplastic masses in comparison to normal
tissue (Lazarevi¢ et al., 2017). Studies have been demonstrated that
reduced toxicity of ruthenium compounds against healthy tissues may
be related to different issues including the ability of the ruthenium to
mimic iron in binding to many biological molecules such as transferrin
and albumin (Pessoa and Tomaz, 2010; Palermo et al., 2016). In ad-
dition, solid tumor microenvironment generally displays reduction
conditions (low pH and hypoxia), contributing for reduction of ruthe-
nium(III) to ruthenium(Il), the more active form of the ruthenium
(Ravera et al., 2004; Gransbury et al., 2016). This reaction would
provide not only a selective cytotoxicity, but also would contribute for
overcoming resistance to chemotherapy and/or radiotherapy, com-
monly observed in hypoxic tumors (Sava and Bergamo, 2000).

Herein, we synthetized and characterized a novel ruthenium(II)
complex [Ru(pipe)(dppb)(bipy)]PFe, that displayed an important anti-
proliferative and pro-apoptotic activity on A549 cells, which is derived
from NSCLC.

Somatic mutations frequently observed in NSCLC include TP53,
EGFR and KRAS (Lewandowska et al., 2012; Li et al.,, 2016a, b;
Schneider et al., 2017). NSCLC patients with the KRAS mutation appear
to be refractory to the majority of systemic therapies, and altered
function of Ras protein lead to excessive activation of its downstream
pathways including RAF/MEK/ERK signaling pathway (Sanders and
Albitar, 2010). ERK1/2 overexpression is critical for sustaining pro-
liferative behavior of tumor cells (Linardou et al., 2008; Rodenhuis
et al., 1987; Lopez-Chavez et al., 2009). Thus, clinical research of new
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Fig. 3. (A) Growth curve of A549 cells. (B) Clonogenic capacity assay. (C) Mitotic index. (D) Cell cycle analysis. (E and F) Expression profile of Cyclin D1, ERK, and p-ERK. *p < 0.05,
**p < 0.01 and ***p < 0.001 determined using ANOVA followed by Tukey's post-test from three independent experiments.

treatment strategies for NSCLC patients with KRAS mutations is ur- Shao et al., 2011; Simonetti et al., 2010). Furthermore, cytotoxic po-
gently required. tential of PIPE was higher against A549 than normal cells suggesting

We observed that PIPE was more active than cisplatin in reducing that the studied complex is selective for cancer cells. These findings
the viability of A549 cells, which harbor KRAS mutation but do not corroborate with Lima et al. (2014) who demonstrated higher cyto-
display alteration neither in EGFR nor in TP53 (Furugaki et al., 2010; toxicity of ruthenium complexes containing amino acids on sarcoma
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cells (S180) than normal fibroblasts (L929), and Iida et al. (2016) who
evidenced higher cytotoxic potential of ruthenium-arene complexes on
breast cancer cells when compared to normal epithelial cells (MCF10A).

In the next step, we used different methodological approach to in-
vestigate deeply the biological mechanisms underlying PIPE activity on
A549 cells, considering that the inhibition of cell viability by cytotoxic
drugs can result from cycle cell arrest, apoptosis induction, or a com-
bination of these two mechanisms (Li et al., 2012; Gaiddon et al.,
2005). For this purpose, further experiments were performed using
PIPE at 18 uM and 9 puM, which correspond to ICso and ICso/2, de-
termined at 24 h of treatment. We found that cytotoxic activity of PIPE
is associated to its capacity of inhibiting cell proliferation and inducing
apoptosis.

When sub-toxic concentration was used, PIPE had preferentially
antiproliferative activity. We observed cell cycle arrest in G1/S transi-
tion, as demonstrated by increasing of GO/G1 cell population with
concomitant reduction in S- and G2/M populations. Mitotic index was
significantly reduced in samples treated with PIPE in comparison to
control cultures corroborating with previous data obtained by flow
cytometry. In addition, PIPE was effective in inhibiting clonogenic ca-
pacity of A549 cells demonstrating its negative influence on pro-
liferative behavior of A549 even during prolonged period (Ferreira-
Silva et al., 2017; Sales et al., 2015). These findings are very interesting
once sustained proliferative behavior of tumor cells is a critical event
for tumor progression and metastasis (Hanahan and Weinberg, 2011).
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The influence of ruthenium complexes on clonogenic capacity of tumor
cells has been rarely explored, nevertheless it was reported by Lima
et al. (2012) that cis-[RuCl,(NH3)4]Cl inhibited the colony-formation
ability of A549 cells. On the other hand, many studies have demon-
strated that ruthenium complexes interfere on cell cycle progression;
although the activity profile is variable according to the type of con-
sidered complex considered (Lima et al., 2014; De Lima et al., 2012;
Stepanenko et al., 2011; Filak et al., 2010). It has been reported that
ruthenium(Il)-arene complexes with paullone scaffold and ruthenium
(II) complexed to glycin promote cell cycle arrest in G1/S transition
(Schmid et al., 2007; Lima et al., 2014). Accumulation of cells in the
GO0/G1 phase is often the result of cell cycle checkpoint activation
(Cassimere et al., 2016). Studies have shown that some ruthenium
compounds induce the arrest of cells in the GO/G1 phase through p53
activation in response to DNA damage, and an increase in the protein
levels of p21, an inhibitor of the cell cycle that blocks CDK activity
(Chen et al., 2016; Muthné et al., 2016).

Cyclin D1 is a critical positive regulator of cell cycle, and it is re-
sponsible by activating CDK-cyclin complex of G1 phase. Different sti-
mulus can activate gene transcription of cyclin D1 (Qie and Diehl,
2016); however, hyper-activation of the RAF/MEK/ERK signaling
pathway is commonly observed in cancer cells that overexpression
cyclin D (Yadav et al., 2014). Thereby, cyclin D1 and ERK expression
profiles were assessed by immunoblot. The results showed that PIPE
treatment significantly reduced cyclin D1 expression, but expression
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levels of total-ERK were not altered. Interestingly, we detected sig-
nificant reduction in ERK activation, as demonstrated by decreasing of
phospho-ERK expression. Considering that cyclin D1 expression may be
regulated by ERK, the cell cycle arrest induced by PIPE, at least in part,
is associated to reduction of ERK activation. Although the influence of
the ruthenium complexes on the activity of CDK-cyclin complexes has
been investigated in cell-free system (Filak et al., 2010; Miihlgassner
et al., 2012), up to now there is no data in the literature concerning
inhibitory activity of ruthenium complexes on cyclins expression profile
or Ras/MeK/Erk signaling pathway, especially considering the con-
centration range of PIPE used in the present study. Recently it was
shown that a polypyridyl-ruthenium derived compound reduces ERK
and pERK expression, nevertheless the authors did not investigate cy-
clins expression prolife, and attributed the reduction of these proteins
to pro-apoptotic activity of the studied compound (Deng et al., 2017).

In the last step, we investigated pro-apoptotic activity of PIPE on
A549 cells considering previous data concerning morphological
changes (cell shrinkage and loss cell-cell contact) and increased Sub-G1
cell population. We demonstrated that PIPE effectively induced apop-
tosis in A549 cells using specific markers of early (annexin V) and late
(caspase 3) apoptosis. There was a significant increase in the frequency
of positive cells for both annexin V and caspase 3. In addition, PIPE
caused a loss of mitochondrial membrane potential demonstrating that
apoptosis induced by PIPE was mediated, at least in part, by intrinsic
pathway activation. Two main pathways of caspase activation have
been described in mammalian cells (extrinsic and intrinsic), which re-
sult in final control of apoptosis. Extrinsic pathway is characterized by
activating of death receptors, which are localized in plasma membrane,
that in turn activate a cascade of events that mediate apoptosis process
(Corazza et al., 2009). Intrinsic pathway, typically activated by in-
tracellular stress signals, pro-apoptotic cell death factors belonging to
the Bcl-2 family increase mitochondrial permeability and release cy-
tochrome c, as well as other proteins from the intermembrane space of
mitochondria; leading to apoptosome formation resulting in caspase-9
activation, which initiates a cascade of effector caspases including
caspases-3, -6, and -7. In turn, the active caspase-3 triggers DNA frag-
mentation factor (Caspase-Activated DNase, CAD) and promotes DNA
internucleosomal cleavage (Lopez and Tait, 2015). Many chemother-
apeutic drugs induce apoptosis via intrinsic pathway by promoting DNA
damage (Dewanjee et al., 2017; Zhong et al., 2013). It has been re-
ported that the ruthenium complexes activate primary apoptosis by
mitochondrial pathway (Lord et al., 2015; Huang et al., 2016; Yang
et al., 2012). On the other hand, ruthenium complexes can activate the
extrinsic apoptosis pathway (Li et al., 2012; Deng et al., 2015). Wan
et al. (2017) demonstrated that ruthenium(II) polypyridil complexes
induce DNA damage due to their ability in increasing ROS in cells de-
rived from carcinoma hepatocellular (BEL-7402 cells). Yang et al.
(2012) demonstrated that ruthenium-methylimidazole complexes in-
duced apoptosis in A549 cells through intrinsic mitochondrial pathway.

Considering that evasion to apoptosis is one of the central features
of malignant progression as well as drug resistance, effective com-
pounds in inducing apoptosis represent promising candidates as anti-
neoplastic agent.

5. Conclusion

We synthetized and characterized a novel ruthenium(II)-piperonylic
acid complex [Ru(pipe)(dppb)(bipy)]PF¢ and showed that it is a pro-
mising antitumor agent against non-small cell lung cancer due to its
ability of inducing cell cycle arrest in G1/S transition and apoptosis by
intrinsic pathway. We also demonstrated that the reduction of ERK
activation and cyclin D1 expression are involved in the cycle arrest in
G1/S transition induced by this ruthenium complex.
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