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Abstract

Platinum-based drugs, mainly cisplatin, are used for the treatment of several solid tumors such as OS. However, cisplatin
treatment often results in the development of chemoresistance, leading therapeutic failure. We have previously reported that
platinum complexes containing 8-hydroxyquinoline ligands have good antitumor activity against different cancer cell lines
and with a different and better cytotoxic profile than cisplatin. Here, the anticancer properties of two different quinoline—plati-
num complexes [Pt(Cl),(quinoline)(dmso)] (1) [PtCI(8-O-quinoline)(dmso)] (2) on in vitro (2D and 3D) and in vivo models
(xenograft tumor of human osteosarcoma in mice) are presented. In this order, [PtC1(8-O-quinoline)(dmso)] (2) impaired
cell viability to have a more pronounced antitumor effect than cisplatin on MG-63 osteosarcoma cells (IC5y, 4 ptM vs. 39 uM).
Besides, [PtCI(8-O-quinoline)(dmso)] (2) increased ROS production in a dose-manner response and this compound induced
early and late apoptotic fractions of human osteosarcoma cells. Finally, [PtCI(8-O-quinoline)(dmso)] (2) decreased the cell
viability of multicellular spheroids and reduced the tumor volume on athymic nude mice N:NIH(S) Fox1™ without inducing
side effects. In this way, [PtCI(8-O-quinoline)(dmso)] (2) did not alter the normal cytoarchitecture of liver and kidney and
the blood biomarkers (GPT, GOT, uremia, and creatinine) did not suffer modifications. Taken together, our data indicate
that these compounds showed a better anticancer performance than cisplatin on in vitro and in vivo studies. These results
showed the importance of chelation in the antitumor properties, suggesting that the [PtC1(8-0O-quinoline)(dmso)] (2) might
be a promising agent for the treatment of human osteosarcoma tumors resistant to cisplatin.
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supplementary material, which is available to authorized users. It is widely known that cisplatin, carboplatin, and oxalipla-
tine are the most important and successful metallodrugs
used in the clinic [1]. Cisplatin has been effective for the

treatment of solid human tumors, including osteosarcoma
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the most common bone tumor in children and young adults
[3], so a better understanding of the mechanisms underlying
the clinical expression of OS and the identification of novel
chemotherapeutic drugs for a more effective treatment are
of importance to improve the welfare and survival of these
patients. In this way, different ligands and combined thera-
pies have been employed for chemotherapy, such as combi-
nations of caffeine and xanthine derivatives [4, 5], but the
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prognoses of recurrent osteosarcoma was moderate (long-
term survival of >20%) [6, 7]. Other more recent platinum
complexes based on ionic platinum complexes using bis-
phosphonates as ligands (because of their strong affinity for
calcium) have been studied with the moderate results [8—10].

More recently, Tsuchiya et al. [11] have described the
synthesis of new ionic platinum complexes which can be
effective as antitumor drugs. These platinum complexes
include in their structure polyaromatic ligands as phenanth-
roline derivatives, while the other platinum complexes used
ligands derived from bisphosphonates. The main character-
istic of these platinum drugs is related to the ionic character,
even in the cases that some Farrell’s group who developed
poly-cationic platinum complexes that later failed in clinical
phases [12].

On the other hand, quinolines and derivatives are a fam-
ily of ligands with multiple biological activities such as
antineurodegenerative, antiviral, antibacterial, antioxidant,
and anticancer, among others [13, 14]. In this case, 8 hydrox-
yquinoline (8HQ) has potent coordinating ability and good
metal recognition properties, which means that it is widely
used for analytical applications as well as for metal chela-
tion [15]. Besides, 8HQ is the most interesting one to be
explored, due to its multifunctional and diverse properties
related to the therapeutic potentials [13, 15].

Recently, we have developed a new family of antitu-
mor platinum complexes, that used different substituted
8-hydroxyquinoline derivatives as ligands (which have
been used in medicinal chemistry as polycyclic aromatics
compounds (PACS) [16]. The anticancer activity of these
complexes was quite active against a panel of representative
human tumor cell lines. The use of 2D cell in culture models
to test potential antitumor drugs is one of the most suitable
employed assays. Nevertheless, in the 2D cell culture mod-
els, the cells are more likely to be affected by the drug under
evaluation than in more representative 3D models of tumors
(multicellular spheroids) [17, 18].

The multicellular spheroids (MCS), as a 3D model, simu-
late the avascular state of an in vivo tumor and it is a suc-
cessful model to study the cellular uptake of antitumor-based
drugs [19-21].

Based on our previous studies and from others on the use
of platinum drugs against osteosarcoma our hypothesis is
based on the assumption that the ionic nature of the plati-
num complex is critical for the activity of these drugs in the
bone tumor and the chelation of the aromatic group (hydrox-
yquinoline) has an important role [16]. To clarify these
issues, we present here the biological evaluation of a quino-
line—platinum complex 1 [Pt(Cl),(quinoline)(dmso)] formed
by monodentate aromatic ligand and the chelate complex 2
[PtC1(8-0O-quinoline)(dmso)] formed by 8-hydroxyquinolate
ligand on 2D and 3D spheroids human osteosarcoma cells.
In addition, our investigations on in vivo antitumor effects
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of complex 2 on a xenograft mice model of osteosarcoma
are also presented.

Materials and methods
Materials

Tissue culture materials were purchased from Corning
(Princeton, NJ, USA), Dulbecco‘s Modified Eagles Medium
(DMEM), TrypLE™ from Gibco (Gaithersburg, MD,
USA), and fetal bovine serum (FBS) from Internegocios SA
(Argentina). Dihydrorhodamine 123 (DHR) was purchased
from Molecular Probes (Eugene, OR). Annexin V, fluores-
cein isothiocyanate (FITC), and propidium iodide (PI) were
from Invitrogen Corporation (Buenos Aires, Argentina).
SYBR Green and Low melting point agarose were purchased
from Invitrogen Corporation (Buenos Aires, Argentina).
JC1 was provided by Biomol International (USA). The cis-
PtCl1,(DMSO), complex was synthesized according to the
literature procedure [22].

Synthesis of platinum complexes: 1 and 2
[16]

General methods

NMR spectra were acquired on a Bruker 300 spectrometer,
running at 300, 75 and 64.5 MHz for 'H, 3C, and '*Px,
respectively. Chemical shifts () are reported in ppm rela-
tive to residual solvent signals (DMSO-d,: 2.50 ppm for 'H
NMR; CD,Cl,: 5.32 ppm for '"H NMR, 53.84 for 3C NMR).
13C NMR spectra were acquired on a broadband decoupled
mode. !*>Pt NMR spectra were obtained with chemical shifts
reported in ppm downfield relative to the external reference
1.0 M Na,PtClg in D,O. Melting points were measured using
a Gallenkamp apparatus in open capillary tubes.

General procedure for the synthesis of compounds
1and 2

Compounds 1 and 2 were synthesized according to our pre-
viously reported results [16].

[Pt(Cl),(quinoline)(dmso)] (1). The product was obtained
as a pale yellow solid (77% yield) without further purifica-
tion. '"H NMR (300 MHz, DMSO-dy): §9.57 (d, J=5.4 Hz,
1H), 9.42 (d, /=8.7 Hz, 1H), 8.74 (d, J=8.3 Hz, 1H),
8.18-8.06 (m, 2H), 7.81 (t, J=7.6 Hz, 1H), 7.70 (dd, /=8.3,
5.4 Hz, 1H), 2.54 (s, 6H). Due to the low solubility of the
complex, '*C NMR spectrum was not possible to acquire.
195pt NMR (64.5 MHz, DMSO-d) 6: —3029.3. Anal. calcd.
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for C,H;;CLLNOPtS: C, 27.92; H, 2.77; N, 2.96; S, 6.77;
found: C, 27.71; H, 2.83; N, 2.77; S, 6.58.

[PtCI(8-0-quinoline)(dmso)] (2). The product was
obtained following the general procedure as a yellow—orange
solid (78% yield) without further purification. MP (°C)
197.0-198.0 (decom.). '"H NMR (300 MHz, CD,Cl,) 6
9.41 (dd, J=10.7, 1.2 Hz, 1H), 8.38 (dd, /J=8.4, 1.1 Hz,
1H), 7.58-7.40 (m, 2H), 7.02-7.06 (m, 2H), 3.61 (s,
6H). '3C NMR (75 MHz, CD,Cl,) & 148.6, 148.3, 140.3,
140.2, 131.5, 131.0, 121.7, 115.6, 114.6. 46.6. Pt NMR
(64.5 MHz, CD,Cl,) §: —2760.7. HRMS (FAB™): calcd for
C,;H,,CINO,PtS (M*): 452.9915; found: 452.9928. Anal.
caled. for C;;H,,CINO,PtS: C, 29.18; H, 2.67; N, 3.09;
found: C, 29.00; H, 2.67; N, 2.94.

Stability of the complexes in solution

The 'H and Pt NMR stability studies were carried out
using 0.022 mM solution of complex 1 or complex 2 in a 3:1
mixture of DMSO-dy/D,0. The samples were monitored by
NMR at different time points.

Cell line and growth conditions

MG-63 human osteosarcoma cells (CRL1427™) and 1.929
mouse fibroblasts (CRL 6364™) were grown in DMEM-
containing 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in 5% CO, atmosphere. Cells were
seeded in a 75 cm? flask, and when 70-80% of confluence
was reached, cells were subculture using 1 mL of TrypLE™
per 25 cm? flask. For experiments, cells were grown in multi-
well plates. When cells reached the desired confluence, the
monolayers were washed with DMEM and were incubated
under different conditions according to the experiments.

2D In vitro studies
Cell viability: crystal violet assay and MTT assay

A mitogenic bioassay was carried out as described by Oka-
jima et al. [23] with some modifications. Briefly, cells were
grown in 48-well plates. For experiments, 3 x 10* cells/mL
were grown for 24 h at 37 °C. After that, the monolayers
were incubated for 6 and 24 h with different concentrations
(10-50 uM) of both complexes. Then, the dye solution was
discarded and the plate was washed with water and dried.
The dye taken up by the cells was extracted using 0.5 mL/
well 0.1 M glycine/HCl buffer, pH 3.0/30% methanol and
transferred to test tubes. After a convenient sample dilution,
the absorbance was read at 540 nm.

MTT assay

The MTT assay was performed according to Mosmann [24].
Briefly, cells were seeded in a 96-multi-well dish, allowed to
attach for 24 h, and treated with different concentrations of
1, 2 and cisplatin at 37 °C for 24 h. After that, the medium
was changed and the cells were incubated with 0.5 mg/mL
MTT under normal culture conditions for 3 h. Color devel-
opment was measured spectrophotometrically in a Micro-
plate Reader at 570 nm after cell lysis in DMSO (100 uL/
well).

Single-cell gel electrophoresis (SCGE) assay

For detection of DNA strand breaks, the single-cell gel
electrophoresis (‘comet’) assay was used in the alkaline
version, based on the method of Singh et al., with minor
modifications [25]. Analysis of the slides was performed
in an Olympus BX50 fluorescence microscope. Cellular
images were acquired with the Leica IM50 Image Manager
(Imagic Bildverarbeitung AG). A total of 50 randomly cap-
tured cells per experimental point of each experiment were
used to determine the tail moment (product of tail length by
tail DNA percentage) using a free comet scoring software
(Comet Score version 1.5).

DNA cleavage assay

Cleavage of plasmid DNA (pA1l) by the three complexes (1,
2, and cisplatin) was examined by agarose gel electrophore-
sis under inorganic (phosphate buffer) and organic (MOPS)
media at physiological pH according to a previous report.
DNA cleavage activity of the complexes was evaluated by
the amount of supercoiled plasmid DNA (Sc) converted into
nicked circular DNA (Nck) and linear DNA (Lin). 1% aga-
rose gel in 0.5X TBE was prepared as described elsewhere
[26]. Peak areas for the Sc form were always corrected by
factor 1.47 to account for its weak binding capacity to eth-
idium bromide [27].

Determination of reactive oxygen species (ROS) production

Oxidative stress in osteoblasts was evaluated by the meas-
urement of intracellular production of reactive oxygen spe-
cies (ROS) after incubation of the cell monolayers with dif-
ferent concentrations of the complex during 6 h at 37 °C.
ROS generation was determined by the oxidation of DHR-
123 to rhodamine by Fluorescence spectroscopy as we have
previously described by Leén and co-workers [28]. As a
positive control, we use H,O, (20 min, 0.75 mM).
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Measurement of the exposure of phosphatidyl serine (PS)
by Annexin V-FITC/PI Staining

Cells in the early and late stages of apoptosis were detected
with Annexin V-FITC and Propidium Iodide (PI) staining.
Cells were treated with 10 and 50 uM of compound 2 and
incubated for 6 h prior to analysis. Cells were analyzed
using a flow cytometer (BD FACs Calibur™) and FlowJo
7.6 software. For each analysis, 10,000 counts, gated on a
FSC vs. SSC dot plot, were recorded.

Mitochondrial membrane potential (MMP)

The mitochondrial permeability detection Kit (MTt-E-j,
Biomol International) was used to analyze the mitochon-
drial membrane potential according to the manufacturer’s
instructions.

For the control condition, we are using carbonyl cya-
nide m-chlorophenylhydrazone (CCCP, 50 uM).

3D In vitro studies
Multicellular spheroid formation

The development of multicellular spheroids was achieved
by the hanging drop technique with minor modifications
[29]. For pharmacologic experiments, multicellular sphe-
roids were treated with: 1% dimethyl sulfoxide in DMEM
(basal) and 5-150 uM of compound 2 and cisplatin for
24 h. After that, the evaluation of damage in cell viability
of spheroids was achieved by resazurin reduction assay.

In vivo studies
Tumor implantation, treatment, and evaluation

Xenograft tumors were established in 6-week-old male
nude (N:NIH(S)-FoxI™) mice.

Mice were kept under specific pathogen-free (SPF)
conditions. Mice were inoculated subcutaneously (s. c.)
into the right flank with 2 x 10® human osteosarcoma
MG-63 cells. Tumor size was assessed using a caliper
and approximate tumor burden (mm?) was calculated as
length X width?/2 (V= Iw?/2), where length and width are
the longest and shortest axes in millimeters [30].

For pharmacologic experiments, mice were treated
when the xenograft tumors reached 400 mm?>. Mice
received an injection of PEG400 in phosphate-buffered
saline (5% n =15, vehicle control mice), complex 2 (6 mg/
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Kg, n=35 treated mice), and cisplatin (6 mg/ Kg, n=35
treated mice): via intraperitoneal twice a week for 30 days.

Histopathological studies and biochemical parameters

Animals were sacrificed, and liver, kidney, and tumor were
dissected out. These organs were fixed and then dehydrated
and embedded in paraffin.

The slides were stained with hematoxylin—eosin, cleared
with xylene for half an hour and mounted with Canada
balsam.

Blood collections and biochemical analysis [uremia,
creatinine, aspartate aminotransferase (GOT), and alanine
aminotransferase (GPT)]

To analyze whether there were any biochemical changes in
the kidney and liver of the animals, serum uremia, creati-
nine, GOT, and GPT enzymatic activity levels were quanti-
fied. A total of 1000 pL of blood were collected via cardiac
puncture. Blood samples were centrifuged at 1000g for
10 min to separate the serum and stored. Enzymatic activity
measurements were performed using biochemical diagnostic
kits from Wiener Lab.

Statistical analysis

Statistical analyses were performed using STATGRAPHICS
Centurion X VLI software. At least three independent experi-
ments were performed for each experimental condition in
all the biological assays. The results are expressed as the
mean =+ the standard error of the mean (SEM). Statistical
differences were analyzed using the analysis of variance
method (ANOVA) followed by the test of least significant
difference (Fisher).

Results

Synthesis of platinum complexes (1 and 2)
and stability studies

Platinum compounds were synthesized according to our pre-
vious results [16]. The structures of these compounds have
been proposed on the basis of elemental analysis, NMR, and
IR spectroscopy [16].

In the previous studies, we reported the lower stability in
solution of monodentate—quinoline—platinum(II) complexes
compared to chelate complexes. These stability studies were
carried out in saline solution and analyzed by reversed-phase
HPLC. We now performed the stability of complexes 1 and
2 by 'H and '>Pt NMR (Fig. 1) to identify the different spe-
cies in solution that could be related to the different activity
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Fig.1 The 'H and >Pt NMR stability studies were carried out using solution of complex 1 or complex 2 in DMSO-d¢/D,0. The samples were

monitored by NMR at different time points

observed for both complexes. The '"H NMR spectra of che-
late complex 2 showed the high stability of the complex in
solution along the time. Although a small amount (< 15%)
of a different species was detected at the initial time (t=0 h),
these species remained unaltered along the time. By con-
trast, the NMR studies of monodentate complex 1 showed
its low stability in solution. After 24 h, different species
were detected by '"H NMR. Besides complex 1, the chemi-
cal shifts of the free quinoline ligand were also identified. In
addition, a new signal at —3456.8 ppm appears in the !> Pt
NMR spectrum. This signal corresponds with the reported
chemical shift of cis-PtCl,(dmso), [31], which is formed by
quinoline—-DMSO exchange reaction in complex 1.

2D In vitro studies
Cytotoxicity studies

To get a deeper insight into the antiproliferative effects of
these quinolone—platinum compounds, the cytotoxicity of
complexes 1 and 2 was investigated (Fig. 2). After 6 h, com-
plex 2 reduced cell viability in the range of 10-50 uM, while
compound 1 did not show any effect (p <0.01, Fig. 2). After
24 h, compound 2 induced a decrease in cell viability at the
concentration as low as 10 uM, whereas, for 1, this effect is
observed at 25 uM. The data presented herein show some
cytotoxic effects of both compounds in a concentration-
and time-dependent manner with statistically significant
differences vs. control (without complex addition) (Fig. 2a,
b, p<0.01). Besides, the alteration in the energetic cell
metabolism was determined by the MTT assay. After 24 h,
both compounds caused an inhibitory effect on cell viabil-
ity in the range of 5-100 uM and 50-100 uM, respectively.
(Fig. 2¢, p<0.01).

To assess the antitumor effectiveness of both platinum
compounds, we compared their effects with the reference
metallodrug (cisplatin) in MG-63 cells. Interestingly, these
results show that compound 2 seems to have a more pro-
nounced antitumor effect than cisplatin on MG-63 osteosar-
coma cells (IC5, 4 uM vs. 39 uM), with ICs, value tenfold
lower than cisplatin.

The results obtained suggest that the dramatic effect on
the anticancer activity against osteosarcoma is probably
due to the difference in ligand structure, i.e., monodentate
quinoline ligand in 1 complex and the hydroxyquinolate
N,O-chelate ligand in 2. The chelate compound seems to be
considerably more active in comparison to the non-chelate
complex. Altogether, the NMR data seem to indicate that the
low stability of the monocoordinate complex 1 is due to its
high reactivity with the subsequent release of the quinoline
ligand. This high reactivity and low stability of quinoline
complex (1) would explain the lower antitumor activity of
complex 1 compared to complex 2 (see Fig. 1).

On the other hand, to understand the specific potential of
compound 2 and to address its selectivity for cancer cells,
we investigated their effect on the cell viability of mouse-
derived fibroblast (1929 cells) and we compared their effects
by calculating the selectivity index (SI).

Table 1 shows that compound has a great selectivity on
MG-63 compared to cisplatin. The SI value of compound
2 is four times higher than SI value of cisplatin, suggesting
that the complex 2 has a higher selectivity than cisplatin.

Genotoxicity studies
The genotoxic effects and nuclease activity of complexes
1 and 2 were investigated through the induction of DNA

damage by the Comet assay (SCGE) and the DNA plasmid
cleavage.
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Fig.2 Effects of complex 1 (a) and 2 (b) on MG-63 human osteosar-
coma cell viability using crystal violet method. Effects of complex 1,
2, and cisplatin on MG-63 human osteosarcoma cell viability using
MTT assay (c). The results are expressed as the percentage of the

Table 1 ICs, (uM) and SI
values of complex 2 and
cisplatin on L929 and MG-63 ) 14 4 35

cells of after 24 h Cisplatin 38 39 0.97

L929 MG-63 SI

As it is shown in Fig. 3a, complexes 1, 2, and cisplatin
produced a significant genotoxic effect on MG-63 cells from
1to 2.5 uM (p <0.01). In this order, the compound 2 showed
stronger genotoxic effects than compound 1 and cisplatin at
1 uM. At 2.5 uM the genotoxic effect is less pronounced.
The effect that the damage in DNA decreases as the com-
plex concentration increases may be due to overt cytotoxic-
ity exerted on this cell line.

Considering the results of both platinum compounds in
DNA cleavage as a whole, we decided to investigate the
interaction of the complexes with an in vitro DNA plas-
mid model (pDNA). The nuclease activity of compounds 1
and 2 under phosphate buffer is shown in Fig. 3b. As it can
be seen, complex 1 is less active than 2 in the presence of
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basal level and represent the mean =+ the standard error of the mean
(SEM) (n = 18). Asterisk represent significant difference in compari-
son with the basal level (p < 0.01).

oxone. In this condition, a double-strand cleavage was also
observed, to a greater extent for compound 2 (lane 10) than
for compound 1 (lane 6). Moreover, no significant changes
were observed in the presence of mercaptopropionic acid
(MPA) (lanes 7 and 11). Interestingly, cisplatin did not cause
any effect towards DNA cleavage (lanes 4 and 12).

Altogether, these results suggest that complexes 1 and 2
induced single- and double-strand DNA breaks in MG-63
cells, leading to a positive result in the Comet assay, which
is significantly detected at lower concentrations, mainly for
complex 2. Besides, both compounds are active toward pAl
plasmid DNA model which suggests a possible nuclease
activity.

Mechanism of action

The putative cell death mechanisms triggered by the most
active platinum complex (2) were investigated through the
determination of the oxidative stress and an exhaustive study
of apoptosis.
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Fig.3 Genotoxicity studies of both complexes toward MG-63 tumor
cells and plasmid DNA. a Comet assay: single-cell gel electrophore-
sis. Induction of DNA damage by complex 1, 2, and cisplatin in the
MG-63 human osteosarcoma cell line. DNA damage was evaluated
by the tail moment. The results are expressed as the mean+SEM
(n=150). *p<0.01. b DNA cleavage activity of complex 1 (lanes

Oxidative stress

Oxidative stress has been reported as one of the main fac-
tors that trigger the deleterious actions of metal-based drugs
[32-34].

Incubation of osteosarcoma cells with different concen-
trations of 2 caused an increment on the induction of ROS.
The compound increased ROS production after 6 h in a
dose-manner response at 25 uM (160%), 50 uM (200%), and
100 uM (411%) (p <0.01). Besides, cisplatin only induced
ROS production at 100 uM (427%), whilst, at 25 and 50 pM,
the compound did not increase the ROS levels (p <0.01).
In addition, H,0O, (positive control) increased the levels of
ROS on 35.

The increase in ROS levels has been associated with cell
death or membrane injury. Overall, it can be assumed that
the free radicals decrease the concentration of important cel-
lular compounds and impair the antioxidant system making
cells more vulnerable to oxidative damage.

Apoptosis study

Different scientific reports have shown that high levels of
ROS can induce apoptosis by activating the mitochondrial-
mediated apoptotic pathway [35, 36].

To evaluate the effect of complex concentration on apop-
tosis induction, we used two concentrations (10 and 50 uM)
of 2. Figure 4 displays the flow cytometry results of the
apoptotic process and the quantification of early and late
stages of apoptosis in basal condition and in the presence
of 2.

Figure 4 shows that, after 6 h of incubation, the con-
trol cultures showed 3% of early apoptotic cells Annexin

100
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O0Sc ®Nck mLin

5

g

»n
o

0

1.2 3 4 5 6 7 8 9 10 1 12 13 14 15

5-7) and CR-175 (lanes 9-11) prepared in 0.5% DMSO at 50 uM
in the presence of activating agents (oxone and MPA) under 10 mM
PBS buffer. Upper part: visualized DNA bands in 1% agarose gel.
Lower part: a chart column with the calculated percentage of DNA
bands corresponding to each lane in the gel

V(+) and 3% of late apoptotic cells Annexin V(+)/PI(+).
These results changed with 10 and 50 uM of 2, showing
an increase in the early/late apoptotic cellular fractions.
At 10 uM, complex 2 produced ca. 9% of early apoptotic
cells [Annexin V(+)] and 16% of late apoptotic cells
[Annexin V(+)/PI(+)], while, at 50 uM, the late apoptotic
fraction increased to 41% (p <0.01). As it can be seen,
the percentages of apoptotic and apoptotic/necrotic cells
increased with the complex concentration. These results
are in accordance with the cell viability assays, confirm-
ing that the antiproliferative action of 2 is dependent on
the compound concentration in the MG-63 cells. On the
other hand, Fig. SM1 showed that cisplatin did not induce
apoptosis effects after 6 h of incubation.

Mitochondria are one of the most important organelles
that can regulate cellular apoptosis [37]. The mitochondrial
transmembrane potential (MMP) preserves the integrity and
functions of the mitochondria. Dissipation of the MMP can
lead the cells to apoptosis or necrosis [38]. To elucidate if
deleterious effects of the platinum derivative 2 in human
osteosarcoma cells included the alterations of mitochondrial
functions, we evaluated the MMP in MG-63 cells under con-
trol conditions and in the presence of the lethal concentra-
tion of 2 (50 uM). The changes in MMP were measured by
flow cytometry using the probe JC1.

As it can be seen a significant percentage of cells dis-
played reduced mitochondrial membrane potential (higher
green fluorescence and lower red fluorescence, Figure SM1),
suggesting a role of the mitochondrial pathway in two
induced osteosarcoma apoptosis. These results are in agree-
ment with the oxidative stress and PS externalization assays,
suggesting that the main mechanisms of antitumor actions
of the compound include ROS production and apoptosis.
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Fig.4 Effect of complex 2 on the externalization of PS by flow
cytometry in MG-63 cells. Cells were incubated with 10 and 50 M
of complex 2 during 6 h. Graphical bars show the percentage of

3D In vitro studies

Effects of complex 2 and cisplatin on the cell viability
of MG-63 multicellular spheroids

Anticancer efficacy of platinum compounds was assessed by
means of using resazurin reduction assay which is a useful
marker of cell viability in multicellular spheroids [39, 40].

The data presented herein show a cytotoxic effect of com-
plex 2 and cisplatin with statistically significant differences
vs. the control (basal condition) (p <0.01).

Figure 5 shows the effects of compound 2 and cisplatin
on cell viability in MG-63 multicellular spheroids. At lower
concentration (5 and 10 uM), only compound 2 impaired
the cell viability of the multicellular spheroids showing a
reduction of the 20% of the resazurin activity. Nevertheless,
from 25 to 150 pM, cisplatin decreases drastically the cell
viability of multicellular showing stronger anticancer activ-
ity than compound 2.

These results are in contrast to the 2D cell viability results
in which complex 2 shows higher antitumor activity than
cisplatin, suggesting that some aspects such us hypoxic
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Annexin V(+) and Annexin V(+)/PI(+) cells. Results are expressed
as the mean+SEM, n=9, *significant differences vs. control
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Fig.5 Effects of complex 2 and cisplatin on cell viability of MG-63
multicellular spheroids. For cell viability assay, one spheroid was
incubated in Dulbecco’s modified Eagle’s medium (DMEM) alone
(basal) or with 5-150 pM of complex 2 and cisplatin at 37 °C for
24 h. Then, the resazurin activity was measured as cell viability
biomarker. The results are expressed as the percentage of the basal
level and represent the mean =+ the standard error of the mean (SEM)
(n=18). *In comparison to the basal level (p <0.01)
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conditions, redox potential, cell uptake, and bioavailability
are key to define the anticancer activity of antitumor drugs
[41].

In vivo studies

Compound 2 antitumor efficacy evaluation in athymic nude
mice N:NIH(S) Fox1nu bearing human osteosarcoma tumor
derived from MG-63 cell line

After estimations of the in vitro antitumor activity of
both platinum complexes 1 and 2 (see above), we decided
to assess in vivo anticancer activity of the most active
compound.

In Fig. 6a, in vivo antitumor effects of compound 2 in
osteosarcoma mice model can be seen. Statistically signifi-
cant differences could be observed in tumor volumes after
the 7th day of treatment, where treated tumors were smaller
than controls (*p < 0.01). In this sense, the values of tumor
volume (mm?®) were 543 + 38, 455 +24 for control and
treatment, respectively. After 14 days of treatment, it was
observed that compound 2 continued tumor reduction com-
pared to the control conditions, obtaining values of 622 +56
and 418 +39 mm? for control and treatments, respectively
(*p <0.01). Tumor size was determined for the last time
2 days after finishing treatment (day 32th). As it can be seen,
the difference among both groups remained to be statistically
significant, with values of 989 + 68 and 650 + 53, for con-
trol and treatment, respectively. Besides, complex 2 blocked
bone tumor growth in the xenograft model without inducing
cytotoxicity and several side effects, as shown in Fig. 6b.

In addition, to determine the antitumor effectiveness
of compound 2, we compared its effects with those of the
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Fig.6 a In vivo antitumor effects of compound 2. MG-63 cells were
inoculated subcutaneously into the right flank of nude mice and
allowed to form tumors (Control, compound 2 (6 mg/Kg). Tumor
volume was measured at the indicated time points after the onset
of treatment. In relative volume (Vvolume, Vjinitial volume). All

reference metallodrug (cisplatin) in xenograft osteosarcoma
in vivo model. Figure SM2 shows the improvement of life
span of xenograft-bearing mice treated compound 2 (6 mg/
Kg) in comparison with cisplatin (6 mg/Kg). After treat-
ment of cisplatin, the animals died on day 10, 14, and 16.
It is worth mentioning that, under control and compound 2
conditions, animals were not affected. On the 32th day, the
control and compound 2 treatment groups were sacrificed in
agreement with the ethical statement endpoint. These results
showed that only cisplatin-treated mice die suggesting the
importance role of toxic side effects of cisplatin of life span
of animals. In agreement with our results, many scientific
reports described the toxicity exerted of cisplatin in different
tissues such us kidney, stomach, etc. [42, 43].

Mice in the control experiments also have tumors, but
they do not die as is the case with mice treated with complex
2 (Figure SM2). Only cisplatin-treated mice die, probably
due to the toxic side effects. The authors should add a com-
ment on that already in the results.

Histopathological examination and biochemical
parameters

Osteosarcoma is a sarcomatous tissue with abnormal osteo-
cytes cells. These cells produce an osteoid eosinophilc sub-
stance (immature bone trabeculae), which is characteristic
of this kind of tumor. The osteocytes were characterized
by an intense basophiles cytoplasm, and an atypical and
irregular nucleus with anisocytosis, pyknosis, and karyor-
rhexis. These tumors presented a high mitotic index in the
peripheral zone and a big coagulative necrotic area in the
middle (see Fig. SM3a). Tumor coagulative necrosis is due
to protein denaturation because of the rapid tumor growth or
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data are presented as mean+SEM for 5 mice/group. *p <0.01 with
reference to basal, p<0.01 between treatments. b Animal weight
changes. Weight was measured every 3 days. All data are presented
as mean+ SEM for 5 mice/group. *p <0.01 with reference to basal,
#p <0.01 between treatments
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as a consequence of ischemia (Fig. SM3b). After treatment
with the platinum complex, more space between the cells
and an increase in the fibrous tissue as a consequence of the
necrosis process was found (Fig. SM3c). The mitotic index
was low, and the apoptotic cells were observed in larger
quantities than in the control group (see Fig. SM3d). The
tumor cell nuclei showed karyorrhexis. This process occurs
because of nuclear disintegration and as a consequence of
the chromatin fragmentation.

The microphotograph of the liver section of the control
group showed normal architecture and appearance (Fig.
SM4a). As it can be seen in Fig. SM4a and SM4b, there
was not steatosis. After treatment, the architecture of the
liver remained normal, but it could be seen the presence of
around 10% of microvacuolar steatosis (Fig. SM4d). This
process is very common in chemotherapy, but it is slight and
regenerative. There were some lymphoid cells and higher
quantities of Kupffer cells in the sinusoids (Fig. SM4e). In
conclusion, platinum complex 2 is slightly hepatotoxic, but
this process is slight and reversible. On the other hand, Fig.
SM4c and f shows that no changes were observed between
control and treatment samples on the kidney’s architecture.
In this sense, the number of mesangial cells was the same,
and there was no fibrous tissue.

On the other hand, quantification of enzymatic activity
levels of GOT and GPT is important in the diagnosis of
heart and liver damage. Table 2 shows that the values of
uremia, creatinine, GPT, and GOT did not suffer significant
modifications comparing control and treatment conditions.
These results are in agreement with the histopathology stud-
ies (see Figs. SM3/SM4), and this confirms that no change
in kidney and liver toxicity occurred in nude mice during
the treatment.

Discussion

Quinolines are a family of compounds with multiple bioac-
tivities [13, 14]. In particular, 8-hydroxyquinoline (§HQ)
possesses potent coordinating ability and good metal rec-
ognition properties, which means that it is widely used for
metal chelation. In fact, pharmacological actions of these
compounds are more effective than those with free ligands,

Table 2 Effect of compound 2 on serum GPT, GOT activities, and
uremia, and creatinine levels in control and treatment groups in
N:NIH(S) FoxI™ mice

Uremia (mg/ Creatinine GPT (U/1) GOT (U/)
dl) (mg/dl)
Control 63.5+0.41 0.55+0.01 38.6+9 925+15.2
Treatment 66 +6.5 0.51+0.04 60.3+8 134+22.3
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meaning that the anticancer properties of quinolines are
enhanced by complexation with metal ions [44].

In the last years, there has been increasing interest in the
synthesis of new platinum derivatives with enhanced anti-
cancer properties and minor side effects [45, 46]. In this
sense, platinum-based complexes are extensively used in the
treatment of pediatric tumors like neuroblastoma, retinoblas-
toma, and osteosarcoma [47].

As part of a research project, we have addressed the
investigation of the anticancer effects of two platinum(II)
complexes with quinolines derivatives (compounds 1 and
2) against 2D, and 3D human osteosarcoma cells. The
results in MG-63 cell monolayers showed that compound 1
impaired cell viability in a dose-response manner from 50
to 100 uM, whilst the compound 2 reduced the cell viability
from 10 pM. The antitumor activity of compound 2 was
higher than compound 1 (ICs, 1 =46 uM, I1C5, 2=4 uM),
and exerted the antitumor actions in 2D inducing apop-
tosis (MMP dissipation and PS externalization) and ROS
generation. Moreover, it is important to highlight that the
observed increase in ROS levels is directly due to the action
of compound 2 that increased ROS induction and convey
the cells to apoptosis. In this sense, cisplatin also induces
the formation of reactive oxygen species that can trigger cell
death [48]. The antitumor activity of compound 2 is very
important showing greater therapeutically effects of complex
2 compared to platinum(II)-bisphosphonates’ compounds
against bone cancer cells [10]. Besides, we investigated the
effect of compound 2 and cisplatin on the cell viability of
mouse-derived fibroblast (L929 cells) and we compared
their effects by calculating the selectivity index (SI). The
results showed that compound 2 has a great selectivity on
MG-63 compared to cisplatin, indicating that the SI value
of compound 2 is four times higher than the SI value of
cisplatin.

On 3D spheroids cell systems, the compound 2 decreased
cell viability at lower concentration (5 and 10 uM), but,
when increased the concentration, cisplatin decreases drasti-
cally the cell viability of multicellular showing higher antitu-
mor activity than compound 2. These results are in contrast
to the monolayers (2D) cell viability results, suggesting that
redox potential, cell uptake, and bioavailability are crucial to
define the anticancer activity of these kinds of compounds.
Nevertheless, these results are very important, because
the complex 2 induced cytotoxicity using pharmacologi-
cal appropriate concentration against human osteosarcoma
cells in 2D and 3D models with very interesting effects. In
this order, a scientific report had previously demonstrated
that osteosarcoma cell spheres displayed resistance to cis-
platin and doxorubicin treatments [49]. Besides, Schreiber-
Brynzak et al. [41] published the effects of several clinical
reference metal-based anticancer drugs, against 2D and 3D
colon and ovarian cancer models.
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The advantages of 3D spheroid-based experiments
in comparison to 2D models underline the necessity of
using different experimental models for reliable preclini-
cal investigations to assess and better predict the antitu-
mor potential of novel metal-based drugs. In this way,
animal models of several types of cancers have evolved
in attempts to depict the complexity of this disease [50].

Our results show that compound 2 reduced tumor
growth in the nude mice without inducing side effects
(measured by the loss of body weight, blood biomarkers,
and histopathological analysis). These results demonstrate
that complex 2 caused a desired antitumor effect, because
it reduced tumor volume without affecting the animals’
health. In this sense, in vivo effects of compound 2 on the
osteosarcoma xenograft mice model are reported herein
for the first time, and it is relevant for the in vivo effects
of other platinum-based drugs on xenograft osteosarcoma
models [11].

Conclusion

In the present study, we have demonstrated the potential use
of hydroxyquinoline—platinum(II) compounds as anticancer
agents against human bone cancer. To do so, 2D (monolayer)
and 3D multiple cell tumor spheroids (MCTS) models of
MG-63 human osteosarcoma cell line was used to charac-
terize the ability of two platinum(II) compounds with the
quinoline ligands.

These compounds were able to block human osteosar-
coma growth in cells in vitro (2D) inducing ROS, DNA
damage, and programmed cell death. Besides, based on 3D
in vitro evidence, compound 2 reduced the viability and
altered the shape of the MCTS model showing a greater
anticancer activity than cisplatin. Moreover, when com-
plex 2 was tested in vivo, important anticancer activity was
observed during the treatment. The pharmacological effects
were determined through a significant suppression of bone
tumor growth along 30 days of treatment.

These results demonstrate the anticancer efficacy of
hydroxyquinoline—platinum compound, allowing them to
be placed within platinum antitumor drugs.
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