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a b s t r a c t

Polyoxometalates (POMs) are early transition metal oxygen anion clusters. They display interesting bio-
logical effects mainly related to their antiviral and antitumor properties. On the other hand, copper com-
pounds also show different biological and pharmacological effects in cell culture and in animal models.
We report herein for the first time, a detailed study of the mechanisms of action of a copper(II) compound
of the group of HPOMs with the formula K7Na3[Cu4(H2O)2(PW9034)2]20H2O (PW9Cu), in a model of
human osteosarcoma derived cell line, MG-63. The compound inhibited selectively the viability of the
osteosarcoma cells in the range of 25–100 lM (p < 0.01). Besides, we have clearly shown a more delete-
rious action of PW9Cu on tumor osteoblasts than in normal cells. Cytotoxicity studies also showed dele-
terious effects for PW9Cu. The increment of reactive oxygen species (ROS) and the decrease of the GSH/
GSSG ratio were involved in the antiproliferative effects of PW9Cu. Moreover, the compound caused cell
cycle arrest in G2 phase, triggering apoptosis as determined by flow cytometry. As a whole, these results
showed the main mechanisms of the deleterious effects of PW9Cu in the osteosarcoma cell line MG-63,
demonstrating that this compound is a promissory agent for cancer treatments.

� 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Polyoxometalates (POMs) are early transition metal oxygen
anion clusters. They are aggregates of metal cations (usually the
d0 species V(V), Nb(V), Ta(V), Mo(VI), and W(VI)) bridged by oxide
anions [1].

In addition, the heteropolyoxometalates (HPOMs) contain one
or more heteroatoms (e.g.: P, Cu, Si, Ge, As, etc.). The structural,
electronic properties as well as their easily modified physicochem-
ical characteristics (polarity, redox potential, surface charge distri-
bution, shape, and stability under physiological conditions), make
them attractive for several applications in different fields, specially
as pharmaceutical drugs.

From a medical point of view, the HPOMs are very interesting
compounds due to their antiviral and antitumor effects [2,3]. The
first biological report on the antiviral activity of POMs was pub-
lished in 1971 [4]. Then, several scientific papers about this subject
have been reported with special focus on their activity against
Human Inmmunodeficiency Virus (HIV) [5–7].
During the last decades, studies of biomedical activity of inor-
ganic precursors of POMs like molybdenum and vanadium com-
pounds have attracted the attention of numerous investigators
[2,8–10]. Moreover, reviews about bioactivity of tungsten com-
pounds are infrequent [11–13].

The biomedical importance of the POMs, is mainly based on
their interaction with enzymes such as alkaline phosphatase [14],
growth factors [15] and cellular constituents [16].

The pharmacological applications of HPOMs as inorganic phar-
maceuticals are still rare compared to the far more common
organic compounds [17]. Due to the lack of a thorough understand-
ing of the biological mechanisms used by POMs, the investigation
of their mechanisms of action constitutes an attractive field for
research.

In the present work, we have chosen the MG-63 cell line
derived from a human osteosarcoma because, according to the lit-
erature, it is a good model and one of the most used lines for bone
cancer research [18,19].

On the other hand, copper is an essential transition element
that plays a crucial role in the biochemistry of all aerobic organ-
isms [20]. Moreover, copper plays a role as an anti-inflammatory
agent and also, many complexing agents, which are pharmacolog-
ically inactive by themselves, display anti-inflammatory properties
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in association with copper(II) [20–23]. Cancer has been described
as a disease associated with an inflammatory response [24].
Indeed, numerous copper complexes that demonstrated Superox-
ide Dismutase (SOD)-mimetic properties have shown anticancer,
anticarcinogenic, and antimutagenic effects both in vitro and
in vivo [25]. For these reasons, it is worthy to understand the mech-
anisms of action of copper compounds in relation to cancer
treatment.

According to literature, the present study deals, for the first
time, with the effects of a copper(II) heteropolytungstate as a
potential antitumor compound in osteoblast like cells. The selected
heteropolytungstate K7Na3[Cu4(H2O)2(PW9034)2]20H2O (in
advance PW9Cu) belongs to an isomorphic series [(PW9O34)2M4]10-

� with M = Cu(II).
The effects of this compound on the viability of the tumor cell

line MG-63, are herein reported. We have investigated the putative
mechanisms involved in its antiproliferative effects, with particu-
lar focus on the role of oxidative stress (ROS induction) and on
the disturbance of GSH/GSSG ratio. Cytotoxicity, mainly at lyso-
somes and mitochondria metabolism, has been also studied.
Finally, cell cycle distribution and apoptosis induction have been
investigating using flow cytometry and confocal microscopy.
2. Materials and methods

2.1. Materials

Tissue culture materials were purchased from Corning (Prince-
ton, NJ, USA), Dulbecco’s Modified Eagles Medium (DMEM), Try-
pLE™ 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, Fluorescein isothiocyanate (FITC), rhodamine 123, pro-
pidium iodide (PI), CellMask™ and TOPRO-3 were from Invitrogen
Corporation (Buenos Aires, Argentina). Reduced glutathione (GSH)
and Vitamin E (a-Tocopherol) were purchased from Sigma Chem-
ical Co. (St. Louis, MO, USA). Ascorbic acid (Vitamin C) was pur-
chased from Merck Argentina (Buenos Aires, Argentina).

All other chemical were from Sigma Chemical Co. (ST. Louis,
MO).

MC3T3-E1, UMR106, MG-63 cell lines were purchased from
ATCC.
2.2. Synthesis of K7Na3[Cu4(H2O)2(PW9034)2]20H2O

K7Na3[Cu4(H2O)2(PW9034)2]20H2O was synthesized according
to Finke et al. [26]. Briefly, 5 g (1.8 mmol) of the precursor Na8H[P-
W9O34]19H2O (PW9) thermally treated (60 �C for three days in air
atmosphere) were added to 12 mL of an aqueous solution of
CuCl2�2H2O (6.2 g or 3.6 mmol) followed by the addition of an
excess of solid KCl (0.66 g, 8.8 mmol). The slightly cloudy solution
was centrifuged for about 5 min. The clear light green supernatant
was removed and allowed to crystallize at room temperature. The
crystals were recrystallized in water, air-dried and characterized.
The product obtained was characterized as previously reported
[27,28].
2.3. Preparation of K7Na3[Cu4(H2O)2(PW9034)2]20H2O solutions

Fresh stock solutions of the complex were prepared in distilled
water at 10 mM and diluted according to the concentrations
indicated in the legends of the figures.
2.4. Stability of the PW9Cu in solution

To test the stability of PW9Cu we analyzed the UV–visible spec-
tra at 2.5 mM. The electronic spectra were recorded at times rang-
ing from 0 to 48 h. The stability of the complex was followed at
816 nm by spectrophotometric measurement using a UV–vis Hew-
lett–Packard, Palo Alto, CA, USA, 8453 spectrophotometer.
2.5. Cell lines and growth conditions

MC3T3-E1, UMR106, and MG-63 osteoblast like cells were
grown in DMEM containing 10% FBS, 100 U/mL penicillin and
100 lg/mL streptomycin at 37 �C in 5% CO2 atmosphere. Cells were
seeded in a 75 cm2 flask and when 70–80% of confluence was
reached, the cells were subcultured using 1 mL of TrypLE™ per
each 25 cm2 flask. For experiments, the cells were grown in differ-
ent multi-well plates according to the assays: 48 wells for cell via-
bility test, 96 for MTT and NR assays, 24 for ROS and GSH
measurements, 12 for apoptosis determinations and 6 for cell cycle
analysis. When the cells reached the desired confluence, the mon-
olayers were washed with DMEM and were incubated under differ-
ent conditions according to the experiments.
2.6. Cell viability: crystal violet assay

A mitogenic bioassay was carried out as described by Okajima
et al. [29] with some modifications. Briefly, cells were grown in
48 well plates. For experiments, 3 � 104 cells/mL were grown for
24 h at 37 �C in 5% CO2 atmosphere. Then, the monolayers were
incubated for 24 h with different concentrations (2.5–100 lM) of
the free ligand or the compound PW9Cu. Besides, incubations were
also carried out with PW9Cu plus reduced glutathione (GSH) or
with a mixture of vitamins C and E. Cells were preincubated with
GSH (1 mM) during 2 h. Then, the thiol was eliminated before
the addition of PW9Cu. For other experiments the cells were incu-
bated with different concentrations of the compound plus a mix-
ture of vitamins C and E (50 lM each) during 24 h.

After this treatment, the monolayers were washed with PBS and
fixed with 5% glutaraldehyde/PBS at room temperature for 10 min.
After that, the cells were stained with 0.5% crystal violet/25% meth-
anol for 10 min. Then, the dye solution was discarded and the cells
were 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. It had been
previously reported that under these conditions, the colorimetric
bioassay strongly correlated with cell proliferation measured by
cell counting in Neubauer chamber [30].
2.7. MTT assay

The MTT assay was performed according to Mosmann [31].
Briefly, cells were seeded in a 96-multiwell dish (2.5 � 104 cells
per well), allowed to attach for 24 h and treated with different con-
centrations of PW9Cu 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. Cell viability was determined by
the conversion of the tetrazolium salt MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl-tetrazolium-bromide) to a colored forma-
zan by mitochondrial dehydrogenases. Color development was
measured spectrophotometrically at 570 nm in a Microplate
Reader (7530, Cambridge technology, Inc, USA) after cell lysis in
DMSO (100 lL/well). Cell viability was plotted as the percentage
of the control value.
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2.8. Neutral red assay

The neutral red accumulation assay was performed according to
Borenfreund and co-workers [32]. Cells were plated into 96 well
culture plates (2.5 � 104 cells per well) and treated with different
PW9Cu concentrations for 24 h at 37 �C in 5% CO2 in air. After treat-
ment, the medium was replaced by another containing
100 lg mL�1 neutral red (NR) dye. After that, the cells were incu-
bated for 3 h at 37 �C. Then, the neutral red medium was discarded,
the cells were rinsed twice with warm PBS (37 �C, pH 7.4) to
remove the non-incorporated dye. 100 lL of a 50% ethanol and
1% acetic acid solution were added to each well to fix the cells
releasing the NR into the solution. The plates were shaken for
10 min and the absorbance of the solution in each well was mea-
sured at 540 nm in a microplate reader (7530, Cambridge Technol-
ogy, Inc., USA). Optical density was plotted as a percentage of the
control wells (without any treatment).

2.9. Mechanism of action

2.9.1. Determination of reactive oxygen species (ROS) production
Intracellular ROS generation in osteoblasts was measured by

oxidation of dihydrorhodamine 123 (DHR123) to rhodamine by
spectrofluorescence. Cells were incubated for 30 min at 37 �C in
1.5 mL of Hank’s buffered salt solution alone (basal condition) or
with the compound in the presence of 10 mM DHR123 [33]. Media
were separated and the cell monolayers rinsed with PBS and lysat-
ed by means of 1 mL of 0.1% Triton X-100. The cell extracts were
then analyzed to determine the oxidized product (rhodamine) by
measuring fluorescence (excitation wavelength 500 nm, emission
wavelength 536 nm), using a Perkin–Elmer LS 50B spectrofluorom-
eter. The results were corrected for protein content, which was
assessed by the method of Bradford [34].

2.9.2. Fluorometric determination of cellular GSH and GSSG levels
GSH and GSSG levels were determined in osteoblasts in culture

as follows. Confluent osteoblast monolayers from 24 well dishes
were incubated with different concentrations of PW9Cu at 37 �C
for 24 h. Then, the monolayers were washed with PBS and har-
vested by incubating them with 250 lL Triton 0.1% for 30 min.
For GSH determination, 100 lL aliquots were mixed with 1.8 mL
of ice cold phosphate buffer (Na2HPO4 0.1 M-EDTA 0.005 M pH 8)
and 100 lL o-phthaldialdehyde (0.1% in methanol) as it was
described by Hissin and Hilf [35]. For the determination of GSSG,
100 lL aliquots were mixed with 1.8 mL NaOH 0.1 M and o-phthal-
dialdehyde as before. Previously, to avoid GSH oxidation, the cellu-
lar extracts for GSSG determination were incubated with 0.04 M of
N-ethylmaleimide (NEM). Fluorescence at an emission wavelength
of 420 nm was determined after excitation at 350 nm.

GSH/GSSG ratio, which is a better marker for the cellular redox
status than GSH alone, was calculated as % of the basal for all the
experimental conditions.

2.9.3. Measurement of the exposure of phosphatidyl serine (PS) by
annexin V-FITC/PI staining

Cells in early and late stages of apoptosis were detected by
Annexin V-FITC and Propidium Iodide (PI) staining. Cells were trea-
ted with 25 and 100 lM PW9Cu and incubated for 24 h prior to
analysis.

For staining, cells were washed with PBS and adjusted to a con-
centration of 1 � 106 cell/mL in 1 � binding buffer (0.01 M HEPES,
pH 7.4; 0.14 M NaCl; 2.5 mM CaCl2). To 100 lL of cell suspension,
2.5 lL of Annexin V-FITC were added and incubated for 15 min at
room temperature. Finally, 2 lL PI (250 lg/mL) were added prior
to analysis. Cells were analyzed using a flow cytometer CyAnTM
ADP (Beckman Coulter, USA) and Summit v4.3 software. For each
analysis 10,000 counts, gated on a FSC vs SSC dot plot, were
recorded. In the Annexin V-FITC vs PI dot plot, gate strategy was
applied to identify cell subpopulations: the undamaged vital
(Annexin V�/PI�), the vital mechanically damaged (Annexin V�/
PI+), the apoptotic (Annexin V+/PI�), and the secondary necrotic
(Annexin V+/PI+).
2.9.4. Measurement of cell cycle/DNA content
DNA content in G1/G0, S, G2/M phases was analyzed using flow

cytometry [36,37].
Cells were seeded on 6 well plates, cultured during 24 h and

then treated with 25 lM and 100 lM of PW9Cu for 6 and 24 h.
The harvested cells were washed with PBS, fixed and permeabili-
zed with 70% ice-cold ethanol for more than 2 h. Subsequently,
the cells were resuspended in a freshly staining buffer (final con-
centration of 50 lg/mL of PI and 50 lg /mL DNase-free RNase pre-
pared in PBS containing 2 mM EDTA) and incubated for 30 min at
37 �C. Cell cycle distribution analysis was performed in a CyAnTM
ADP flow cytometer using Summit v4.3 software for data acquisi-
tion. For each sample, cellular aggregates were gating out and at
least 10,000 cells were counted and plotted on a single parameter
histogram. The percentage of cells in the G1/Go, S, G2/M phases and
sub-G1 peak was then calculated by FlowJo 7.6 software (using the
Watson model).
2.9.5. Cell morphology
MG-63 cells were seeded in 6 well-plates containing cover slips

(2 � 105 cell/well) and were culture in DMEM-Glutamax, 10% fetal
bovine serum, at 37 �C for 24 h. Subsequently, PW9Cu was added to
a final concentration of 25 and 100 lM. Cells were incubated for 6
and 24 h at 37 �C, then the cover slips were washed with PBS, the
cells were fixed in 4% paraformaldehyde for 15 min and washed
with a Tween 20 solution (0.2% in PBS). CellMask™ (1:2000, Invit-
rogen) and TOPRO-3 (1:1000, Invitrogen) were used to count
stained cell membranes and nuclei, respectively. All images were
taken using laser confocal microscope Leica TCS SP5 and a 63�
oil objective. Five optical sections scanned at intervals of 0.3 lm
were taken per sample projected using the Maximum Intensity
Model and colored with predetermined Lut (red or blue) provided
by the LASAF Lite 2.6.0v software.
2.9.6. Mitochondrial membrane potential (MMP)
Mitochondrial membrane potential was determined by the

uptake of Rhodamine 123 according to the method of Wu and
col [38].

The cells cultured on 96-well plates, were washed in PBS and
incubated with 5 lg/ml Rhodamine 123 for 30 min at 37 �C. After
further washing, the cells were incubated with DMEM for
30 min. Ethanol/Water 1/1 solution was used to extract the
amount of dye retained by the cells. For the control tube, add
1 lL of 50 mM carbonyl cyanide m-chlorophenylhydrazone (CCCP,
50 lM final concentration) and incubate the cells at 37 �C for
5 min. The changes in MMP were analyzed by fluorescence spec-
troscopy (Spectra max M from Molecular Devices), with an excita-
tion wavelength of 485 nm and an emission wavelength of 530 nm
2.10. Statistical analysis

At least three independent experiments 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).
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3. Results

3.1. Synthesis and stability study

PW9Cu (Fig. 1) was synthesized according to Finke et al. [26].
The obtained powder sample of the compound was identified by
Fourier Transformed Infrared spectroscopy (FTIR). The solid sample
was stable at least six months as determined by FTIR.

For biological tests, PW9Cu was dissolved in distilled water and
the stability of the solutions was assessed by means of pH mea-
surements and UV–vis spectroscopy. The results showed that the
solutions were stable for 24 and 48 h, (times used in the biological
experiments). The UV–vis spectra showed that the most intense
band, centered at about 261 nm, can be undoubtedly assigned to
a O ? W charge transfer transition [39]. The weaker band, located
at 816 nm, is evidently related to ‘‘d–d’’ transitions of the Cu(II)
cation. This relatively broad band is assigned to the 2Eg ? 2T2g

transition, characteristic for Cu(II) in an octahedral environment
[40].
3.2. Effect of HPOMS on cell viability

To study the effect of PW9Cu on osteoblast like cell viability,
three different cell lines were selected: a normal osteoblast cell
line derived from mouse calvaria (MC3T3-E1) used as a control cul-
ture and two tumor cell lines, one derived from a rat osteosarcoma
(UMR106) an the other from a human osteosarcoma (MG-63).

PW9Cu has impaired the cell viability from 20 lM in MG-63
cells (p < 0.01) as shown in Fig. 2A. On the other hand, UMR106
osteosarcoma murine cell line showed a decrease viability in the
range of 50–100 lM (p < 0.01). On the contrary, the antiprolifera-
tive actions of the compound in normal osteoblastic cells
(MC3T3-E1) did not show any significant differences from 25 to
75 lM concentration range while at 100 lM a significant deleteri-
ous action was detected (p < 0.01). The damaging effect of PW9Cu
on the three osteoblastic cell lines showed the following increasing
potency: MC3T3-E1 < UMR106 < MG-63, with IC50 values of: 92, 81
and 22 lM, respectively.

As a whole, these results indicate that PW9Cu caused greater
antiproliferative action on tumor cell lines than on normal osteo-
blasts. Moreover, among the tumor cells, the compound caused
the strongest antiproliferative action in the human derived osteo-
sarcoma cells. The strongest effect of PW9Cu on MG-63 cell line
allows us to consider this compound as an interesting candidate
for potential antitumor uses.

To estimate the potency of PW9Cu as antitumor agent, we com-
pare its effects with the anticancer reference drug cis-Pt. In Fig. 2B
it can be observed that PW9Cu caused a more pronounced antipro-
liferative effect than cis-Pt on the human osteosarcoma cell line. At
Fig. 1. Chemical structure of PW9Cu.
25 lM PW9Cu provoked a decrease of 60% in cell viability while cis-
Pt generated only ca. 15% inhibition of cell proliferation (p < 0.01).

The comparison of IC50 values (22 vs. 43 lM) for these two anti-
tumor drugs showed that PW9Cu displayed a greater significant
effectiveness as antitumor agent in MG-63 cell line.

Considering the selective antitumor action of PW9Cu on the
studied osteoblast cell lines, the cytotoxicity of this compound as
well as the putative mechanisms of action were thoroughly inves-
tigated only in MG-63 osteosarcoma cells since in these cells it
caused the strongest antitumor action.

3.3. Cytotoxicity studies

In order to get a deeper insight into the antiproliferative effects
of the compound, its cytotoxicity on relevant organelles of the cells
such as mitochondria and lysosomes, were investigated through
the reduction of MTT and Neutral Red (NR) Uptake assays.

The MTT technique measures the ability of the mitochondrial
succinic dehydrogenases to reduce the soluble yellow methyl tet-
razolium salt to an insoluble blue MTT formazan product. Forma-
zan is then solubilized and the absorbance measured
spectrophotometrically [31].

The NR assay determines the uptake of the dye which accumu-
lates in metabolically active lysosomes of uninjured cells [32].

3.3.1. MTT assay
The effects of PW9Cu on the mitochondria metabolism of MG-

63 osteosarcoma cells are shown in Fig. 3A. PW9Cu caused an
inhibitory effect from 25 to 100 lM with significant differences
versus control (p < 0.01). The harmful action was the same
between 25 and 100 lM showing no dose concentration effect in
this range. These findings demonstrated the cytotoxic actions of
PW9Cu which affected the normal activity of the mitochondria,
contributing to its deleterious effect on the tumor cell line MG-63.

3.3.2. NR uptake assay
The cytotoxic effect of PW9Cu on the lysosome metabolism of

MG-63 cell line was assessed by the NR uptake assay. For this pur-
pose, concentrations ranging from 25 to 100 lM were used. Signif-
icant differences between treated cells and basal conditions were
observed (p < 0.01) (Fig. 3B). These results showed a similar trend
to those of the MTT and crystal violet assays suggesting that the
cytotoxicity plays a crucial role in the antitumor actions of PW9Cu.

3.4. Mechanisms of action

The putative cell death mechanisms triggered by the compound
were investigated through the determination of the oxidative
stress (ROS production), GSH levels and the redox couple GSH/
GSSG. Moreover, an exhaustive study of apoptosis and cell cycle
arrest were also performed.

3.4.1. Oxidative stress and GSH/GSSG status
The oxidative stress has been reported as one of the main fac-

tors that triggers deleterious actions of other metal compounds
[41,42].

To understand the possible mechanism induced by PW9Cu
involved in the MG-63 cell death, we evaluated the effect of this
compound on the oxidative stress through the ROS production
and GSH/GSSG ratio.

ROS production was assessed by using DHR-123, a mitochon-
dria-associated probe that selectively reacts with hydrogen perox-
ide [43]. Incubation of MG-63 osteosarcoma cells with PW9Cu
caused an increment on the ROS levels, as it can be observed in
Fig. 4A. The compound increased ROS production in a dose-depen-
dent manner with statistically differences from 25 to 100 lM



Fig. 2. (A) Effects of PW9Cu on cell survival of three osteoblastic cell lines (MC3T3-E1, UMR106 and MG-63). (B) Effects of PW9Cu and cis-Pt on cell survival in MG-63 cell line.
Cells were incubated in serum-free DMEM alone (control) or with different concentrations of the compounds at 37 �C for 24 h. After incubation, cell survival was determined
by the crystal violet assay. The results are expressed as the percentage of the basal level and represent the mean ± SEM (n = 18). ⁄Significant difference in comparison with the
basal level (p < 0.01).

Fig. 3. (A) Evaluation of the mitochondrial succinate dehydrogenase activity by the MTT assay in MG-63 cells in culture. Cells were incubated with different doses of PW9Cu
for 24 h at 37 �C. After incubation, cell viability was determined by the MTT assay. Results are expressed as % basal and represent the mean ± SEM, n = 18, ⁄p < 0.01. (B) NR
uptake by MG-63 osteosarcoma cells in culture. Cells were incubated with different concentrations of PW9Cu for 24 h at 37 �C. After incubation, cell viability was determined
by the uptake of NR. The dye taken up by the cells was extracted and the absorbance read at 540 nm. Results are expressed as % basal and represent the mean ± SEM, n = 18,
⁄p < 0.01.

Fig. 4. (A) Induction of ROS by PW9Cu in MG-63 cell line. Cells were incubated with growing concentrations of PW9Cu at 37 �C for 24 h. ROS production in the cells was
evaluated through the oxidation of DHR-123 to Rhodamine123. Results represent the mean ± SEM, n = 12, ⁄significant differences vs. control (p < 0.01). #Significant
differences between treatments (p < 0.01). (B) GSH/GSSG ratio in MG-63 cells, incubated with different concentrations of PW9Cu. Results are expressed as mean ± SEM of
three independent experiments, ⁄significant differences vs. basal (p < 0.01), #significant differences between treatments (p < 0.01).
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(p < 0.01). At the highest concentration the complex caused 334%
of ROS increment over basal, while at 25 lM, ROS production
reached 255% over the control value. Statistical differences were
determined between basal condition and these two concentrations
(p < 0.01).

On the other hand, many authors have reported that reduced
glutathione (GSH) plays a vital role in cellular function. GSH effec-
tively scavenges free radicals and other reactive oxygen species
directly and indirectly through enzymatic reactions [44]. In order
to get a broader knowledge on the factors involved in the cellular
redox status, the GSH/GSSG ratio was determined in the cultures
of MG-63 cells incubated with different concentrations of PW9Cu.
A sustained increase in ROS levels may cause an accumulation of
GSSG inside the cells. Because of this, the determination of GSH/
GSSG ratio is relevant in the investigation of oxidative stress
[45]. Fig. 4B shows the effect of PW9Cu on the GSH/GSSG ratio.
The compound induced a decrease in this ratio in the range of
25–100 lM (p < 0.01). In comparison to basal condition, at 25 lM
of PW9Cu, the value of GSH/GSSG ratio was 62% and while at
100 lM this ratio was 22% (p < 0.01). These results are in agree-
ment with the data obtained in the ROS assay using these cells.

To confirm that the generation of ROS and the depletion of GSH
played an important role in the cytotoxic effects, viability experi-
ments were performed in the presence of the compound plus
1 mM GSH and with scavengers of ROS (vitamins C and E). The
results can be seen in Fig. 5. At 25 lM of PW9Cu, the surviving cells
account for 40% in relation to the control, while in the presence of
the thiol, this fraction was 95%, indicating a complete recovery in
the presence of GSH. Besides, at 100 lM, the recovery caused by
incubation of the cells with GSH, was only 19% of the basal. These
results demonstrated the impact of the deleterious effect of the
compound at the highest concentration (Fig. 5B). Similar results
were observed in the Fig. 5A for a viability assay in the presence
of an equimolar mixture of vitamin C and E.

As a whole, these results showed that the ROS generation and
the decrease of GSH level may be, at least partly, some of the prin-
cipal mechanisms of action involved in the deleterious effects of
PW9Cu.

3.4.2. Apoptosis study
Apoptosis is a physiological process of cell death enhanced in

the presence of harmful agents. Programmed cell death is charac-
terized by modifications of the plasma membrane, nuclear and/or
Fig. 5. (A) Effect of PW9Cu on MG-63 cell viability in presence of GSH. Cells were incuba
were added at 37 �C for 24 h. Results are expressed as the mean ± SEM, n = 18, ⁄signifi
(p < 0.01). (B) Effect of PW9Cu on MG-63 cell viability in the presence of a mixture of vita
compound plus a mixture of vitamins C and E (50 lM each) during 24 h. Results are e
#significant differences between treatments (p < 0.01).
cytoplasmic modifications and DNA fragmentation. Depending on
the pathway that is triggered the molecular and structural changes
involved might take place at different time points. In this work,
three different methodologies have been used to characterize the
apoptotic pathway induced by the compound.

3.4.2.1. Effects of PW9Cu on PS externalization. Independently of the
cellular type and the nature of the injuring agent, translocation of
the phosphatidyl serine (PS) to the outer plasma membrane leaflet
is one of the first events observed in apoptosis. Annexin V-FITC is a
fluorescent probe with high affinity for PS allowing its determina-
tion by fluorescence assays.

Table 1 displays the quantification of apoptotic cells obtained
by flow cytometry when MG-63 cells were treated with PW9Cu
(25 and 100 lM). After 24 h of incubation, control cultures pre-
sented 10% of Annexin V(+)/PI(�) cells and 7% of late apoptotic
cells labeled as Annexin V(+)/PI(+). These percentages increased
when the cells were treated with 100 lM of PW9Cu, showing an
increase in the late apoptotic fraction (63%) with a 27% of Annexin
V(+)/PI(�) cells. On the contrary, the compound did not produce
any effect on the cells at 25 lM. Thus, the percentages of apoptotic
and apoptotic/necrotic cells increased in a dose dependent manner
with PW9Cu treatment.

3.4.2.2. Cell cycle analysis and DNA fragmentation. Cells go through
the cell-cycle in several well-controlled phases [46]. The entry into
each phase of the cell cycle is carefully regulated by different
checkpoints. One issue emerging from drug discovery is to develop
agents that target the checkpoints responsible for the control of
cell-cycle progression.

Endonucleases activated during apoptosis target at internucle-
osomal DNA sections cause extensive DNA fragmentation [47].
On DNA content frequency histograms, the cells with deficit DNA
content often form a characteristic ‘sub-G1’ or ‘hypodiploid’ peak
[48].

When MG-63 cells were treated with PW9Cu, several changes
were observed in the cell cycle and apoptotic process in a dose
dependent manner. With 25 lM of the compound, cell cycle arrest
in G2/M phase was seen after 24 h of incubation (Fig. 6A). These
phase still showed a significant increase after 48 h (p < 0.01). More-
over, it should be noted that under these experimental conditions
no subG1 peak was detected. On the other hand, at 24 h with
100 lM concentration of PW9Cu, the cells were conveyed to sub
ted during 2 h with 1 mM GSH and then, different concentrations of the compound
cant differences vs. control (p < 0.01). #significant differences between treatments
min C and E (50 lM each). Cells were incubated with different concentrations of the
xpressed as the mean ± SEM, n = 18, ⁄significant differences vs. control (p < 0.01).



Table 1
Percentage of apoptotic cells treated with PW9Cu.

PW9Cu (lM) Annexin V (+) (%) Annexin V (+) /PI (+) (%)

0 10 5
25 12 7
100 29* 66*

Results are expressed as mean ± SEM of three independent experiments, n = 9.
* Significant differences vs. control (p < 0.01).
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G1 peak (Fig. 6B). Representative DNA content frequency histo-
grams can be seen in Fig. 7.

The deleterious actions of PW9Cu were dose dependent and
were intensified with the treatment time at elevated doses (see
Figs. 6 and 7). The results suggest that the entry to the apoptotic
process may take place through the cell cycle arrest, at one of
the checkpoints that mediates the antiproliferative effect of
PW9Cu.

3.4.2.3. Morphological changes. Taking into account the harmful
effects of PW9Cu on cell viability, we next investigated the action
of the compound on MG-63 cell morphology. After treatment dur-
ing 6 or 24 h with both concentrations of PW9Cu (25 and 100 lM),
changes in cell morphology could be observed (Fig. 8). As expected,
no alterations were observed in control cells. At 6 h, cells showed
very well stained cytoplasms and oval nuclei. However, treatment
Fig. 6. Effect of PW9Cu on cell cycle arrest and DNA fragmentation. (A) MG-63 cells were
bars show the percentage of G2 phase cells. Results are expressed as the mean ± SEM, n
treatments (p < 0.01). (B) MG-63 cells were treated with 0 (basal) and 100 lM of PW9Cu a
Results are expressed as the mean ± SEM, n = 9, ⁄significant differences vs. control (p < 0

Fig. 7. Effect of PW9Cu on cell cycle arrest and DNA fragmentation assessed by flow cytom
during 48 h are shown and are representative of three independent experiments.
with 25 lM produced slight alterations of the nuclear structure
suggesting initial stages of fragmentation (Fig. 8B, see arrows). At
100 lM, a greater alteration in the cellular structure was observed
in all the cells: the cytoplasms were scarce and condensed and the
nuclei were condensed and fragmented. After 24 h of treatment,
both concentrations (25 and 100 lM) caused high levels of frag-
mentation and condensation of the nuclei.

As a whole these results show a concentration dependent effect
of morphological alterations in the cells treated with PW9Cu,
which is in agreement with the viability results. Moreover, the
incubation time is also a factor that plays a significant role in the
alterations of the cell morphology.
3.4.2.4. Mitochondrial membrane potential. Mitochondria are one of
the more important organelles that can regulate cellular apoptosis
[49,50]. The mitochondria transmembrane potential maintains the
integrity and functions of the mitochondria. Dissipation of the
MMP can lead the cells into apoptosis or necrosis [51].

To elucidate if PW9Cu induced cytotoxicity in human osteo-
blasts by alterations of mitochondria functions, we evaluated the
MMP in MG-63 cells under control conditions and in the presence
of different concentrations (25, 50 and 100 lM) of PW9Cu. The
changes in MMP were measured by fluorescence spectroscopy
using the probe Rhodamine 123. Fig. 9 shows the results for MG-
63 cells. After 6 h of incubation only at 100 lM of PW9Cu it could
be observed a decreased of 25% in fluorescence intensity. Besides,
treated with 0 (control), and 25 lM of PW9Cu at 37 �C during 24 and 48 h. Graphical
= 9, ⁄significant differences vs. control (p < 0.01), #significant differences between

t 37 �C during 24 and 48 h. Graphical bars show the percentage of Sub G1 peak cells.
.01), #significant differences between treatments (p < 0.01).

etry using PI stain. Examples of DNA content frequency histograms of cells treated



Fig. 8. PW9Cu produces morphological changes in cells treated during 6 and 24 h. (A–C) MG-63 cells untreated or treated with 25 lM and 100 lM during 6 h. (A) Control cells
showed a normal phenotipe of MG-G3 cells, (B) at 25 lM provoked slight alterations of the nuclear structure suggesting initial stages of apoptosis, (C) at 100 lM, a greater
alteration in the cellular structure was observed in all the cells (see arrows). (D–F), MG-63 cells untreated or treated with 25 lM and 100 lM during 24 h. (D) Control cells
showed very well stained cytoplasms and oval nuclei, (E and F) at 25 and 100 lM the compound caused high levels of DNA fragmentation and alterations of cell membrane
(see arrows). TOPRO-3 is shown in blue and CellMask in red (scale bar = 20 lm). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Effect of PW9Cu on Mitocondrial potential membrane (MMP). MMP was
determined by the uptake of Rhodamine 123. MG-63 cells were treated with 0
(control), 25, 50 and 100 lM of PW9Cu at 37 �C during 6 and 24 h. CCCP was used as
a positive control of MMP dissipation. Graphical bars show the fluorescence units.
The results are expressed as the percentage of the basal level and represent the
mean ± SEM (n = 9). ⁄Significant differences vs. control (p < 0.01).
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the fluorescence intensity of Rhodamine 123 decreased, as the dose
of the compound increased when the cells were incubated for 24 h
indicating the dissipation of MMP. The values of fluorescence
intensity were 71%, 44% and 23% for 25, 50 and 100 lM of PW9Cu,
respectively. The deleterious actions of PW9Cu on MMP were dose
dependent and also increased with the incubation time. The results
suggest that the effects of the compound on MMP is, at least partly,
one of the principal mechanism of action involved in the antitu-
moral actions of PW9Cu.
4. Discussion

Cancer is one of the main death causes in the world, thus
becoming a relevant issue of scientific investigation. Half of the
men and one third of the women will develop some kind of cancer
in their life. Osteosarcoma, one of the more common cancer of
bone tissue, derives from bone-forming mesenchymal stem cells
and may metastasize within the same extremity or to other organs,
such as lung, liver, etc. [52]. To study the pharmacological activity
of the metallodrug PW9Cu we choose the MG-63 cell line (derived
from a human osteosarcoma) because according to literature it is a
good model for in vitro studies of bone cancer research [18,19].

Recently, there has been an increasing interest in the antitumor
effects of HPOMs derivatives [53] since it has been previously dem-
onstrated that these compounds exert a reduction of tumor growth
in vitro systems [54–57].

As part of a research project devoted to the investigation of
inorganic compounds with potential antitumor applications, we
have tested the anticancer effects of PW9Cu against osteosarcoma
cells.

HPOMs based drugs are less expensive and easier to be obtained
in large scale than most organic pharmaceuticals drugs. Their syn-
thesis, characterization and biological properties as well as their
mechanisms of action are of special scientific interest.

In this paper, we have investigated in detail the biological prop-
erties and the putative mechanisms of action of PW9Cu.

Our results have demonstrated the selective antiproliferative
effects of PW9Cu in osteoblast cell lines. The compound caused
the main deleterious action in tumoral cells than in the normal
osteoblasts (MC3T3-E1 < UMR106 < MG-63, with IC50 values of:
92, 81 and 22 lM, respectively). On the other hand, the antitumor
effects of PW9Cu in human osteosarcoma cells were compared to
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those of the reference antitumor drug cis-Pt. Nowadays, the anti-
cancer platinum based drugs are among those most frequently
used in the clinical practise. They have shown to be useful for
the treatments of different tumors such as testicular, ovarian, blad-
der, lung, etc [58].

Our results showed the effectiveness of PW9Cu as an alternative
antitumor agent in the human osteosarcoma cell line MG-63 which
a cell culture model for one of the more common form of bone can-
cer. In these cells PW9Cu caused stronger deleterious action than
cis-Pt as it can be seen from the comparison of the IC50 values
(22 vs. 43 lM). These results indicate that PW9Cu may be placed
in the threshold of non platinum anticancer drugs and the com-
pound is an interesting candidate for potential antitumor uses.

Moreover, our results showed that the cytotoxic effects of the
compound on MG-63 cells may be due to different causes such
as the disruption of several organelles like the lysosomes and the
mitochondria. PW9Cu affected their normal activity, contributing
in this way to the deleterious effect of this compound on the tumor
cell line MG-63. A similar trend was observed in MTT, NR and crys-
tal violet assays suggesting that the cytotoxicity plays a crucial role
in the antitumor actions of PW9Cu.

In an attempt to elucidate the mechanisms of action involved in
the effects of PW9Cu, we studied the impact of the compound on
oxidative stress generation and the redox status of the cells
through the GSH/GSSG ratio. The compound increased ROS produc-
tion in a dose-dependent manner. The relationship between ROS
generation and cytotoxicity could be established by using a mix-
ture of ROS scavengers (vitamin C + E). As it can be seen in
Fig. 5A, the use of these scavengers significantly improved cell via-
bility, demonstrating the relationship between oxidative stress and
the deleterious action of the compound. Besides, it is generally
known that GSH-related thiols participate in many important bio-
logical reactions, including the protection of cell membranes
against oxidative damage. Our findings showed that PW9Cu
decreased GSH/GSSG ratio in the range of 25–100 lM with a dose
effect between 25 and 50 lM while at 100 lM the value is similar
to that of 50 lM. To establish the relevance of GSH in the mainte-
nance of the redox status of the cells and its role in cell survival, we
have added 1 mM of the thiol to the cultures with different concen-
trations of PW9Cu. The beneficial effects of GSH were clearly dem-
onstrated since the cell viability was totally recovered in the
presence of 25 lM PW9Cu and partially in the presence of higher
concentrations of the drug. These results show that ROS generation
and the decrease of GSH level may be, at least partially, some of the
principal mechanisms of action involved in the antitumor effects of
the PW9Cu. Overall, it can be assumed that free radicals decrease
the concentration of important cellular compounds and impair
the antioxidant system making cells more vulnerable to oxidative
damage. Similar results have been previously reported for other
copper based drugs in cells in culture [59–62].

Finally, an exhaustive study of apoptosis and cell cycle analysis
were also performed. There exist many reports in the literature
about the incidence of high levels of ROS on the induction of apop-
tosis and cell cycle arrest [63,64]. In this work we have analysed
these mechanisms using fluorescence spectroscopy, flow cytome-
try and confocal microscopy. PW9Cu produced a cell cycle arrest
at 25 lM while at 100 lM the cells were conveyed to death
through apoptosis. Clearly, two mechanisms of action seem to be
involved in the decrease of tumor cell survival. These mechanisms
are dose dependent: at the lowest concentration the compound
caused the arrest of the cell cycle at G2/M phase while at the high-
est, PW9Cu disrupted cell survival sending the tumor cells directly
to programmed cell death. On the other hand, the compound pro-
voked a disruption on the MMP after 24 h of incubation. Besides,
the oxidative stress generated for the compound causes a dissipa-
tion of MMP which would be a ‘‘point of not return’’ that leads the
cells to apoptosis. Taken into consideration all the techniques
applied in our study it is worthy to mention that the cytotoxicity
test showed different sensitivity in comparison with the method
used to study the mechanism of action. In fact, the cytotoxicity is
apparently the same at 25 and 100 lM since the sensibility of
the cell viability methods (MTT, RN and crystal violet) are lower
than those used in the mechanistic studies (fluorescence probes
such us DHR123, rhodamine 123 TOPRO-3, CellMask). For this rea-
son differences become evident when more sensible techniques
are applied (FACS, confocal microscopy, fluorescence
spectroscopy).

Studies carried out with the polyoxomolibdate PM-8 and PM-17
in pancreatic and gastric cancer cell lines also showed an increase
in the number of apoptotic cells as a function of its concentration
[55–57]. Besides, recent studies have shown that other HPOMs
(decavanadates) tested on ovary and liver cancer cells, displayed
cell cycle arrest in S phase as determined by flow cytometry [65].

Overall, our results demonstrate that ROS generation, GSH
depletion, cell cycle arrest and apoptosis are the main processes
that mediate the antiproliferative effect of PW9Cu.
5. Conclusion

HPOMs are in the threshold to constitute a new group of non
platinum anticancer drugs with potential application for alterna-
tive treatments in tumors. The major advantage of metal-based
drugs is the ability to vary the coordination number, geometry,
and redox states, which in turn, modify the pharmacological prop-
erties of these compounds.

A comprehensive study has been carried out for the first time on
the promissory antitumor properties of the polyoxometalate PW9-

Cu in a tumor osteoblastic cell line. We have clearly shown a more
deleterious action of the compound in human osteosarcoma cells
than in normal osteoblasts.

This investigation highlights the importance of oxidative stress,
cell cycle arrest and apoptosis induced by HPOMs as the main
mechanisms for antiproliferative actions and toxic effects. Finally,
the interpretation of the in vitro biological data concerning PW9Cu
provides a better understanding of the bioprocess of this com-
pound in tumor cells. This is a valuable rational basis for designing
future experiments which will enable to establish its use in cancer
treatments.
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