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Vanadium compounds display important pharmacological actions in vivo and in vitro systems. Semicar-
bazones are versatile ligands with therapeutic effects. Herein, we report the effects of VVO2(salicylalde-
hydesemicarbazone) (V(V)-Salsem) on two osteoblast cell lines in culture (MC3T3-E1 and UMR106).
V(V)-Salsem inhibited cell proliferation in a dose response manner. At 100 lM, the complex caused an
inhibition of ca. 48% and 38% for the normal and the tumoral osteoblasts, respectively (p < 0.001). This
inhibition could be partially reversed to 35% and 28% by NAC (N-acetylcysteine) and a mixture of vita-
mins E and C. Changes in cell proliferation correlated with morphological alterations and the disruption
of actin cytoskeleton fibers. The complex also enhanced the level of ROS (reactive oxygen species) up to
ca. 100% over basal in both cell lines. Activation of ERK signalling cascade was also observed. These events
led to apoptosis (up to 44% in MC3T3-E1 and 33% in UMR106 cells). Scavengers of ROS and inhibitors of
ERK cascade allowed to elucidate the mechanisms involved in the cytotoxicity. In conclusion, V(V)-Sal-
sem displayed cytotoxic effects on osteoblasts in culture through the production of free radicals and
the activation of ERK cascade. These mechanisms triggered the apoptotic events that conveyed to cell
death.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction In particular, the antitumoral actions of vanadium can be deter-
Semicarbazones are versatile compounds of considerable inter-
est because of their chemistry and potentially beneficial biological
activities, such as antitumoral, antibacterial, antiviral and antima-
larial effects [1]. The biological activities of these ligands are con-
sidered to be related to their ability to form chelates with metals.
Biological actions of metal complexes differ from those of either li-
gands or metal ions, and increased or decreased biological activi-
ties are reported for several transition metal complexes.

Vanadium is a widespread trace element distributed in nature
[2]. In higher animals, once absorbed through the gastrointestinal
tract, it is mainly accumulated in bone tissue [3]. In the last dec-
ades, vanadium compounds have been widely studied because
their potential therapeutic applications. The pharmacological ef-
fects of vanadium include insulin mimetic actions [4,5], antineo-
plastic effects [6,7] and osteogenic effects [8–10].
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mined through a deleterious effect on tumoral cell proliferation
and differentiation as well as on cellular morphological alterations
[11]. Previous experimental data support the hypothesis that vana-
dium compounds exert their antitumoral effects through different
mechanisms such as the induction of tyrosine residues phosphor-
ylation, mainly due to the inhibition of key protein tyrosin phos-
phatases (PTPases), which in turn promote the activation of the
extracellular regulated kinase (ERK) pathway [12,13]. Moreover,
other putative mechanisms of actions which have been considered
are: changes in cell cytoskeleton proteins [14] as well as an incre-
ment in the oxidative stress (production of reactive oxygen species,
ROS) [15,16], alterations in the intracellular concentration of re-
duced glutathione (GSH) [17,18], induction of apoptosis [11], as
well as diverse effects on DNA synthesis and breakdown have also
been described as putative mechanisms of action [19,20].

On the other hand, it has been reported that vanadium can also
cause toxic actions in living systems [21,22]. To understand the
toxicity of vanadium compounds it is essential to know the mech-
anisms of action as well as the susceptibility of different cells to
these compounds.

In the frame of a project devoted to the synthesis of vanadium
derivatives with pharmacologically active ligands, a complex of
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Fig. 1. Structure of V(V)-Salsem. Vanadium and oxygen atoms in grey.
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vanadium(V) with salicylaldehyde semicarbazone (V(V)-Salsem)
(Fig. 1), has been previously reported [23].

Fig. 1 shows the structure of this complex solved by X-ray dif-
fraction methods. The vanadium ion is in a distorted square-pyra-
midal environment. It is coordinated at the pyramid basis to a
salicylaldehyde semicarbazone molecule, that acts as a tridentate
ligand through its azomethine nitrogen atom and its carbonyl
and deprotonated phenol oxygen atoms, and to an oxo ligand.
The fivefold coordination is completed by another oxo ligand at
the pyramid apex.

In the present study we investigate the bioactivity of this com-
plex in osteoblast-like cells in culture, focusing the attention on its
cytotoxicity effects and the elucidation of its mechanisms of action.

2. Materials and methods

V(V)-Salsem was provided by Dr. Dinorah Gambino and synthe-
sized according to previously reported results [23]. Tissue culture
materials were purchased from Corning (Princeton, NJ, USA), Dul-
beccós Modified Eagles Medium (DMEM), and trypsin-ethylenedi-
aminetetraacetic acid (EDTA) from Gibco (Gaithersburg, MD, USA),
and fetal bovine serum (FBS) from GBO SA (Argentina). Electro
chemical luminescence (ECL) kit was provided by Amersham (LIFE
Science). The specific antibody rabbit polyclonal IgG anti-ERK (K-
23), mouse monoclonal anti-phosphorylated ERK (PERK) (E-4),
anti-rabbit IgG-horseradish peroxidase (HRP) and anti-mouse
IgG-HRP were purchased from Santa Cruz Biotechnology.

Dihydrorhodamine 123 (DHR) was purchased from Molecular
Probes (Eugene, OR). Annexin V – Fluorescein isothiocyanate
(FITC)/Propidium Iodide (PI) and Phalloidin-FITC were from Invit-
rogen Corporation (Buenos Aires, Argentina). All other chemical
were from Sigma Chemical Co. (ST. Louis, MO).

Fresh stock solutions of the complex and the free ligand were
prepared in a mixture of free serum culture medium DMEM/
Dimethyl sulfoxide (DMSO) (60:40) at 10 mM concentration and
diluted in DMEM according to the concentrations indicated in
the legends of the figures. Precautions should be taken with the
maximum concentration of DMSO in the well plate. We used
0.4% in order to avoid toxic effects of this solvent for the osteo-
blasts. The stability of this complex has been previously monitored
by 1H NMR at 30 �C in DMSO-d6 and by electronic spectroscopy
and TLC at 37 �C in DMSO (1%)-buffer phosphate (pH 7.4).
[23,24]. Both studies allowed discarding the formation of vanadyl
species and determining the stability of the complex towards re-
lease of ligand with time, since no free ligand was detected after
more than 24 h. These results showed that no vanadate could be
formed since no decomposition of the complex occurred during
the time involved in the biological manipulations and experiments.

2.1. Cell culture

MC3T3-E1 osteoblastic mouse calvaria-derived cells and
UMR106 rat osteosarcoma-derived cells were grown in DMEM
supplemented with 100 U/ml penicillin, 100 lg/ml streptomycin
and 10% (v/v) fetal bovine serum (FBS) in a humidified atmosphere
of air plus 5% CO2 at 37 �C. When 70–80% confluence was reached,
cells were subcultured using 0.1% trypsin 1 mM EDTA in Ca2+–Mg2+

free phosphate buffered saline (PBS) (11 mM KH2PO4, 26 mM
Na2HPO4, 115 mM NaCl, pH: 7.4) [25,26]. For experiments, cells
were grown in multi-well plates. When cells reached the conflu-
ence appropriate for each type of experiment, the monolayers were
washed twice with DMEM and were incubated in different condi-
tions according to the experiments.
2.2. Cell proliferation assay

A mitogenic bioassay was carried out as described by Okajima
et al. [27] with some modifications. Briefly, cells were grown in
48-well plates. When cells reached 70% confluence, the monolay-
ers were washed twice with serum-free DMEM and incubated with
medium alone (basal) and different concentrations (2.5–100 lM)
of the complex or the free ligand. Besides, incubations were also
carried out with the complex plus N-acetylcysteine (NAC), a mix-
ture of vitamins C and E, PD98059 and wortmannin. Cells were
preincubated with the following doses of the mentioned inhibitors
for different periods previous to the addition of different concen-
trations of the complex: NAC (100 lM for MC3T3-E1 osteoblasts
and 200 lM for the tumoral osteoblasts) during 2 h, a mixture of
vitamins E and C (25 lM each for MC3T3-E1 cells and 50 lM each
for UMR106 cells during 6 h, PD98059 (1–20 lM) and wortmannin
(0.25–10 lM) for 30 min in both cell lines. After these preincuba-
tions, 100 lM V(V)-Salsem were added for 24 h at 37 �C. After this
treatment, the monolayers were washed with PBS and fixed with
5% glutaraldehyde/PBS at room temperature for 10 min. After that,
they were stained with 0.5% crystal violet/25% methanol for
10 min. 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. Absorbance was read at
540 nm after a convenient sample dilution. We previously showed
that under these conditions, the colorimetric bioassay strongly
correlated with cell proliferation measured by cell counting in
Neubauer chamber [25,26].
2.3. Cell morphology

Cells were grown on glass coverslips and incubated with V(V)-
Salsem at different doses in serum-free DMEM for 24 h. Then, the
cells were fixed and stained with Giemsa [28,29]. Samples were
observed under light microscopy and pictures were taken for fur-
ther evaluation.

3. Mechanisms of action

3.1. Oxidative stress

Intracellular H2O2 was measured spectrofotometrically, using
the leuco probe DHR 123 which preferentially reacts with H2O2,
and is oxidized to the fluorescent molecule rhodamine 123
[30,31]. Briefly, the osteoblast cell lines were incubated with
V(V)-Salsem for 24 h followed by an incubation with DHR for
30 min at 37 �C. The cells were then washed in PBS and scrapped
into 1 ml 0.1% Triton-X100. The cell extracts were then analyzed
using an Aminco-Bowman SPF100 spectrofluorometer equipped
with a Hamamatsu R928 photomultiplier tube (excitation wave-
length, 490 nm; emission wavelength, 520 nm). Results were cor-
rected for protein content, which was assessed by the method of
Bradford [32].



Fig. 2. Effect of V(V)-Salsem on MC3T3-E1 and UMR106 osteoblast-like-cell
proliferation. Cells were incubated in serum-free DMEM alone (basal) or with
different concentration of V(V)-Salsem at 37 �C for 24 h. Result are expressed% basal
and represent the mean ± SEM (n = 9).*p < 0.001.
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3.2. Sensitivity to hydrogen peroxide (H2O2)

In order to determine if the generation of increased levels of
intracellular H2O2 may be one of the pathways used by V(V)-Sal-
sem to exert cytotoxicity in osteoblast-like cells, the cells were
incubated for 24 h in 48-well plates at 37 �C with H2O2 in varying
concentrations, as specified in the legends to the figures. After
incubation, the cellular viability was measured by the crystal violet
bioassay.

3.3. Cytoskeleton rearrangement

To visualize actin filaments, a fluorescence staining method was
performed. Cells were grown on glass coverslips until a 70% of con-
fluence. Then, they were incubated for 24 h at 37 �C with different
doses of the compounds. After that, the cells were fixed, permeabi-
lized during 4 min at room temperature using absolute ethanol
(cold at�20 �C), washed with phosphate buffered saline (PBS)
and blocked with 5% non-fat milk for 2 h. After washing, the cells
were incubated with Phalloidin- FITC (1/300) in the blocking agent
for 2 h. The samples were washed again and mounted in slides
with glycerol (80%)/PBS plus PI (5 lg/ml). Labeled cells were visu-
alized using a fluorescence microscope and pictures were taken for
later evaluation.

3.4. Measurement of the exposure of phosphatidyl serine (PS) by
Annexin V-FITC/PI

During apoptosis one of the first membrane changes that can be
detected is the exposure of PS residues. This phospholipid reacts
with Annexin V and apoptotic cells show a green fluorescence on
their surface. Cells that have lost membrane integrity (necrotic
cells) will have a red fluorescent nucleus stained with PI.

Surface exposure of PS by apoptotic cells was measured by
adding Annexin V-FITC/PI to the culture medium following the
recommendations of the manufacturer. The cells were subse-
quently incubated for 10 min in the dark at room temperature.
The adherent cells were rinsed twice with PBS and were harvested
by scrapping with a rubber policeman [33]. Cells were analyzed
using a flow cytometer (BD FACS CaliburTM). Four subpopulations
were expected in the cytogram: the mechanically damaged vital
(Annexin V�/PI+), the undamaged vital (Annexin V�/PI�), the
apoptotic (Annexin V+/PI�), and the secondary necrotic (Annexin
V+/PI+) subpopulations. Besides, in order to test the influence of
oxidative stress on the apoptosis events, experiments were also
performed in the presence of GSH at concentrations of 0.25 mM
for MC3T3-E1 cells and 1 mM for UMR106 osteoblasts. Cells were
preincubated with GSH for 2 h before to the addition of the
complex.

3.5. Western blotting of cell lysates

UMR106 and MC3T3-E1 osteoblast-like cells were subcultured
into 6-well-plates in DMEM supplemented with 100 U/ml penicil-
lin, 100 lg/ml streptomycin and 10% (v/v) FBS at 37 �C, 5% CO2.
When 100% confluence was reached, the medium was removed
and the cells were washed twice with serum-free DMEM. Cells
were preincubated for 1 h in serum-free DMEM with different con-
centrations of the inhibitors according to the figure legends, and
then, 1 mM of the complex was added and incubated at 37 �C for
an additional hour. Then, the cells were washed twice with cold
PBS and lysed in Laemmli buffer [34]. Protein content was deter-
mined in each lysated cellular fractions. Aliquots with equal
amounts of protein were separated on 12.5% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS–PAGE) under
reducing conditions. Then, they were transferred to acetate
cellulose membranes, and examined by inmunoblotting with
specific antibodies against the phosphorylated (1:1000) and not
phosphorylated (1:1000) ERK-1/2. Then, they were revealed by
an ECL commercial kit [35].

4. Statistical methods

At least three independent experiments were performed for
each experimental condition. Results are expressed as the mean ±
SEM. Statistical differences were analyzed using Student’s t-test.

5. Results

5.1. V(V)-Salsem induced cytotoxicity on osteoblast proliferation

The effect of the complex and the free ligand on the prolifera-
tion of osteoblast-like cells in culture was estimated by the crystal
violet bioassay. Fig. 2 shows that at lower tested concentrations
the complex did not exert any effect. Nevertheless, by increasing
the concentration of V(V)-Salsem up to 100 lM, a dose-dependent
decrease of cell survival could be determined. This effect was sta-
tistically significant after 10 lM for the non-transformed MC3T3-
E1 cells and for 25 lM in the tumoral osteoblasts (UMR106). This
observation suggests a greater sensitivity to V(V)-Salsem for the
non-transformed cell line. At the highest tested concentration of
100 lM, the complex caused an inhibition of ca. 48% and 38% for
the normal and the tumoral osteoblasts, respectively (p < 0.001).
Besides, the free ligand did not display any effect on cell survival
in the whole range of the tested concentrations.

In order to better evaluate the cytotoxic effect of V(V)-Salsem in
osteoblasts in culture, we then analyzed its action on cell morphol-
ogy by light microscopy.

5.2. Morphological changes

Taking into account the deleterious effects of the complex on
the proliferation of osteoblast cell lines, we next investigated the
action of this complex on the morphology of MC3T3-E1 and
UMR106 cells. As can be seen from Fig. 3a, the MC3T3-E1 control



Fig. 3. Effect on cell morphology on the treatment on the osteoblast-like cells with V(V)-Salsem. Upper panel, MC3T3-E1 osteoblasts. (a) basal, (b) 10 lM, (c) 100 lM. Lower
panel, UMR106 cells. (d) basal, (e) 25 lM, and (f) 100 lM. Arrow indicates membrane blebs. Obj. 100�.
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monolayer showed the aspect of a typical fibroblast-like culture.
Cells presented round nuclei, were stellate in shape and exhibited
thin lamellar processes connecting each other with their neighbor-
ing. The deleterious effect of V(V)-Salsem could be observed at
10 lM concentration (Fig. 3b). A gradual cytoplasm condensation
and lost of the connections between the cells could be seen. The
preosteoblasts were elongated as well as the nuclei and the cells
adopted a fusiform shape. At 100 lM concentration, most pro-
nounced changes were observed; the nuclei were pyknotic and
scarce and very thin cytoplasm connections between cells could
be observed. Besides, an important number of cells died and de-
tached from the monolayer (Fig. 3c).

The morphological characteristics of a culture of UMR106 oste-
osarcoma cells can be seen in Fig. 3d. These cells showed polygonal
shape, well stained nuclei of irregular form and well defined cyto-
plasm. Cells connected with their neighbors through lamellar pro-
cesses. At 25 lM of the complex (Fig. 3e), some nuclei showed
apoptotic transformations such as membrane blebs (see arrow).
The morphological alterations of the nuclei were more marked as
the complex concentration increased up to 100 lM (Fig. 3f).
Fig. 4. Effect on actin fibers upon the treatment with V(V)-Salsem. Upper panel, MC3T3-E
(e) 25 lM, and (f) 100 lM. Obj. 100�.
5.3. Alterations in cytoskeleton actin

Staining of the actin protein with Phalloidin-FITC was used to
visualize cytoskeleton architecture in the osteoblast-like cells
growing in the presence of different complex concentrations.
Fig. 4 (upper panel) presents the organization of actin filaments
in MC3T3-E1 cells without the addition of the complex (a) and
treated with vanadium 10 lM (b) and 100 lM (c). In the control,
actin microfilaments were regularly distributed and placed in the
direction of the main axis of the preosteoblastic cells. In the oste-
oblasts exposed to the vanadium complex, actin filaments were
rearranged and the shape of the cells were lost as the concentra-
tion of V(V)-Salsem increased. At 10 lM slight modifications in
the actin fiber disposition could be observed. At 100 lM a com-
plete disruption of cell shape could be seen. The lost of cytoplasm
was especially marked and this resulted in a nuclei gathering.

Fig. 4 (lower panel) shows the characteristics of the actin fila-
ments in UMR106 cells. Control cells (d) displayed an organized
architectural disposition of the fibers in a similar pattern to that
found for the MC3T3-E1 cells under basal condition. When the
1 osteoblasts. (a) basal, (b) 10 lM, (c) 100 lM. Lower panel, UMR106 cells. (d) basal,



Fig. 6. Cellular sensitivity to H2O2. Cells were incubated with various H2O2

concentrations for 24 h and the viability was measured by the crystal violet assay.
The results are expressed as the percentage of basal. Values represent the
means ± SEM, n = 6. Statically significant differences vs. control are *p < 0.001.
Statistically difference between cell lines are #p < 0.001.
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osteosarcoma cells were exposed to different concentrations of the
complex, the regularity of this pattern altered as the doses of the
V(V)-Salsem increased. For these tumoral cells, the first changes
in actin microfilament organization could be detected at 25 lM
(e). At the highest tested dose of 100 lM (f), there was a complete
disassembly of actin network, fragmentation of some nuclei and
the lost of cellular membrane in some cells. These results are in
accordance with the morphological alterations observed with
Giemsa staining as well as with the proliferation results obtained
with the crystal violet assay previously reported.

From a molecular point of view, the possible mechanisms of cell
death triggered by V(V)-Salsem were investigated through the
determination of the oxidative stress (ROS production), the apop-
tosis and the induction of the active (phosphorylated) forms of
ERKs 1/2.

5.4. Oxidative stress

The determination of ROS was carried out using DHR 123. This
probe is a non fluorescent compound that preferentially tested the
production of H2O2. In the cells, DHR 123 is oxidized to Rhodamine
123 when exposed to oxidizing agents. Cell extracts for rhodamine
123 measurements were obtained and processed as previously de-
scribed, using florescence spectroscopy. As can be seen from Fig. 5,
V(V)-Salsem induced a dose-dependent oxidative stress in both
cell lines. Significant differences vs. basal could be observed from
25 lM (p < 0.001).

We therefore tested the sensitivity of the osteoblast cell lines to
H2O2. Fig. 6 shows that MC3T3-E1 and UMR106 cells were affected
by the hydrogen peroxide in a dose response manner. Besides, the
non tumoral osteoblasts were more sensitive towards this sub-
stance since the first statistically difference could be observed at
5 lM while in the tumoral cells it corresponded to a concentration
of 10 lM.

On the bases of these results we assumed that the oxidative
stress may play a key role in the toxic effect of the complex. To con-
firm this hypothesis we first studied the effect of NAC on the level
of ROS generated by the complex in the cultures of osteoblasts. As
expected, NAC diminished the oxidative stress in both cell lines
Fig. 5. Effect of V(V)-Salsem on DHR oxidation to rhodamine. Osteoblast-like cell
were incubated with different concentrations of the complex for 24 h. The
generation of ROS was evaluated as described in Materials and methods. Values
represent the means ± SEM, n = 6. Statistically significant differences vs. control are
*p < 0.001.
(Fig. 7a and b). Similar results were obtained with a mixture of
vitamin C and E (data not shown).

Then, we evaluated the effects of the ROS scavengers on cell
proliferation. The results can be seen in Fig. 8a and b. The scaveng-
ers partially reversed the vanadium cytotoxicity allowing a better
survival of the osteoblasts.

5.5. Apoptosis

Apoptosis is a physiological process of cell death enhanced in
the presence of injuring agents. Apoptosis determines various
modifications in cell structure, mainly at the cellular membrane le-
vel. One of the first alterations that can be defined is the external-
ization of the PS, at the outer plasma membrane leaflet. Fig. 9a
displays the quantification of apoptotic cells determined by flow
cytometry in MC3T3-E1 cells incubated with different doses of
V(V)-Salsem. As can be seen MC3T3-E1 cells showed 17% of apop-
totic cells under basal conditions (without vanadium compound).
This percentage increased to 34% at 50 lM reaching a maximum
of 44% at 100 lM. In the case of tumoral osteoblasts (Fig. 9b), an
increment from 14% in the control to 33% at 100 lM could be mea-
sured. Necrotic cells were observed neither in the normal nor in
the tumoral osteoblasts.

Since GSH is one of the most important hydrogen peroxide
scavenger, we next tested the effect of 100 lM V(V)-Salsem plus
0.25 or 1 mM GSH for MC3T3-E1 and UMR106, respectively. Under
these experimental conditions, preliminary results indicated a de-
crease of apoptotic cells.

5.6. ERK-activation

The activation of ERK cascade by V(V)-Salsem was evaluated
using the method previously described [35]. Proteins in the cell ex-
tracts were separated by SDS–PAGE and examined by immuno-
blotting with specific antibodies against the phosphorylated and
non-phosphorylated forms of ERK-1/2. A representative immuno-
blot for UMR106 of the effects of the complex is shown in
Fig. 10. As can be seen ERK cascade was activated by 1 mM of
V(V)-Salsem, this effect was observed in both cell lines. The rela-
tive intensities of the bands pERK-1/2 to the total ERK determined



Fig. 7. Effect of V(V)-Salsem on DHR oxidation to rhodamine in presence of NAC. MC3T3-E1 cells were incubated with 100 lM of NAC plus different concentrations of the
complex (a). Values represent the means ± SEM, n = 6. Statistically significant are *p < 0.001, when compared with the control; #p < 0.05, �p < 0.002 when compared with the
respective dose without NAC. UMR106 cells were incubated with 200 lM of NAC plus different concentration of V(V)-Salsem (b). Values represent the means ± SEM, n = 6.
Statistically significant are *p < 0.001 when compared with control; #p < 0.05, when compared with the respective dose without NAC.

Fig. 8. Effect of V(V)-Salsem on MC3T3-E1 (a) and UMR106 (b) osteoblast-like-cell proliferation in the presence of NAC. Cells were incubated in serum-free DMEM alone
(basal) or with different concentration of V(V)-Salsem plus NAC 100 lM for MC3T3-E1 or 200 lM for UMR106. Result are expressed% basal and represent the mean ± SEM
(n = 6). Statistically significant differences for MC3T3-E1 are *p < 0.05; Up < 0.002 when compared with control; #p < 0,05; �p < 0.002 when compared with the corresponding
dose of the complex without NAC. Statistically significant differences for UMR106 are �p < 0.002; *p < 0.001 when compared with control; #p < 0.05; #p < 0.05 when compared
with the corresponding dose of the complex without NAC.
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by densitometry were expressed as % basal (lower part of the
figure).

In an attempt to define the mechanism by which V(V)-Salsem
induced ERK-phosphorylation, we examined the potential role of
the oxidative and the mitogen activated protein kinase (MAPK)
pathways. Osteoblasts were preincubated either with NAC (a free
radical scavenger), Wortmannin (a phosphatidyl inositol-3-kinase
(PI3-K) inhibitor) or PD98059 (a mitogen extracellular kinase
(MEK) inhibitor). Control experiments were also carried out with
NAC, wortmannin, PD98059 and the vehicle (DMSO). Finally,
1 mM V(V)-Salsem was added for an additional hour and the acti-
vation of ERK was assessed as before. ERK-phosphorylation in-
duced by V(V)-Salsem (1 mM) was totally inhibited by PD98059
and partially by wortmannin. On the other hand, NAC did not abro-
gate the V(V)-Salsem ERK-activation (Fig. 10).

In order to evaluate if ERK-1/2 activation may be involved in the
antiproliferative effect of the vanadium complex, we tested again
the effect of 100 lM of V(V)-Salsem plus PD98059 on cell prolifer-
ation. A slight but statistically significant (p < 0.05) reversion of the
deleterious effect of the vanadium(V) complex on cell survival
could be determined for MC3T3-E1 cells with 1 lM PD98059
(Fig. 11). This reversion could not be detected for the tumoral oste-
oblasts. On the other hand, wortmannin was not able to reverse the
deleterious effect of the complex. These results indicate that the
ERK pathway is involved at least partly, in the V(V)-Salsem anti-
proliferative actions in the non-transformed osteoblasts like cells.

6. Discussion

Semicarbazone derivatives and vanadium species are pharma-
cologically active compounds both in vivo and in vitro systems
[1,23,24]. Since these therapeutical properties can be modified by
complexation, in the present study we have addressed the
investigation of a complex of vanadium(V) with salicylaldehyde
semicarbazone, V(V)-Salsem. The evaluation of its bioactivity and
cytotoxicity is of particular interest.

Vanadium derivatives are a group of drugs with potential
effects on hard tissues [2,36]. Bone is a dynamic tissue with a great
capacity to remodel and repair throughout life [37]. The integrity of
the skeleton depends on a series of events that regulate a coordi-
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Fig. 9. (a) Effect of V(V)-Salsem on cellular apoptosis assessed by flow cytometry using Annexin V-FITC/PI. MC3T3-E1 cells were treated with 0 (basal), 50 lM, 100 lM of the
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nated activity of osteoblasts and osteoclasts. In a model of normal
and tumoral osteoblasts in culture, we found that vanadium(V) and
vanadium(IV) species as well as different vanadium complexes
regulate cellular proliferation and differentiation [25,35,38,8,39].
In this osteoblast-like cells in vitro model, the results showed that
the sensitivity of the non-transformed MC3T3-E1 cells to V(V)-Sal-
sem induced cytotoxicity was greater than in the tumoral osteosar-
coma cell line UMR106. Similar effects were previously reported by
our group for other vanadium compounds [25,28,40,41]. Moreover,
interesting pharmacological effects have also been published for
vanadium derivatives of semicarbazones in different cellular lines
[23,24]. In those studies, at 100 lM, V(V)-Salsem caused a great
cytotoxic effects on TK-10 (human kidney carcinoma) cells while
other tumoral cell lines were less affected by this complex [24]. To-
gether with our results, it can be seen that this complex exerted a
deleterious effect on the human kidney carcinoma TK-10 and on
the osteosarcoma UMR106 cell lines, being a good compound to
be thoroughly explored in in vivo systems.

Several mechanisms have been proposed to explain the cyto-
toxicity of vanadium derivatives: morphological changes, cytoskel-
eton alterations, apoptosis, oxidative stress and ERK pathway
activation [11,28,35,42,43]. The morphological alterations caused
by V(V)-Salsem in the osteoblast cell lines displayed marked
changes in the nuclear and cytoplasm characteristics. These
changes are hallmarks of apoptosis and they are relatively stereo-
typical although there is much variation among the different cell
types due to the numerous biochemical, functional and morpho-
logical peculiarities. The morphological changes in the cells were
intensified in a dose response manner with great loss of cells and
cellular structure at 100 lM. Similar effects have been previously
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reported by our group for other cell types in culture [44] as well as
for other vanadium compounds [28,45]. On the other hand, some
data from the literature have suggested that the cytotoxicity of
vanadium may be responsible for the destruction of actin fibers
[46,47]. The organization of the cytoskeleton is essential for many
cellular functions. Actin fibers are one of the main components of
cytoskeleton ubiquitously distributed in the cells. They determine
the cellular shape and are involved in many cellular processes
including signal transduction [48]. Changes in the cytoskeleton
organization would likely lead to important consequences [43].
For these reasons, we next evaluated the effect of V(V)-Salsem on
the actin cellular network. As it has been shown, also a dose-
dependent-effect could be observed for the complex with again a
greater disruption of actin fiber architecture in the non-trans-
formed osteoblasts than in the tumoral ones.

These three deleterious effects of the complex (antiproliferative
action, morphological alterations and actin cytoskeleton disrup-
tion) point to the cytotoxicity of V(V)-Salsem in osteoblast-like
cells.

Moreover, in an attempt to elucidate the possible mechanism
involved in the cytotoxicity of V(V)-Salsem, we evaluated the acute
effect of the complex on the oxidative stress. It was assessed by the
oxidation of the probe DHR 123 which mainly detects the intracel-
lular level of the H2O2 [49–51]. Results showed an increase in ROS
concentration as the cells were exposed to the complex. The incre-
ment in ROS levels correlated quite well with the antiproliferative
effect observed in both cell lines.

Several studies have suggested that hydrogen peroxide is in-
volved in vanadate-induced cell growth arrest and cell death
[52–54]. Hence, if H2O2 is in fact related to the V(V)-Salsem in-
duced cytotoxicity, the most likely alternative would be that the
complex induced different intracellular levels of H2O2 depending
on the cell line [52]. Besides, if this assumption was correct, one
might expect a different sensitivity of MC3T3-E1 cells than in the
tumoral osteoblasts to the addition of H2O2 to the cultures. Our re-
sults showed that although there is not a statistical difference in
the intracellular levels in both cell lines, there is a greater sensitiv-
ity of the non-transformed cells in relation to the tumoral osteo-
blasts towards the H2O2, as it could be established from the
lower concentration of this agent able to cause a significant de-
crease in cell proliferation.

Other authors had previously suggested that certain antioxi-
dants protect cells against ROS effects [55–58]. NAC, a well-known
thiol-containing antioxidant, has had multiple clinical uses for
more than 50 years [59,60]. The evidence from both in vitro and
in vivo studies indicates that NAC is capable of facilitating intracel-
lular GSH biosynthesis by reducing extracellular cystine to cysteine
[61], or by supplying sulfhydryl (–SH) groups that can stimulate
GSH synthesis and enhance glutathione-S-transferase activity
[62]. Additionally, NAC is a potent free radical scavenger as a result
of its nucleophilic reactions with ROS [63]. When NAC or a mixture
of vitamins C and E were used in coincubations with the complex,
the oxidative stress decreased in both cell lines. This effect could be
seen through the cell proliferation assay which showed a partial
amelioration of cell survival in the presence of ROS scavengers.
Since scavengers could not reverse completely the damage caused
by oxidative stress, other mechanisms were assumed to play a role
in the complex cytotoxicity.

Apoptosis is considered a physiological mechanism of cell
death, inherent to cellular development, which is triggered by dif-
ferent endogenous or exogenous factors [64]. These factors may be
recognized by receptors in the cell surface and may cause a chain
activation of cytoplasm proteins. As a consequence, a genetic pro-
gram that leads to cell death is activated. This process is accompa-
nied by characteristic morphological changes on the nucleus and
the cytoplasm. Independently of the cellular type and the nature
of the trigger agent, the externalization of PS is always present in
the earlier apoptotic events. Annexin V-FITC is a fluorescent probe
with high affinity for PS allowing its determination by fluorometric
assays. Our flow cytometry results showed an increment of the
apoptotic cells over basal in the presence of V(V)-Salsem in both
cell lines, but no necrotic cells could be determined. Similar results
have been previously reported by other authors [33]. Secondary
necrosis is probable the consequence of an apoptotic process in
culture where no phagocytes are present to remove the dying cells.
The secondary necrotic subpopulation could be hardly detectable,
indicating that the loss of plasmatic membrane integrity by the
apoptotic cell does not occur significantly under the presented con-
ditions. Secondary necrosis may occur in a later stage of apoptosis.
Since we measured this process in the adherent cell population, it
is highly probable that the dying cells may have already detached
from the surface of the dish and break into apoptotic bodies [33].

Apoptosis is associated in many cases with the generation of
ROS, as it has been reported for a wide range of cells. Nowadays
there are many unresolved questions concerning the relationship
between apoptosis and the generation of ROS, such as which ROS
are involved in apoptosis, what mechanisms and targets are impor-
tant and whether apoptosis is triggered by ROS damage or if they
are generated as a consequence of the cellular disruption that oc-
curs during cell death [65]. It has been shown that vanadium-in-
duced oxidative stress leads different cellular types to death by
apoptotic and/or necrotic processes [11,66,67] as it was observed
for V(V)-Salsem.

GSH, one important antioxidant in mammalian tissues, is one of
the major detoxificant H2O2 scavengers [68,69]. Intracellular GSH
level decreases during oxidative injury and it is an important
parameter for the cellular redox status. For this reason and to ob-
tain a better knowledge of the involvement of oxidative stress in
the apoptosis caused by V(V)-Salsem, we analyzed the effect of
1 mM GSH added to the cultures. A beneficial effect dependent
on GSH was determined in both cell lines as it has also been previ-
ously established for other cell lines [70].

The ERK pathway is classically recognized to play a key role in
cell proliferation and differentiation [71]. Some investigations have
shown that this pathway also mediates antiproliferation and cell
death events [72]. Trying to get a better understanding of V(V)-Sal-
sem cytotoxicity in osteoblasts, we studied the activation of ERK
pathway in cultures incubated with the complex by the method
previously described [73]. The complex caused the phosphoryla-
tion of ERK-1/2 in both cell lines.

Since the oxidative stress is also related to the activation of ERK
pathway [74,75], we tried to elucidate its involvement in the com-
plex induced cytotoxic effects in osteoblasts as it has been previ-
ously reported for vanadate [57,74]. To achieve this aim we have
used NAC and specific inhibitors of ERK pathway. In the case of
V(V)-Salsem, the role of oxidative stress in activating the intracellu-
lar signalling ERK cascade could not be determined. On the contrary,
the specific inhibitors of ERK pathway (i.e. PD98059), caused a de-
crease in the phosphorylation of ERK. The evaluation of the prolifer-
ative actions of V(V)-Salsem in osteoblasts in culture in the
presence of PD98058 demonstrated the implication of the ERK
pathway activation in mediating the cytotoxic effects of the diox-
ovanadium(V) complex in the non-transformed osteoblasts. In fact,
a partial compromise of this pathway, independent of the oxidative
stress, seems to participate in the complex induced cytotoxicity.

All together, the results obtained in our model system suggest
that the cytotoxicity of V(V)-Salsem in osteoblasts is mainly asso-
ciated with the intracellular ROS overproduction. Besides, preli-
minary results obtained in our laboratory indicate that UMR106
cells have a higher basal concentration of GSH than MC3T3-E1 cells
(data not shown). This difference in the basal GSH level could ac-
count, at least in part, for the lower cytotoxicity of the complex
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in the osteosarcoma cells than in the non-transformed osteoblasts.
Similar results were reported in Caco-2 cell system [76]. Moreover,
a statistically significant negative correlation was found between
cell survival and Rhodamine 123 fluorescence levels.

In conclusion, the cytotoxicity induced by V(V)-Salsem in the
osteoblast-like cells is a complex phenomenon depending on sev-
eral factors. An increase in the oxidative stress and the activation
of ERK pathway possibly play a role in the morphological changes
and in the survival of the cells. Besides, the results suggest that the
phenotypic features of the cells and their mechanisms of antioxi-
dant defense as well as the incidence of vanadium compound on
the cytoskeleton organization also contributed to vanadium-in-
duced cytotoxicity.
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