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Abstract: Strong chelating ligands as oxodiacetate (oda) are model systems to study the process of metal trapping by liv-
ing organisms. Vanadium compounds display interesting biological and pharmacological actions. In vertebrates, vana-
dium is stored mainly in bones. In the present study we report the effects of the complex of oda with vanadyl(IV) cation,
VO(oda), on two osteoblast cell lines, one normal (MC3T3E1) and the other tumoral (UMR106). VO(oda) exerted cyto-
toxic actions in osteoblasts as it was determined through a dose-dependent decrease in cell proliferation, and morphologi-
cal and actin alterations. The putative mechanisms underlying VO(oda) deleterious effects were also investigated. The
complex increased the level of ROS which correlated with a decreased in GSH/GSSG ratio. Besides, VO(oda) induced a
dissipation of the mitochondria membrane potential (MMP) and promoted an increase in ERK cascade phosphorylation,
which is involved in the regulation of cellular death and survival. All the effects were more pronounced in MC3T3-E1
than in UMR106 cells. ERK activation was inhibited by PD98059, Wortmanin and the ROS scavenger NAC (N-acetyl
cysteine). These results suggest that VO(oda) stimulated ERKs phosphorilation by induction of free radicals involving
kinases upstream of ERK pathway. The inhibitory effect of the complex on cell proliferation was partially reversed in
both cell lines by NAC. Moreover, PD98059 and Wortmanin also partially reversed the inhibition of cell proliferation in
the tumoral osteoblasts. The use of specific inhibitors and ROS scavengers suggested the involvement of oxidative stress,

MMP alterations and ERK pathway in the apoptotic actions of this complex.
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1. INTRODUCTION

Strong chelating ligands are very important in aqueous
media because they offer the opportunity of trapping differ-
ent metal species [1]. This process becomes particularly sig-
nificant in living systems, where different metals are ac-
quired, transported and stored mostly by low-molecular-
weight compounds involving multidentate oxygen donors
from carboxylate, hydroxamate and catecholate ligands [2,
3].

Among the family of multidentate oxygen donor species,
oda= oxodiacetate, O(CH,COOQO),, stands as a versatile com-
plexing agent, having the potential O-donor atoms in differ-
ent orientations, thus allowing the construction of networks
of different dimensionalities. As a ligand, oda holds an OOO
donor set and can complex metal ions by forming chelate
rings. As an example, a new polymeric phase of zinc(Il)
oxodiacetate has been reported [4].

This ligand has been extensively used showing the ability
of oxodiacetate to form polymeric species via bridging
modes, and several structures containing this anion in differ-
ent environments [5].
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On the other hand, vanadium is a transition element
broadly distributed in nature in trace amounts [6, 7]. Con-
cerning animals and human beings, vanadium compounds,
once absorbed, are retained mainly in bones [6, 8]. Although
the essentiality of vanadium for man is still unknown it has
been reported that vanadium derivatives are potentially use-
ful drugs from a pharmacological point of view. In fact, va-
nadium compounds have been shown to display potential
therapeutic applications as insulin mimics, [9, 10] antineo-
plastic drugs [11-13] and more recently some osteogenic
effects have also been reported [14-16]. In particular, we are
very interested in the antitumoral actions of alternative po-
tential compounds such as vanadium derivatives to provide a
broad source of compounds worthy to be tested for cancer
treatments in a near future. Some vanadium compounds have
shown deleterious effects on tumoral cell proliferation and
differentiation as well as on cellular morphology [17-20].
This antitumoral action seems to be mediated through differ-
ent mechanisms. Among these pathways, the induction of
phosphorylation of tyrosine residues seems to play a major
role. This effect may be due to the inhibition of key protein
tyrosin phosphatases (PTPases), which in turn promotes the
activation of the extracellular regulated kinase (ERK) path-
way [21-24]. Besides, changes in cell cytoskeleton proteins
[20, 25] as well as an increment in the oxidative stress (pro-
duction of reactive oxygen species (ROS) [26-28], altera-
tions in the ratio GSH/ GSSG [29, 30] induction of apoptosis
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[9, 17, 31] and diverse direct and indirect effects on DNA
synthesis and breakdown have also been described as puta-
tive mechanisms of action [32-34]. It has been reported that
vanadium can also cause toxic actions in living systems [35-
38]. To understand the toxicity of vanadium compounds it is
essential to know the mechanisms of action as well as the
susceptibility of different cells.

Del Rio and col. have previously reported the synthesis
of the complex bis(aqua)oxodiacetatooxovanadium(IV) of
vanadyl cation with the ligand oda, VO(oda) (Fig. 1). [39].
Besides, the spectroscopic characterization of this complex
and its bioactivity in osteoblast-like cells in culture have
been recently determined [40]. Although VO(oda) was pre-
viously reported as an antiapoptotic compound in RINmSF
cells that produce insulin, [41] the complex displayed delete-
rious effects in osteoblasts in culture since it caused inhibi-
tion of cell proliferation and differentiation in a normal and
in a tumoral osteoblast cell lines.

The aim of the present study is to extend our previous
observations on the bioactivity of VO(oda) in osteoblasts,
focusing the attention on its cytotoxic effects trying to eluci-
date its mechanisms of action.

Fig. . Schematic structure of  the complex
bis(aqua)oxodiacetatooxovanadium(IV) (VO(oda)).(Adapted from
reference [39]).

2. RESULTS

2.1. VO(oda) Induces Cytotoxicity in Osteoblasts in Cul-
ture

Our research group has recently reported the effect of the
complex on the proliferation of two osteoblast cell lines:
MC3T3-E1 derived from mouse calvaria and UMR106 de-
rived from a rat osteosarcoma. [40] VO(oda) significantly
inhibited osteoblast growth in a dose dependent manner after
24 h of incubation but with different responses in both cell
lines (p<0.001).

Besides, we have also shown that the complex signifi-
cantly inhibited the alkaline phosphatase activity, a marker
of osteoblast differentiation, in the UMR106 osteoblast-like
cells. [40]

To quantify the deleterious effect of the complex we have
now determined the ICsy in both cell lines. A stronger re-
sponse was observed in MC3T3-El cells (ICsp= 50 uM) than
in UMRI106 tumoral osteoblasts (IC5o >100 uM). It can be
seen that the complex caused greater cytotoxicity in the non-
transformed osteoblasts than on the tumoral ones.

2.1.1. Effects of VO(oda) on Lysosomal Activity. Neutral
Red Assay

The metabolically active lysosomes display the capacity
of uptake the neutral red dye (NR). The cytotoxic effects of
VO(oda) on the non- transformed osteoblast cell line
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MC3T3-El affects the functions of lysosomes. This effect
can be observed in Fig. (2).
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Fig. (2). Neutral red uptake by osteblasts in culture. MC3T3-E1
osteoblast-like cells (A) and UMR106 osteosarcoma derived os-
teoblasts (B) were incubated with different doses of VO(oda) for 24
h at 37 ° C. After incubation, cell viability was determined by the
uptake of neutral red. 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=16, °p<0.05; *p<0.001.

As can be seen the lowest tested concentration (2.5 uM)
did not show any difference with the control condition
(without complex addition). Nevertheless, at 5 and 10 uM a
statistically significant increase in the uptake of the dye by
the lysosomes of the osteoblasts could be detected. As the
concentrations of VO(oda) increase, a marked cytotoxic ef-
fect could be observed in the 25-100 uM range.

On the other hand, in the tumoral cell line UMRI106, a
decrease of the lysosomal activity was detected from 25 uM
with a marked decrease at 100 uM. These results agree quite
well with the effects of the complex on the proliferation of
tumoral osteoblasts [Error! Bookmark not defined.] since
the deleterious effects of the complex on the UMRI106 cell
proliferation could be seen from 25 pM.

The alteration on the lysosomal activity may be one of
the factors that play a role on the VO(oda) cytotoxicity.
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2.2. Morphological Changes

To further investigate the cytotoxicity of VO(oda) in os-
teoblasts in culture, we next determined the effect of this
complex on the morphology of MC3T3-E1 and UMR106
cells. As can be seen from Fig. (3A), the MC3T3-E1 control
monolayers showed the aspect of a typical fibroblast-like
culture. Cells are arranged in a star-like manner and present
round nuclei. Many processes connect each cell with their
neighboring. The deleterious effect of VO(oda) could be
observed at 10 uM concentration (Fig. 3B). A gradual cyto-
plasm condensation and loss of the connections between the
cells could be observed as the concentrations of the complex
increase. At 100 uM concentration, the most pronounced
changes were observed; the nuclei were pyknotic; besides,
scarce and very thin cytoplasmic connections between cells
can be observed. In addition, an important number of cells
died and detached from the monolayers (Fig. 3C).

The morphological characteristics of a culture of
UMRI106 osteosarcoma cells can be seen in Fig. (3D). These
cells showed polygonal shape and nuclei of irregular forms.
Cells connected with their neighbors through lamellar proc-
esses. Nuclear and cytoplasm condensation were observed
after the incubation with VO(oda) 10 uM (Fig. 3E). The
number of processes between the cells diminished as well as
the number of cells per field. Besides, nuclear pyknosis with
chromatine condensation and apoptotic bodies were ob-
served (see arrow). The limits of the cells were undefined
and difficult to observe. The cells exhibited dense nuclei
surrounded by very little and highly condense cytoplasm at
100 uM (Fig. 3F).
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Altogether, both cell lines displayed features typical of
apoptosis after the treatment with the complex.

2.3. Alterations in Cytoskeleton Actin

The described morphological alterations are based on the
modifications of the cytoskeleton proteins. The cytoskeleton
network can be observed by the staining of the actin fibers
with Phalloidin-FITC, a fluorescent probe with high affinity
for the cytoskeleton. Fig. (4) (upper panel) shows the organi-
zation of actin filaments in MC3T3-El cells. The character-
istics of actin architecture are depicted in Fig. (4A) (control
cells) and in (Figs. 4B and 4C) for the osteoblasts treated
with growing doses of the complex (10 uM and 100 pM,
respectively). Under normal conditions (without complex
addition), the osteoblasts present actin microfilaments placed
in the direction of the main axis of the cells. In the presence
of the vanadium complex, a rearrangement of the actin net-
work is observed as well as important alterations in the shape
of the cells. At 100 uM, the cells showed the actin accumu-
lated in some cytoplasm *‘patches’’.

The pictures in Fig. (4) (lower panel) show the character-
istics of the actin filaments in UMR106 cells. Control tu-
moral cells (Fig. 4D) displayed a pattern similar to that of
control MC3T3-E1 cells. When the osteosarcoma cells were
treated with different concentrations of VO(oda) the regular-
ity of this pattern becomes alter as the concentrations of the
drug increased. For these tumoral cells the first changes in
actin microfilaments organization could be seen at 25 uM
(Fig. 4E). At 100 uM, a complete disorganization was visu-
alized with the fibers surrounding the nuclei of the cells and
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Fig. (3). Effect of VO(oda) on osteoblast morphology: MC3T3-E1 cells (upper panel) and UMR106 cells (lower panel). Cells were incubated
with VO(oda) for 24 h. Then, the cells were stained with Giemsa and observed by light microscopy (Magnification 100 X).
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Fig. (4). Effect of VO(oda) on the actin cytoskeleton filaments of MC3T3-E1 (Fig. A,B,C) and UMRI106 cells (Fig. D,E,F), see text. Cells
were incubated with different concentrations of VO(oda) for 24 h at 37 °C. Then, the cells were stained with Phalloidin-FITC and observed

by fluorescence microscopy (Magnification 100X).

the shape of cells completely altered (Fig. 4F). The intensity
of the observed changes was stronger in the non-transformed
osteoblasts than in the tumoral cells. This result is in accor-
dance with the morphological and the proliferation studies.

2.4. Reversibility Study

In order to establish if the deleterious effect of VO(oda)
was reversible, the cells were incubated with increasing con-
centrations of the complex for 24 h at 37 °C. After this pe-
riod, the culture was washed to eliminate the complex. Then,
Dulbecco’s Modified Eagle’s Medium (DMEM) plus 10%
fetal bovine serum (FBS) was added and the osteoblasts were
cultured for another 24 h under this condition. The results
can be seen in Fig. (5). After 24 h of incubation with
VO(oda) it could be observed a decrease in cell proliferation
that was significant from 25 uM compared with control for
both cell lines. Nevertheless, a great number of cells that
survived alter this 24 h incubation with the complex, lost
their ability to proliferate under optimal culture conditions
for another 24 h in the absence of VO(oda). This effect can
be seen in the lower curves of (Fig. 5), since the number of
cells under this condition was significantly lower than that of
the first period of 24 h incubation (upper curve in Fig. 5).
Besides, it can be seen from (Fig. 5) that differences statisti-
cally significant between both culture conditions begun at 25
puM for MC3T3-El1 cells and at 50 pM for UMR106 tumoral
cells. The damage caused by the complex did not revert and
on the contrary, it turned worse indicating that the alterations
were irreversible.

2.5. Evaluation of Putative Cell Death Mechanisms

The possible mechanisms of cell death triggered by
VO(oda) were investigated through the determination of the
oxidative stress (ROS production) and the evaluation of the
redox couple GSH/GSSG. Besides, the effect of the complex
on the alteration of the mitochondria membrane potential
(MMP) and the activation of ERKs pathway were also inves-
tigated.

2.5.1. Determination of Reactive Oxygen Species. Intracel-
lular ROS Production

This assay was carried out using DHR-123 that is a not
fluorescent compound. This probe determines the levels of
intermediate peroxynitrite, hydroxyl radicals and hydrogen
peroxide [42-44].

In the cells, DHR-123 was oxidized to Rhodaminel23 in
the presence of oxidizing drugs. Because fluorescent oxida-
tion products are only produced in metabolically active cells,
DHR-123 can also be used as a viability indicator. Cell ex-
tracts for rhodamine measurements were obtained and proc-
essed as previously described, using fluorescence spectros-
copy [45]. As can be seen from (Fig. 6), VO(oda) induced a
dose-dependent oxidative stress in both cell lines with a
stronger response in the non- transformed osteoblasts. Sig-
nificant differences vs. basal could be observed from 10 uM
for MC3T3-E1 cells and from 50 uM for the UMRI106 tu-
moral osteoblasts (p<0.001). These results suggest that the
damage caused by oxidative stress is more pronounced in the
non-transformed osteoblasts.
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Fig. (5). Reversibility of cytotoxic effect induced by VO(oda) in MC3T3-E1 (A) and UMR106 cells (B). Osteoblasts were incubated with
different concentrations of VO(oda) for 24 h at 37°C and cell proliferation determined by the crystal violet assay (upper curves). Then, the
conditioned medium was eliminated and the potential recovery of cell viability was determined in DMEM plus 10% FBS, without complex
addition, at 37 °C for 24 h (lower curves). Results are expressed as the mean + SEM, n=6, *, # significant differences vs. control, ® values

significantly different comparing both treatments.
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Fig. (6). Induction of ROS by VO(oda) in MC3T3-El1 and
UMR106 cells. Cells were incubated with growing concentrations
of VO(oda) at 37 °C for 24 h . ROS production in the cells was
evaluated through the oxidation of DHR-123 to Rhodaminel23.
Results represent the mean + SEM, n=6, *significant differences vs.
control, # significant differences between the two cell lines.

On the other hand, the determination of ROS level in
MC3T3-E1 cells in the presence of 0.1 mM of the antioxi-
dant drug N-acetyl cysteine (NAC), can be seen in Fig. (7A).
NAC produced a partial reversion on the oxidative stress
induced by VO(oda) with statistically significant differences
for the higher concentrations. Similar effect could be seen in
the tumoral cell line (Fig. 7B), but using a higher concentra-
tion of NAC (0.25 mM).

The reported results indicate the relevance of the oxida-
tive stress as a major factor of the cytotoxic effects caused by
VO(oda). To verify this assumption, the proliferation assay
was carried out in the presence of VO(oda) and NAC. As can
be seen from (Fig. 8A), the decrease in cell proliferation was
partially reversed by the addition of 100 uM NAC to the

culture dishes of MC3T3-El1 cells. In the case of the tumoral
osteoblasts similar results were obtained with 250 uM NAC
(Fig. 8B).

2.5.2. Determination of the Ratio GSH/GSSG

Reduced glutathione (GSH), with a free thiol group, is a
major antioxidant in mammalian tissues that is involved in
numerous metabolic pathways. It provides reducing equiva-
lents for the glutathione peroxidase catalyzed reduction of
hydrogen peroxide and lipid hydroperoxides to water and the
respective alcohol. During this process GSH is oxidized to
GSSG. The GSSG is then recycled into GSH by glutathione
reductase.

When mammalian cells were exposed to increased oxida-
tive stress, the ratio GSH/GSSG decreased as a consequence
of GSSG accumulation. Measurement of the GSSG level or
determination of the GSH/GSSG ratio is another useful indi-
cator of oxidative stress.

Fig. (9) shows the effect of different doses of the com-
plex on the ratio GSH/GSSG in both cell lines. As can be
observed this ratio decayed for 50 and 100 uM in both cell
lines. Otherwise, at 100 uM, the decrease of the ratio was
greater for the non-transformed osteoblasts than for the os-
teosarcoma cells. Besides, Fig. (10) shows the GSH concen-
tration level in both osteoblastic lines. The results indicated
that in the UMR106 cells, the level of GSH was about twice
the level of the non-transformed osteoblasts (6.15 £ 0.39 pg
GSH/mg protein vs. 3.47 + 0.26 ug GSH/ mg protein, re-
spectively). In both cell lines, the GSH level decreased at 50
and 100 pM.

On the other hand, an acute stress caused by the addition of
200 uM VO(oda) for a short period to osteoblast cultures
produced a marked decrease in the GSH/GSSG ratio. This
effect was more pronounced in the tumoral cells although
these cells manage to recover earlier (4 h culture) than the
normal osteoblasts (Fig. 11). This fact may be related to the
approximately double concentration of GSH in the basal
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Fig. (7). Effect of VO(oda) on ROS production in the presence of NAC in MC3T3-E1 osteoblasts (A) and UMR106 cells (B). Cells were
incubated with different concentrations of VO(oda) or VO(oda) plus NAC 0.1 mM for MC3T3-E1 and 0.25 mM for UMR106 during 24 h.
Results are expressed as mean + SEM, n=6. For both cell lines: * significant differences vs. control, # significant differences in relation to the

same dose of the complex in absence of NAC.
a

110

—y— YO(oda)

100 1 —m— VO(adz) + NAC 01 mM

Cell proliferation (% Basal)

O 20 40 60 80 100 120

VO(oda) M

110
—a— VO[oda)
—A— Qoda) +NAC 0.25 mM

100

90

80

70

Cell proliferation (% Basal)

60

50 *~ T v T 1
0 20 40 60 80 100 120

VO(oda) M

Fig. (8). Effect of VO(oda) on cell proliferation in presence of NAC in MC3T3-E1 (A) and UMR106 cells (B). Cells were incubated with
different VO(oda) concentrations or VO(oda) plus 100 pM NAC for MC3T3-E1 and 200 uM for UMR106 cells during 24 h. Results are ex-
pressed as mean = SEM, n=6. For both cell lines: ° significant differences vs. control, # signicant differences between treatments.
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Fig. (9). GSH/GSSG ratio in MC3T3-E1 (A) and UMR106 cells
(B), incubated with different concentrations of VO(oda). Results are
expressed as mean + SEM of three independent experiments, * sig-
nificant differences vs. basal.
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Fig. (10). GSH level in MC3T3-E1 and UMR106 osteoblast-like
cells in presence of different VO(oda) concentrations. Results ex-
pressed the mean + SEM of three independent experiments, * signifi-
cant differences vs. basal.
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Fig. (11). Time course of the effect of VO(oda) on GSH/GSSG ratio in osteoblasts in culture. Confluent MC3T3-E1 (A) and UMR106 (B)
cells were incubated with 200 uM VO(oda) during different periods of time (0-4 h). Results are expressed as GSH/GSSG ratio and represent
the mean + SEM, of three independent experiments carried out by triplicate, # significant differences vs basal, p<0.001, * indicate the recov-

ery of GSH/GSSG ratio in the tumoral cells at 4 h after treatment.

condition of the UMRI106 cells compared with MC3T3-El
osteoblasts.

On the other hand, to analyze the influence of the cellular
redox status on VO(oda) cytotoxicity, we carried out a new
proliferation assay incubating MC3T3-El cells with different
concentrations of VO(oda) plus 3 mM GSH (Fig. 12). A
complete reversion of the deleterious action of the complex
could be observed. Similar results were obtained for the
UMR106 cells with 1 mM GSH.
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Fig. (12). Effect of VO(oda) on MC3T3-E1 cell viability in pres-
ence of GSH. Cells were incubated during 2 h with 3 mM GSH and
then, different concentrations of the complex were added at 37 °C
for 24 h. Results are expressed as the mean £ SEM, n=9, * signifi-
cant differences vs. control, # significant differences between
treatments.

To confirm that the depletion of GSH was one of the
mechanisms involved in the cytotoxicity of VO(oda), addi-

tional cultures were performed with VO(oda) plus L-
Buthionine sulfoximide (BSO), an inhibitor of GSH synthe-
sis. Under these conditions, MC3T3-E1 cells showed more
pronounced toxic effects than when they were incubated
only in the presence of the complex, establishing the crucial
role of GSH level in the survival of the osteoblasts (Fig. 13).
Similar results were obtained for the tumoral cells.
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Fig. (13). Effect of GSH depletion on cell viability in presence of
VO(oda) in MC3T3-E1 cells. Osteoblasts were incubated with 10
uM BSO overnight. After that, growing concentrations of VO(oda)
were added and the cells were incubated at 37 ° C for 24 h. Results
represent the mean + SEM, n=9, *significant differences vs. control,
# significant differences between treatments.

Altogether, these results suggest that the UMRI106 cells
are more protected against the oxidative stress than the non
transformed osteoblasts, in agreement with the levels of ROS
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measured by the DHR-rhodamine 123 assay discussed
above.

2.5.3. Alterations of the Mitochondria Membrane Potencial
(MMP)

To elucidate if VO(oda) induced cytotoxicity in os-
teoblasts by alterations of mitochondria functions, we evalu-
ated the MMP in both cell lines under control conditions and
in the presence of VO(oda). Moreover, due to the fact that a
decline in the MMP usually occurs along with an alteration
in the cellular redox status, the relationship between MMP
and oxidative stress was investigated in the presence of
GSH. MC3T3-E1 cells were incubated with 50 and 100 pM
VO(oda), and with 100 uM VO(oda) plus 3 mM GSH for 24
h. The changes in MMP were measured by flow cytometry
using the probe Rodamine 123. Fig. (14A) showed the re-
sults for MC3T3-E1 cells. As can be seen, the fluorescence
intensity of Rodamine 123 shifted to the left, indicating the
dissipation of MMP as the dose of the complex increased.
The fractions of cells that displayed low fluorescence inten-
sity were 7, 35 and 41% for 0, 50 and 100 uM VO(oda), re-
spectively. The last picture of this figure shows that the addi-
tion of 3 mM GSH maintained the MMP at control level
confirming again that the VO(oda) cytotoxicity was medi-
ated by the oxidative stress and that the GSH level played a
major role in the cell survival. Besides, these results indi-
cated that the MMP dissipation is a down stream event of the
ROS generation.

Fig. (14B) shows the results obtained in UMR106 os-
teosarcoma cells. In the tumoral osteoblasts, it could also be
observed a dose dependent loss of MMP. Nevertheless, in
this case, the fractions of cells with low fluorescence inten-
sity were lower than those determined for MC3T3-El cells at
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similar doses of the complex: 5%, 20% and 27% at 0, 50 and
100 uM, respectively. Moreover, pre-incubation of the tu-
moral osteoblasts with 1 mM GSH prevented the loss of
MMP induced by the complex.

As a whole, these results are in agreement with those
obtained by the crystal violet assay, DHR-123 oxidation test
and the variation in the ratio GSH/GSSG.

2.5.4. VO(oda) Induced the Activation of ERK-1/2 in Os-
teoblast-Like Cells

The cascades of the protein kinases activated by mitogens
(MAPK) and the phosphatidyl inositol-3 kinase (PI3-K) are
involved in the regulation of cellular death and survival. The
activation of ERK cascade by VO(oda) was evaluated using
a method previously described [46]. Proteins in the cell ex-
tracts were separated by SDS-PAGE and examined by im-
munoblotting with specific antibodies against the phosphory-
lated and non-phosphorylated forms of ERK-1/2. Represen-
tative immunoblots of the effect of the complex on UMR106
cells is shown in Fig. (15).

The complex stimulated ERK phosphorylation in a dose
dependent manner from 100 to 1000 uM. Relative intensities
of stimulation of the ERK cascade were corrected for total
ERK as determined by densitometry and were expressed as
% basal as can be seen in the lower part of the Fig. (15). In
the UMRI106 cell line, the relative intensities of PERK
reached a maximum of 275 at 1000 uM while in the non-
transformed osteoblasts this maximum was about 430 (data
not shown). These results indicate that the ERK pathway
may be involved in the VO(oda) cytotoxic effects.

In an attempt to define the mechanism by which VO(oda)
induced ERK phosphorylation, the potential role of the oxi-

Cortrol 50

=

o o0
2 50 0%
)

T ST L T/ ST SR

i 0 1 af o
Rh 123 Rh 123
100 100
100 1004 + CSH 1mM
75 754
‘g a4 27% 550
O Q
254 75 l
0 0
ST ST AR s SRS i i owt ot d e
Rh 123 Rh123

Fig. (14). Effect of VO(oda) on the mitochondria membrane potential (MMP) in MC3T3-E1 osteoblast-like cells (A) and UMR106 osteosar-
coma cells (B). Osteoblasts were incubated with 50 and 100 pM VO(oda), or with 100 uM VO(oda) plus 3 mM GSH for MC3T3-E1 cells
and 1 mM GSH for UMR106 cells, at 37 °C for 24 h. Results were obtained using flow cytometry and each histogram is representative of

three independent experiments.
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dative stress and MAPK pathway was evaluated using spe-
cific inhibitors: wortmanin (a PI3-K inhibitor), PD98059 (a
MEK inhibitor) and NAC (a free radical scavenger) (Fig.
16). The activation of ERK-1/2 was inhibited by PD98059,
wortmanin and NAC. These results suggest that VO(oda)
stimulated ERK phosphorylation by induction of ROS or the
activation of PI3-K and MEK pathways.
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Fig. (15). Dose-response of VO(oda)-induced ERK-1/2 phosphory-
lation. Confluent UMR106 cells were treated with different concen-
trations of VO(oda) for 1 h. Cells were lysated in Laemmli buffer
and analyzed by Western Blot. Relative intensities of stimulation
were corrected for total ERK, as determined by densitometry. Re-
sults are expressed as % basal and represent the mean + SEM of
three independent experiments, *significant difference vs. basal,
p<0.001.
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Fig. (16). Effect of inhibitors on VO(oda)-induced ERK-1/2 activa-
tion. UMR106 cells were pre incubated with 1 mM NAC during 1
h, 50 uM PD98059 or 10 pM wortmanin for 30 min. Then, the cells
were incubated with ImM VO(oda) during an additional hour.
Relative intensity for ERK-1/2 stimulation was determined by den-
sitometry. Results are expressed as % basal and are representative
of three independent experiments, *significant difference vs. basal,
p<0.001.
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3. DISCUSSION AND CONCLUSIONS

Recent data suggest that under certain conditions, various
metal cations may produce adverse effects in different cell
types in vivo [47].

Strong chelating ligands are very important in aqueous
systems since they are models for the trapping, transport and
storage of different metallic species in living organisms [48].
Multidentate compounds of low molecular weight are of
great interest for these processes since they bare functional
groups with oxygen donor atoms such as carboxylates, hy-
droxamates and cathecolates [2, 3]. Oxodiacetate is a good
model for the interactions of metals in living systems.

In the present study we investigated the effect of an or-
ganic derivative of vanadyl(IV) cation with oxodiacetate
which is a model compound for the interaction of vana-
dium(IV) with biological ligands inside the cells. In a model
of osteosarcoma and normal osteoblasts in culture, we found
that the complex VO(oda) induced inhibition of cell prolif-
eration. MC3T3-E1 cells showed more sensitivity to the va-
nadium complex than the tumoral osteoblasts [40]. Similar
effects were previously reported by our group for other va-
nadium compounds [45, 49, 50]. Several mechanisms have
been proposed to explain the cytotoxicity action of vanadium
derivatives. We report herein the effects of VO(oda) on cell
viability by NR assay, cell morphology, cytoskeleton archi-
tecture and putative mechanisms of cell death.

The NR technique is used to measure the growth of a
population of cultured cells: viable cells take up the NR dye
and transport it to a specific cellular compartment, the
lysosomes. The uptake, transport, and storage of the NR dye
require energy, as well as intact cellular and lysosomal struc-
tures [51]. Data presented herein show a cytotoxic effect of
VO(oda) in a concentration-dependent manner in both cell
lines. These results are in agreement with our previous report
[40]. Moreover, decreased cell viability induced by vanadyl
sulphate in tumorogenic and non-carcinogenic cells, [52] as
well as the toxicity of vanadate solutions in cardiomyocytes
[53] has been previously reported. Nevertheless, it could be
observed that at low VO(oda) concentrations (5 and 10 uM),
the NR assay showed an increase in the lysosomal activity in
the normal osteoblasts. This behavior may be attributed to
technical artifacts caused by vacuolization of the cytoplasm
of cells such as it was reported in a model of RTgill-W1 cells
[54] or to lysosomal swelling produced by weakly basic sub-
stances [55] or active osmotic agents [56]. On the other
hand, the increment observed in the NR uptake at low doses
may be also due to hormesis. This phenomenon consists in
the stimulatory effect associated with low doses of a poten-
tially toxic substance or stress [57]. A similar effect has been
previously reported for different metal compounds [58-60].

Morphological alterations are good markers to infer the
type of cell death (apoptosis or necrosis) induced by different
chemical or physical agents. These changes vary among the
different cell types due to their morphological, biochemical,
and functional features. VO(oda) caused morphological al-
terations typical of apoptosis in both cell lines. They in-
cluded cytoplasm and chromatin condensation, loss of cell
connections and apoptotic bodies. The morphological
changes in the cells intensified in a dose response manner
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with great loss of cells and cellular structure at 100 uM of
VO(oda). At this concentration we also found numerous
dead cells detached from the extra cellular matrix (ECM),
which correlated with the decrease in cell survival. Similar
results have been previously reported for other vanadium
compounds [17, 19, 51, 61] as well as for copper compounds
[62]. Moreover, it has been shown that vanadium compounds
may be responsible for the destruction of actin fibers [63,
64]. The organization of the cytoskeleton is essential for
many cellular functions. One of the main components of the
cytoskeleton ubiquitously distributed in the cells, are the
actin filaments which are very sensitive to the action of dif-
ferent xenobiotics. These fibers determine the cellular shape
and are involved in many cellular processes including signal
transduction [65]. For this reason, changes in the cytoskele-
ton organization correlate with important consequences for
cell survival [66] In the presence of VO(oda) it could be ob-
served a significant reduction of actin fibers after 24 h of
incubation. In addition at 100 uM of the complex, a com-
plete cell decomposition manifested as scattered granular
green color probably reflects actin cytoskeleton collapsing
which is characteristic of apoptosis and is frequently ob-
served at end-stage of this process [67, 68]. Besides, the dis-
ruption of actin network could cause damages to mitochon-
dria membrane which consequently induce the activation of
caspases and the down stream cleavage of proteins including
actin [69]. Similar findings have been recently report for a
vanadium(V) derivative [20].

It is well known that vanadium compounds exert their
toxic effects through the generation of oxidative stress [12,
70 71].

In an attempt to better understand the possible mecha-
nism involved in the cytotoxicity of VO(oda) in osteoblast-
like cells, we evaluated the acute effect of this complex on
the oxidative stress assessed by the oxidation of the probe
DHR-123 and the ratio GSH/GSSG.

DHR-123 is a mitochondria-associated probe that selec-
tively reacts with hydrogen peroxide [43, 44]. The complex
VO(oda) increased ROS production in osteoblasts with a
greater effect in the non transformed cell line (MC3T3-E1).

ROS formation enhanced by VO(oda) suggests that this
effect was dependent on the cellular cell type. It was associ-
ated with cell death or membrane injury. The use of NAC
diminished the level of ROS induced by the complex and
allowed a better survival for the cells. This observation was
in agreement with previous results from our laboratory on
the action of vanadate and vanadyl(IV) cation in the model
of osteoblasts in culture [45] as well as in a model of macro-
phage cells in culture [72].

GSH is one of the mayor reducing agents in mammalian
cells. This thiol acts by sequestering free radicals and also
maintains the cellular redox status through the balance of the
couple GSH/GSSG [28, 73]. Exposure to ROS, can increase
the content of GSH by increasing the rate of GSH synthesis
as it was reported for some systems. [28] Nevertheless, a
sustained ROS accumulation may cause an accumulation of
GSSG inside the cells. Because of this, the GSH/GSSG ratio
is a good marker of the oxidative stress [74, 75].
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In osteoblast-like cells, VO(oda) induced a decrease in
the GSH/GSSG ratio at 50 and 100 pM. This decrease was
due to the accumulation of GSSG and the lowering of GSH
levels. However, the total glutathione pool (reduced plus
oxidized forms) was not affected, as it was previously re-
ported for vanadium metavanadate in peritoneal macro-
phages of mice [76] These results denoted that the depletion
of GSH concentration would mediate the cytotoxic action of
VO(oda). On the other hand, the fact that UMR106 osteosar-
coma cells have approximately twice the GSH concentration
than MC3T3-El cells, may reflect a better adaptation of the
tumoral cells to oxidative stress and explain the reason of the
less sensitivity of these cells towards the deleterious effects
of VO(oda). Besides, when the osteoblasts were subjected to
a strong oxidative pressure (200 uM VO(oda)), the results of
time course experiments revealed that the tumoral os-
teoblasts were able to increase GSH/GSSG ratio after 4 h
while this effect could not be observed in the normal os-
teoblasts. We confirm that the depletion of GSH played a
crucial role in the cytotoxic effect of the complex since the
use of BSO reinforced the deleterious action of VO(oda).
Besides, when a proliferation experiment was carried out in
the presence of the complex plus GSH, a complete inhibition
of the antiproliferative effect could be observed in both cell
lines.

Mitochondrias are one of the more important organelles
that can regulate cellular apoptosis [77, 78]. The mitochon-
dria transmembrane potencial maintains the integrity and
functions of the mitochondrias. Dissipation of the MMP can
lead the cells into apoptosis or necrosis [79]. The disruption
of MMP alters the permeability of mitochondria membrane
promoting the release of apoptogenic factors such as the cy-
tochrome c and subsequent activation of caspases [80].

One of the most used probes for the determination of
MMP is Rhodamine 123. It is a lipofilic and low toxicity
compound with high affinity for mitochondria [81, 82]. Va-
nadate induced the loss of MMP through the generation of
H,0, in mouse epidermal cells, promoting the death by apop-
tosis [83]. Similar results were reported by D’Cruz et al. for
vanadocenes in germinal cells [84, 85].

In our model system, VO(oda) also caused a dissipation
of MMP in both cell lines in a dose dependent trend. This
effect was prevented by GSH addition confirming that the
MMP alteration was produced by oxidative stress.

ERK pathway is classically recognized as a key trans-
ducer in the signal cascade mediating cell proliferation and
differentiation [86]. Nevertheless, recent investigations have
shown that the ERK pathway also mediates cell cycle arrest,
antiproliferation and apoptotic and non-apoptotic death [87].
It has been previously reported that vanadium compounds
are able to activate this pathway [22, 86, 88].

To get a deeper insight in the mechanisms involved in the
action of VO(oda), we studied the relationship between ERK
pathway activation induced by the complex. As ERK activa-
tion is a fast and transient process, we assessed the effects of
vanadium in the range of 100-1000 uM during 1 h incuba-
tion, as it has been previously reported [89]. A dose-
dependent increase in ERK phosphorylation was observed in
osteoblast-cell lines. According with our results VO(oda)



Cytotoxicity of a Vanadyl(IV) Complex with a Multidentate Oxygen Donor

activated this pathway through two mechanisms. One of
them was dependent on oxidative stress as it was proven by
the effect of NAC which inhibited the activation caused by
the complex. The second mechanism involved in the activa-
tion of ERKs was mediated by the MEK and PI3-K cascades
as it was demonstrated by the inhibitory effects of wortmanin
and PD98059. To test if these two mechanisms of ERK acti-
vation played a role in VO(oda) cytotoxicity, proliferative
assays were performed pre-incubating the cells with the in-
hibitors prior the addition of the complex. Wortmanin and
PD98059 could not prevent the deleterious action of
VO(oda). On the contrary, NAC caused a partial protection
in the osteoblasts, suggesting that ERK activation by oxida-
tive stress may be responsible, at least partially, for VO(oda)
cytotoxicity in osteoblast-like cells.

To conclude, we propose the following model on the
putative mechanisms of VO(oda) cytotoxicity in osteoblast-
like cells (Fig. 17). According to this model, once the com-
plex enters the cells it promotes the generation of ROS
mainly in the mitochondrias. The increment in ROS levels
would be the cause of a decrease of GSH concentration, al-
teration of the intracellular redox balance (GSH/GSSG) and
the disassembling of actin filaments. Besides, the oxidative
stress causes a dissipation of MMP which would be a “point
of not return” that leads the cells to apoptosis. On the other
hand, VO(oda) promotes an oxidative phosphorylation of
ERK pathway which seems to be also partially involved in
apoptotic events.
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Fig. (17). Schematic putative mechanisms of cytotoxicity induced
by VO(oda) in osteoblasts in culture.

4. EXPERIMENTAL SECTION
4.1. Materials

VO(oda) (97% purity determined by thermal analysis)
was kindly provided by Prof. Dr Baran (UNLP, La Plata,
Argentina), and it was synthesized and characterized accord-
ing to literature [39] Tissue culture materials were purchased
from Trading New Technologies (Buenos Aires, Argentina).
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Dulbecco’s Modified Eagles Medium (DMEM), fetal bovine
serum (FBS) from GBO Argentina S.A (Buenos Aires, Ar-
gentina);  trypsin-EDTA  was provided by Gibco
(Gaithersburg, Md, USA); Rhodamine 123, GSH, GSSG,
neutral red, wortmannin, BSO and NAC were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). PD98059
was from Calbiochem (USA and Canada). An ECL kit was
provided by Amersham Life Sciences (USA). Dihydrorho-
damine 123 (DHR) was from Molecular Probes (Eugene,
OR, USA). The specific rabbit polyclonal antibody IgG anti-
ERK (K-23), mouse monoclonal anti-PERK (E-4), anti rab-
bit IgG-HRP and antimouse IgG-HRP were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Phal-
loidin was from Invitrogen Corporation (Buenos Aires, Ar-
gentina).

4.2. Methods
4.2.1. Preparation of VO(oda) Solutions

Fresh stock solutions of the complex and the free ligand
were prepared in distilled water at 100 mM and diluted ac-
cording to the concentrations indicated in the legends of the
figures.

4.2.2. Cell Culture and Incubations

MC3T3-E1 mouse calvaria-derived osteoblasts and
UMRI106 rat osteosarcoma cells were grown in DMEM con-
taining 10 % FBS, 100 U/ml penicillin and 100 pg/ml strep-
tomycin 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 subcultured using 0.1%
trypsin- | mM EDTA in a Ca® -Mg ** free phosphate buff-
ered saline (PBS). For experiments, cells were grown in
multi-well plates. When cells reached the desired confluence,
the monolayers were washed with DMEM and were incu-
bated under different conditions according to the experi-
ments.

4.2.3. Cell Proliferation: Crystal Violet Assay

A mitogenic bioassay was carried out as described by
Okajima et al. [90] with some modifications. Briefly, cells
were grown in 48 well plates. When cells reached 70% con-
fluence, the monolayers were washed twice with serum-free
DMEM and incubated with medium alone (basal) and differ-
ent concentrations (10-100uM) of the complex or the free
ligand. Besides, incubations were also carried out with the
complex plus NAC, BSO, GSH, PD98059 and wortmannin.
Cells were pre-incubated with the following doses of the
mentioned inhibitors for different periods previous to the
addition of different concentrations of the complex: NAC
(100 pM for MC3T3-El1 osteoblasts and 200 pM for
UMRI106 cells) during 2 h. To select the optimal NAC con-
centration for each cell line, osteoblasts were incubated with
different concentrations of NAC in presence of 50 uM de
VO(oda) for 24h. At the end, proliferative assays were car-
ried out. NAC concentrations which produced maximal inhi-
bition of the antiproliferative action of the complex were
chosen for the experiments. Besides, the following inhibitors
were used for both cell lines: BSO (10 uM for MC3T3-El
osteoblasts and 40 uM for UMR106 cells, overnight), GSH
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(3 mM for MC3T3-E1l cells and 1 mM for the tumoral
UMRI106 osteoblasts, for 2 h in both cell lines), PD98059 (1-
20 uM) and wortmannin (0.25-10 pM) for 30 min in both
cell lines. Following these pre-incubations, different concen-
trations of VO(oda) 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 dis-
carded 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/HCI buffer, pH 3.0 / 30% methanol and trans-
ferred to test tubes. Absorbance was read at 540 nm after a
convenient sample dilution. It was previously shown that
under these conditions, the colorimetric bioassay strongly
correlated with cell proliferation measured by cell counting
in Neubauer chamber [49, 61].

4.2.4. Neutral Red Assay

The neutral red accumulation assay was performed ac-
cording to Borenfreund and co-workers [51] Cells were
plated in 96 well culture plates (2.5 x10* UMR106cells/well
or 1.8 x 10* MC3T3-El cells/well). Cells were treated with
different VO(oda) concentrations for 24 h at 37°C in 5%
CO; in air. After treatment, the medium was replaced by one
containing 100 pg/ml Neutral Red (NR) dye and cells were
incubated for other 3 h. Then, neutral red medium was dis-
carded, the cells were rinsed twice with warm (37°C) PBS
(pH 7.4) to remove the non-incorporated dye, and 100 pl of
50% ethanol, 1% acetic acid solution was added to each well
to fix the cells releasing the neutral red into solution. The
plates were shaken for 10 min, and the absorbance of the
solution in each well was measured in a Microplate Reader
(7530, Cambridge technology, Inc, USA) at 540 nm, and
compared with wells with untreated cells. Optical density
was plotted as percent of control.

4.2.5. Cell Morphology

Cells were grown on glass coverslips and incubated un-
der control conditions (without complex addition) or with
different concentrations of VO(oda) in serum-free DMEM
for 24 h. Then, the cells were fixed and stained with Giemsa
[45, 62]. Samples were observed under light microscopy.

4.2.6. Cytoskeleton Actin Determination

A fluorescence technique was used to visualize actin cy-
toskeleton filaments. Cells were grown on glass coverslips
until a 70 % of confluence; after that the cells were incubated
for 24 h at 37 °C with different concentrations of VO(oda).
Then, the cells were fixed, permeabilized during 4 min at
room temperature using absolute ethanol (cold at — 20 °C),
washed with PBS and blocked with non-fat milk for 2 h.
After washing, the cells were incubated with FITC-
phalloidin for 2 h. The samples were washed twice and
mounted in slides. Labeled cells with green fluorescence
were observed using a fluorescence microscope.

4.2.7. Reversibility Assay

This assay determines the toxicity of an exogenous agent
measured through the viability of the cells after stress incu-
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bation. Cells were cultured in 48 well dishes to 70% conflu-
ence. Then, they were incubated with different concentra-
tions of VO(oda) at 37°C for 24 h. After that, 24 wells were
used to evaluate cell proliferation by the crystal violet assay.
The other 24 wells were washed to eliminate the conditioned
medium with the complex and then were incubated with
DMEM supplemented with FBS. After that, these cells were
incubated for another 24 h at 37°C. Finally, cell proliferation
was determined by the crystal violet assay.

4.2.8. Determination of Reactive Oxygen Species (ROS)
Production

The possible VO(oda) —induced oxidative stress in the
osteoblasts was evaluated by measurement of intracellular
production of reactive oxygen species (ROS) after incubation
of the cell monolayers with different concentrations of the
complex during 4 hours at 37 °C. ROS generation was de-
termined by oxidation of DHR-123 to rhodamine by spectro-
fluorescence as we have previously described [45]. NAC was
used to evaluate the role of the oxidative stress in the com-
plex cytotoxicity under similar concentrations and incubation
time to those employed in the crystal violet assay.

4.2.9. Fluorometric determinAtion of Cell 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 doses of VO(oda)
for 24 h at 37°C. Then, the monolayers were washed with
PBS and harvested by incubating with 250 pL Triton 0.1%
for 30 min. For GSH determination, 100 uL aliquots were
mixed with 1.8 mL of ice cold phosphate buffer (Na,HPO,
0.1 M-EDTA 0.005 M pH 8) and 100 puL o-phthaldialdehyde
(0.1 % in methanol) as it was described by Hissin and Hilf
[91]. For the determination of GSSG, 100 uL aliquots were
mixed with 1.8 mL NaOH 0.1 M and o-phthaldialdehyde as
before. Previously, to avoid GSH oxidation the cellular ex-
tracts 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. Standard curves with different concentrations of GSH or
GSSG were processed in parallel. Protein content in each
cellular extract was quantified using Bradford assay [92].
The ratio GSH/GSSG was calculated as % basal for all the
experimental conditions. For time course experiments, the
osteoblasts were incubated with 200 pM VO(oda) during
different periods (0-240 min) and then we proceeded as de-
scribed above.

4.2.10. Activation of Erk Pathway: Western Blot Analysis

The activation status of the ERK-1/2 transduction path-
way induced by VO(oda) was evaluated by Western blot
[46]. In these experiments, osteoblastic cells growing in se-
rum free medium with the addition of different concentra-
tions of VO(oda) alone or VO(oda) plus PD98059, wort-
mannin and NAC for different periods according to the fig-
ure legends. The cells were washed twice with cold PBS and
lysated in Laemmli‘s buffer [93]. These lysates were heated
at 100 ° C for 3 min and aliquots were subjected to 12 %
SDS-PAGE. The separated proteins were then electro-
transferred to nitrocellulose membranes. After washing and
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blocking, the membranes were incubated with a monoclonal
anti pERK antibody, or a polyclonal antibody that recognizes
both phosphorylated and non- phosphorylated ERK-1/2.
Blots were developed using chemioluminiscence reagents.
The intensity of the specific bands was quantified by densi-
tometry after scanning of the photographic films. Images
were analyzed using the Scion-beta 2 program.

4.2.11. Mitochondrial Membrana Potencial (MMP) Meas-
urement

Rhodamine 123, a fluorescent probe, was used to detect
alterations in MMP. Cells were cultured in 6 well dishes at
37 °C. When the monolayer reached 70% confluence, the
medium was replaced by DMEM without BFS and with ad-
dition of different doses of VO(oda) or 100 uM VO(oda)
plus 3 mM GSH for MC3T3-E1 cells and 1 mM GSH for
UMRI106 cells. After this treatments, the cells were incu-
bated with Rh123 (5 pug/mL final concentration) at 37 °C for
30 min. Adherent cells were washed twice with PBS and
harvested by a brief trypsinization followed by another wash
with PBS. The changes in MMP were analyzed by flow cy-
tometry with the single beam at 488 nm excitation wave
length and 530 nm emission wave lengths [94]. The results
were analyzed by FCS Express software.

4.2.12. Statistical Analysis

For statiscal analysis the following methods were used:
One-way ANOVA followed by Newman-Keuls test for
comparison of the differences and the Student ¢ test for the
comparison of two means Results represent the mean =+
SEM. All the results with p<0.05 were considered statisti-
cally significant.
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