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Abstract

Bone homeostasis is the result of a tight balance between bone resorption and bone formation where macrophage activation is
believed to contribute to bone resorption. We have previously shown that a vanadyl(IV)—aspirin complex (VOAspi) regulates cell
proliferation and differentiation of osteoblasts in culture. In this study, we assessed VOAspi and VO effects and their possible
mechanism of action on a mouse macrophage cell line RAW 264.7. Both vanadium compounds inhibited cell proliferation in a
dose-dependent manner. Nifedipine completely reversed the VOAspi-induced macrophage cytotoxicity, while it could not block
the effect of VO. VOAspi also stimulated nitric oxide (NO) production, the oxidation of dihydrorhodamine 123 (DHR-123)
and enhanced the expression of both constitutive and inducible isoforms of nitric oxide syntases (NOS). All these effects were
abolished by nifedipine. Althogether our finding give evidence that VOAspi-induced macrophage cytotoxicity is dependent on
L-type calcium channel and the generation of NO though the induction of eNOS and iNOS. Contrary, the parent compound VO
exerted a cytotoxic effect by mechanisms independent of a calcium entry and the NO/NOS activation.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Abbreviations: DHR-123, dihydrorhodamine 123; DMEM, Dul-

becco’s modified eagle medium; FBS, fetal bovine serum; IFN-y, in-
terferon y; LPS, lipopolysacharide; NO, nitric oxide; NOS, nitric ox-
ide synthase; ONOO?®, peroxynitrite; PBS, phosphate buffered saline;
PKC, protein kinase C; PVDF, polyvinylidene difluoride; TBS,
Tris-buffered saline; VO, vanadyl(IV); VOAspi, vanadyl(IV)-aspirin
complex
* Corresponding author. Tel.: +54 221 4235333.
E-mail address: cortizo@biol.unlp.edu.ar (A.M. Cortizo).

Skeletal integrity is the result of a series of events
that depends on the homeostasis between bone forma-
tion and bone resorption. In certain pathologies, where
this equilibrium is altered, macrophage activation is be-
lieved to contribute to bone resorption (Schwartz, 2003;
Evans, 2002). Under these conditions, macrophages
exert deleterious effects on osteoblast metabolism, al-
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though the exact relationship between these two types
of cells is still unknown.

The trace element vanadium, in its biological ac-
tive forms of vanadate(V) and vanadyl(IV), exerts
insulin mimetic effects such as stimulation of glu-
cose uptake, glycogen synthesis and glucose oxi-
dation (Tsuji and Sakurai, 1996; Dai et al., 1994;
Shechter and Shisheva, 1993). In addition, certain
vanadium derivatives could induce anti-tumoral effects
(Evangelou, 2002; Molinuevo et al., 2004). We have
previously synthesized and investigated the effects of
a vanadyl-aspirin complex (VOAspi) on osteoblast-
like cells in culture (Etcheverry et al., 2000). VOAspi,
[VO(Aspirin)CIH,0O]5, is a binuclear complex with
carboxylate bridges. In the complex, the vanadium
atom presents a square pyramidal coordination sphere
like in other vanadium(IV) compounds (Etcheverry et
al., 2002). The complex inhibited cell proliferation
and differentiation, induced tyrosine phosphorylation
of proteins and caused oxidative stress in osteoblastic
cell lines (Cortizo et al., 2000a; Etcheverry et al., 2002).
In addition, anti-tumoral properties of this compound
were demonstrated using the UMR106 osteosarcoma
line and a drug delivery system based in a poly(beta-
propiolactone) film (Cortizo et al., 2001). We have pre-
viously shown that vanadate as well as other vanadium
compounds such as pervanadate, vanadyl and VOAspi-
induced osteoblastic toxicity generating reactive nitro-
gen and oxygen species (Cortizo et al., 2000a,b).

In order to further investigate the bioactivity of the
VOAspi complex in bone related cells, we assessed
its effects and its possible mechanism of action on
a mouse macrophage cell line RAW 264.7. The aim
of the present study was to asses if VOAspi causes
macrophage activation by inducing NO release and in-
creasing the nitric oxide synthase levels. The L-type
calcium channel involvement was also investigated.

2. Materials and methods
2.1. Cell culture and incubations

Murine macrophages RAW 264.7 were cultured in
Dulbecco’s modified eagle medium (DMEM) (Gibco,
Gaithersburg, MD) supplemented with 5% (v/v) fetal
bovine serum (FBS) and antibiotics (100 U/ml peni-
cillin and 100 pg/ml streptomycin) in humidified at-

mosphere of 95% air and 5% CO;. For experiments,
cells were grown in proper culture-plates. When cells
reached 80% confluence, the monolayers were washed
twice with serum-free media and cells were incubated
with VO or VOAspi at different doses in phenol red-
free DMEM during different periods of time. In ad-
dition, different agents (nifedipine, a calcium chan-
nel blocker; A23187, a calcium ionophore and/or CIK
plasma membrane-depolarizing agent) were used to
investigate the mechanism of cytotoxicity (Taniguchi
et al., 1999; Sozzani et al., 1993).

2.2. Cell proliferation assay

A mitogenic bioassay was carried out as described
by Okajima et al. (1992) with some modifications.
Briefly, cells in 48 well-plates were washed with
phosphate buffered saline (PBS) and fixed with 5%
glutaraldehyde/PBS for 10 min. The cells were then
stained with 0.5% crystal violet/25% methanol for
10 min. The dye was discarded and the plate was
washed with water and dried. The dye taken by the cells
was extracted using 0.5ml/well 0.1 M glycine/HCI
buffer, pH 3.0/30% methanol, transferred to test tubes
and the absorbance was read at 540 nm. The correlation
between the cell number and the absorbance at 540 nm
has been previously established (Salice et al., 1999).

2.3. Nitric oxide production

NO production was assessed by measuring the sta-
ble end product of NO and nitrite in the culture medium
using the Griess’ reaction (Cortizo et al., 2000b), us-
ing sulfanilic acid as the diazotization agent and N-1-
napthylethylene diamine as the coupling agent. Briefly,
400 1 samples of conditioned media or nitrite stan-
dards 0—100nM were mixed with 400 pl of Griess’
reagent (1% sulfanilamide and 0.1% naphthylethylene-
diamine in 5% phosphoric acid) and absorbance was
measured at 530 nm against a blank prepared with non-
conditioned medium.

2.4. Fluorescence microscopy for nitrogen and
oxygen reactive species

Detection of intracellular nitrogen and oxygen
species were assessed by the dihydrorhodamine 123
(DHR-123) assay. DHR-123 is no fluorescent and when
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it enters cells it is oxidized to the fluorescent rho-
damine 123, mainly by peroxynitrite (ONOO®) and
*OH. Fluorescent rodhamine 123 is entrapped in the
mitochondria (Kooy et al., 1994). This assay was per-
formed with RAW 264.7 macrophages on glass cover-
slips, which were incubated in DMEM alone or with
100 wM VO or 100 uM VOAspi at 37 °C for 16 h. After
that, cell monolayers were washed twice with HBSS
and incubated for 1h with 5 uM DHR. Finally, cells
were washed with PBS, fixed and intracellular fluo-
rescence was observed in a Nikon fluorescence micro-
scope.

2.5. Western blot analysis of NO synthases

Cell monolayers were lysated with Laemmli’s
(1970) Laemmli, 1970 buffer and the protein content
in the cell lysates was evaluated by the method of
Lowry etal. (1951). The lysate was heated at 100 °C for
3 min and 40 p.g of protein was subjected to 8% sodium
dodecyl sulfate polyacrylamide gel electrophoresis.
The separated proteins were then transferred to PVDF
membranes (Millipore, Bedford, MD). To control load-
ing and transfer, the membranes were reversibly stained
with 0.2% Ponceau S in 3% trichloroacetic acid before
blocking (Cortizo et al., 2000b). After washing with
water, the membranes were blocked in 3% non-fat dry
milk in Tris-buffered saline (TBS) for 2 h at room tem-
perature. Then, they were incubated with anti-iNOS
or eNOS polyclonal antibodies (Research Biochem-
icals International, RBI, MA, USA) in 0.5% bovine
serum albumin in PBS (1:2000) at 4 °C for 24 h. After
four washes with PBS, 0.1% Tween 20, the membranes
were incubated with a secondary goat anti-rabbit anti-
body, followed by staining with the peroxidase-biotin
reagent and diaminobenzidine from the Vectastain kit.
The intensity of the iNOS or eNOS specific bands was
quantified by densitometry after scanning of PVDF
membrane using a Hewlett-Packard Scanjet 4C and
the images were analysed using the Scion-beta 2 pro-
gram.

2.6. Statistical analysis

Student’s ¢-test was used for comparisons between
basal and experimental groups. All results are ex-
pressed as mean & S.E.M. and represent at least three
different experiments.

3. Results

3.1. Vanadium compounds induce macrophage
cytotoxicity

We first evaluated the effect of VOAspi on
macrophages, measuring RAW 264.7 cell proliferation
by the crystal violet bioassay. The parent compound
VO was also included for comparison reasons. Fig. 1
shows that both VO and VOAspi significantly inhibited
macrophage growth in a dose-dependent manner after
24 h incubation time. The lower doses that significantly
inhibited macrophage growth was 100 wM for both VO
(85 £ 1% of basal, p<0.001) and VOAspi (60 &= 7% of
basal, p<0.001). However, VOAspi was more potent
than VO (18 & 3%, versus 53 & 8% of basal at 500 pM,
respectively). The concentrations of vanadium which
inhibited 50% cell growth were: VO =500 uM and
VOAspi =200 pM, indicating that the effectiveness of
VOAspi was higher than that of vanadyl.

The possible mechanism of this cytotoxic effect
was further investigated using different agents. As
can be seen in Fig. 2, the inhibitory effect caused by
100 M VO was significantly potentiated by 0.5 uM
of the calcium ionophore A23187 (p<0.02) and by
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Fig. 1. Effect of vanadium compounds on Raw 264.7 prolifera-
tion. Cells were incubated in medium with different doses of VO
or VOAspi at 37 °C for 24 h. Cell proliferation was evaluated by the
crystal violet bioassay and is expressed as % basal (without vana-
dium). Values are expressed as mean £ S.E.M. (n=6). Statistically
significant differences between basal conditions and treatment with
VO or VOAspi are p<0.01.
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Fig. 2. Effect of different agents on the vanadium-modulated
macrophage proliferation. Mouse macrophages were incubated in
media alone (basal condition), or with 100 wM vanadyl (VO) or
VOAspi at 37 °C for 24 h. Cell proliferation was estimated by crystal
violet bioassay. Values are expressed as % basal and represent the
mean + S.E.M. (n=3). Statistically significant differences between
the treatment with VO or VOAspi alone and the same treatment
plus drugs (0.5 pM A23187, 40 mM KCl or 10 uM nifedipine) are:
*p<0.001; "p<0.01; p<0.02; *p<0.05.

40mM CIK (p<0.01), a plasmatic membrane depo-
larising agent. The VOAspi-induced cell cytotoxic-
ity at 100 uM was not affected by the addition of
A23187, but it was partially reversed by 40 mM KCl
(p<0.01) (Fig. 2). Besides, the treatment with the L-
type calcium channel blocker, nifedipine, completely
reversed the VOAspi-induced macrophage cytotoxic-
ity (p<0.001), while it could not block the effect of
VO (Fig. 2).

3.2. Nitric oxide production by macrophages

We next investigated the effect of both vanadium
compounds on NO production by mouse macrophages.
In Fig. 3 it can be observed that VOAspi causes
2.20-fold increase in NO production (p <0.01, differ-
ence versus basal) while vanadyl cation suppressed
it (40% under basal, p<0.001). The VOAspi stimu-
lated NO production was significantly potentiated by
0.5 M A23187 (p<0.02), while KCI did not affect
the NO formation. In addition, 10 wM nifedipine com-
pletely reversed the VOAspi-stimulated NO production
(» <0.05). On the other hand, the 100 uM VO-inhibited
NO production was reversed by treatment with 0.5 uM
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Fig. 3. Effect of different agents on the NO production by
macrophages. RAW cells were incubated with media alone (basal
condition), 100 uM VO or VOAspi with or without the agents shown
in the figure at 37°C for 24h. NO production was assessed by
Griess’ reaction. Values are expressed as % basal and represent the
mean £ S.E.M. (n=3). Statistically significant differences between
the treatment with VO or VOAspi alone and the same treatment
plus drugs (0.5 uM A23187, 40 mM KCl or 10 wM nifedipine) are:
*p<0.001; 7 p<0.01; *p<0.02; *p<0.05.

A23187 (p<0.001) or40 mM CIK (p <0.01), but it was
not affected by the addition of nifedipine.

3.3. Intracellular DHR oxidation

Macrophages were assayed for DHR oxidation in
culture. Cells incubated in media alone or with 100 uM
VO showed a punctuate distribution of weak intracellu-
lar fluorescence (Fig. 4a and b). When Raw 264.7 cells
were cultured in the presence of 100 uM VOASspi, an in-
crease in the intracellular fluorescence over basal con-
dition was observed (Fig. 4c). Since fluorescent DHR
oxidation product is cationic, it is sequestrated in or-
ganelles with negative membrane potential. Fluores-
cence observed in VOAspi-treated cells seems to be
associated with the mitochondria. In addition, we as-
sessed the possible effect of nifedipine on the VOAspi-
induced DHR oxidation. As can be see in Fig. 4d,
10 uM nifedipine blunted out the intracellular fluores-
cence.

3.4. Effect of vanadium on endothelial and
inducible NO synthases protein expression

We performed western blot analysis to further eval-
uate the effect of VO and VOAspi on the expression
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Fig. 4. Fluorescence microscopy of ROS-induced by VOAspi. Macrophages RAW 264.7 was incubated during 24 h at 37 °C in media alone
(basal condition) (a) or with 100 wM VO (b), 100 pM VOAspi (c) or 100 uM VOAspi plus 10 wM nifedipine (d). The figures are representatives

of three independent experiments. Objective 40x.

of the two isoforms of NOS present in macrophages.
Western blot analysis with anti-inducible NOS an-
tibody revealed a band corresponding to a relative
mass of 130 kDa, whose expression was enhanced by
100 uM VOAspi (134 £ 8% basal, p <0.05) but not by
VO cation (Fig. 5). The induction of iNOS by VOAspi
was reverted by nifedipine.

In addition, by using an anti-endothelial NOS anti-
body, we detected a protein of 135 kDa. VOAspi stim-
ulated the expression of eNOS (142 4= 7%, p<0.001)
(Fig. 6), an effect that was partially inhibited by 10 uM
nifedipine (118 6%, p<0.05 versus basal). On the
other hand, a slight decrease in eNOS expression was
detected by the incubation of the macrophages with
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Fig. 5. Determination of iNOS expression on treated RAW 264.7
cells. Western blot analysis of whole cell lisates were performed
after incubation of macrophages during 24 h at 37 °C with the drugs
as indicated in the figure, a basal condition of non-treated cells was
also included. Values are expressed as % basal of iNOS expression
and represent the mean + S.E.M. (n=3).

100 pM VO. These results suggest that the VOAspi-
induced NO production is mediated by both the in-
crease in eNOS as well as iNOS expression.

4. Discussion

Several vanadium compounds have been proposed
for the treatment of diabetes considering its insulin-
mimetic properties (Thompson and Orvig, 2004). In
addition, anti-tumorigenic actions of vanadium com-
pounds in different in vivo or in vitro models were
also demonstrated (Djordjevic, 1995). Before these
compounds can be used in vivo, the side effects or
the cytotoxicity should be evaluated (Domingo, 2002).
In this regard we have previously shown that vana-
date, vanadyl and different vanadium(I'V) derivatives-
induced osteoblastic toxicity trough mechanism in-
volving oxygen and nitrogen reactive species (Cortizo
et al., 2000a,b). In the context of skeletal tissue, where
vanadium is stored in vivo, additional effects could
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Fig. 6. Study of eNOS expression on treated RAW 264.7 cells. West-
ern blot analysis of whole cell lisates were performed after incubation
of macrophages during 24 h at 37 °C with the drugs as indicated in
the figure, a basal condition of non-treated cells was also included.
Values are expressed as % basal of eNOS expression and represent
the mean + S.E.M. (n=3).

be exerted on different bone-related cells such as
macrophages and/or osteoclasts.

In this study, we have shown that VOAspi and its
parent compound VO result cytotoxic to macrophages
at concentrations that are similar to the toxic
doses for osteoblastic lines (Etcheverry et al., 2000;
Salice et al., 1999). VOAspi was also shown to be
more toxic (about 2.5-fold) that VO in the present and
previous studies in osteoblasts. These concentrations
are higher than the range of serum levels attainable
in studies of rat-treated with 50 mg/day of vandyl sul-
phate (10-15 wM) (Shechter, 1990; Thompson et al.,
1998). However, when vanadium is accumulated in
bone, it could reach considerable higher concentrations
(26.4 ng/g wet weight) (Yuen et al., 1993). Thus, the
cytotoxic doses found in the present study (>100 p.M)
are consistent with a dose range attainable in vivo in
the microenvironment of the bone.

It was early shown that vanadate and vanadyl in-
teract and inhibit ion-translocating ATPases such as
(Na*, K*) and (Ca®", Mg?"). These compounds are
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also potent inhibitors of protein tyrosine phosphatases
(Nechay, 1984). Subsequently, different key second
messengers could be altered by the presence of vana-
dium, modulating important cell events. The possi-
ble involvement of calcium in the VO and VOAspi-
induced macrophage cytotoxicity was investigated by
using different agents. The inhibitory effect of VO on
macrophages growth was enhanced by increasing cal-
cium influx either with the ionophore A23187 or by de-
polarizing the membrane with CIK, which stimulates
Ca®" entry and was not abolished by the L-type cal-
cium channel blocker nifedipine. These observations
suggest that calcium entry could be an indirect mech-
anism by which VO induces macrophage cytotoxicity.
On the contrary, VOAspi affects macrophage growth
in a manner dependent of a L-type calcium channel ac-
tivity, since its effect was reverted by membrane depo-
larization or by adding nifedipine. These data suggest
that the calcium influx mediated by an L-type calcium
channel could be involved in the VOAspi-induced cy-
totoxicity in RAW cells.

It is known that nitric oxide markedly affects intra-
cellular calcium homeostasis by influencing the Ca*
release from the intracellular stores and its influx
through membrane channels (Clementi, 1998). NO has
been reported to influence the activity of several ion
channels, including Cav1 (L-type) (Grassi et al., 2004).
In order to investigate the role of NO production in the
vanadium effects on macrophages, we assessed the lev-
els of NO in the medium of basal and vanadium-treated
cells. We showed that VOAspi-induced a significantly
increase in the NO production, an effect that was sup-
pressed by nifedipine and potentiated by the calcium
ionophore A23187. This effect was in parallel with the
oxidation of the peroxynitrite probe DHR-123, indi-
cating the potential for local increases in the formation
of peroxynitrite in VOAspi-treated cells. In agreement
with the VOAspi-dependent NO production, incuba-
tion of macrophages with this vanadium derivative and
nifedipine suppressed the intracellular fluorescence of
DHR-123 oxidation product. A different mechanism of
action was observed for the parent compound vanadyl.
It was shown that VO significantly inhibited NO pro-
duction. This effect has been previously described by
other authors (Tsuji and Sakurai, 1996), although their
experiments were performed on IFN-y/LPS-activated
macrophages. In that case, the inhibition of NO pro-
duction was probably exerted on the inducible NOS. It

has been recently shown that the VO inhibition of NO
production in pulmonary arterial rings was mediated
by the PKC-dependent threonine phosphorylation of
eNOS (Li et al., 2004). However, the molecular mech-
anism by which VO exerts these effects remind unclear.
In the present study, we showed that the inhibition of
NO formation by vanadyl is reverted by the A23187
ionophore, and membrane depolarisation by KCl, but
not by nifedipine. On the other hand, no increment of
DHR-123 oxidation could be detected in cells treated
with VO, suggesting that this metal ion did not induced
the formation of peroxynitrite.

The production of NO is dependent on two enzymes
present in macrophages, the endothelial and the in-
ducible NOS. In order to investigate the effect of vana-
dium on the expression of both enzymes, macrophages
were treated with VO or VOAspi. We observed that
although VO did not affect the expression of neither
eNOS nor iNOS, in VOAspi-treated macrophages, a
statistically significant enhancement of both NOS were
detected by Western blot. These effects were sup-
pressed by the co-incubation of VOAspi and nifedip-
ine, suggesting the involvement of a L-type calcium
channel in the mechanism by which this vanadium
derivative-induced eNOS and iNOS expression.

In conclusion, altogether our findings give evi-
dence that the VOAspi induces macrophage cytotox-
icity through a L-type calcium channel and the gener-
ation of NO by enhancing the expression of eNOS and
iNOS. Contrary, the parent compound VO exerts a cy-
totoxic effect by mechanisms independent of NO/NOS
activity.
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