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Abstract

Vanadate, one of the most relevant forms of vanadium in
solution, has been associated with the regulation of
various enzyme  activities (eg. phosphatases,
ribonucleases, ATPases, etc.) and shown to exhibit
important biological effects. Several in vivo and in vitro
studies have clearly demonstrated that any deficiency or
excess of vanadium can seriously affect bone formation
and its metabolism. Bone-related effects result largely
from vanadium insulino-mimetic capabilities mediated by
specific inhibition of protein tyrosine phosphatases
(PTPases) and consequent activation of tyrosine kinase
receptors (e.g. insulin receptor). Although mammals have
been repetitively shown to be appropriate models to study
vanadate mechanisms of action, fish have recently
emerged as alternative models. Fish has been recognized
as suitable model to study vertebrate bone formation and
the natural presence of high quantities of vanadium in
water makes it even more suitable to investigate vanadium
effect on bone formation. Recent data obtained using fish
bone-derived cells revealed that  micromolar
concentrations (5 M) of monomeric and decameric
vanadate dlightly stimulate growth performances while
strongly inhibiting extracellular matrix mineralization
through mechanisms involving both alkaline phosphatase
and MAPK pathways. Recent data obtained in fish cells
will be discussed here and further compared to results
obtained in mammalian systems.

*Correspondence/Reprint request: M. Leonor Cancela, CCMAR,
Universidade of Algarve, Campus de Gambelas, 8@%-Faro,
Portugal. E-mail: Icancela@ualg.pt

1. INTRODUCTION

Vanadium is a trace element that has been showve &ssential for biological
activity in various organisms [1-3]. In plants asdae, vanadium is directly involved in
enzyme activity, acting as a cofactor in vanadiutrogenases and vanadate-dependent
haloperoxidases. In mammals, reduced doses of wanddave been associated with
poorly developed animals and higher rates of spautas abortion or mortality [4].

Biological effects of vanadium in vertebrates, iartgular in mammals,
essentially come from its capacity to interfere hwgeveral key enzymes, such as
ATPases, phosphorylases, phosphatases (alkalimeaad protein phosphatases) and
ribonucleases [2]. This interference has beerbated to vanadium oxidation state$ V
and VY (vanadate and vanadyl, respectively), which exh#ime analogy with
phosphate, although to different extents (strorrgvemadate and weak for vanadyl).



Inhibition of phosphatases by vanadate was atkibuio the formation of good
transition state analogues during enzymatic cag[#s5] and a similar mechanism was
proposed for vanadyl although its geometry of cowtibn is somewhat different to
that of phosphate [2].

An important feature of vanadate resides in itsacdp to promote distinct
effects depending on its oligomerization (monomawsicdlecameric species according to
pH and concentration [6]) as shown usimgyvitro and in vivo models [7-9]. For
example, decameric species were shown, in fisnipndace higher oxidative stress,
haemoglobin oxidation, stimulate antioxidant enzyawtivities and generate more
tissue damages than other oligomeric species [l0AlRile monomeric species
apparently accumulated at higher rates and doseardiiac muscle, red blood cells and
plasma [13]. Aspects related with decavanadatevo effects are been reviewed in
Chapter 9 of this book. Decameric species alscatedestronger inhibition and affinity
for ATPases, in particular myosin ATPase and sdasopic reticulum (SR) C&
ATPase [9,14-16]. Decavanadate effects in the aofile system and in SR calcium
pump are being reviewed in Chapters 5 and 7 oftibdsk, respectively.

The most important biological effect of vanadiunpisbably insulin mimicking.

It was first demonstrated in the early 80’s, wheanadate and vanadyl treatments
applied to isolated rat adipocytes [17,18] werewshdo stimulate hexose transport,
glucose oxidation and lipogenesis, as insulin [¥d]ditional in vivo studies showed
that oral administration of vanadate to streptozdieated diabetic rats (STZ rats)
resulted in decreased blood glucose to normal $ej2€l,21], confirming its action as a
substitute of insulin. Vanadate was consequentbp@sed as a possible therapeutic
agent for diabetes mellitus (insulino-dependenthwelver, the therapeutic use of
vanadate has been seriously hampered by its relatiigh toxicity [22,23]. Recent
efforts have therefore focused on the discoverychodlators, which would reduce
vanadyl and vanadate toxicity while preservingntilino-mimetic properties [24].

Insulino-mimetic properties of vanadium have beesoaiated to specific
inhibition of protein tyrosine phosphatases (PTBpsad consequent activation of
receptor-associated protein tyrosine kinase (PTkgluding that of insulin receptor
[23,25,26]. Alternatively, non-receptor PT&g. insulin receptor substrate 1 (IRS-1), or
cytosolic PTK can be activated [27]. Two pathwaygolved in vanadate intracellular
signalling have been identified, both resultingdistinct effects (Figure 1). A common
feature of both pathways is the activation of PTKmain in IRS-1 through
phosphorylation of tyrosines. While metabolic effec are mediated by
phosphatidylinositol-3 kinase (PI-3K) activationffeets on cell proliferation and
differentiation result from the activation of miemgresponsive protein kinases
(MAPK) [28]. Alternatively, specific insulin-like féects, e.g. glycogen synthase
activation, have been associated to PI-3K/Ras/ERadion [27].

While most studies investigating vanadium effecsenbeen done in adipose
tissue, bone has recently emerged as a systemeoésh after its regulation by insulin
and IGF1 was demonstrated [1,29-31] and after viamagvas shown to accumulate in
mammalian bones [32] and affect bone formation whadsent from diet [4,33].
Accumulation of vanadium within bone, was first posed to be related to a
detoxification process [34,35]. Severe malformatiarccurring in bone of animals
lacking vanadium however suggested that it couleratt with specific growth factor-
dependent signalling, in particular those knowrtaatrol bone development: platelet-
derived growth factor (PDGF), fibroblast growthttars (FGF1 and 2), insulin, insulin-
like growth factors (IGF1 and 2), transforming gtbviactors beta (TGPB4, 2 and 3),
and bone morphogenetic proteins (BMP) [30,36]. Bseainsulin, IGFs and TGfF-



bind to specific tyrosine kinase receptors andimvelved in osteoblast differentiation,
they have been therefore considered as putatigetsafor vanadium. Effects due to
insulin and IGF mimicking action of vanadium, wdnest demonstratedn vitro by

Canalis and colleagues, who showed that concemmatbelow 15 puM of sodium
vanadate increased DNA synthesis and mitotic inoferat calvaria primary cultures
[31]. Since then, two mammalian cell lines, MC3TB-Eleveloped from newborn
mouse calvaria, composed of pre-osteoblasts amdtalvhineralize extracellular matrix
(ECM) [37]) and UMR106 (developed from rat ostecsama, composed of
differentiated osteoblasts and unable to mineralwe ECM [38]) were shown to be
particularly useful in understanding vanadium d8edn bone insulin and IGF
mimicking effects in bone and important featureke lityrosine kinase receptors

phosphorylation (with consequent activation) antivaton of signalling mechanisms
have been characterized [39].

Metabolic
signal

Figure 1. Insulin signalling pathways and putative regulatity vanadium. Ins indicates insulin peptide;
V indicates vanadiumy and p represent the subunits of insulin tyrosine kinaseeptor; circled P
represents phosphorylation of tyrosines in PTK danwethin the B subunit of insulin receptor; PKB
indicates protein kinase B, the activated intermidin PI-3K pathway. GRB-2, Ras, MEK and ERK
indicate intermediate adaptor proteins in MAPK patis.



Until recently, effects of vanadate on bone metabolhave been exclusively
characterizedn vitro using these two mammalian bone-derived cell lif8&. The
recent contribution of a fish-bone derived cellelito this characterization is hereby
described and results obtained compared to thaseedgrom studies on mammalian
cell lines and its suitability as an vitro model system to study these effects is further
discussed.

2. MAMMALIAN CELL LINES AS IN VITRO MODELS TO STUDY
VANADIUM MECHANISMS OF ACTION IN BONE

Primary cultured cells from rat and chicken calaawere the firstin vitro
systems used to investigate vanadium insulin-likeces in bone [31,40] and have
contributed to the characterization of osteogergtoa of vanadium in mammals
including the inhibition of alkaline phosphataseL activity and the stimulation of
type-I collagen synthesis [39], two mechanismsmsaeo the correct mineralization of
the extracellular matrix (ECM) of bone cells [40steogenic actions of vanadate are
being reviewed in Chapter 13 of this book. The kalg¢ of growth factorse.g. IGF1,
and tyrosine protein phosphorylation in the medratof vanadium action was later
demonstrated using mouse MC3T3-E1 and rat UMR1(@6lines [39]. Osteoblastic
differentiation of these cells, monitored througle measurement of ALP activity, was
show to be inhibited by vanadate, vanadyl, hydroyer and peroxo-vanadium, in
agreement with previous observations in primary ebderived cultures [42].
Interestingly, enzymatic activity of PTPases wasvslto be inhibited in treated cells,
suggesting a probable signalling interference witulin and other growth factors that
bind to tyrosine kinase receptors. In more recespeements, vanadate, vanadyl and
pervanadate were shown to stimulate cell prolifenaat low doses, while higher doses
severely arrested growth [43]. Primitive vanadiummplexes (vanadium oxalate,
citrate, tartrate and nitrilotriacetate) testedmammalian MC3T3-E1 and UMR106
bone-derived cell lines revealed effects similathtose of vanadate: stimulation of cell
proliferation, glucose consumption and protein eant It is worth to note that both
vanadate and vanadium nitriloacetate exhibited@nger inhibition of UMR106 cells
differentiation [44]. However, complex toxicity wasll high.

The new generation of vanadium complexes e.g.(
bis(maltolato)oxovanadium(lV) - BMOV - and bis(n@to)dioxovanadium(V) -
BMV) also exhibited effects similar to those of adium but revealed lower toxicity
rates (BMV). All treatments with these complexesrpoted cell growth in a biphasic
manner, as well as increased phosphorylation afsige residues, consistent with
previous observation of strong inhibition of PTRPasén addition, BMOV, like
vanadate, strongly inhibited ALP activity [45,4@imilar results have been observed
when using vanadyl/aspirin complex [47,48]. Relévanformation concerning
vanadium regulatory mechanisms associated to mssignalling pathways were
obtained only recently. Involvement of MAPK and 3M- pathways in vanadium
osteogenic effects was investigated using two cergd, trehalose vanadyl (TreVO)
and vanadyl ascorbate (VOAsc) [49,50] and spedifiubitors of these pathways.
While stimulation of cell proliferation and typesbllagen synthesis were shown to be
mediated by an insulin-dependent mechanism, stimoual@af glucose consumption and
inhibition of ALP activity were apparently mediateoy an insulin-independent
mechanism. Another important observation was tleeeased phosphorylation of key
intermediates of these cascades upon vanadiummiatt. One of the major
subfamilies of the MAP kinases, the extracellulignal-regulated kinase (ERK), has



been shown to be phosphorylated / activated in UBBRaAnd MC3T3-E1 cells after
vanadium treatments. This effect is apparently mtediby a PI-3K/ras/ERK
(extracellular signal-regulated kinase) pathway].[3Bhis mechanism is probably
essential to explain vanadium effect in bone arnbbeifurther discussed.

Although vanadium insulin-dependent and insulideipendent actions have
been already described in mammalian bone-delinettro systems, there is a lack of
information concerning other vertebrate bone-deri\gystems, in particular those
derived from marine vertebrate species.

3. TELEOST FISH BONE-DERIVED CELL LINESASAN ALTERNATIVE TO
MAMMALIAN SYSTEMSTO STUDY VANADIUM EFFECTSIN BONE

VSal3 bone-derived cell line has been recently ldpeel from the vertebra of
Soarus aurata, a marine teleost fish, and fully characterized][5This cell line is
capable of mineralizing its extracellular matrixden appropriate culture conditions and
has been associated to the chondrocyte lineageuggested by a relatively high
expression of matrix gla protein (a calcificationhibitor normally produced by
chondrocytes in cartilage), no expression of ogtleat (an osteoblastic marker) and
strong alcian blue staining (normally associateth wartilage extracellular matrix). The
suitability of VSal3 cells to study vitro vanadium insulin-like action on bone was
confirmed by its responsiveness to insulin treatdhO NnM insulin was shown to
decrease by 25% the degree of extracellular mga@M) mineralization in VSal3 cell
[52]). To date, only vanadate oligomeric solutidreve been tested in VSal3 cells.
Metavanadate (containing n-meric species with r5F &nd decavanadate (n = 1 or 10)
effects on VSal3 cells viability, growth, accumigdatand ECM mineralization have
been investigated [52]. Vanadate oligomerizatiod dit originate differences in
toxicity levels after prolonged exposures (metadat@ and decavanadate solutions
were shown to be non-toxic at concentrations belowyaM during 15 days). However,
decameric species exhibited higher toxicity afterh2of treatment using 1 mM
concentration (acute toxicity). Similarly, accuntida of vanadium in VSal3 cells was
oligomerization-independent from 4 to 24 h but mgtdwer for decavanadate within
the first 2 h of treatment. These results were shtwovbe coherent with decameric
species decomposition rate into monomeric spediaff-life time of approximately
150 min), suggesting that decavanadate long-terfectsf resulted mainly from
monomeric species. However, in short-term treatmgnivhich decameric species were
still present in solution, vanadate was shown tuamilate much slower in cells, and to
induce higher toxicities. These results reinforttezlhypothesis of the higher toxicity of
species highly oligomerized, which are probably nfed in specific cellular
environments€g. in which the pH is low). Merged results of longretreatments by
monomeric and decameric vanadate indicate that preliferation was stimulated
(Figure 2) in a dose-dependent manner. The obsenvttat insulin did not stimulate
VSal3 cell proliferation (inset of Figure 2) suggeisthat mitogenic pathways may not
be controlled by this hormone in these cells. $baduggested that vanadate effects on
cell proliferation were not mediated through insudignalling pathways, and possibly
involving other PTK.

However, mineralization of VSal3 ECM was later shtavbe negatively
regulated by insulin [52] (Figure 3), demonstratihg presence of insulin receptors and
signalling pathways in these cells. ECM mineral@atwas also inhibited by vanadate
in VSal3 cells, and combined treatments with imsahd vanadate resulted in stronger
inhibition (31%, 76% and 87% inhibition in cellseéted with insulin, vanadate and



insulin + vanadate, respectively; Figure 3). Effetvanadium on extracellular matrix
(ECM) mineralization in mammals has been reportad ai recent study [50].
Surprisingly, vanadyl(IV)-ascorbate complex strgnghcreased mineral deposition
within ECM of MC3T3-E1 (up to 20-fold using conceations from 5 to 25 uM). This
result, at the opposite of that observed in fismebderived cells, was even more
surprising considering the mild effects of vanadiombone markers: ALP activity was
maintained or slightly decreased and type-l colaggynthesis was only slightly
increased (approximately 10%). The opposite effégainadium on extracellular matrix
(ECM) mineralization observed in VSal3 and MC3T3dells may be related to the
species studied (fistversus mammal) or the cell types used (osteoblaatsus
chondrocyte) and will require additional studiesha future.
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Figure 2. Vanadate and insulin effects on VSal3 cell prddifien. VSal3 cells were seeded in 96-well
plates at 1.5x1cell/well then treated with metavanadate and datagate using concentrations ranging
from 2.5 to 7.5uM. Cell viability was evaluated at appropriate timesing MTS assay. Inset indicates
vanadate (M) effect on VSal3 cell proliferation compared witlatt of insulin (10 M) after 12 days of
treatment. Vanadate values are the mean of metdaand decavanadate merged data resulting from at
least six independent experiments. Insulin valuegtse mean of at least 3 independent experiments.

Data obtained from VSal3 cells suggested that \spaeffect on ECM
mineralization probably involve insulin-signallingathways, but the contribution of
other mechanisms must also be considered. In #pach preliminary data obtained in
VSal3 cells indicated a strong decrease in ALR/igin vanadate-treated cells during
ECM mineralization (Figure 4; our unpublished résulALP activity in VSal3 cells
was demonstrated to be up regulated during ECM nalization [51], which is
consistent with a differentiation process, butttreents with 5 uM monomeric vanadate
have shown to massively decrease this activityciipenhibitors should be tested, in
order to evaluate to what extent, and which inssignalling pathways are mediating
vanadate inhibition of ECM mineralization. Preliraig data from experiments using
MAPK and PI-3K inhibitors (PD98059 and wortmanniaspectively) have involved



mitogenic pathways (possibly through PI-3K/ras/MARIgnalling pathways). This
issue will be further discussed in the next sectibthis chapter.
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Figure 3. Effect of vanadate and insulin on VSal3 extracetluhatrix (ECM) mineralization. Mineral
deposition was revealed by von Kossa staining aradliated by densitometric analysis. Values are the
mean of metavanadate and decavanadate mergeckdalizng from at least six independent experiments.
Asterisks indicate statistically significant diféerces compared to control (or between conditions)
according to Student’s test f*< 0.05, *** p < 0.001).
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Figure 4. Effect of vanadate and insulin on alkaline phosabat(ALP) activity of VSal3 cells during
extracellular matrix (ECM) mineralization. Extradiem ECM mineralized cells alternatively treated
with either insulin alone or metavanadate alonebath, were collected in 0,1% (v/v) Triton X-100;
samples ALP activity was evaluated in 50 mM glygies 0.5 mM Mg reaction buffer using 0.5 mM
pNP-P (p-nitrophenyl-phosphate) as substrate. \#alae= the mean of at least three independent
experiments. Asterisks indicate statistically siigaint differences compared to control according to
Student’s test (p < 0.05, **p < 0.01).



4. MECHANISMS OF ACTION OF VANADIUM IN BONE-DERIVED CELL
LINES

Different in vitro systems (different species and cell type) haverhesed to
investigate proliferative and mineralogenic effead§ vanadium. Available data
(summarized in Table 1) suggest that vanadium mamepte distinct effects depending
on the system used. Although similar toxic and ifemdtive effects have been
recognized in both systemise( mammalian and fish), effects on ECM mineralization
were contradictory (i.e. stimulation in mammaliagll€ and inhibition in fish cells).
Interestingly, vanadium-treated MC3T3-E1 cells éxled increased ERK
phosphorylation. ERK activation by vanadium sal@sworeviously demonstrated in
experiments using Chinese hamster ovary cells gpegssing insulin receptor [27].
Stimulation of ras/ERK pathway mediated by PI-3Ktiation (resulting in the
PI-3K/ras/ERK pathway) promoted important insulmanetic effects,e.g. glycogen
synthesis and glucose homeostasis. Neverthelasgdthway is commonly associated
to growth promotion effects [53]. Recently, the E@Nheralization of MC3T3-EL1 cells
was show to be significantly inhibited by PDGF,cathrough the activation of ERK
pathway. This result is, on one hand, in contramlictwith the ERK-dependent
mineralogenic effect of vanadium in MC3T3-E1, boty the other hand, in total
agreement with the anti-mineralogenic effect ofagiom in VSal3. It also suggests
that vanadium effect could be mediated in VSaldugh ERK/MAPK pathway, an
hypothesis which is strengthened by preliminaryadahowing the reversion of
vanadium effect on cell proliferation by PD98059,specific inhibitor of MAPK
pathway early events (Figure 5; our unpublishediltes However, increased ERK
phosphorylation in VSal3 cells is still to be comfed.
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Figure 5. Effect of MAPK and PI-3K inhibitors on vanadatenstilation of VSal3 cells proliferation.
VSal3 cells were seeded in 96-well plates at 1.5x&0/well then treated with 7.5M metavanadate
Cell viability was evaluated at 8 days using MTSags Values are the mean of at least three indepménd
experiments. Asterisks indicate statistically siigant differences compared to control according to
Student’s test (p < 0.05, **p < 0.01).



Alkaline phosphatase (ALP) activity (and cell difatiation) was show to be
similarly affected by vanadium in all systems. Pnghary data suggest that vanadate
may not directly inhibit ALP activity in VSal3 csll(our unpublished result). We
hypothesize that vanadate may affect indirectlylévels of ALP activity during ECM
mineralization by down-regulating gene expressiénputative model for vanadium
action during ECM mineralization is presented igufe 6.

Table 1. Effects of vanadium on vertebrate bone-derivdldsgstems.

Effects Mammalian Non-mammalian
Cell line
Name MC3T3-E1 UMR106 VSal3
. Mouse Rat Seabream
Origin .
calvaria osteosarcoma vertebra
Cell type Pre- Differentiated Chondrocyte-like

osteoblastic osteoblast

Vanadate acute toxicity (1 mM during 4 h)

e | B |52
Phenotype
Proliferation T x [44,46,49,50,55,56] T [44,49,50,55,56] TT *%x[52]
ECM mineralization 111 B NT 1y *2
Protein content 1 bl 1 Bl 11 ORI
Cell differentiation
ALP activity « B ||| B440.5054.56] L) e OB
Type-I collagen # [50] * [50]
synthesis 1 " NT
Other activities
Glucose consumption 1w 14 141 # 144.49.58] NT
PTPase 1y e 1y B NT
ERK activation 1 * 150 1 * [49:50) NT

* indicates insulin-like effect; ** indicates nomsulin-like effect; NT indicates not tested; UR
indicates unpublished result
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MC3T3-E1

Figure 6. Vanadium putative regulation mechanisms for extralee matrix (ECM) mineralization in
VSal3 and MC3T3-EL1 cells. ECMM indicates mineraliZ&CM; P indicates phosphorylation of ERK; V
indicates vanadium; light grey arrows and dashaeklindicate vanadium putative effects in VSalirel
dark grey arrows and lines indicate PDGF effedliid3T3-E1 cells; black dashed/dotted arrows indicate
vanadium putative effects in MC3T3-E1 cells; dotegtbw indicates PI-3K/ras/IMAPK pathway; below
are represented micrographs of non-mineralizednaindralized VSal3 cells.

5. CONCLUDING REMARKS

This chapter presents a comprehensive collectiam witro data regarding the
effects of vanadium on bone metabolism in mamnibkso describes the recent work
performed in fish bone-derived cells shown to respto insulin, but also to be finely
regulated by vanadate. In these cells, like in mahan bone-derived cell lines,
vanadate behaves as a growth factor, stimulating18<ell proliferation through an
insulin-independent mechanism. On the contrary, E@ikkralization of VSal3 cells is
negatively regulated by insulin and vanadium, vatetronger inhibition resulting from
the combination of both treatments. Based on pteviiudies, it is suggested that this
effect may be mediated through activation of ERKhpay and consequent down-
regulation of mineralization. However, in ordercanfirm specific involvement of this
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pathway further investigation will be necessarlifrinary results in VSal3 cells have
so far indicated (1) the involvement of MAPK patlysan the vanadate effects on cell
proliferation through a non-insulin related meclsami and (2) the vanadate-dependent
inhibition of cell differentiation through an effeon ALP activity. In general, it is
important to notice that full characterization ofmadium effects in bone-derived
systems will require further investigation. Additad suggested studies include analysis
of: a) combined action of vanadium and other grofabtors €.9. IGF1, TGF$);

b) general gene expression during vanadium tredfir(@sing microarray technology);
c) specific bone-related gene expression; d) sSpdwnihe-related protein synthesis. The
development of non-mammalian vitro systems is likely to bring new insights on
vanadium mechanisms of action in bone.
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