
Abstract The development of new vanadium deriva-

tives with organic ligands, which improve the beneficial

actions (insulin-mimetic, antitumoral) and decrease the

toxic effects, is of great interest. A good candidate for

the generation of a new vanadium compound is the

flavonoid quercetin because of its own anticarcinogenic

effect. The complex [VO(Quer)2EtOH]n (QuerVO)

has been synthesized and characterized by means of

different spectroscopic techniques (UV–vis, Fourier

transform IR, electron paramagnetic resonance) and

its magnetic and stability properties. The inhibitory

effect on bovine alkaline phosphatase (ALP) activity

has been tested for the free ligand, the complex as well

as for the vanadyl(IV) (comparative purposes). The

biological activity of the complex on the proliferation

of two osteoblast-like cells in culture, a normal one

(MC3T3E1) and a tumoral one (UMR106), has been

compared with that of the vanadyl(IV) cation and

quercetin. The differentiation osteoblast markers ALP

specific activity and collagen synthesis have been also

tested. In addition, the effect of QuerVO on the acti-

vation of the extracellular regulated kinase (ERK)

pathway is reported. The bone antitumoral effect of

quercetin alone was established with the cell prolifer-

ation assays (it inhibits the proliferation of the tumoral

cells and does not exert any effect on the normal os-

teoblasts). Moreover, the complex exerts osteogenic

effects since it stimulates the type I collagen produc-

tion and is a weak inhibitory agent upon ALP activity.

Finally, QuerVO stimulated the ERK phosphorylation

in a dose–response manner and this activation seems to

be involved as one of the possible mechanisms for the

biological effects of the complex.
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effects Æ Osteogenic effects Æ Osteoblasts

Introduction

Flavonoids, 2-phenyl-benzo-a-pyrones are nonnutritive

polyphenolic compounds of plants that have recently

aroused considerable interest owing to their broad

pharmacological activity. Quercetin, 3¢,3, 4¢,5,7-penta-

hydroxyflavone (Fig. 1), belongs to a large group of

naturally occurring flavonoid compounds found in

plants, foods and beverages, and is a major dietary

flavonoid [1]. Besides, flavonoids represent a subgroup

of intensely colored polyphenolic phytochemicals.

They contribute to plant color, providing a spectrum of

colors from red to blue in flowers, fruit and leaves.

Owing to some interesting health-benefiting proper-

ties, flavonoids have been widely examined with re-

spect to their chemistry and biological activity. They

are acknowledged to be antioxidants and radical

D. A. Barrio Æ S. B. Etcheverry
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scavengers. Beneficial effects of flavonoids on human

health have gained increasing interest during the last

few years owing to their antitumoral and antibacterial

activities [2–9].

Flavonoids can also act as metal chelators [3, 10–12].

Their ability to form complexes with some p-, d- and f-

electron metals makes them interesting analytical re-

agents. Quercetin possesses three possible chelating

sites in competition: the 3-hydroxychromone, the 5-

hydroxychromone and the 3¢,4¢-dihydroxyl groups and

is most widely used for detection of metals bound to

flavonoid ligands owing to their highly sensitive

molecular fluorescence properties. Analytical proce-

dures have been developed for Al, Cr, W, Zr, Ti, Fe,

Mo, Zr, Hf, Ge, Ru, Pd, Os, Pt and Au [13].

Vanadium is an important trace element for differ-

ent organisms. The coordination chemistry of vana-

dium has been receiving increasing interest since it was

found to be beneficial in various biological systems [14,

15]. One of the results of the intensive investigations of

vanadium has been the discovery that vanadium com-

pounds in various oxidation states have insulin-mi-

metic and anticarcinogenic properties [16]. Its

physiological effects in many cases stem from the good

complexation behavior of VO2+, and the chemical

similarity between phosphate, vanadate and pentaco-

ordinated vanadyl(IV) complexes. Because of the low

toxicity of VO(IV), a large number of its complexes

have been isolated, characterized and tested for bio-

logical activity [17, 18].

Studies of the interaction between quercetin and its

vanadyl complex with UMR106 tumoral cells are

important to further understand the pharmacology of

quercetin. We describe here the synthesis and charac-

terization of a new quercetin complex with vana-

dyl(IV) cation and the biological effects of this

complex and the free ligand upon the inhibition on

bovine intestinal alkaline phosphatase (ALP) and on

the proliferation (on normal and tumoral osteoblasts),

differentiation (ALP specific activity and collagen

synthesis on osteosarcoma cell lines) and the signal

transduction pathways involved in the mechanism of

action of [VO(Quer)2EtOH]n (QuerVO) through its

effect on the activation of extracellular regulated kin-

ases (ERKs).

Most of the cells in multicellular organisms and in

culture systems are surrounded by a complex mixture

of nonliving material that makes up the extracellular

matrix (ECM). In vertebrates, the ECM is made by

carbohydrates and proteins plus minerals in the case

of bone. In bone tissue the ECM is secreted by os-

teoblasts. It consists of protein fiber embedded in an

amorphous mixture of huge protein–polysaccharide

(‘‘proteoglycan’’) molecules. Collagen is the most

important protein component of the ECM and it is

essential for the mineralization process. Its synthesis

increases as the preosteoblasts turn to mature osteo-

blasts [19]. As hard tissue is the main storage site for

vanadium in vertebrates, it is of great interest to

investigate the effect of vanadium derivatives on the

differentiation of bone-related cells in culture. Dif-

ferentiation is a complex physiological process and for

osteoblasts there are some important markers of cel-

lular differentiation, such as the specific activity of the

ALP and the synthesis of collagen for the ECM for-

mation. For the aforementioned reasons, the osteo-

genic activities of quercetin and the complex in

osteoblastic UMR106 cells (which express a high level

of ALP and collagen) have been tested. Besides, the

potential antitumoral effect of the ligand and the

vanadyl(IV) complex in bone-related cells has been

investigated in the tumoral osteoblast cell line

(UMR106) and compared with the normal MC3T3E1

osteoblasts in culture. In an earlier report another

quercetin VO(IV) complex was reported and its

insulin-mimetic properties were also studied. This

complex was obtained under different experimental

conditions and it has different physicochemical prop-

erties [20].

The results show that quercetin may act as an an-

titumoral agent owing to its inhibitory effect upon tu-

moral cell proliferation (the ligand does not affect the

proliferation of the nontransformed osteoblasts). Be-

sides, the complex plays an important role as an oste-

ogenic agent, promoting collagen synthesis at low

doses.

Materials and methods

Quercetin dihydrate (Sigma) and VOCl2 (50% solu-

tion, Carlo Erba) were used as supplied. Corning or

Falcon provided tissue culture materials. Dulbecco’s

modified Eagle’s medium (DMEM), and trypsin–

EDTA were purchased from Gibco (Gaithersburg,
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Fig. 1 Schematic structure of quercetin
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MD, USA) and fetal bovine serum (FBS) was from

GibcoBRL (Life Technologies, Germany). All other

chemicals used were of analytical grade. The Electronic

UV–vis spectra were recorded with a Hewlett-Packard

8453 diode-array spectrophotometer. IR spectra were

recorded with a Bruker IFS 66 Fourier transform IR

spectrophotometer from 4,000 to 400 cm–1 using the

KBr pellet technique. A Bruker ESP300 spectrometer

operating at X-band and equipped with standard Ox-

ford Instruments low-temperature devices (ESR900/

ITC4) was used to record the spectra of the compounds

at different temperatures. The magnetic field was

measured with a Bruker BNM 200 gaussmeter, and the

frequency inside the cavity (rectangular ER4102ST)

was determined by using a Hewlett-Packard 5352B

microwave frequency counter. Anisotropic X-band

electron paramagnetic resonance (EPR) spectra of

frozen solutions were recorded at 140 K, after addi-

tion of 5% of dimethyl sulfoxide to ensure good glass

formation. A computer simulation of the EPR spectra

was performed using the program SimFonia (WIN-

EPR SimFonia version 1.25, Bruker Analytische

Messtecnik, 1996). Magnetic susceptibility measure-

ments on polycrystalline samples were performed in

the temperature range 5–300 K with a Quantum De-

sign MPMS-7 superconducting quantum interference

device magnetometer and using an applied field of

0.1 T. Diamagnetic corrections of the constituent

atoms were estimated from Pascal’s constants. Ele-

mental analysis for carbon and hydrogen was per-

formed using a Carlo Erba EA 1108 analyzer.

Vanadium content was determined by the tung-

stophosphovanadic method [21].

Synthesis of [VO(Quer)2EtOH]n

A 50% aqueous solution of VOCl2 (0.5 mmol) was

slowly added to a 30 ml ethanolic solution of quercetin

(1 mmol) to afford a green solution. After refluxing for

3 h, and maintaining the pH at 4, a green solid was

formed. The hot resulting suspension was filtered,

washed three times with cold ethanol and air-dried.

Anal. Calcd. for C32H24O16V: C, 53.71; H, 3.36; V, 7.13.

Exp.: C, 53.70; H, 3.30; V, 7.09%. UV–vis spectrum for

VO/Quer 0.5/1, methanol: 580 (57.6); 650 (sh) (53.6);

782 (64) nm.

Spectrophotometric titrations

The stoichiometry of the complex was determined by

the molar ratio method. A methanolic solution of

quercetin (4 · 10–5 M) was prepared and its electronic

spectrum recorded. The absorption spectra of different

methanolic solutions of 4 · 10–5 M quercetin and

VOCl2 in ligand-to-metal ratios from 2 to 0.1 (pH 4)

were measured.

Stability studies

The rates of the decomposition reaction of the complex

were determined by measuring the variation of the

UV–vis spectra with time. The electronic absorption

bands had been monitored at 580 nm at 310 K. The

compounds were sparingly soluble in water. The dis-

solution of the complexes (14 and 20 mM) was per-

formed in ethanol or methanol, respectively. In order

to prevent contact of the sample with atmospheric

oxygen, the measurements were carried out directly in

the cell of the spectrophotometer, with the corre-

sponding stoppers and Parafilm.

ALP assays

The effect of quercetin, and QuerVO on bovine

intestinal ALP activity was determined spectropho-

tometrically, and compared with data of vanadyl(IV)

cation. The solutions of the free ligand and the

complex were prepared by dissolving each solid in

methanol and diluting with the incubation buffer

solution. At the maximum concentrations, about 1%

of methanol is present. The reaction was started by

the addition of the substrate (p-nitrophenylphos-

phate, p-NPP), and the generation of p-nitrophenol

(p-NP) was monitored by the absorbance changes at

405 nm. Briefly, the experimental conditions for ALP

specific activity measurement were as follows:

1 lg ml–1 bovine intestinal ALP and 5 mM p-NPP

were dissolved in the incubation buffer (55 mM gly-

cine and 0.55 mM MgCl2, pH 10.5) and held for

10 min. The effects of the compounds were deter-

mined by addition of different concentrations

(10–100 lmol l–1) of each one to the preincubated

mixtures. The effect of each concentration was tested

at least in triplicate in three different experiments.

Basal conditions, in the absence of any compound,

were determined as the absorbance of p-NPP

hydrolysis at 310 K and pH 10.5. The enzymatic

reaction rates inhibited by quercetin and its vana-

dium complex were determined like in the basal

conditions but in the presence of the different

concentrations of each of the systems investigated.

Data were expressed as the mean ± the standard

error of the mean (SEM). Statistical differences were

analyzed by Student’s t test.
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Cell culture

Rat osteosarcoma UMR106 and osteoblastic non-

transformed mouse calvaria derived MC3T3E1 cells

were grown in DMEM supplemented with 10% (V/V)

FBS and antibiotics (100 U ml–1 penicillin and

100 lg ml–1 streptomycin) in a humidified atmosphere

of 95% air/5% CO2. Cells were grown at a 50–60%

confluence and were subcultured using 0.1% trypsin–

1 mM EDTA in a Ca2+–Mg2+-free phosphate buffered

saline (PBS). For experiments, about 5.2 · 104 cells

per well (UMR106) and 4.0 · 104 cells per well

(MC3T3E1) were plated into 24-wellsplates. After the

culture reached 70% confluence, the cells were washed

twice with DMEM. The cells were incubated in 0.5 ml

DMEM overnight with the vanadium compound and

quercetin at different doses in serum-free DMEM.

Cell proliferation assay

For the mitogenic bioassay, the method described by

Okajima et al. [22] was used with some modifications.

The cells in 24-well plates were washed with PBS and

fixed with 5% glutaraldehyde/PBS at room tempera-

ture for 10 min. The cells were then stained with 0.5%

crystal violet/25% methanol for 10 min and the dye

solution was discarded. After that, the plate was wa-

shed with water and dried. The crystal violet fixed by

the cells was quantified at 540 nm after an extraction

procedure. The dye in the cells was extracted using

0.5 ml per well 0.1 M glycine/HCl buffer, pH 3.0 with

30% methanol and transferred to test tubes. The cor-

relation between cell number per well and the absor-

bance at 540 nm of the diluted extraction sample after

crystal violet staining has previously been established

[23]. Data were expressed as the mean ± SEM. Sta-

tistical differences were analyzed using Student’s t test.

t tests were done to compare treated and untreated

cultures. Fresh solutions of the vanadyl(IV) complex

were added to the culture dishes. The studies were

performed in the range of vanadium concentration of

2.5–100 lmol l–1 . Higher concentrations of vanadium

compounds proved to be toxic and caused osteoblast

death after several hours of incubation [24]. In order to

prepare the stock solution for these studies, the com-

plex was dissolved in ethanol, and different aliquots

were diluted in the culture medium, and added to the

cells. This procedure takes at least 5 min. The effect of

ethanolic solutions on the cells was checked. The re-

sults showed that the maximum ethanol concentration

used in the wells of the culture did not produce any

damage to the osteoblasts.

Cell differentiation assays

ALP specific activity

The ALP specific activity has been used as a marker of

osteoblast phenotype [21, 25, 26]. Cells were grown in

24-well plates until 90–100% confluence, and the

monolayers were washed twice with serum-free

DMEM. Then the cells were incubated overnight with

serum-free DMEM and different doses of QuerVO

(2.5–100 lM) were added. The cell layer was then

washed with PBS and solubilized in 0.5 ml 0.1% Triton

X-100. Aliquots of the total cell extract (10–20%) were

used for protein determination by the Bradford tech-

nique [27]. Measurement of ALP activity was carried

out by spectrophotometric determination of initial

rates of hydrolysis of p-NPP to p-NP at 310 K for

10 min. The reaction mixture consisted of 10 ll cell

extract in 800 ll glycine buffer (55 mM glycine,

0.55 mM MgCl2, pH 10.5). The reaction was initiated

by the addition of 100 ll of substrate solution to 5 mM

p-NPP in glycine buffer. The production of p-NP was

determined by the absorbance at 405 nm. Under these

experimental conditions, the product formation was

linear for 15 min.

Collagen production

The synthesis of type I collagen is also a marker of

osteoblastic phenotype. The effects of QuerVO,

quercetin and VO on this parameter were analyzed

by a histochemical method adapted to determine the

collagen produced by osteoblasts in culture [28].

UMR106 cells were cultivated on multiwell plates.

When the cells reached 90% confluence, the layers

were washed three times with PBS and fixed for 1 h

with 1 ml of fixation solution (15 ml picric acid

solution/5 ml 35% formaldehyde/1 ml glacial acetic

acid). After that, the monolayers were washed for

15 min with distilled water with mild agitation and

then were colored with 1 ml of dye solution (100 mg

Sirius Red in 100 ml of a saturated solution of picric

acid) for 1 h with mild agitation. Then, they were

washed with 0.01 N HCl to remove the excess of

Sirius Red. The dye fixed to the collagen was ex-

tracted with 1 ml 0.1 N NaOH with mild agitation for

30 min. Then, the absorbance of the samples was

recorded at 550 nm. The content of collagen pro-

duced by the cells was obtained by the calibration

curve obtained in the same conditions as those re-

ported previously [28].
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Western blotting of cell lysates

UMR106 osteosarcoma cells were subcultured into 12-

well plates in DMEM supplemented with 100 U ml–1

penicillin, 100 lg ml–1 streptomycin and 10% (v/v)

FBS at 310 K, 5% CO2. When 100% confluence was

reached, the medium was removed and the cells were

washed twice with serum-free DMEM. Cells were

incubated in serum-free DMEM without the addition

of the complex (basal) or with different concentrations

of QuerVO, for 1 h. The cells were washed twice with

cold PBS and lysed in Laemmli buffer [29]. Protein

content was determined in each lysated cellular frac-

tions. Aliquots with equal amounts of protein were

separated on 12.5% sodium dodecyl sulfate polyacryl-

amide gel electrophoresis under reducing conditions.

Then, they were transferred to acetate cellulose

membranes, and examined by immunoblotting with

specific antibodies against the phosphorylated (1:3,000)

and nonphosphorylated (1:1,000) ERKs and were re-

vealed by a commercial electrochemical luminescence

(ECL) kit.

Results and discussion

Spectrophotometric titrations

Quercetin exhibits a strong absorption band (band I) at

372 nm in methanolic solutions in the UV–vis spec-

trum. For the determination of the stoichiometry of the

VO/quercetin system, spectrophotometric titrations

were performed. Following the spectral changes asso-

ciated with the amount of VO(IV) added, we can see

that the absorption band at 370 nm decreases, while a

band centered at 432 nm increases (Fig. 2).

The isosbestic point, located at 392 nm, is indicative

of the presence of one complex species formed. In the

molar ratio plot (Fig. 2, inset) the inflection at the

metal-to-ligand ratio of 0.5 is indicative of the forma-

tion of a 1:2 VO–quercetin complex.

From Fig. 2 it can be observed that: (1) band I (re-

lated to the cinnamoyl residue) remains in place upon

vanadyl addition, but its intensity decreases; (2) band

II, related to the benzoyl residue, does not shift, but its

intensity is increased with metal addition; (3) the new

band located at 432 nm corresponds to the M-3-OH-

group of quercetin that generates an electronic redis-

tribution between the ligand and the metal, forming a

big extended p-bonding system. The electronic transi-

tion np* of quercetin changes to p–p* with lower en-

ergy, favoring the development of a new band at higher

wavelength (redshift) [7].

Vibrational spectra

The main bands and tentative assignments are shown

in Table 1.

Evaluating the spectra of the free ligand and the

complexes, we can obtain the following information:

• The characteristic stretching m(C = O) decreases by

approximately 30 cm–1. It can be suggested that the

VO(IV) coordination occurs through the O car-

bonyl atom and the 3-OH or 5-OH groups of the

ligand after deprotonation [3–6]. The increase in

bond order C4 = O2 connected with the increase in

C3–O3 in the complex may give rise to a coupling

of the vibrations of these two bonds. The new bands

at approximately 1,500 and 1,430 cm–1 can be con-

sidered as associated with the antisymmetric and

symmetric stretching modes, respectively, of the

C–O group at the chelating site.

• The band related to the m(C–O–C) mode at

1,264 cm–1 is slightly shifted by complex formation,

indicating a weak alteration of the ring structure
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Fig. 2 Spectrophotometric titration spectra of quercetin in
methanol (4 · 10–5 M, 0): increasing concentrations of VO(IV)
(from 4 · 10–6 mol l–1, 0.10 to 8 · 10–5 mol l–1), pH 4. Inset:
Molar ratio plot of the spectrophotometric titration of quercetin
with VO(IV) at k = 432 nm

Table 1 Assignment of the IR spectra of quercetin and
[VO(Quer)2EtOH]n (QuerVO) (band positions in cm–1)

Quercetin QuerVO

m(C = O) 1,666 s 1,635 vs
mring(C = C) 1,610 vs, 1,562 s 1,602 vs
m(C–O)as 1,511 m
m(C–O)s 1,435 s
m(C–OH) 1,381 s 1,362 m
m(C–O–C) 1,264 s 1,280 vs
m(V = O) 977 m
m(V–O) 423 w

vs very strong, s strong, m medium, w weak, vw very weak
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and the lack of interaction of the O ring atom with

the metal.

• The bands of the ring at 1,610 and 1,562 cm–1 are

rather changed by chelation, suggesting some

modification in the structure of the two rings.

• The position of the V = O stretching bands is typ-

ical for oxygenated spheres around the vanadium

centers [30].

EPR and magnetic data

The X-band EPR powder spectrum of the QuerVO

complex, recorded at room temperature, is shown in

Fig. 3, spectrum A. The main feature is a broad,

quasi-isotropic signal, centered about 3,500 G, origi-

nating from mutual interactions between neighboring

VIVO sites. This type of signal is characteristic of

magnetically extended systems of vanadyl(IV) [31].

Some weaker signals are also observed superposed

on the central line; they correspond to the hyperfine

structure of a V(IV) isolated species (100% abundant
51V nucleus with I = 7/2) and must originate from

the presence of a small amount of monomeric

impurities.

The spin Hamiltonian parameters of the main con-

tribution were estimated by comparison of the room-

temperature spectrum with those generated by a com-

puter simulation program working at the second order of

perturbation theory (Fig. 3, spectrum B). The calcu-

lated values of gi = 1.96 and g^ = 1.98 (giso = 1.97) are

in accord with a nearly axial or pseudoaxial ligand field,

as is usually observed for vanadium complexes owing to

the strong vanadium–oxygen interaction in the vanadyl

unit [32].

In order to establish the binding mode of the ligand,

frozen-glass EPR studies on dissolved powder were

performed ([VO2+] = 1 · 10–5 mol l–1). The spectra

obtained display the typical eight-line pattern spectrum

for axial-V(IV) systems and indicate the formation of

a single species of the complex after its dissolution

(Fig. 4). At pH 4, the observed signal originates from

a V chromophore with gi = 1.940, g^ = 1.979, Ai =

174 · 10–4 cm–1 and A^ = 64 · 10–4 cm–1 (giso = 1.966,

Aiso = 101 · 10–4 cm–1), very close to those of the

VO(IV)-maltol and related systems [33–40]. Small, but

significant, changes in the spectra are detected when the

pH of the solution was modified (by adding 1 M NaOH

solution). At pH 7 the EPR parameters are gi = 1.940,

g^ = 1.979, Ai = 168 · 10–4 cm–1 and A^ = 60 · 10–4 cm–1

(giso = 1.966, Aiso = 96 · 10–4 cm–1), suggesting the

formation of a new compound with some modification of

the equatorial coordinated groups.

It is known that the parallel component of the

hyperfine coupling constant is sensitive to the type of

donor atoms on the equatorial positions of the coor-

dination sphere. In this sense, the following empirical

relationship is frequently used in order to determine, to

a first approximation, the identity of the equatorial

ligands in V(IV) complexes:

Az¼
X

niAz;i;

where ni the number of equatorial ligands of type i and

Az,i is the contribution to the parallel hyperfine

2700 3000 3300 3600 3900 4200
H (Gauss)

A

B

Fig. 3 Experimental (A) and calculated (B) room-temperature
powder electron paramagnetic resonance (EPR) spectrum of the
[VO(Quer)2EtOH]n (QuerVO) complex measured at X-band
(9.79 GHz)

2700 3000 3300 3600 3900 4200
H (Gauss)

A

B

Fig. 4 X-band (9.43 GHz) EPR spectra of aqueous solutions of
QuerVO at pH 4 (A) and pH 7 (B) measured at 140 K
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coupling from each of them [32]. Besides, the com-

parison between the calculated and experimental val-

ues of Az has been used to argue for the presence of

specific ligands. For the title compound, the spin

Hamiltonian parameters obtained are in the range

usually found for O4 coordination complexes of the

vanadyl ion. Moreover, comparable values are pre-

dicted by the previous equation considering other

complexes with similar donor sets [33–40], and the

calculated parameters fit well in the corresponding gi

versus Ai diagram [40, 41]. Considering the contribu-

tions to the parallel hyperfine coupling constant of the

different coordination modes (CO = 44.7 · 10–4 [42],

H2O = 45.7 · 10–4, ArO– = 38.6 · 10–4 and OH– =

38.7 · 10–4 cm–1 [43]), the reduction of Ai with

increasing pH (from 174 · 10–4 to 168 · 10–4 cm–1) is

due to the incorporation of OH– ligands in the coor-

dination sphere. This result is in good agreement with

the presence at low pH of a cis-VOL2(H2O) complex

and its transformation to [VOL2(OH)]– as the pH in-

creases [44].

Magnetic susceptibility measurements of QuerVO

were performed between 5 and 300 K. Figure 5 shows

the thermal evolution of the reciprocal molar suscep-

tibility, together with a plot of (vmT=leff
2/8). Over the

entire temperature range, the vmT versus T data were

well described by a Curie–Weiss law (vm=Cm/T–h), with

Cm = 0.36 cm3K mol–1 and h = –1.6 K. The observed

Curie constant agrees quite well with that calculated

from the g value (0.365 cm3 K mol–1). The negative h
value, as well as the overall appearance of the vmT

versus T curve are indicative of the presence of anti-

ferromagnetic interactions in this compound [45].

Despite the spin topology involved in the solid being

unknown, we tried to fit the magnetic data under dif-

ferent hypotheses: 1D, 2D and 3D regular systems of

S = 1/2. The hypothesis of a dinuclear species in the

solid state was discarded considering that (1) the

DMs = 2 forbidden transition was not observed and (2)

no hyperfine lines corresponding to dimeric species

were observed. Finally, the best results were obtained

using the Heisenberg model with exchange interaction

between pairs of V(IV) ions with spins Si and Sj of the

form:

H ¼
X

i[j

Hij ¼
X

i[j

�2JijSiSj;

where we assume interactions between nearest-neigh-

bor vanadium ions on a chain (i.e., Jij = J for j = i±1

and Jij = 0 otherwise).

The temperature dependence of the magnetic sus-

ceptibility for the QuerVO complex can be fitted

satisfactorily to the empirical function introduced by

Hall [46] to represent the numerical calculations per-

formed by Bonner and Fisher [47] describing a uni-

formly spaced chain of spins with S = 1/2:

v ¼ Ng2b2

kT

Aþ Bxþ Cx2

1þDxþ Ex2 þ Fx3

� �
;

where x = |J|/kT, N and k are the Avogadro and

Boltzmann constants, b is the Bohr magneton,

A = 0.250, B = 0.14995, C = 0.30094, D = 1.9862,

E = 0.68854 and F = 6.0626. The best least-squares fit

(solid line in Fig. 5) is obtained with J/k = –1.3 K

(J = –0.9 cm–1) and g = 1.97. The agreement factor,

defined as SE = [F/(n –K)]1/2, where n is the number

of data points (65), K the number of adjustable para-

meters (2) and F the sum of squares of the residuals, is

equal to 1.4 · 10–5. The good agreement between ex-

perimental and calculated data supports the proposed

structural model and the calculated g value is con-

sistent with the EPR results. The weakness of the ob-

served antiferromagnetic coupling is in accordance

with an exchange pathway involving hydrogen bonds

between adjacent units.

Determination of the stability of the complex

The stability of the complex was evaluated in ethanolic

and methanolic solutions at 310 K, in similar condi-

tions to those of the biological studies. Methanol was

used in the ALP inhibition determinations, but owing

to its toxicity this solvent was replaced by ethanol for

the cellular studies. The kinetics of the decomposition

of the complex was determined by measuring the

variation of the UV–vis spectra with time. The b2 fi e

electronic absorption bands were monitored at 310 K.

Plots of lnA(t) versus t were linear at least for a half
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Fig. 5 Temperature dependence of the magnetic susceptibility
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reaction period and were first order in the concentra-

tion of the complex. The value of the rate constant for

the decomposition of a 20 mM QuerVO solution in

methanol at 310 K was k = 1.19 · 10–3 min–1. On the

other hand, in ethanol at 310 K the k value was

7.16 · 10–3 min–1 (14 mM QuerVO). Under these

conditions the complex was more stable in methanol

than in ethanol. These results demonstrated that dur-

ing the manipulation time of the samples either for

ALP inhibition (methanolic solutions) or cellular

determinations (ethanolic solutions), a significant

amount of the complex is not decomposed (99.4 and

96.5%, respectively).

Biological studies

Bovine intestinal ALP activity

ALP (E.C.3.1.3.1) is a metalloenzyme that catalyzes

the hydrolysis of phosphate monoesters. The most

widely characterized is an 80,000 molecular weight

enzyme from Escherichia coli, for which a low-resolu-

tion X-ray crystal structure is available [48]. Its dimeric

structure contains three nonequivalent metal-binding

sites in each subunit. Two of them are occupied by zinc

ions, one exerts a catalytic role and the other one has a

structural function. The third metal is a Mg(II) cation,

also playing a structural role.

In Fig. 6 the effects of the oxovanadium(IV) com-

plex and the free ligand on the ALP activity are shown.

The effect of VO(IV) is also displayed. As can be seen,

the inhibition exerted by quercetin takes place at

concentrations higher than 50 lmol l–1, whereas its

vanadyl(IV) complex is inhibitory over the whole

range of concentrations tested in a dose–response

manner. At concentrations of 100 lmol–1, the complex

produces a greater inhibition of the ALP activity than

the free ligand (approximately 20 vs. ca. 5%, respec-

tively).

The inhibitory effect of vanadium compounds on the

activity of the enzymes that catalyze phosphoryl group

transference may be attributed to the formation of a

trigonal bipyramidal transition state analog [49]. These

phosphorous-mimicking vanadium compounds, with a

structure closer to the transition state than that of the

phosphorous compound, likely fit more tightly in the

active site, causing inhibition of the enzymatic reaction

[48]. Although the trigonal bipyramidal coordination

geometry is usual for vanadium(V) but not for the

vanadyl(IV) cation, it has recently been demonstrated

that this coordination structure can be attained by

VO2+ in the presence of flexible ligands such as pro-

teins and enzymes [50, 51].

The results obtained with the flavonoid–VO com-

plex validate the fact that complexes having a hard

donor set of ligands that form particularly strong

complexes with the vanadyl cation (C = O– and O–, in

this case) [52, 53] better adopt the transition state

structure of ALP, being in this way inhibitors of the

enzyme.

Cell proliferation

The results of the effects of the complex, the free li-

gand and the inorganic vanadyl(IV) cation on osteo-

blast proliferation can be observed in Fig. 7. According

to these results the free ligand quercetin showed po-

tential antitumoral properties since it inhibited the

proliferation of UMR106 tumoral cells, while practi-

cally it did not cause any effect on the proliferation of

the nontransformed osteoblasts. The proliferative

behavior of the free ligand was modified upon coor-

dination to the metal center. The QuerVO complex

displayed biphasic behavior with a slight stimulation of

the proliferation of both cell lines in the low range of

concentrations and was an inhibitory agent at higher

doses. The complex was more cytotoxic towards nor-

mal osteoblasts. Figure 7 also shows the effect of the

free vanadyl(IV) cation of both cell lines, which was in

agreement with previously reported results [23, 54].

Cell differentiation

To evaluate the effects of vanadium derivatives on cell

differentiation, their action on ALP specific activity and
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Fig. 6 Effect of quercetin, QuerVO and VO(IV) on alkaline
phosphatase activity from bovine intestinal mucose. The initial
rate was determined by incubation of the enzyme at 310 K for
10 min in the absence or presence of variable concentrations of
the inhibitors. The values are expressed as the mean ± the
standard error of the mean (SEM) (n = 9)
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collagen type I synthesis was investigated in UMR106

cells. Besides the inorganic species of vanadium(IV)

and vanadium(V), different VO(IV) cation complexes

produced inhibition of the specific enzymatic activity of

ALP on osteoblast-like cells in culture [23, 25, 54–59].

Similar behavior has been found with quercetin as the

ligand. Nevertheless, the inhibition was lower than that

of the free vanadyl(IV) cation. On the other hand, the

reduction of the enzyme activity due to the free ligand,

quercetin, was very small (Fig. 8). The inhibitory pat-

tern has also been reported for the activity of bovine

mucose intestinal ALP [60–63].

In Fig. 9 it can be seen that QuerVO promoted the

synthesis of collagen in the range 2.5–10.0 lM, being

more efficient than the vanadyl-free cation. Besides,

quercetin did not exert any effect on this parameter.

These results suggest a stimulatory action on osteoblast

differentiation because of the production of one of the

most important proteins of the ECM.

Altogether these observations showed that the

complexation of quercetin with vanadium improved

the potential osteogenic properties of the free parental

drugs.

Action of QuerVO on activation of ERKs

in UMR106 cells

To investigate the signal transduction pathways in-

volved in the mechanism of action of the QuerVO

complex, we examined its effect on the activation of

ERK. The action of the complex on the activation of

the ERKs was studied by ECL. Proteins in the cell

extracts were separated by electrophoresis and exam-
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activity. UMR106 cells were incubated either in serum-free
DMEM alone (basal) or with different concentrations of the
compounds at 310 K for 24 h. Basal activity was 1 lmol p-
nitrophenol (p-NP) per minute per milligram of protein. The
results are expressed as percentage basal and represent the
mean ± SEM (n = 9)
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ined by immunoblotting with specific antibodies

against the phosphorylated and nonphosphorylated

forms of ERK. The results (Fig. 10b) showed that this

compound stimulated the phosphorylation of ERKs in

a dose–response manner, enhancing their activation.

The expression of the nonphosphorylated ERKs was

not affected by the complex. A representative immu-

noblot is shown for ERK and phosphorylated ERK in

Fig. 10a. These results point to the fact that QuerVO

may be involved through the ERK pathway in the

mitogenic effect in osteoblasts in culture.

Conclusions

As part of a research project devoted to developing

new vanadium derivatives with interesting biological

properties, a new complex of vanadyl(IV) cation with

the flavonoid quercetin has been prepared and char-

acterized, both in solution and in the solid state. The

complex is formed at pH 4. The compound is very

scarcely soluble in water and the solubility increases in

methanol or ethanol. Spectrophotometric titration and

elemental analysis suggest the formation of a metal-to-

ligand 1:2 complex. Using IR spectroscopy, we inferred

the coordination to the carbonyl group of the ligand

and one of the neighboring deprotonated OH groups.

With EPR measurements the axial coordination sphere

was established at pH 4 and the deprotonation of the

aqua to the hydroxo ligand was detected at pH 7.

Magnetic measurements revealed a weak antiferro-

magnetic coupling with an exchange pathway involving

hydrogen bonds between adjacent units. This green

quercetin complex differs from the brown compound

previously obtained. A possible explanation for this

disagreement may be the difference of the solvent

system, and the possible differences in the preparation

conditions (molar metal-to-ligand ratio and pH values,

that were not reported in [20]).

The biological studies suggest that the free ligand

quercetin may be a good candidate to be further

evaluated in the treatment of bone tissue tumors since

its effect has been more deleterious for the tumoral

osteoblasts than for the normal cells. On the other

hand, the complexation of quercetin with the vanadium

center does not improve its potential anticarcinogenic

properties. Nevertheless, from the point of view of the

cellular differentiation, the QuerVO complex seems to

be a promising compound because it stimulates type I

collagen production and shows a slight inhibitory effect

on ALP specific activity, two markers of osteoblastic

differentiation. In fact, the behavior of QuerVO on

these parameters points to its potential value for pro-

moting osteoblast differentiation, a crucial stage in the

physiology of bone. The activation of ERK pathways

seems to be involved at least as one possible mecha-

nism in the biological effects of QuerVO.
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