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Abstract

Vanadium compounds exert preventive effects against chemical carcinogenesis on animals, by modifying, mainly, various
xenobiotic enzymes, inhibiting, thus, carcinogen-derived active metabolites. Studies on various cell lines reveal that vanadium
exerts its antitumor effects through inhibition of cellular tyrosine phosphatases and/or activation of tyrosine phosphorylases. Both
effects activate signal transduction pathways leading either to apoptosis and/or to activation of tumor suppressor genes.
Furthermore, vanadium compounds may induce cell-cycle arrest and/or cytotoxic effects through DNA cleavage and fragmenta-
tion and plasma membrane lipoperoxidation. Reactive oxygen species generated by Fenton-like reactions and/or during the
intracellular reduction of V(V) to V(IV) by, mainly, NADPH, participate to the majority of the vanadium-induced intracellular
events. Vanadium may also exert inhibitory effects on cancer cell metastatic potential through modulation of cellular adhesive
molecules, and reverse antineoplastic drug resistance. It also possesses low toxicity that, in combination with the synthesis of new,
more potent and better tolerated complexes, may establish vanadium as an effective non-platinum, metal antitumor agent. © 2002
Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Vanadium is a trace element known to be essential
for a number of species that is widely distributed on
earth. However its role as a micronutrient in humans
has yet to be established.

Humans and other species may be exposed to the
metal through the atmosphere, polluted from the com-
bustion products of vanadium-bearing fuel oils, fumes
and dust generated from metallurgical refining and by
food [1]. Foods contain low vanadium concentrations
(below 1 ng/g), but the estimated daily intake of the US
population ranges from 10 to 60 pg [2]. Vanadium
enters the organism by inhalation, the gastrointestinal
tract and the skin and it is specifically stored in certain
organs mainly in the liver, kidney and bones [3-3].

Although speculation that metal complexes may pos-
sess antitumor activity has existed since the beginning
of the 20th century and survey of the antitumor action
of inorganic compounds appeared in 1931, indications
for the antineoplastic effects of vanadium salts was first
shown in 1965 [6] whereas later in 1967, vanadium,
tested among other metals against spontaneous mice
tumors, was found to be inactive [7]. Metal antitumor
activity received strong attention after the discovery of
the anticancer effects of cis-PtCl,(NH;), (cisplatin) and
research on vanadium was stimulated by the findings of
English et al. [8], on the role of the metal as an
inhibitor of terminal differentiation of murine ery-
throleukemia cells and by Thompson et al. [9], on the
inhibition, by dietary vanadyl sulfate, of chemically
induced mammary carcinogenesis. The latter also, pro-
vided evidence that this trace metal, which is typically
present in the western type diet (at uM wet weight
concentrations), may be an effective chemopreventive
agent. Furthermore, the biological effects of vanadium
compounds such as the insulin-like action [10,11] and
the reduction of hyperlipidemia and hypertension, in
relation to their few adverse effects [12], indicate the
potential therapeutic applications of these compounds.
Accumulating evidence from experiments carried out
the last 15 years, suggest that vanadium could be
considered as a representative of a new class of non-
platinum, metal antitumor agents.

2. Chemical and biochemical properties of vanadium
compounds in relation to cancer treatment

Vanadium is a group 5d transition metal possessing
certain chemical and biochemical properties. A variety
of vanadium compounds have been synthesized so far,
in an effort to offer better tolerance, more potent
action, better seclectivity and less toxicity in cancer
treatment. Chemical and biochemical characteristics de-
termine the anticancer effects of vanadium compounds.

2.1. Vanadium chemistry and biochemistry

Vanadium, is a metal possessing a well-defined ge-
ometry of its inner coordination sphere, regarding to
the usual oxidation states of the metal [V(III), V(IV)
and V(V)], while its outer sphere (moieties) is not
subject to such limitations. There is, thus, a donation of
an electron pair from ligands of the inner sphere to the
metal, conferring a high degree of covalent character to
the resulting bond. Vanadium complexes with rapid
exchange of donor atoms in a coordination sphere are
characterized as ‘labile’; in contrast to those lacking
easy atom movement which are characterized as ‘inert’.
Vanadium (V) in the presence of peroxides and some
polydentate ligands forms crystalline peroxo—heteroli-
gand complexes. Heteroligands of these compounds can
shift the redox potential of V(V)/V(IV) towards the
point where an intramolecular electron transfer could
occur within the [V(V)-peroxo] moiety, resulting to a
weakening of V-O bonds toward coordinate dioxygen
ligand and to the generation of superoxide ion [13].

A relationship has been found between the chemical
composition and the antitumor activity and toxicity of
peroxovanadates; this was shown to depend upon the
type of the heteroligand [14]. At non-toxic concentra-
tions the identity of the ancillary ligand of the peroxo-
vanadium complex may play a significant role on the
cell cycle arrest exerted by these complexes on tumor
cell lines [15]. Concomitant treatment with vanadate
(IV) and peroxide (H,O,) enhances the biological ef-
fects of the metal in various cell lines, due probably to
the formation of peroxovanadate. It was shown that
treatment of cancer cell lines (rat hepatoma, rat
basophilic leukemia, murine muscle and Chinese ham-
ster ovary cells) with vanadate (V) and hydrogen perox-
ide (H,O,) markedly increased protein tyrosine
phosphorylation and phosphoinositide breakdown, in a
dose—response relationship with vanadate [16] and
probably selectively inhibited protein tyrosine phos-
phatase activity in vitro [17]. Further, studies on 12
peroxo—vanadium complexes related the entering of
peroxide ion (O,”~) in the coordination sphere of
vanadium, to the activation of the insulin receptor
kinase and to the inhibition of the phosphotyrosine
phosphatase in cultured hepatoma cells [18].

In the crystalline state the inner coordination sphere
of peroxovanadium complexes assumes one of the well-
defined polyhedral geometries such as tetragonal or
pentagonal bipyramidal structure [15]. Polyhedral coor-
dination of vanadium compounds, in different biome-
dia, is probably not existing at low vanadium
concentrations, but may also play a role in the mechan-
ical destruction of cancer cells [7].

Vanadocenes are organometallic complexes contain-
ing vanadium (IV), belonging to the metallocene class
of antitumor agents [7,19-23]. These organometallic
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complexes, with the vanadium (IV) linked to organic
ligands by direct carbon metal bonds, exhibit in vitro
and in vivo significant antitumor properties [7,19-27].
The vanadocenes containing vanadium (IV) are ‘bent
sandwich’ complexes; bischloropentadienyl (CP,) moi-
eties are positioned in a tetrahedral symmetry and in
bent conformation with respect to the central metal
atom [28,29]. The most promising among the various
non-platinum metallocenes, apart from titanocene
dichloride, is vanadocene dichloride [(C;Hs)VCl,]
[7,19,21,23].

Vanadium exists in aqueous solution as tetravalent
(IV) vanadyl (VO?") and pentavalent (V) vanadate
(HVO,~,VO;~ and/or H,VO, ) [13,15,30]. A number
of monomeric and polymeric tetravalent [V(IV)] and
pentavalent [V(V)] vanadium species can be present in
aqueous solutions, their composition depending upon
pH and vanadium concentrations.

In presence of oxidizing agents the vanadium ion is
present as the hydrated monomer of vanadate
(HVO,>~ or H,VO,~) at micromolar concentrations
near neutral pH, whereas in the presence of extracellu-
lar or intracellular reducing agents (e.g. glutathione),
the anion is reduced to the cation vanadyl (VO,™),
within a few minutes [14,31-35]. Bioreduction of vana-
dium (V) to vanadium (IV) by glutathione [36] or by
microsomes through hydroxyl radicals generation [37]
as well as by NADH-depended flavoenzymes [38] seems
to regulate various cellular actions of vanadium com-
pounds such as its cytotoxic and morphological effects
on various cells. Vanadate also begins to polymerize at
concentrations greater than 0.1 mM at neutral pH [30].
The monomer and polymers V(V) species up to the
hexamer, undergo rapid polymerization and depolymer-
ization with pH changes, whereas the decamer is
formed rapidly when a V(V) solution is acidified but
only slowly depolymerized when the solution is brought
back to neutral pH. There is evidence indicating that
V(V) at different states of polymerization may also
have different toxicity [39]. Vanadium may also exist at
low oxidation states as trivalent [V(III)] and divalent
[VAD)] ions [33]. Vanadium existing at trivalent state
[V(IID)] as in two newly synthesized complexes with the
sulfhydryl-containing pseudopeptide N-(2-mercapto-
propionyl)glycine and the amino acid cysteine, is slowly
oxidized to V(IV) in aqueous solutions [34,35,40—42].
At physiological pH vanadium is found in the pentava-
lent oxidation state, as vanadate anion, which is the
most stable form among its various oxidation states
[43,44]. The oxidation state of vanadium in vitro and in
vivo is related to a variety of its biological effects
among which is the participation in free radical reac-
tions; these are involved either to its potential carcino-
genicity and/or to its regulatory and toxic effects on
normal and cancer cells and in animals (Section 4.3).

The oxidation state of vanadium seems also to deter-
mine some differences in biological effects of vanadium
compounds. Vanadate (V) and oxovanadium (IV) com-
plexes are, for example, both inhibitors of protein
phosphotyrosines (PTPs) in many cells, acting however,
with different mechanisms. Vanadate appears to act as
a phosphate analogue mimicking the transition state
[45-49]. Thus vanadate forms a weak and reversible
bond with the thiol group of the PTPs, acting as a
competitive inhibitor. Peroxovanadium complexes and
aqueous peroxovanadates are however irreversible and
more potent PTPs inhibitors since the critical cysteine
residue in their catalytic domain is oxidized by peroxo-
vanadium complexes [15,46]. The widely used PTP in-
hibitor pervanadate is a peroxovanadium compound
generated by reaction of H,O, with orthovanadate, in
vivo and in vitro. Pervanadate was shown to be a more
potent PTPs inhibitor than Na;VO, and H,O, [50].
Peroxovanadium complexes appear to be 100-1000
times more effective inhibitors of PTPs in vitro than
sodium orthovanadate [46,47].

The oxidation state of vanadium may also play a role
in the activation of intracellular signal transduction
pathways regulating the activation of cytosolic protein
tyrosine kinases [50,51].

2.2. Vanadium biokinetics, distribution and metabolism

The entry of vanadium into the organism depends on
the route of administration. Once it has entered, vana-
date (V) is reduced to vanadyl (IV) by glutathione of
erythrocytes or by ascorbic acid (AA) and other reduc-
ing substances in plasma. It is then transported by
albumin and by transferin, one of the iron-containing
proteins with which vanadium probably associates se-
lectively [52,53].

At the cellular level, however, vanadate (V) predomi-
nates due to neutral pH. Vanadium (V) enters the cell
via the anion transport mechanism [54,55]. Then vana-
date (V) becomes reduced to vanadyl (IV) mostly by the
intracellular glutathione [4,36] and is subsequently
bound to proteins. This reduction is regulated by the
cellular redox mechanisms which control the equilibria
between the vanadium oxidation states [3,4,56]. Studies
on erythrocytes indicate a two-phase mechanism of
vanadium entrance. During initial phase vanadate (V)
equilibriates across the red cell membrane entering the
cell via the anion exchange system. The second, much
slower phase, depends on the reduction of V(V) to
V(V) [3,4]; entry of vanadium (V) in tunicate blood
cells of Ascidia nigra, via the anionic channel, has
revealed that vanadium (V) is stored in cell vacuoles,
and is then reduced to V(IV) and/or V(III) both of
which, being cationic, do not permit vanadium to es-
cape from vacuoles [57].
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Vanadium (V)-48 uptake by bovine kidney -cells
(MDBK) revealed that it is accumulated in cells in
linearly between concentrations 20 and 200 pM
Na;VO, and proportionally to its concentration in the
medium. A curvilinear relationship between the cellular
vanadium content and the degree of vanadium-induced
cytotoxicity was also shown [3].

Vanadium in cells is mainly distributed in the nucleus
and the soluble supernatant fractions [3,56,58-60].
There is also evidence that vanadyl (IV) and vanadate
in the cytosol is bound to selected phosphate, carboxyl
and amino ligands [35,61]. Neckay et al. [61] calculated
that in cells with phosphocreatine (CP), 61% of total
V(IV) is bound to phosphates and 29% to proteins. In
cells with high levels of AA, such as the brain cells,
ascorbic binds up to 3% of V(IV). The rest is probably
bound to carboxyl ligands and to sulfhydryl com-
pounds, whereas almost 1% remains unbound. Bracken
et al. [3] reported that vanadium in MDBK cells is
distributed at almost 90% in the supernatant fraction;
the rest, is mainly in the mitochondria, the nuclear and
cell debris, and the microsomes. In a more recent study
vanadium administered in rats at tetravalent and pen-
tavalent oxidation state was intracellularly distributed
mainly in the nuclear fraction (30-40%), followed by
cytosol and mitochondrial fractions. Gel filtration chro-
matography of the lung cytosol showed, also, two
biochemical pools of vanadium; one corresponding to
the protein-bound vanadium and another to the dif-
fusible vanadium forms [60]. Administration of
vanadocene dichloride to cancer-bearing mice (trans-
planted by Ehrlich ascites tumor) and Ehrlich ascites
tumor cells revealed that vanadium, estimated by elec-
tron energy loss spectroscopy was mainly accumulated
in the nuclear heterochromatin and to a minor extent,
in the nucleus and the cytoplasmic ribosomes of the
tumor cells [25].

Various studies in animal models indicated that
vanadium mainly accumulates in kidneys, spleen,
bones, liver and to a lesser extent in lungs and testes as
vanadyl (IV) [4,60,62,63] with bones being probably the
main tissue of vanadium accumulation [10,64-66].
Vanadium is rapidly excreted by the kidneys with a
biological half-life of 20—40 h in urine [2].

There is also some evidence that vanadium accumu-
lates more in cancer cells and tissues than in normal
ones. The levels of vanadium, estimated by X-ray en-
ergy fluorescence, were found to be significantly ele-
vated in cancerous breast tissue in comparison to
normal breast tissue [67]. Inorganic *®V, was highly
accumulated in MH134, S180 and FM3A tumors,
though to a lesser degree than a **vanadyl—pheo—phor-
bide complex [68]. There is also evidence that vanadium
administered in tumor cell lines such as leukemias
(P388 and L1120), colon, Lewis lung carcinoma,
melanoma (B16), solid and fluid Ehrlich ascites tumors

and lung carcinomas transplanted into athymic mice,
accumulates in nucleic acid-rich regions of tumor cells
[21].

2.3. Toxicity of vanadium compounds in humans and
animals

Administration of vanadium compounds in humans
and animals revealed that vanadium may exert various
toxic effects. Studies on animals (mainly rats and mice)
showed that the toxic effects of vanadium compounds
are related to the species, the dose, the route and the
duration of administration as well as to the nature of
the compound. Studies dealing with the administration
of vanadium salts in humans, suffering from either
diabetes mellitus or coronary artery disease indicated
that with short-term treatment (maximum for 4 weeks)
the most common side-effect was mild gastrointestinal
disturbance [69-71]. Long-term treatment (for about
five months, with 125 mg/day of a vanadium salt),
induced in almost half of the subjects treated (coronary
artery disease patients), anorexia, weight loss and ab-
dominal pain [72]. Fawcett et al. [73] pointed out that
oral administration of vanadyl sulfate in humans has
no effect on blood cells, viscosity and biochemistry.

Studies on animals indicated a variety of toxic effects
induced by vanadium compounds. Functional distur-
bances and histopathological alterations of liver and
kidneys are the most common toxic effects. Oral admin-
istration of NaVO; (between 5 and 10 puM, in the
drinking water) for 3 months, induced mild and dose-
dependent histopathological lesions in kidneys and
spleen accompanied by increased plasma concentrations
of urea and uric acid at the highest exposed groups [74].
Vanadium-induced chromosomal aberrations and aneu-
ploidy-related endpoints in bone marrow of mice fol-
lowing intragastric treatment with vanadyl sulfate,
sodium orthovanadate and ammonium sulfate, have
also been reported [75]. Studies in young and adult rats
receiving intraperitoneal injections of orthovanadate
(10 mg/kg/day for 8 consecutive days), revealed that
vanadium may cause nephrotoxicity, its severity being
related to the age of animals treated [75]. Significant
reductions in general activity and learning have also
been shown in healthy rats administered orally with
vanadium at doses between 4.1 and 16.4 mg/kg/day for
8 weeks [76].

Toxic effects on the reproductive and developmental
functions of rats and mice such as a negative impact on
the rate of conception and fetal development, by vana-
dium compounds, have also been well-established
[77,78]. Studies however, on healthy and diabetic rats
indicated no significant changes in hematological
parameters, hepatic and renal function or characteristic
morphological abnormalities in various organs [79,80].
We recently showed that per os administration of
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vanadyl sulfate and V(III)-cysteine complex in male
Wistar rats for 9 weeks, at daily vanadium doses of 14
mg/kg, did not induce any hematological, biochemical
or histopathological alterations. V(III)—cysteine-treated
rats exhibited a slight weight gain, in contrast to
vanadyl sulfate-treated rats, which exhibited a slight
weight loss, but both were not significantly different
than their age- and sex-matched controls [42]. Further-
more, long-term (between 4 and 6 months), oral admin-
istration of vanadium (III and IV) at daily V doses of
0.5 mg/kg/day, induced no toxic effects, in tumor-bear-
ing rats [40,41].

Acute toxicity of vanadium compounds in animals
includes weakness, loss of appetite, dehydration, signifi-
cant reduction of body weight, nose bleeding, pul-
monary hemorrhage, necrosis of lymphoid tissues, renal
tubular necrosis and death. Such effects are time and
dose-dependent in subcutaneous or intraperitoneal ad-
ministration of vanadium compounds [39,81]. The na-
ture of the vanadium compound may also be related to
the acute toxic effects of vanadium, with V(V) being, in
general, more toxic than V(IV) [82]. Vanadium oxides
may also be more toxic than vanadium salts. Genotoxic
damage in six different organs (liver, spleen, heart and
bone marrow) have, for example, been reported in male
mice treated by intraperitoneal injections of vanadium
pentoxide (V,05) (at doses between 5.75 and 23.0 pg/g)
[83]. Toxicity of peroxo heteroligand vanadates (V) in
mice was reduced by chelation of heteroligands and
toxicity of vanadium salts were also different among
salt speciation [14,84]. Short- and long-term side effects
of vanadium compounds are also related to the rate of
accumulation of the metal in certain organs and tissues
of the exposed organism [5].

In conclusion, vanadium compounds do not exert
significant toxic effects when administered per os, the
duration of administration preserves significant accu-
mulation into target organs and the total and daily dose
(per kg weight) is under the toxic limits of the com-
pound used. The majority of the studies conducted on
various types of cells indicated only a potential carcino-
genicity of vanadium salts [36,85—88]. Potential muta-
genic effects of vanadium are also related to the nature
of the vanadium compounds and vanadium-derived
reactive oxygen species [89,90]. Cancer induction by
vanadium compounds in experimental animals has so
far being unsuccessful.

3. Anticancer effects of vanadium compounds on
experimental carcinogenesis and tumor-bearing animals

Chemopreventive and antitumor effects of vanadium
compounds have been widely investigated, on experi-
mental animal models and various types of malignant
cell lines.

The first evidence that vanadium may exert chemo-
preventive effects on experimental carcinogenesis, was
provided by Thompson et al. [9] on MNU-1 (1-methyl-
I-nitrosurea)-induced mammary carcinogenesis in fe-
male Sprague—Dewley rats. Feeding the animals with
25 uM per day vanadyl sulfate (IV) resulted in a
reduction of both cancer incidence and the average
number of cancers per se, and prolongation of the
median cancer-free time. Further studies on DMBA
(7,12-dimethyl-benz(o)-anthracene)-induced mammary
carcinogenesis in female Sprague—Dewley rats, revealed
that supplementation with ammonium monovanadate
(0.5 uM) in the drinking water, administered ad libitum
to the rats, resulted in a significant reduction of inci-
dence, total number, multiplicity and size of palpable
tumors and delay in mean latency period of tumor
appearance. Chemopreventive effects of vanadium on
DMBA-induced mammary carcinogenesis were medi-
ated through alteration on hepatic antioxidant status of
animals, as well as modulation of phase I and phase 11
drug metabolizing enzymes [91]. The chemopreventive
effects of dietary (0.5 pM) ammonium metavanadate
were further shown against DEN (diethylnitrosamine)-
induced and promoted by phenobarbital hepatocar-
cinogenesis in male and female Sprague—Dawley rats
[91-93]. The chemopreventive action of vanadium was
found to be mediated through inhibition of altered liver
cell foci and hepatic nodule growth during the early
stages of neoplastic transformation. Reversal of liver
cell foci and hepatic nodule growth by vanadium sup-
plementation, was also related to the activity of y-glu-
tamyl transpeptidase and to the restoration of
decreased hematological parameters (hematocrit,
hemoglobin, red blood cell count). Normalization of
the depleted plasma albumin concentration and the
decreased albumin to globulin ratio of animals were
also related to the substantial protection against DEN-
induced carcinogenesis by vanadium compounds.
Vanadium was also shown to exert more potent antitu-
mor potential on the initiation rather than the promo-
tion stage of hepatocarcinogenesis. Further studies on
the effects of vanadium supplementation (0.5 pM)
against DEN-induced  hepatocarcinogenesis  in
Sprague—Dawley rats indicate that chemopreventive
effects are probably mediated through an elevation of
phase II conjugating enzymes, which in turn lead to a
move and shift of hepatic metabolic profile that reduces
the intracellular concentration of carcinogen-derived
reactive intermediates [94]. Finally, concomitant admin-
istration of vanadium with the active metabolite of
vitamin D(3) on DEN-induced hepatocarcinogenesis in
Sprague—Dawley rats indicate that the chemopreven-
tive effect of the above combination is probably due to
the significant protective action on the genetic damage
in liver cells upon alkylation induced by DEN [95].
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Antitumor effects of vanadium compounds were
also shown on male albino mice bearing trans-
plantable Dalton’s ascitic lymphoma (DL). Ammo-
nium metavanadate, administered at low doses,
prolonged the survival of DL-bearing mice, increasing
the levels of various detoxifying hepatic enzymes
(glutathione-S-transferase and UDP-glucuronyl trans-
ferase) and the cytochrome P450 content [96].

Vanadium (ammonium metavanadate 0.005 pg/0.1
ml/mouse/day) caused also, significant reduction of
the tumor cell proliferation in DL-bearing albino mice
through a significant increase (4-fold) of the erythro-
poeitin, which improved the hemato-logical aspects of
the treated hosts, and may played a vital role in regu-
lating the growth of cellular neoplasia [97]. There is,
however, evidence that ammonium metavanadate at
higher doses (0.01-0.1 pg/mouse/day, throughout the
study) may result in a significant dose-related increase
in the tumor cell count and decrease in the survival of
DL-bearing albino mice, followed by a sharp increase
in the activity of the hepatic glutathione-S-transferase
and by a shift to the left of the peak of P450 content
in vanadium treated mice [98].

Orthovanadate, administered subcutaneously (500
pg/mouse/day for 9 days) resulted in a significant re-
duction (up to 85-100%) of MDAY-D2 tumor
growth in mice which was probably due to the gener-
ation by vanadate (V), of hydroxyl radicals and other
active oxygen species [99]. Various peroxovanadates
(V) exerted significant anticancer effects on tumor-
bearing mice, their activity being dependent upon the
type of heteroligand [13,14].

Our recent results indicated also that vanadyl sul-
fate (IV) and the organic complex of vanadium (???)
with cysteine, administered orally at low vanadium
doses (0.5 mg/kg/day) exerted both significant thera-
peutic effects on leiomyosarcoma-bearing Wistar rats
with vanadium (III)—cysteine complex being, however,
more potent and less toxic than vanadyl sulfate (IV)
[40-42]. However, Kingsworth et al. [100] reported
that supplementation in diet or drinking water with
vanadate (V), had little or no effect on 1,2-dimethyl-
hydrazine-induced colon cancer in mice. Vanadocenes,
mainly vanadocene dichloride, were shown to be
potent antitumor agents against intraperitoneally
growing mouse mammary tumor (TA3Ha) [7]. Ad-
ministration of vanadocene dichloride (intraperi-
toneally, in doses 100-600 mg/kg) in Ehrlich ascites
tumor-bearing CF1 mice revealed that the cytostatic
activity of vanadocenes was due to the molecular in-
teraction of vanadium with nucleic acids, especially
with DNA [25]. Furthermore, the antitumor effects of
vanadocene dichloride against human colon and lung
carcinomas transplanted in athymic mice, were shown
to be due to the vanadium accumulation in nucleic

acid-rich regions and to the inhibition of DNA and
RNA synthesis in tumor cells [21].

Collectively, these experimental studies indicated
that vanadium compounds exert: (a) chemopreventive
effects against chemically-induced carcinogenesis,
mainly through inactivation of carcinogen-derived ac-
tive metabolites, via modulation of the content and
the activity of various liver xenobiotic metabolizing
enzymes and substrates (P450) and/or increase of the
antioxidant status of the carcinogens’ target organs;
they act mainly in phase I (initiation) and secondly
phase II (promotion) of chemical carcinogenesis; (b)
antitumor effects on tumor-bearing animals, either
through the vanadium accumulation in nucleic acid-
rich regions, inhibiting thus DNA and RNA synthesis
and/or inducing the generation of cytotoxic reactive
oxygen species in tumor cells. There is also indication
that vanadium compounds may, in addition, exert
specific systemic effects favoring survival and/or regu-
lating tumor growth on cancer-bearing animals. Ex-
tensive investigation, on normal and malignant cell
lines have, in addition, provided detailed information
on the different ways through which vanadium com-
pounds may exert their anticarcinogenic effects (Fig.

1.

4. Cellular mechanisms of the anticancer effects of
vanadium compounds

The ideal anticancer treatment by any compound
should fulfill certain criteria and exert the following
selective effects on malignant cells: (a) reduction of
cellular growth rate (antiproliferative effect), (b) cyto-
toxic and/or cytostatic actions expressed either by ne-
crotic or programmed cell death (apoptosis), (c)
reduction and/or inhibition of the invasive or metatas-
tic potential of the cells, and (d) reduced or absent
potency to induce cellular resistance. Vanadium com-
pounds possess all of these properties, exerted either
in concert or independently, through a variety of cel-
lular mechanisms that will be briefly reviewed.

Anticancer effects and mechanisms exerted by vana-
dium compounds have been investigated on a variety
of malignant cell lines, among which human B cell
lymphoma and T cell leukemia [50], murine ery-
throleukemia [8], rat basophilic leukemia [16],
leukemic cells L1210 [13,14], HL-60 and MO07e [101],
human and rat hepatoma [16-19,102,103], human
ovary carcinoma [104], testicular cancer [22], nasopha-
ryngeal carcinoma [105], larynx carcinoma [106], os-
teosarcoma [5,107] as well as Ehrlich ascites
carcinoma [5,108,109], mouse and rat neuroblastoma
[106,110], rat glioma [110,111], mouse epidermal JB6
P* [18,112-115], Lewis lung carcinoma [116] and
Hela cells [42] are the most common cell lines used.
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4.1. Effects of vanadium on cell proliferation

Vanadium complexes have been shown to exert either
antiproliferative or, in some cases, proliferative effects
on various types of cells.

Peroxovanadium complexes, for example, have been
found to reduce the proliferation rate of neuroblastoma
NB41 and glioma C6 cell lines [110], whereas, in
C3H10T1 mouse fibroblasts, peroxovanadates formed
in situ lead to proliferation [117]. Biphasic effects of
vanadium compounds (ammonium metavanadate,
vanadyl sulfate trihydrate and ortho sodium vanadate)
have also been reported on in vitro tumor colony
growth. Vanadium salts at low ( < 10~ M) concentra-
tions stimulated, and at higher ( > 10~ '© M) concentra-
tions inhibited colony formation in human tumors
[118].

Antiproliferative effects of vanadium compounds on
normal and malignant cell lines appear to be exerted
mainly through cell cycle arrest. Fluorescence-activated
cell sorting assessments revealed that peroxovanadates
block, reversibly at low (uM) concentrations and irre-
versibly at higher, the G,—M transition of the cell cycle
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in cancer cells, leading to a significant reduction in
growth rate [110]. Cell cycle arrest induced by vana-
dium complexes appears to be mediated through the
inhibition of PTPs, that in turn dephosphorylate sub-
units of the cyclin-B complex. Phosphorylation of the
p34°94<2 subunit of the p34°d>—cyclin complex is essen-
tial for the progression of mitosis [15]. Cell cycle arrest
by vanadium complexes may also be exerted through
activation of mitogen activated protein kinases
(MAPKSs superfamily) signaling pathway. V(IV) acti-
vates the p38 MAPK and induces the transcription of
nuclear transcription factor-«B (NF-xB), a factor in-
volved in both cell-cycle progression and apoptosis, in
human bronchial epithelial cells [119].

Vanadium compounds may also exert antiprolifera-
tive and cytotoxic effects via interactions with DNA.
Vanadocene complexes interact with DNA’s nucleotide
phosphate groups forming a labile outer sphere com-
plex via a water group. The character of the
vanadocene dichloride interaction with DNA is thus
different than that of cisplatin which forms covalent
DNA adducts that are potentially mutagenic [7,19,120].
Metallocene dichlorides, among which is vanadocene
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dichloride, cause alterations of nucleic acid metabolism
[24] and form vanadocene—DNA complexes, as shown
by ultrastructural studies [21,121-123]. DNA cleavage
in vivo and in vitro is also induced by a variety of
vanadium compounds [66,83,105,124—127]. Several
lines of evidence indicate that V(IV) and V(V) induce
DNA cleavage not directly reacting with DNA compo-
nents but acting mainly through the production of
highly reactive oxygen species, especially hydroxyl radi-
cals (OH") generated in cells. Incubation of DNA with
vanadyl ions and hydrogen peroxide led to intense
DNA cleavage caused mainly by OH® generated during
the reactions of vanadyl ion and H,O, as demonstrated
by ESR spin trapping [66]. Salmon sperm DNA ex-
posed to H,O, and vanadium (III) caused single- and
double-strand breaks, mediated by Fenton reactions.
The generation of 8-hydrorxy-2’-deoxyguanosine (8-
OHAG) exhibited, also, a good correlation with the
formation of double-strand breaks, suggesting that they
may arise by a similar mechanism [127]. Fenton reac-
tions are also involved in the generation of putative
intrastrand links and strand breaks by vanadium (III)
and other transition metals, as detected by agarose gel
electrophoresis of salmon sperm DNA [126]. A newly
synthesized  vanadyl-1,10-phenathroline =~ complex
[VO(phen),], which inhibits the growth of human
nasopharyngeal carcinoma KB cells, was found to
cleave supercoiled plasmid Col E1 DNA effectively
when hydrogen peroxide was added. ESR spin trapping
demonstrated that the active species for DNA cleavage
were hydroxyl radicals generated in the VO (phen),—
H,O0, system [105]. Vanadyl (IV) induced direct oxida-
tive DNA damage as shown by the redox indicator
methylene blue, in human Chang liver cells, degrading
both 2N and 4N DNA phases in G1, S and G2/M cell
cycle profiles, as revealed by flow cytometric evaluation
of cell cycle phase-specific DNA composition [124].

Direct reactions by some oxides of vanadium with
DNA should not, however, be excluded. Studies with
single-cell gel electrophoresis assay (Comet Assay) and
DNA migration, revealed that V,0O5 induces DNA sin-
gle-strand breaks in whole blood leukocytes and human
lymphocyte cultures [125] and in testicular cells, in a
clear dose—response [83].

4.2. Apoptotic effects of vanadium compounds

Necrosis and apoptosis lead to cell death by two
morphologically distinct ways. Necrosis is a result of
cytotoxic effect inducing cell swelling, without morpho-
logical nuclear changes and cell death due to cellular
membrane damage and leakage of cytoplasmic and
nuclear contents. Apoptosis, also known as pro-
grammed cell death, is mainly characterized by nuclear
and cytoplasmic condensation, nuclear fragmentation
and membrane blebbing, as well as by the appearance

of small spherical, cytosolic fragments containing py-
knotic remnants of nuclei, which are called apoptotic
bodies; it is implicated in a variety of physiological
processes, but inappropriate regulation of apoptosis
may play an important role in many pathological con-
ditions among which is cancer [128,129]. There is a
variety of extracellular and intracellular stimuli which
regulate cellular signaling pathways, transducing events
to the nucleus and inducing cell apoptosis. Effects on
cell proliferation rate and cell differentiation, exerted by
vanadium compounds may, in contrast to apoptosis,
not always be mediated by intracellular signaling path-
ways. Regulation of certain intracellular signaling path-
ways by vanadium, may influence a number of cellular
functions among which are cellular growth rate, differ-
entiation, transformation, decrease in cell adhesion and
programmed cell death.

Accumulating evidence indicate that vanadium com-
pounds modulate the extend and duration of phospho-
rylation of a number of proteins, such as AP-1,
MEK-1, ERK-1, JNK-1, PI3K and NF-xB
[15,112,115,130,131], key effector proteins of the signal-
ing pathways linked to the production of reactive oxy-
gen species and DNA damage. Activation of cell
signaling pathways is mediated through the phosphory-
lation of tyrosines, dependent on the activity of cytoso-
lic protein tyrosine phosphatases and phosphokinases
that regulate phosphorylation and dephosphorylation
of proteins critical for signal transduction.

Both, inactivation of phosphatases and/or activation
of phosphokinases, lead to accumulation of phosphory-
lated protein tyrosine residues in several cells, the gen-
eration of second messengers, the activation of
down-stream kinases, and the activation of various
factors among which NF-kB is the most important.
Activation of NF-«xB is preceded by the phosphoryla-
tion of its inhibitory subunit (IkB) on two N-terminal
serine residues. The IkB masks, in the cytoplasm of
most cells, the translocation sequence of the transcrip-
tion factor of the DNA-binding dimer (NF-kB). Phos-
phorylation of Ikb results in its proteolytic degradation
and release of NF-kB dimer, which translocates into
the nucleus, binds to NF-kB-specific response elements,
and modulates transcription. NF-kB regulates the ex-
pression of a variety of genes whose products mediate
immune inflammatory responses and regulate cell-cycle
progression leading either to the protection from cellu-
lar apoptosis or to cellular death by apoptosis
[132,133]. It, thus, seems that the anticancer effects of
vanadium compounds, in relation to protein tyrosine
phosphorylation and to NF-kB activation, depend on
whether lethal or apoptotic target genes are activated
[128]. The latter seems to depend on either the type of
cell activated or the vanadium compound and dose
administered, or both. In lymphocytes, for example, in
which vanadium compounds induce NF-kB nuclear
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translocation, bis(maltolato)-oxovanadium (IV), in-
duces apoptosis in B cell lineages, but enhances the
activation of T cell lineages [134]. Four vanadium com-
pounds, vanadate (V), vanadyl (VI), bis(malto-
lato)oxovanadium (IV) and bis(maltolato)dioxo-vana-
dium (V) [BMV], all being promoters of the phosphory-
lation of tyrosine residues in several proteins of
MC3T3E1 osteoblast-like cells, stimulated cell growth
at low, but inhibited it at high concentrations, and
induced distinct changes in cellular morphology, fol-
lowing overnight incubation. Tyrosine phosphorylation
was more pronounced at low than at high doses. BMV,
being the least cytotoxic and the weakest inducer of
morphological changes, showed, at low concentrations
(10 pM), a phosphorylation pattern similar to that of
insulin [135]. Vanadate also prevented apoptosis in
leukemic MO07e cells cultured for 24 h in the absence of
growth factors [101]. The results suggest that a balance
between tyrosine kinases and tyrosine phosphatases
establishes whether a cell will survive or undergo apop-
tosis.

Phosphotyrosine phosphatases (PTPs) serve as im-
portant regulators of signal transduction pathways and
are sensitive targets of oxidative stress [136,137]. Vana-
dium induces intracellular inactivation of PTPs
[30,45,50], by a variety of biochemical mechanisms
depending mainly upon the oxidative state of vanadium
(Section 2.1). However, recent evidence on the in vivo
inhibition of PTPs by vanadium compounds show that
they may or may not be related to cellular apoptosis.

Enhancement of tyrosine phosphorylation due to the
inhibition of membrane associated tyrosine phos-
phatases by pervanadate was reported in prostatic ep-
ithelial cells [138] and vanadate selectively inhibited the
protein tyrosine phosphatases of intact rat hepatoma
cells [17]. Orthovanadate, at concentration of 1-10 pM,
effectively inhibited PTPs in the BALB/3T3 cells, pro-
moting 3-methylchlaranthene-pretreated cell transfor-
mation [139]. Various vanadium compounds (IV and V)
were shown to inhibit alkaline phosphatase activity in
osteosacoma UMR 106 cells and osteoblasts [107].
There is also substantial evidence that inorganic salts of
vanadium activate phosphotyrosine phosphorylases,
specifically the MAPKs [18,112,119,140—142]. MAPKs,
which include extracellular signal-regulated protein ki-
nase (ERK), c-Jun N-terminal kinase/stress-activated
protein kinase (JNK/SARK) and p38 subfamilies, are
important regulatory proteins through which various
extracellular signals are transduced into intracellular
events. They are responsible for the phosphorylation of
a variety of proteins including downstream kinases and
transcription factors that are activated by a variety of
stimuli and different cellular stresses, mainly by the
oxidative stress. Both the ERKs and the JNK/SARK
signaling pathways have also been implicated in NF-xB
activation through phosphorylation of its inhibitor IxB

[143]. Phosphorylation of IxB is mainly mediated by a
large multisubunit IkB kinase complex (IKK) that is
activated by an upstream kinase, the NF-kB-inducing
kinase which in turn, is a mitogen activated protein
kinase (MAPK) kinase kinase (MAPKKK) [144]. INK
and ERK kinases may, however, have opposite effects
on apoptosis [145].

There is a number of recent data indicating that
vanadium compounds are implicated in NF-kB activa-
tion in normal and cancer cells through activation of
MAPKSs signal transduction pathway, leading to cell
apoptosis [131,141,146]. Vanadium compounds acti-
vated the MAPKs family in epithelial cells of the
ovaries [112,131] and the lungs, specifically the p38
[119], resulting in the activation of NF-xB, in the
cytoplasm. Vanadium (IV) induced IkB breakdown in
human airway epithelial cells and NF-kB nuclear
translocation [142]. Jaspers et al. [119] also provided
evidence that the activation of p38 MAPK by vanadyl
sulfate in human airway epithelial cells depends on
V(IV)-induced oxidative stress and mediates kB-depen-
dent transcription without affecting nuclear transloca-
tion or DNA binding of NF-kB, demonstrating that
V(IV)-induced oxidative stress activates collateral sig-
naling pathways which converge downstream to coop-
eratively modulate the transcriptional activity of
NF-kB. Bis-peroxovanadium (bpV), a potent PTPs in-
hibitor, activates NF-kB in human T lymphocytes en-
gaging the src family protein kinase p56"* and
downstream effectors of p56'* such as the syk family
protein kinase ZAP-70 and the molecular adaptor SLP-
76 [147].

The in vivo effects of vanadocenes to suppress tumor
cell growth and reduce hyperlipidemia and hyperten-
sion via the tyrosine kinase signaling pathways have
also been well documented [7,10,12,22]

There are also other signaling pathways activated by
vanadium which may lead to apoptosis. Production of
reactive oxygen species by vanadium compounds in the
cytosol or in the mitochondria, results in mitochondrial
damage and the release of cytochrome C which acti-
vates the caspases. Activated caspases such as caspase-3
and caspease-8, provoke further mitochondrial damage
and activate cellular substrates such as poly(ADP-ri-
bose)-polymerase (PARP), leading the to apoptosis
[148,149].

Recent studies have shown that administration of
vanadium salts to mouse epidermal cells induced apop-
tosis through the production of hydrogen peroxide and
other ROS which in turn, activated p53 [113], a tumor
suppressor gene involved in cell cycle regulation, DNA
repair and apoptosis [150]. Cytotoxic vanadocene
derivates induced, however, apoptosis in human cancer
cells, by triggering the apoptotic signal not by primary
DNA-damage or requiring p53 induction disproving
the hypothesis that they mechanistically resemble the
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cytotoxic action of cisplatin [19]. Five metallocene
dichlorides, among which is vanadocene dichloride, in-
duced apoptosis in human testicular cancer lines [23].
Fifteen newly synthesized oxovanadium (IV) com-
pounds, examined for their cytotoxic activity against 14
different human cancer cell lines induced apoptosis,
especially the leading compound VO(Me,-phen), [151].

It is, thus, evident from research data, that vanadium
compounds activate in normal and cancer cells, differ-
ent signaling pathways acting mainly, through inactiva-
tion of PTPs and/or activation of PTKs. Activation of
cellular signaling pathways seems mainly to converge
into NF-«B nuclear translocation and the transcription
of either apoptotic and lethal or antiapoptotic genes.
Activation of apoptosis through mitochondrial caspases
should not be overlooked. Research going on will,
probably soon, provide substantial evidence for the
chemical properties and biochemical effects of vana-
dium compounds as well as the various types of cancer
cells on which vanadium, acting intracellularly, may
exert selective apoptotic and/or lethal effects.

4.3. Vanadium-induced cellular oxidative stress

Vanadium, possessing as a transition metal various
oxidative states, may participate in free radical generat-
ing reactions [152]. In plasma, vanadium (V) is rapidly
reduced to V(IV) mainly by plasma antioxidants and is
transported bound to plasma proteins, whereas pen-
tavalent vanadium usually predominates in extracellu-
lar space (see above). The theoretical possibility of
extracellular free radical generation by V(IV)/V(V) spe-
cies, mainly found in biological fluids, should, however,
not be overlooked. Intracellularly, vanadium is mainly
at tetravalent oxidation states, and it is also bound to
cytosolic and nuclear fragments, but a small proportion
(almost 1%) may be found in an unbound form. More-
over, in cancer cells, differing from normal in a number
of ways including a lower pH, an altered level of
antioxidant enzymes, a different redox state, a higher
water content and a constant H,O, production [153],
free radical generation by vanadium may easily take
place by a variety of chemical and biochemical reac-
tions. In weakly acid environments, with pH around 7,
in the presence of V(IV)/V(V), H,0, and oxygen, a free
radical production may take place by, mainly, the
following chain reactions [7]:

VO** + H,0-,VO; + H" + OH (1)
VO*+ + 03~ +H,0-VO; + OH~ +OH’ )

Generation of highly toxic hydroxyl radicals (OH")
may in turn trigger further radical reactions leading to
the relative benign superoxide anion radical, which is
spontaneously dismutated by superoxide anion dismu-
tase (SOD), to oxygen and H,O,, that, if nothing

interrupts, may, reacting with vanadium (VO?*), per-
petuate hydroxyl radical generation. V(IV) may, in
vivo, reacting with oxygen to generate superoxide anion
and V(V) [154]. Fenton-like reactions may also take
place intracellularly, mainly with the unbound vana-
dium [89,90,126,127]. Reactions as above have been
shown by EPR spectroscopy to take place during the
reduction of V(V) to V(IV), by three typical NADPH-
dependent flavoenzymes, glutathione reductase (GSH-
R), lipoyl-dehydrogenase and ferrodoxin-NADP*
-oxireductase, during which generation of hydroxyl rad-
icals take place[37,38]. Superoxide anion radical was
not significantly involved in the enzymatic reduction of
V(V) to V(IV). The enzymes-vanadium-NADPH mix-
ture caused, however, the reduction of molecular oxy-
gen to generate hydroxyl radicals which in turn was
enhanced by exogenous H,O,, a phenomenon suggest-
ing the occurrence of a Fenton-like reaction
[37,50,89,90].

Peroxo- and hydroperoxide vanadium (IV) radicals
can also be formed in cells by the superoxide generated
by NADPH-oxidase. NADPH, the substrate of the
respiratory burst oxidase is required for the synthesis of
superoxide anion in various cells. Superoxide in turn
triggers the formation of peroxovanadyl [V(IV) — OO°]
and vanadyl hydroperoxide [V(IV) — OH’]. Vanadium
peroxides can also be formed by the following reac-
tions, mediated by NADPH [155]:

2V(V) + NADPH - 2V(IV) + NADP+ + H*
V(IV) +0,->V(V)+ 0,
V(V) + 0, >[V(IV) — 007 (3)

Reactions as above demand also NAD(P)H-depen-
dent flavoenzymes [37]. Peroxovanadyl (reaction 3; Eq.
(3)), can in turn remove hydrogen from NADPH, and
produce vanadyl hydroperoxide.The latter in the pres-
ence of H* can decompose producing H,O, and regen-
erate vanadate as follows:

[V(IV) — OOH] + H* - V(V) + H,0,

These peroxides promote the inhibition of phospho-
tyrosines, resulting in accumulation of tyrosine phos-
phorylated proteins (TPPs). Critical accumulation of
TPPs initiate a respiratory burst with abundant produc-
tion of superoxide which then catalyzes the formation
of additional vanadium (IV) peroxides, establishing a
vicious cycle [156].

Various studies on the mechanisms of the actions of
vanadium compounds indicate also that vanadium in-
duces oxidative stress by a number of different ways.

Vanadium compounds may, for example, indirectly
modify oxidative stress in cells and animals, either
releasing free radical generating metals from tissues or
modifying enzymatic and antioxidant defense.
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There is evidence that V(IV), but not V(V), is able to
mobilize in vitro, iron from ferritin, which is a source
for oxidative reactions in biological systems. Iron re-
lease may be prevented in presence of relative excess to
the concentration of vanadyl (IV), of glutathione
(GSH) or vanadate. Vanadyl (IV), but not vanadate
(V), is in turn promoting peroxidation in phospholipid
peroxosomes [154]. Vanadyl (IV), in presence of H,0,,
generates hydroxyl radicals in the vanadyl-catalyzed-
break-down of fatty acids and hydroperoxides, which in
turn initiate diene conjugation during V(IV)-catalyzed
lipoperoxidation [155,157].

Vanadate, administered in diabetic and non-diabetic
rats, produced significant decreases in the antioxidant
enzyme catalase (CAT) activity and reduced GSH levels
in animals liver [158]. In contrast, supplementation of
drinking water with vanadium at the level of 0.2 or 0.5
pM for 4-8 weeks resulted in a significant increase of
the GSH level with a concomitant elevation of glu-
tathione-S-transferase (GST) activity in the liver, the
small and large intestine mucosa and kidney in rats,
without any apparent signs of cytotoxicity [159,160].
Carcinoma cells harvested from Swiss albino mice,
transplanted intraperitoneally with Ehrlich ascites car-
cinoma cells, showed, after treatment with vanadium
(IV), a significant decrease in glutathione peroxidase
(GSH-Px) and GSH-R with concomitant increase in
SOD and glucose-6-phosphate dehydrogenase activities.
Both tumor volume and cell viability were significantly
lowered in vanadium (IV)-treated mice [108].

These in vivo studies, though providing some confl-
icting results are partly, in contrast to some in vitro
studies dealing with the effects of vanadium on the
activity of the main antioxidant enzymes, horseradish
peroxidase, catalase, GSH-Px and superoxide dismu-
tase. V(IV) and V(IV) showed any direct effect on the
activity of these main antioxidant enzymes, suggesting
that many biological and toxicological effects of the
metal may be mediated more by oxidative reactions of
vanadium or of its complexes with physiologically rele-
vant biomolecules, than by a direct biochemical modu-
lation of enzymatic activities [161,162].

Accumulating evidence indicate that vanadium-in-
duced oxidative stress and free radical production is
strongly implicated for the majority of anticancer, toxic
and molecular effects of vanadium compounds such as
PTPs inhibition and PTKs activation
[7,14,16,45,50,51,108,137,156], MAPKs-dependent sig-
nal transduction [114,131,137,141,143,146], NF-x?
translocation [112,119], DNA cleavage and strand
breaks [65,105,112,129,122,126,127], gene and oncogene
expression [81,86,88,113,115] and cytotoxicity [5,31,36—
38,152,157,185].

Free radicals produced by vanadium compounds,
mainly the reactive oxygen species, may also exert
general systemic effects in organisms, through mem-

brane lipoperoxidation, protein denaturation and DNA
damage [90].

5. Potential antimetastatic effects of vanadium
compounds

Protein tyrosine phosphorylation induced by vana-
dium compounds, may also influence the invasive and
metastatic potential of tumor cells, regulating cell-sub-
strate adhesion [116] or cell-to-cell contact and actin
cytoskeletal changes [163—165]. Adhesive proteins (cell
to cell or cell to matrix) are involved into cancer
metastasis and invasion [166,167].

Vanadium compounds may also prevent hematoge-
nous spread of cancer by activating tumor-induced
endogenous fibrinolysis and inhibiting platelet aggrega-
tion, both involved in hematogenous metastasis of can-
cer [166,168,169].

Pervanadate has been shown to inhibit the induction
of intracellular adhesion proteins ICAM-1, V-CAM-1
and ELAM-1 in endothelial cells. This inhibition was
probably exerted though the inactivation of PTPs and
the subsequent downmodulation of tumor necrosis fac-
tor (TNF) which is one of the major inducers of various
adhesion molecules in human endothelial cells. Inhibi-
tion of PTPs by pervanadate also blocked the attach-
ment of monocytes to endothelial cells [164]. Moreover,
enhancement of tyrosine phosphorylation by vanadate,
resulted in the inhibition of cadherin-mediated aggrega-
tion (cell-to-cell adhesion) of rat 3Y1 cells transformed
with v-src and doubly transformed cells with v-src and
v-fos (SR3Y1 and fos-expressing SRY1 cells with en-
hanced acquired metastatic potential) [163]. Sustained
pervanadate treatment of cells expressing mutant E-
cadherin derivatives, previously cloned from diffuse-
type gastric carcinoma, led to loss of cell-to-cell contact
and induced actin cytoskeletal changes was due to
tyrosine phosphorylation of components of the cell
adhesion complex [165].

Treatment of high metastatic Lewis lung carcinoma
All cells with sodium orthovanadate resulted in a
dose- and time-dependent suppression of cells spreading
on various extracellular matrix such as matrigel,
fibronectin, laminin and type IV collagen [116] but it
did not significantly inhibit the attachment of the cells
to these substrates. Suppression of cell spreading, how-
ever, was not directly due to the inhibition of cell
growth induced by the orthovanadate.

It was also shown that vanadate, acting as
phophatase inhibitor may stimulate the urokinase-type
plasminogen activator in LM3 murine mammary tumor
cells [170] modulating thus blood coagulation. Further-
more, orthovanadate, may reduce platelet aggregation
induced by thrombin receptor activation, preventing
the integrin-depended tyrosine dephosphorylation of
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P38 and P140, and the binding of platelets to fibrinogen
[171], an effect implicated in platelet aggregation and
tumor metastasis [172]. Vanadate is also an inhibitor of
collagen-induced platelet aggregation and release reac-
tion in a concentration dependent fashion [173]. Platelet/
endothelial cell adhesion molecules’ activity seems also
to be modulated via inhibition of phosphatase activity
induced by orthovanadate [174].

Our recent (unpublished) results indicate that oral
administration of a newly tested vanadium (III)-cys-
teine complex, at low daily vanadium doses (0.5 mg/kg
b.w.), in tumor (leiomyosarcoma)-bearing rats, results in
a significant inhibition of lung metastases (up to 80%) in
comparison to the control and to vanadyl sulfate (IV)-
treated group, receiving orally the same low vanadium
doses.

6. Drug resistance and vanadium compounds

P-glycoprotein (P-gp), a member of the ABC family of
transport proteins, confers multiple drug resistance by
acting as a plasma membrane localized ATP-dependent
drug efflux pump, in tumor cells. P-gp uses energy from
ATP hydrolysis to efflux the cytotoxic compounds
against a concentration energy [175,176]. Altered cellular
accumulation of antitumor agents is thus considered as
a major factor in acquired and intrinsic resistance of
tumor cells to chemotherapy.

Resistance to vanadium has been found in certain
microorganisms (such as saccharomyces and candidas)
being either mutants manifesting alterations in protein
phosphorylation growth control or manifesting defective
plasma membrane ATPase [177,178]. There is however
evidence that vanadium compounds may sensitize multi-
drug resistant cancer cells to the cytotoxic effects of
various antineoplastic agents inhibiting the ATPase ac-
tivity. Inhibition of ATPase reduces drug efflux by P-gp,
probably decreasing the binding capacity of the trans-
ported substrate [176,179,180]. Further, vanadate may
destroy the actin fibers of the cytoskeleton of multidrug
resistant cancer cells being thus cytotoxic and possibly
beneficial as an adjuvant in the chemotherapy of solid
tumors [181]. There is, in addition, data indicating that
sodium orthovanadate reverses the multidrug resistance
of CEM/VLB 100 cells to vinblastin (VLB) not by
altering VLB efflux but probably stimulating its influx
[182]. Activation of certain protein kinases by some
vanadium compounds, such as vanadate may, in con-
trast, increase the resistance to vinblastine, in multidrug
resistant cells, increasing the phosphorylation of the
multidrug transporter P-gp in plasma membrane vesi-
cles, probably by a GTP-regulated phosphorylation
[183]. Moreover, vanadium in the presence of chelating
agents sensitized cisplatin-resistant human ovarian can-
cer cells to the cytotoxic effects of cisplatin [184].

Resistance of murine leukemia and human colon adeno-
carcinoma cells to the cytotoxic activity of FCE 245517
(tallimustine) was also, reduced by vanadium com-
pounds and other phosphatase inhibitors and decreased
by protein kinase inhibitors, suggesting that the activity
of some chemotherapeutics are strictly dependent on the
presence of tyrosine phosphorylated proteins [185]. Inhi-
bition of cellular phophatases activity by sodium ortho-
vanadate has, however, been shown to protect tumor
cells from the cytotoxic effects of TNF [186].

It is thus obvious that the effects of vanadium on
multidrug resistant cells, in relation to cancer
chemotherapy, depends upon the type of cell and the
antineoplastic agent investigated, as well as on whether
inhibition or enhancement of phosphorylation of certain
proteins, predominates. The latter is partly related to the
chemical and biochemical characteristics of vanadium
compounds.

7. Conclusions—perspectives

Research proceeded during the recent decades, en-
riched our knowledge on the chemical and biochemical
properties, as well as the mechanisms of systemic, cellu-
lar and molecular antitumor effects of vanadium com-
pounds. The anticarcinogenic effects of vanadium, in
combination to its low toxicity, established also, by its
administration in humans, suggest vanadium as a candi-
date antineoplastic agent against human cancer. New
complexes being more potent and less toxic favor this
perspective. However, a vast array of questions seeking
immediate answers, demand more intensive basic and
applied research in order vanadium compounds to be
established as a new class non-platinum group, effective
antitumor agents.

Reviewers

Dr. Nikolaos Pavlidis, Professor of Medical Oncol-
ogy, Department of Internal Medicine, University of
Ioannina, GR-45110 Ioannina, Greece.

Dr. Efstathios S. Gonos, National Hellenic Research
Foundation, Institute of Biological Research and Bio-
technology, 48 Vas. Constantinou Ave., Athens 11635,
Greece.

Professor Bernard Desoize, Faculté de Pharmacie,
IFR53 Biomolécules, Laboratoire de Biochimie—EA
2063, 51, av. Cognacg-Jay, F-51096 Reims, France.

References

[1] Nriagu JO. History occurrence and uses of vanadium. In:
Nriagu JO, editor. Vanadium in the environment. New York:
Wiley, 1998:1-24.



A.M. Evangelou / Critical Reviews in Oncology |Hematology 42 (2002) 249265 261

[2] Barceloux DG. Vanadium. J Toxicol Clin Toxicol 1999;37:265—
78.

[3] Bracken WM, Sharma RP, Elsner YY. Vanadium accumulation
and subcellular distribution in relation to vanadate-induced
cytotoxicity in vitro. Cell Biol Toxicol 1985;1:259-68.

[4] Hansen TV, Aaseth J, Alexander J. The effects of chelating

agents on vanadium distribution in the rat body and uptake by

human erythrocytes. Arch Toxicol 1982;50:195-202.

Cortizo A-M, Bruzzonne L, Molinueve S, Echevery S-B. A

possible role of oxidative stress in the vanadium-induced cyto-

toxicity and the MC3T3El osteoblast and UMR106 osteosar-
coma cell lines. Toxicology 2000;147:89-99.

Kieler J, Gromek A, Nissen NI. Studies on the antineoplastic

effect of vanadium salts. Acta Chir Scand 1965;343(Suppl):

154-64.

Djordjevitz C. Antitumor activity of vanadium compounds. In:

Siegel H, Siegel A, editors. Metal ions in biological systems. New

York: Marcel-Decker, 1995:595-616.

[8] English L, Macara JG, Cantley LC. Vanadium stimulates (Na,
K)ATPase in friend erythroleukemia cells and blocks erythro-
poiesis. J Cell Biol 1983;97:1299-302.

[9] Thompson HJ, Chasteen DN, Neeker L. Dietary vanadyl (IV)
sulfate inhibits chemically-induced mammary carcinogenesis.
Carcinogenesis 1984;5:849-51.

[10] Tsiani E, Fantus IG. Vanadium compounds. Biological actions
and potential as pharmacological agents. Trends Endocrinol
Metab 1997;8:51-8.

[11] Goldwasser I, Gefel D, Gershonov E, Fridkin M, Scheckter Y.
Insulin-like effects of vanadium. Basic and clinical implications.
J Inorg Biochem 2000;80:21-5.

[12] Brichard SM, Henquin J-C. The role of vanadium in the
management of diabetes. Trends Pharmacol Sci 1995;16:265-70.

[13] Djordjevic, Vuletic N, Renslo ML, Puryear BC, Alimard R.
Peroxo heteroligant vanadates (V): synthesis, spectra-structure
relationships and stability toward decomposition. Mol Cell
Biochem 1995;153:25-9.

[14] Djordjevitz C, Wampler GL. Antitumor activity of peroxo
heteroligant vanadates (V) in relation to biochemistry of vana-
dium. J Inorg Biochem 1985;25:51-5.

[15] Morinville A, Maysinger D, Shaver A. From Vanadis to Atro-
pos: vanadium compounds as pharmacological tools in cell death
signaling. TIPS 1998;19:452-60.

[16] Zick Y, Sager-Eisenberg R. A combination of H,0O, and vana-
date concomitantly stimulates protein tyrosine phosphorylation
and polyphosphoinositide breakdown in different cell lines.
Biochemistry 1990;29:10240-5.

[17] Hecht D, Zick Y. Selective inhibition of protein tyrosine phos-
phatase activities by H,0, and vanadate in vitro. Biochem
Biophys Res Commun 1992;188:773-9.

[18] Posner BI, Faure R, Burges JW, et al. Peroxovanadium com-
pounds. A new class of potent phosphotyrosine phosphatase
inhibitors which are insulin mimetics. J Biol Chem
1994;269:4596-604.

[19] Kopf-Majer P. Complexes of metals other than platinum as
antitumor agents. Eur J Clin Pharmacol 1994;47:1-16.

[20] Aubrecht J, Narla RK, Ghosh P, Stanek J, Uckum FM.
Molecular  genotoxicity profiles of apoptosis-inducing
vanadocene complexes. Toxicol Appl Pharmacol 1999;154:228 -
35.

[21] Harding MM, Moksdi G. Antitumor metallocenes: structure-ac-
tivity studies and interactions with biomolecules. Curr Med
Chem 2000;7:1289-93.

[22] D’Cruz OJ, Uckum FM. Vanadocene mediated in vivo male
germ cell apoptosis. Toxicol Appl Pharmacol 2000;166:186—95.

[23] Ghosh P, D’Cruz OJ, Narla RK, Uckum FM. Apoptosois-in-
ducing vanadocene compounds against human testicular cancer.
Clin Cancer Res 2000;6:1536—-43.

[5

i)

[6

—

[7

—

[24] Kopf-Maier P, Wagner W, Kopf H. In vitro cell growth
inhibition by metallocene dichlorides. Cancer Chemother Phar-
macol 1981;5:237-41.

[25] Kopf-Maier P, Krahl D. Tumor inhibition by metalocenes:
ultrastructural localization of titanium and vanadium in treated
tumor cells by electron energy loss spectroscopy. Chem Biol
Interactions 1983;44:317-28.

[26] Kopf-Majer P, Kopf H. Non-platinum-group metal antitumor
agents. History, current status, and perspectives. Chem Rev
1987;87:1137-52.

[27] Murthy MS, Rao LN, Kuo LY, Toney JH, Marks TJ. Antitu-
mor and toxicologic properties of the organometallic anticancer
agent vanadocene dichloride. Inorg Chim Acta 1988;152:117—
24.

[28] Wilkinson G, Birmingham JM. Bis-cyclopentadienyl compounds
of Ti, Zr V, Nb and Ta. Am Chem Soc 1954;76:4281—4.

[29] Wilkinson G. Comprehensive organometallic chemistry. New
York: Pergamon, 1982:554—646.

[30] Gordon JA. Use of vanadate as protein-phsphotyrosine phos-
phate inhibitor. Methods Ezymol 1991;201:478-82.

[31] Stankiewitch PJ, Stern A, Davison AJ. Oxidation of NADH by
vanadium: kinetics, effects of ligands and role of H,O, or O,.
Arch Biochem Biophys 1991;287:8-17.

[32] Ding M, Ganetti PM, Rojanasakul Y, Liu K, Shi X. One
electron reduction of vanadate by ascorbate and related free
radical generation at physiological pH. J Inorg Biochem
1994;55:101-12.

[33] Meier R, Boddin M, Mitzenheim S, Kanamori K. Solution
properties of vanadium (III) with regard to biological systems.
Met Ions Biol Syst 1995;31:45-88.

[34] Tassiopoulos AJ, Troganis AN, Evangelou A, et al. Synthetic

analogues for oxovanadium (IV/V)-glutathione interaction: an

EPR, synthetic and structural study of oxovanadium(IV) com-

pounds with sulfhydryl-containing pseudopeptides and dipep-

tides. Chem Eur J 1999;5:910-21.

Tassiopoulos AJ, Troganis AN, Deligiannakis Y, Evangelou A,

et al. Synthetic analogues for oxovanadium (IV/V)-glutathione

interaction: an NMR, EPR, synthetic and structural study of
oxovanadium (IV/V) compounds with sulfhydryl-containing
pseudopeptides and dipeptides. J Inorg Biochem 2000;79:159 -

66.

[36] Sabbioni E, Pozzi G, Devos S, Pintar A, Gasella L, Fischbach
M. The intensity of vanadium (V)-induced cytotoxicity and
morphological transformation in BALB/3T3 cells is dependent
on glutathione mediated bioreduction to vanadium. Carcinogen-
esis 1993;14:2565-8.

[37] Shi X, Dalal NS. Hydroxyl radical generation ind the NADH/
microsomal reduction of vanadate. Free Radic Res Commun
1992;17:369-76.

[38] Shi XL, Dalal NS. Flavoenzymes reduce vanadium (V) and
molecular oxygen and generate hydroxyl radical. Arch Bioch
Biophys 1991;289:355-61.

[39] Wei C-1I, Al Bayati MA, Gulbertson MR, Rosenblatt LS,
Hansen LD. Acute toxicity of amonium metavanadate in mice.
J Toxicol Environ Health 1982;10:673—87.

[40] Evangelou A, Karkabounas S, Kalpouzos G, Malamas M, et al.
Comparison of the therapeutic effects of two vanadium com-
plexes administered at low doses on benzo(a)-pyrene induced
malignant tumors in rats. Cancer Lett 1997;119:221-5.

[41] Liasko R, Kabanos Th, Karkabounas S, et al. Beneficial effects
of a vanadium complex with cysteine administered at low doses
on benzo(a)pyrene-induced leiomyosarcomas in Wistar rats.
Anticancer Res 1998;18:3609—14.

[42] Liasko R, Karkabounas S, Kabanos Th, et al. Antitumor effects
of a vanadium complex with cysteine on malignant cell lines and
tumor-bearing Wistar rats. Metal Ions Biol Med 2000;6:577-9.

[43] Ramasarma T, Crane FT. Does vanadium play a role in cellular
regulation? Curr Top Cell Reg 1981;20:247—-301.

35



262 A.M. Evangelou / Critical Reviews in Oncology |Hematology 42 (2002) 249265

[44] Erdman E, Werdan K, Krawietz W, Schmitz W, Scholz H.
Vanadate and its significance in biochemistry and pharmacology.
1984;33:945-50.

[45] Gresser MJ, Tracey AS. Vanadate as phosphate analogs in
biochemistry. In: Chasteen ND, editor. Vanadium in biological
systems. Dordrecht, Netherlands: Kluwer, 1990:63-79.

[46] Bevan AP, Drake PG, Yale J-F, Shaver A, Posner BI. Peroxo-
vanadium compounds: biological actions and mechanism of
insulin-mimetics. Mol Cell Biochem 1995;153:49-58.

[47] Bevan AP, Burgess JW, Yale JF, Drake PG, et al. In vivo insulin
mimetic effects of pV compounds: role for tissue targetting in
determining potency. Am J Physiol 1995;268:60—6.

[48] Huyer G, Kelly J, Mofat J, et al. Mechanisn of inhibition of
protein-tyrosine phosphatases by vanadate and pervanadate. J
Biol Chem 1997;272:843-51.

[49] Zhang M, Zhou M, Van Etten RL, Stauffacher CV. Crystal
structure of bovine low molecular weght phosphotyrosyl
phophatase complexed with the transition state analog vanadate.
Biochemistry 1997;36:15-23.

[50] Kresja CM, Nadler SG, Esselstyn JM, Kavanagh JT, Ledbetter
JA, Scieven GL. Role of oxidative stress in the action of
vanadium phosphotyrosine phosphatase inhi-bitors. J Biol Chem
1997;272:11541-9.

[51] Elberg G, Li J, Shechter Y. Vanadium activates or inhibits
receptor and non-receptor tyrosine kinases in cell-free experi-
ments, depending on its oxidation state. Possible role of endoge-
nous vanadium in controlling cellular protein kinase activity. J
Biol Chem 1994;269:9521-17.

[52] Sabbioni E, Marafante E. Relations between iron and vanadium
metabolism. The exchange of vanadium between transferin and
ferritin. J Toxicol Environ Health 1981;8:419-29.

[53] Degani H, Gohin M, Karlish SJD, Shechter Y. Electron para-
magnetic studies and insulin like effects of vanadium in rat
adipocytes. Biochemistry 1981;20:5795-9.

[54] Cantley LC, Resh M, Guidotti G. Vanadate inhibits the red cell
(Na,K)ATPase from the cytoplasmic side. Nature 1978;27:552—
4.

[55] Heinz A, Rubinson KA, Grantham JJ. The transport and
accumulation of oxyvanadium compounds in human erythocytes
in vitro. J Lab Clin Med 1982;100:593-612.

[56] Sakurai H, Shimomura S, Fukuzawa K, Isshizu K. Detection of
oxovanadium (IV) and characterization of its ligand environment
in subcellular fractions of the liver of rats treated with pentavalent
vanadium (V). Biochem Res Commun 1980;96:293-8.

[57] Macara IG, McLead GC, Kustin K. Isolation properties and
structural studies on a compound from tunicate blood cells that
may be involved in vanadium accumulation. Biochem J
1979;181:457-65.

[58] Sabbioni E, Marafante E. Metabolic patterns of vanadium in the
rat. Bioinorg Chem 1978;9:389-407.

[59] Sharma RP, Oberg SG, Parker RDR. Vanadium retention in rat
tissues following acute exposures to different dose levels. J
Toxicol Environ Health 1980;6:45—54.

[60] Edel J, Sabbioni E. Retention of intratrachealy instilled and
ingested tetravalent and pentavalent vanadium in rat. J Trace
Elem Electrolytes Health Dis 1988;21:23—30.

[61] Neckay BR, Nanninga LD, Nechay PS. Vanadyl (IV) and
vanadate (V) binding to selected endogenous phosphate, car-
boxyl and amino ligands; calculations on cellular vanadium
species distribution. Arch Biochem Biophys 1986;251:128-38.

[62] Hamel FG, Duckworth WC. The relationship between insulin
and vanadium metabolism in insulin target tissues. Mol Cell
Biochem 1995;153:95-102.

[63] Domingo JL, Gomez M, Sanchez DJ, Llobet JM, Keen CL.
Toxicology of vanadium compounds in diabetic rats: the action
of chelating agents on vanadium accumulation. Mol Cell
Biochem 1995;153:233-40.

[64] Merritt K, Brown SA. Distribution of titanium and vanadium
followed repeated injection of high-dose salts. J Biomed Mater
Res 1995;29:1175-8.

[65] Setyawati IA, Thompson KH, Yen VG, Sun Y, et al. Kinetic
analysis of uptake distribution and excretion of 48V-labeled
compounds in rats. J Appl Physiol 1998;84:569-75.

[66] Sakurai H. Vanadium distribution in rats and DNA cleavage by
vanadyl complex: Implication for vanadium toxicity and biolog-
ical effects. Envir Health Perspect 1994;3:35-6.

[67] Rizk SL, Sky-Peck H. Comparison between concentrations of
trace elements in normal and neoplastic human breast tissue.
Cancer Res 1984:44:5390—4.

[68] Iwai K, Iwata R, Kawamura M, Kimura S. Localizing efficiency
of (48)vanadyl-pheophorbide in tumors as anew tumor imaging
agent. Int J Rad Appl Instum B 1989;16:783-9.

[69] Cohen N, Halberstasm M, Slimovitch P, Shammon H, Rosetti
L. Oral vanadyl sulfate improves hepatic and periferal insulin
sensitivity in patients with non-insulin-dependent diabetes melli-
tus. J Clin Invest 1995;95:2501-9.

[70] Goldfine AB, Simonson DC, Folli F, Patti ME, Kahn CR.
Metabolic effects of sodium metavanadate in humans with
insulin-dependent and non-insulin-dependent diabetes mellitus.
Clin Endocrinol Metabol 1995;80:3311-20.

[71] Boden G, Chen X, Ruiz J, van Rossum GDV, Turco S. Effects
of vandyl sulfate on carbohydrate and lipid metabolism in
patients with non-insulin-dependent diabetes mellitus.
Metabolism 1996;45:1130-5.

[72] Somerville J, Davies B. Effects of vanadium on serum cholesterol.
Am Heart J 1992,64:54—6.

[73] Fawcett JP, Farquhar SJ, Thou T, Shand BI. Oral vanadyl sulfate
does not affect blood cells, viscocity or biochemistry in humans.
Pharmacol Toxicol 1997;80:202—6.

[74] Domingo JL, Liobet, Tomas JM. Short-term toxicity studies of
vanadium in rats. J Appl Toxicol 1985;5:418-21.

[75] Ciranni R, Antonetti M, Migliore L. Vanadium salts induce
cytogenic efects in in vivo treated mice. Mut Res 1995;343:53-60.

[76] Sanchez DJ, Colomina MT, Domingo JL. Effects of vanadium
on activity and learning in rats. Physiol Behav 1998;63:345-50.

[77] Domingo JL. Vanadium: a review of the reproductive and
developmental toxicity. Reprod Toxicol 1996;10:175-82.

[78] Ganguli S, Reuland DJ, Franklin LA, Deakins DD, Johnston
WIJ, Pasha A. Effects of maternal vanadate treatment on fetal
development. Life Sci 1994;55:1267-76.

[79] Dai S, Thompson KH, Vera E, McNeill JH. Toxicity studies on
one-year treatment of non-diabetic and streptozotocin-induced
diabetic rats with vanadyl sulfate. Pharmacol Toxicol
1994;74:110-5.

[80] Dai S, Thompson KH, Vera E, McNeill JH. Lack of hematolog-
ical effect of oral vanadium treatment in rats. Pharmacol Toxicol
1995;74:265-73.

[81] Al-Bayati MA, Giri SN, Raabe OG, Rosenblatt LS, Shifrine M.
Time and dose—response study on the effects of vanadate on rats:
morphological and biochemical changes in organs. J Environ
Pathol Toxicol Oncol 1989;9:435-55.

[82] Domingo JL. Vanadium and diabetes. What about vanadium
toxicity? Mol Cell Biochem 2000;203:185-7.

[83] Altamirano-Lozano M, Valverde M, Alvarez-Barrera L, Molina
B, Rojas E. Reprotoxic and genotoxic studies of vanadium
pentoxide (V2)O(5) in male mice. II. Effects in several mouse
tissues. Teratog Carcinog Mutagen 1999;19:243-55.

[84] Domingo JL, Liobet JM, Tomas JM. Influence of chelating
agents on the toxicity, distribution and excretuion of vanadium
in mice. J Appl Toxicol 1986;6:337-41.

[85] Marini M, Zunica G, Bagnara GP, Francheschi C. Effect of
vanadate of PHA-induced proliferation on human lymphocytes
from young and old subjects. Biochem Biophys Res Commun
1987;142:836—42.



A.M. Evangelou / Critical Reviews in Oncology |Hematology 42 (2002) 249265 263

[86] Parfett CL, Pilon R. Oxidative stress-regulated gene expression
and promotion of morphological transformation induced in
C3H/10T1/2 cells by ammonium metavanadate. Food Chem
Toxicol 1995;33:301-8.

[87] Yin X, Davison AJ, Tsang SS. Vanadate-induced gene expres-
sion in mouse C127 cells: role of oxygen derived active species.
Mol Cell Biochem 1992;115:85-96.

[88] Stern A, Yin X, Tsang SS, Davison A, Moon J. Vanadium as
a modulator of cellular regulatory cascades and oncogene ex-
pression. Biochem Cell Biol 1993;71:103—12.

[89] Halliwell B, Gutteridge IMC. The importance of free radicals
and catalytic metal ions in human disease. Mol Aspects Med
1985;8:89-193.

[90] Halliwell B, Gutteridge JMC. Free radicals ‘reactive species’
and toxicology. In: Halliwell B, Gutteridje JMC, editors. Free
radicals in biology and medicine. Oxford: Oxford University
Press, 1999:544-616.

[91] Bishayee A, Oinam S, Basu M, Chatterjee M. Vanadium
chemoprevention of 7,12-dimethybenz(a)anthracene-induced
rat mammary carcinogenesis: probable involvement of repre-
sentative hepatic phase I and II xenobiotic metabolizing en-
zymes. Breast Cancer Res Treat 2000;63:133—45.

[92] Bishayee A, Chatterjee M. Inhibitory effect of vanadium on rat
liver carcinogenesis initiated with diethylnitrosamine and pro-
moted by phenobarbital. Br J Cancer 1995;71:1214-20.

[93] Bishayee A, Karmakar R, Mandal A, Kundu SN, Chattrjee M.
Vanadium mediated chemoprevention against chemical hepato-
carcinogenesis in rats: haematological and histological charac-
terisitics. Eur J Cancer Prev 1997;6:58—-70.

[94] Chakraborty A, Selvaraj S. Differential modulation of xenobi-
otic metabolizing enzymes by vanadium during diethylni-
trosamine-induced hepatocarcinogenesis in Sprangue—Dawley
rats. Neoplasma 2000;47:81-9.

[95] Basak R, Saha BK, Chatterjee M. Inhibition of diethylni-
trosamine-induced rat liver chromosomal aberrations and
DNA-strand breaks by synergisitc supplementation of vana-
dium and lalpha-25-dihydroxyvitamin D(3). Biochim Biophys
Acta 2000;1502:272—-82.

[96] Sardar S, Mondal A, Chatterjee M. Protective role of vanadium
in the survival of hosts during the growth of atransplantable
murine lymphoma and its profound effects on the rates and
patterns of biotransformation. Neoplasma 1993;40:27-30.

[97] Chakraborty A, Chatterjee M. Enhanced erythropoietin and
suppression of y-glutamyl transpeptidase(GTT) activity in
murine lymphoma following administration of vanadium. Neo-
plasma 1994;41:291-6.

[98] Chakraborty A, Ghosh R, Roy K, Ghosh S, Chowdhury P,
Chatterjee M. Vanadium: a modifier of drug metabolizing
enzyme patterns and its critical role in cellular proliferation in
transplantable murine lymphoma. Oncology 1995;52:310—4.

[99] Cruz TF, Morgan A, Min W. In vitro and in vivo antineoplas-
tic effects of orthovanadate. Mol Biochem 1995;153:161-6.

[100] Kingsworth AN, Lamuraglia GM, Ross JS, Malt RA. Vana-
date supplements and 1,2-methylhydrazine-induced colon can-
cer in mice: increased thymidine incorporation without
enhanced carcinogenesis. Br J Cancer 1986;53:683-6.

[101] Bergamashi G, Rosti V, Danava M, Ponchio L, Lucotti C,
Cazzola M. Inhibitors of tyrosine phosphorylation induce
apoptosis in human leukemic cell lines. Leukemia 1993;7:2012—
8.

[102] Ohnishi T, Suzuki T, Suzuki Y, Ozawa K. A comparqative
study of plasma Mg2 + -ATPase activities in normal, regenerat-
ing and malignant cells. Biochim Biophys Acta 1982;684:67—74.

[103] Bosch F, Hatzoglou M, Park EA, Hanson BW. Vanadate
inhibits expression of the gene phosphoenolpyruvate carboxyki-
nase (GTP) in rat hepatoma cells. J Cell Biochem
1990;23:13677-82.

[104] Itkes AV, Imamova LR, Alexandrova NM, Favorova OO,
Kisselev LL. Expression of c-myc gene in human ovary car-
cinoma cells treated with vanadate. Exp Cell Res 1990;188:169—
71.

[105] Sakurai H, Tamura H, Okatani K. Mechanism for a new
vanadium complex: hydroxyl radical-dependent DNA cleavage
by 1,10-phenanthroline-vanadyl complex in the presence of
hydrogen peroxide. Biochem Biophys Res Commun
1995;206:133-7.

[106] Montero MR, Guerri C, Grisolia S. Vanadate, alcohol or both
increase passive membrane permeability of neuro-2a cells; lesser
sensitivity of Hep-2 cells. Life Sci 1981;28:641-6.

[107] Cortizo AM, Salice VC, Etcheverry SB. Vanadium compounds.
Their action on alkaline phosphatase activity. Biol Trace Elem
Res 1994;41:331-9.

[108] El-Naggar MM, El-Waseef AM, El-Halafawy KM, El-Sayed
IH. Antitumor activities of vanadium (IV), manganese (IV),
iron (III), cobalt (II) agnd copper (II) complexes of 2-methy-
laminopyridine. Cancer Lett 1998;133:71-6.

[109] Tawa R, Uchida K, Taniyama J, Fujisawa Y, et al. A new
insulin—-mimetic vanadyl complex (N-pyridylmethylaspartate)
oxovanadium (IV) with VO(N,O,) co-ordination mode, and
evaluation of its effects on uptake of D-glucose by Ehrlich
ascites tumor cells. J Pharm Pharmacol 1999;51:119-24.

[110] Faure R, Vincent M, Dufour M, Shaver A, Posner BI. Arrest
of the G2/M transition of the cell cycle by protein tyrosine
phosphatase inhibition: studies on a neuronal and a glial cell
line. J Cell Biochem 1995:389-401.

[111] Folbergova J, Lisa V, Mares V. Nat-K*-ATPase activity in
cultured C6 glioma cells. Neurochem Res 1989;14:392-439.

[112] Huang C, Chen N, Ma WY, Dong Z. Vanadium induces AP-1
and NF-kappaB dependent transcription activity. Int J Oncol
1998;13:711-5.

[113] Huang C, Zhang Z, Ding M, et al. Vanadate induces P53
activation through hydrogen peroxide and causes apoptosis. J
Biol Chem 2000;275:32516-22.

[114] Ye J, Ding M, Leonard SS, et al. Vanadate induces apoptosis in
epidermal JB6 + cells via hydrogen-peroxide mediated reac-
tions. Mol Cell Biochem 1999;202:663-8.

[115] Ding M, Li JJ, Leonard SS, et al. Vanadate-induced activation
of activator protein-1. Role of reactive oxygen species. Carcino-
genesis 1999;20:663-8.

[116] Takenaga K. Suppression of metastatic potential of high-
metastatic Lewis lung sarcoma cells by vanadate, an inhibitor
of tyrosine phosphotase, through inhibiting cell-substrate adhe-
sion. Invasion Metastasis 1996;16:97—106.

[117] Krady M-M, Freyermuth S, Rogue P, Malviya AN. Pervana-
date elicits proliferation and mediates mitogen-activated protein
(MAP). FEBS Lett 1997;412:420-4.

[118] Hanauske U, Hanauske AR, Marshal MH, Muggia VA, Von
Hoff DD. Biphasic effects of vanadium salts on in vitro tumor
colony growth. Int J Cell Cloning 1987;5:170-8.

[119] Jaspers I, Samet JM, Erzurum S, Reed W. Vanadium-induced
kB dependent transcription depends upon peroxide-induced
activation of p38 mitogen-activated protein kinase. Am J
Respir Cell Mol Biol 2000;23:95-102.

[120] Kuo YL, Liu AH, Marks TJ. Metallocene ineractions with

DNA and DNA-processing enzymes. In: Siegel H, Siegel A,

editors. Metal ions in biological systems. New York: Marcel

Deckker, 1995:53-85.

Toney JH, Brock CP, Marks TJ. Aqueous coordination chem-

istry of vanadocene dichloride, with nucleotides and phospho-

esters. Mechanistic implication for a new class of antitumor
agents. J Am Chem Soc 1986;108:7263—74.

Harding MM, Harden GJ, Field LD. A 3'P NMR study of the

interaction of the antitumor active metallocene Cp,MoCl, with

calf thymus DNA. FEBS Lett 1993;322:291-4.

[121

[122



264 A.M. Evangelou / Critical Reviews in Oncology |Hematology 42 (2002) 249265

[123] Murray JH, Harding MM. Organometallic anticancer agents:
the effects of central metal and halide ligands on the interaction
of metallocene dihalides Cp,MX, with nucleic acid con-
stituents. J Med Chem 1994;37:1936—41.

[124] Sit KH, Paramananthan R, Bay B, et al. Sequestration of
mitotic (M-phase) chromosomes in autophagosomes. Mitotic
programmed cell death in human Chang liver cells induced by
an OH* burst from vanadyl (IV). Anat Rec 1996;245:1-8.

[125] Rojas E, Valverde M, Herrera LA, Altamirano-Lozano M,
Ostrosky-Wegman P. Genotoxicity of vanadium pentoxide
evaluated by the single cell gel electrophore- Sis in human
lymphocytes. Mut Res 1996;359:77-84.

[126] Lloyd DR, Phillips DH, Carmichael PL. Generation of putative
intrastrand cross-links and strand breaks in DNA by transition
metal ion-mediated oxygen radical attack. Chem Res Toxicol
1997;10:393-400.

[127] Lloyd DR, Carmichael PL, Phillips DH. Comparison of the
formation of 8-hydroxy-2’-deoxyguanosine and single- and
double-strand breaks in DNA meiated by fenton reactions.
Chem Res Toxicol 1998;11:420-7.

[128] Manning FCR, Patierno SR. Apoptosis: inhibitor or instigator
of carcinogenesis? Cancer Invest 1996;14:455-65.

[129] Thompson CB. Apoptosis in the pathogenesis and treatment of
diseases. Science 1995;267:1456-62.

[130] Chen F, Demers LM, Vallyathan V, et al. Vanadate induction
of NF-kB involves IkB kinase f and SARK/ERK kinase in
macrophages. J Biol Chem 1999;274:20307-12.

[131] Pandey SK, Chiasson JL, Srivastava AK. Vanadium salts stim-
ulate mitogen-activated protein (MAP) kinases and ribosomal
S6 kinases. Mol Cell Biochem 1995;153:69-78.

[132] Mercurio F, Manning AM. Multiple signals converging on
NF-kappaB. Curr Opin Cell Biol 1999;11:226-32.

[133] Bours V, Bentires-Alj M, Hellin A-C, et al. Nuclear factor-kB,
cancer and apoptosis. Biochem Pharmacol 2000;60:1085-90.

[134] Schieven GL, Wahl AF, Mydral S, Grosmaire L, Ladbetter JA.
Lineage-specific induction of B cell apoptosis and altered signal
transduction by the phosphotyrosine inhibitor bis(maltolato)
oxovanadium (IV). J Biol Chem 1995;270:20824—-31.

[135] Salice VC, Cortizo AM, Gomez Dumm CL, Etchevery SB.
Tyrosine phosphorylation and morphological transformation
induced by four vanadium compounds on MC3T3E] cells. Mol
Cell Biochem 1999;198:119-28.

[136] Lau KH, Baylink DJ. Phosphotysyl protein phospatases: poten-
tial regulators of cell proliferation and differentiation. Crit Rev
Oncog 1993;4:451-71.

[137] Kresja CM, Schieven GL. Impact of oxidative stress on signal
trunsduction control by phosphotyrosine phosphatases. Envi-
ron Health Perspect 1998;106(Suppl.5):1179-84.

[138] Boisonneault M, Chapdelaine A, Chevalier S. The enhancement
by pervanadate of tyrosine phosphorylation on prostatic
proteins occurs through the inhibition of membrane-associated
tyrosine phosphatases. Mol Cell Biochem 1995;153:139—-44.

[139] Sakai A. Orthovanadate, an inhibitor of protein tyrosine
phospahatases acts more potently as a promoter than an in-
hibitor in the BALB/3T3 cell transformation. Carcinogenesis
1997;18:1395-7.

[140] Pandey SK, Theberge J-F, Bernier M, Srivastava AK. Phos-
phatidylinositol 3-kinase requirement in activation of the ras/C-
raf-1/MEK/ERK and p70s6k signaling cascade by the
insulinomimetic  agent vanadyl sulfate.  Biochemistry
1999;38:14667-75.

[141] Samet JM, Graves LM, Quay J, Dailey LA, et al. Activation of
MAPKs in human bronchial epithelial cells exposed to metals.
Am J Pneumonol 1998;275:1.551-8.

[142] Jaspers I, Samet JM, Reed W. Arsenite exposure of cultured
airway epithelial cells activates kB-dependent Interleukin-8
Gene expression in the absence of nuclear factor kB nuclear
translocation. J Biol Chem 1999;274:31025-33.

[143] Wang X, Martindale JL, Liu Y, Holbrook JN. The cellular
response to oxidative stress: influences of mitogen-activated
protein kinase signaling pathways on cell survival. Biochem J
1998;333:291-300.

[144] Malinin NL, Boldin MP, Kovalenko AV, Wallach D. MAP3K-
related kinase involved in NF-kappaB induction by TNF,
CD95 and IL-1. Nature 1997;385:540—4.

[145] Xia Z, Dickens M, Raigeaud J, Davis RJ, Greenberg ME.
Opposing effects of ERK and JNK-p38 MAP kinases on
apoptosis. Science 1995;270:1326-31.

[146] Zhao Z, Tan Z, Diltz CD, You M, Fisher EH. Activation of
mitogen-activated protein (MAP) kinases pathway be pervana-
date, a potent inhibitor of tyrosine phosphatases. J Biol Chem
1996;271:22251-5.

[147] Oullet M, Barbeau B, Tremblay M. p56'c, ZAP-70, SLP-76,
and calcium-regulated effectors are involved in NF-kB activa-
tion by bisperoxovanadium phosphotyrosyl phosphate in-
hibitors in human T-cells. J Biol Chem 1999;49:35029-36.

[148] Green DR, Reed JC. Mitochondria and apoptosis. Science
1998;281:1309—-12.

[149] Burkle A. Poly(ADP-ribosyl)ation, genomic instability and
longevity. Ann NY Acad Sci 2000;908:126—32.

[150] Assimakopoulos D, Kolettas E, Zagorianakou N, Evangelou
A, Skevas A, Agnantis N. Prognostic significance of p53 in the
cancer of the larynx. Anticancer Res 2000;20:3555—64.

[151] Narla RK, Dong Y, D’Cruz OJ, Navara C, Uckum FM.
Bis(4,7-dimethyl 1-1, 10 phenanthroline)sulfatooxovanadium
(IV) as a novel apoptosis-inducing anticancer agent. Clin Can-
cer Res 2000;6:1546—-56.

[152] Stochs SJ, Bagchi D. Oxidative mechanisms and toxicity of
metal ions. Free Radic Biol Med 1995;18:321-36.

[153] Sun Y. Free radicals, antioxidant enzymes and carcinognenesis.
Free Rad Biol Med 1990;8:583-9.

[154] Monteiro HP, Winterbourn CC, Stern A. Tetravalent vana-
dium releases ferritin ion which stimulates vanadium-dependent
lipid peroxidation. Free Rad Res Commun 1991;1:125-9.

[155] Byckowski JZ, Kulkarni AP. Vanadium redox cycling, lipid
peroxidation and coxygenation of benzo(a)pyrene,7,8-dihydro-
diol. Biochim Biophys Acta 1991;1125:136-41.

[156] Trudel S, Paquet MR, Grinstein S. Mechanism of vanadate-in-
duced activation of tyrosine phophorylation and of the respira-
tory bgurst in HL60 cells. Role of reduced oxygen metabolites.
Biochem J 1991;276:611-9.

[157] Keller RJ, Sharma RP, Grover TA, Piette H. Vanadium lipid
peroxidation: evidence for involvement of vanadyl and hy-
droxyl radicals. Arch Bioch Biophys 1988;265:524-33.

[158] Saxena AK, Srivastava P, Kale RK, Baquer NZ. Impaired
antioxidant status in diabetic rat live. Effect of vanadate.
Biochem Pharmacol 1993;45:539-42.

[159] Bishayee A, Chatterjee M. Selective enhancement of glu-
tathione S-tranferase activity in liver and extrahepatic tissues of
rat following oral administration of vanadate. Acta Physiol
Pharmacol Bulg 1993;19:83-9.

[160] Bishayee A, Chatterjee M. Time course effects of vanadium
supplement on cytosolic reduced glutathione level and glu-
tathione S-transferase activity. Biol Trace Elem Res
1995;48:275-85.

[161] Serra MA, Pintar A, Casella L, Sabbioni E. Vanadium effects
on the activity of horseradish peroxidase, catalase, glutathione
peroxidase, and superoxide dismutase in vitro. J Inorg Biochem
1992;46:161-74.

[162] Appela MC, Gonzales SN, Baran EJ. The inhibitory effect of
vanadium oxyanions on the activity of copper—zinc superoxide
dismutase. Biol Trace Elem Res 1988;18:123-30.

[163] Matsuyoshi N, Hamagushi M, Tanigushi S, Nagafuchi A,
Tsukita S, Tackeishi M. Cadherin-mediated cell-cell adhesion is
perturbed by the v-src tyrosine phosphory-lation in metastatic
fibroblasts. J Cell Biol 1992;118:703—14.



A.M. Evangelou / Critical Reviews in Oncology |Hematology 42 (2002) 249265 265

[164] Dharwan S, Singh S, Aggarwal BB. Induction of endothelial
cell surface adhesion molecules by tumor necrosis factor is
blocked by protein tyrosine phosphatase inhibitors: role of
nuclear transcription factor NF-xB. Eur Immunol
1997;27:2172-9.

[165] Luber B, Candidus S, Handsbusch G, et al. Tumor derived
mutated E-cadherin influences beta-catenin localization and
increases susceptibility to actin cytoskeletal changes induced by
pervanadate. Cell Adhes Commun 2000;7:391-408.

[166] Zhou J, Sargiannidou I, Tuszynski GP. The role of adhesive
proteins in the hematogenous spread of cancer. In Vivo
2000;14:1999-2080.

[167] Cavenagh JD, Cahill MR, Kelsey SM. Adhesion molecules in
clinical medicine. Crit Rev Clin Lab Sci 1998;55:415-59.

[168] Biggerstaff JP, Seth N, Amirkhosravi A, Amaya M, et al.
Soluble fibrin augments platelet tumor cell adherance in vitro
and in vivo and enhances experimental metastasis. Clin Exp
Metastasis 1999;17:723-30.

[169] Tsuruo T, Kawabata H, Ida H, Yamamori T. Tumor-induced
platelet aggregation and growth promoting factors as determi-
nants for succesful tumor metastasis. Clin Exp Metastasis
1986;4:25-33.

[170] Ghiso JA Aguirre, Farias EF, Alonso DF, Bal de Kier Joffe E.
Secretion of urokinase and metalloproteinase-9 induced by
asturosporine is dependent on tyrosine kinase pathway in mam-
mary tumor cells. Int J Cancer 1998;76:362-7.

[171] Luber K, Siess W. Integrin-dependent protein dephosphoryla-
tion on tyrosine induced by activation of the thrombin receptor
in human platelets. Cell Signal 1994;6:279-84.

[172] Tohgo A, Tanaka NG, Ogawa H. Platelet-aggregating activities
of metastasizing tumor cells. Effects of cell surface modification
on thrombin generation, platelet aggregation and subsequent
colonization. Invasion Metastasis 1986;6:58—68.

[173] Chiang TM. Okadaic acid and vanadate inhibit collagen-in-
duced platelet aggregation: the functional relation of phos-
phatases on platelet aggregation. Thromb Res 1992;67:345—-54.

[174] Famiglietti J, Sun J, DeLisser HM, Albeda SM. Tyrosine
residue in exon 14 of the cytoplasmic domain of platelet
endothelial cell adhesion molecule-1 (PECAM-1/CD31), regu-
lates ligand binding specificity. J Cell Biol 1997;138:1425-35.

[175] Doige CA, Yu X, Sharom FJ. ATPAse activity of partially
purified P-glycoprotein from multidrug resistant Chinese ham-
ster ovary cells. Biochim Biophys Acta 1992;1109:149-60.

[176] Martin C, Berrige G, Mistry P, Higgins C, Charlton P,
Callaghan R. Drug binding sites on P-glycoprotein are altered
by ATP binidng prior to nucleotide hydrolysis. Biochemistry
2000;39:11901-6.

[177] Kanik-Ennulat C, Neff N. Vanadate-resistant mutants of Sac-
charomyces cerevisiae show alterations in protein phophoryla-
tion and growth control. Mol Cell Biol 1990;10:898-909.

[178] Mahanty SK, Gupta P, Banerjee U, Fotedar R, Prasad R.
Defective plasma membarane H( + )-ATPase or orthovanadate
resistant mutants from Candida albicans, a pathogenic yeast.
Biochem Int 1990;22:11-20.

[179] Shepard RL, Winter MA, Hsaio SC, Pearce HL, Beck WT,
Dantzig AH. Effects of modulators on the ATPase activity and
vanadate nucleotide trapping of human P-glycoprotein.
Biochem Pharmacol 1998;56:719-27.

[180] Al-Shawi MK, Senior AE. Characterization of the adenosine
triphosphate activity of Chinese hamster P-glycoprotein. J Biol
Chem 1993;268:4197-206.

[181] Capella LS, Alcantara JS, Maura-Neto V, Lopes AG, Capella
MA. Vanadate is toxic to adherent-growing multidrug-resistant
cells. Tumor Biol 2000;21:54-62.

[182] Colin M, Madoulet C, Baccard N, Arsac F, Jardiller JC. Study

of sodium orthovanadate as a reverser of multidrug resistance

on lymphoblastic leukemic CEM/VLBI100 cells. Anticancer Res
1994;14:2383-17.

Lelong IH, Cardarelli CO, Gottesman MM, Pastan 1. GTP-

stimulated phosphorylation of P-glycoprotein in transporting

vesicles from KB-V1 multidrug resistant cells. Biochemistry
1994;33:8992-9.

[184] Maier RH, Purser SM, Nicholson DL, Pories WJ. The cyto-
toxic interaction of inorganic trace elements with EDTA and
cisplatin in sensitive and resistant human avarian cancer cells.
In Vitro Cell Dev Biol Anim 1997;33:218-21.

[185] Ciomei M, Pastori W, Capolongo L, Ceroni C, et al. Decreased

tyrosine phosphorylation in tumor cells resistant to FCE 24517.

Br J Cancer 1995;76:1504-8.

Mishra S, Mathur R, Hamburger AW. Modulation of cytotoxic

activity of tumor necrosis factor by protein tyrosine phos-

phatase inhibitors. Lymphokine Cytokine Res 1994;13:77-83.

[183

[186

Biography

Angelos M. Evangelou is an Associate Professor and
Head of the Laboratory of Physiology at the University
of IToannina Medical School, Greece. He received a
Medical degree in 1971 and a Ph.D. in 1978 from the
Faculty of Medicine of the University of Athens. He
specialized in Internal Medicine at the University Hos-
pital ‘Alexandra’, Therapeutic Clinic of the University
of Athens in 1975 and in Physiology at the Karolinska
Institute of Clinical Physiology, the Rayne Institute,
London and the Organ Physiology Unit, INSERM
U-200 in 1984 and 1989. He worked as a Registrar in
Internal Medicine Clinic of the General Hospital of
Ioannina, before joining the Laboratory of Physiology
as a Lecturer and then as an Assistant Professor of
Physiology. His research concentrates on the use of
vanadium compounds in the prevention and treatment
of experimental cancer.



	Vanadium in cancer treatment
	Introduction
	Chemical and biochemical properties of vanadium compounds in relation to cancer treatment
	Vanadium chemistry and biochemistry
	Vanadium biokinetics, distribution and metabolism
	Toxicity of vanadium compounds in humans and animals

	Anticancer effects of vanadium compounds on experimental carcinogenesis and tumor-bearing animals
	Cellular mechanisms of the anticancer effects of vanadium compounds
	Effects of vanadium on cell proliferation
	Apoptotic effects of vanadium compounds
	Vanadium-induced cellular oxidative stress

	Potential antimetastatic effects of vanadium compounds
	Drug resistance and vanadium compounds
	Conclusionsperspectives
	References


