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The biological properties of vanadium complexes have become an object of interest due to their therapeutic potential in
several diseases. However, the mechanisms of action of vanadium salts are still poorly understood. Vanadium complexes
are cofactors for several enzymes and also exhibit insulin-mimetic properties. Thus, they are involved in the regulation
of glucose metabolism, including in patients with diabetes. In addition, vanadium salts may also normalize blood
pressure and play a key role in the metabolism of the thyroid and of iron as well as in the regulation of total cholesterol,
cholesterol HDL and triglyceride (TG) levels in blood. Moreover, in cases of hypoxia, vanadium compounds may
improve cardiomyocytes function. They may also exhibit both carcinogenic and anti-cancer properties. These include
dose- and exposure-time-dependent induction and inhibition of the proliferation and survival of cancer cells. On the
other hand, the balance between vanadium’s therapeutic properties and its side effects has not yet been determined.
Therefore, any studies on the potential use of vanadium compounds as supplements to support the treatment of a number

of diseases must be strictly monitored for adverse effects.
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INTRODUCTION

The essential role of vanadium as an inorganic enzyme
cofactor in maintaining hemostasis in health and pathology has
been discussed for over a century (1, 2). In several studies on
animals, vanadium deficiency has been linked to several
disturbances, including infertility, disturbed iron metabolism,
anemia, and impaired metabolism of bone, teeth and cartilage (3-
5), whereas vanadium compounds normalized blood pressure,
ischemia and the metabolism of the thyroid in in vitro studies (1-
3, 6-10). Importantly, several studies have focused on the
insulin-tropic properties of vanadium salts in the regulation of
glucose and lipid metabolism (1, 6, 11).

Our understanding of how vanadium salts regulate the
glucose metabolism is described in several animal studies (2-4,
12-14). Vanadate and vanadyl salts may interact with enzymes
that contain phosphate groups such as tyrosine hydroxylases,
adenylate kinases, glyceraldehyde 3-phosphate dehydrogenase
or ribonucleases (Fig. 1) (3, 4, 15). Reflecting the ability of
vanadate/vanadyl metabolized forms in in vivo conditions to
bind to transport proteins, they may be non-competitive
inhibitors of K-ATPases (Fig. 1) (3, 16, 17). Consequently, the
inactivation of Na-K-ATPases may enhance the transport and
oxidation of glucose (2, 16, 17). Vanadium compounds also
exhibited an ability to restore enzymes involved in glycogen and
lipid metabolism in animal models (12, 18, 19). Interestingly, it

has been shown that vanadate is a competitive inhibitor of
glucose-6-phosphate phosphatase, the key enzyme in the
development of insulin resistance and type 2 diabetes (3, 20).
Vanadium’s oxidation state of +5 in its compounds and its
structural similarity to orthophosphate may explain its role in the
reduction of protein tyrosine phosphatase activity (PTPase) in
adipose tissue in animal studies (Fig. I) (1, 21).

Vanadium compounds may also alter the metabolism of
glucose by increasing its uptake and transport from the
intracellular compartment to the cell surface through the insulin-
dependent glucose transporter GLUT4 (11, 16, 22-24). Thus,
vanadium-evoked glucose transport is similar to the action of
insulin and is dependent on phosphoinositide 3-kinase (PI3K)
and protein kinase B (PKB) (Fig. 1) (3, 25). However, the role
of vanadium in glucose metabolism may also be insulin-
independent (3, 12, 26).

At the beginning of the 20" century, vanadium was
considered a panacea, due to its pharmacological and dietetic
properties, useful for the treatment of syphilis,
hyperlipidemia, tooth decay, anemia, malnutrition,
tuberculosis and diabetes (1, 2, 5, 18, 27, 28). In recent years,
vanadium compounds have again drawn the attention of
researchers and their range of potential applications in
medicine is constantly expanding. Accordingly, the aim of this
review is to summarize the potentials of vanadium compounds
in health and pathology.
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VANADIUM METABOLISM

The average diet provides 10-160 ug of vanadium per day,
mainly from mushrooms, seafood, black pepper, parsley, fennel
seeds, grains and spinach, which contain, on average, 0.05-1.8
ug per gram. Experimental data have described dozens of
inorganic and organic vanadium compounds (7, 14, 22, 28, 29).
Due to the low stability of vanadate ions in the acidic
environment of the stomach, average absorption for this
microelement is only 1-10% (3-5, 11, 17, 18, 21). After entering
the bloodstream, vanadium compounds are converted into
vanadyl cations, which form complexes with transferrin and
ferritin and, less frequently, with albumin, hemoglobin, or low-
molecular components of plasma (citrate, lactate and phosphate)
(1,2, 5,28, 30). In human serum, the vanadium concentration of
healthy individuals is 1-2 pg/L (20). In the human body
vanadium occurs in oxidation states of +4 and +5 (1). In the form
of vanadyl cations (+4), it permeates cell membranes by
diffusion or penetrates into cells by anion channels (1). In
extracellular body fluids, vanadium occurs mainly as
metavanadate (in oxidation state +5); when transported into cells
it may be reduced by glutathione (GSH) to VO?* form (18, 28,
31). Vanadium is accumulated in the kidney and to a lesser
extent in the liver, bones and spleen (1, 5, 32, 33). In the general
population, the mean concentration in the urine is 0.1-0.2 pg/L,
and typically makes up less than 1 pg/g of creatinine.

The human body contains 100-200 pg of this element,
which is the result of its absorption and excretion (1, 18, 28, 34).
Data on the pharmacokinetics of vanadium in humans are scarce,
indicating that its blood level is 0.42—0.08 pg/L and that it is
excreted primarily in urine, where it reaches an average
concentration of 22 pug/L, with a speed of excretion of about 8
pg/day (3, 5). It is also known that insulin may regulate the
metabolism of vanadium, but the mechanism of this process is
still unclear (5). The literature also reveals that in insulin-
sensitive tissues, such as liver and adipose, vanadium
metabolism may be accelerated (5, 32). This may explain why in
pathological conditions (in cancer, infection or inflammation)
vanadium accumulates in the liver, kidneys, lungs, spleen,
adipose tissue, heart, bones and teeth (3).

THE ROLE OF VANADIUM SUPPLEMENTS IN
DIABETES AND LIPID PROFILE REGULATION

The first report on the role of vanadium and its compounds
in hyperglycemia appeared in 1899, when it was observed that
oral supplementation with sodium orthovanadate (Na;VO,)
reduced glycosuria in two of three patients with diabetes (35).
Several studies pointed to the insulintropic abilities of vanadium
salts in both animal and human studies (Figs. / and 2) (2, 7, 28,
32, 35, 36). Both inorganic and organic vanadium supplements
improved glucose homeostasis in type 1 and type 2 diabetes and
revealed their antioxidant properties in in vivo conditions (3, 12,
18, 19, 28, 35, 37-40). Thus, the glucose-lowering effect of 4-5
week oral metavanadate or vanadyl sulfate treatment in
streptozotocin-induced diabetes (STZ-D) in rats has been
associated with increased insulin sensitivity in the liver, skeletal
muscle, adipose tissue and kidneys (6, 12, 31, 34). Moreover, the
beneficial effect of metavanadate or vanadyl sulfate treatment on
the diabetes-altered gene expression of enzymes involved in
glucose and lipid metabolism, oxidative stress and signal
transduction in STZ-D rats demonstrated that vanadium
treatment can alleviate a significant portion of diabetic
dysfunction (12, 19).

Additionally, in the same experimental model, bis(a-
furancarboxylato)oxovanadium (IV) (BFOV) or

bis(ethylmaltolato)oxovanadium (IV) (BEOV) reduced
glucosuria, volume of urine, total cholesterol and triglyceride
(TG) levels and increased concentrations of high-density
lipoprotein (HDL) (Fig. 2) (41). Moreover, oral administration
of BEOV (0.125-0.75 mg/ml for 12 weeks) improved bone
metabolism in STZ-D rats (41). BFOV administration (0.02,
0.06 and 0.2 mmol/kg body weight) on a rat model of type 2
diabetes also caused a reduction in the release of free fatty acids
(FFA) from adipocytes and their uptake by the liver, and a
decrease in the synthesis of lipoproteins of very low density
(VLDL) and pools of circulating triglycerides (42). In another
study, the vanadyl complex bis((5-hydroxy-4-oxo-4H-pyran-2-
yl)methyl 2-hydroxy-benzoatato) oxovanadium (IV) (BSOV),
administered orally, effectively normalized blood glucose levels
in diabetic obese (db/db) mice without affecting body weight
(14). Meanwhile, in in vitro studies, sodium orthovanadate,
sodium metavanadate and vanadyl sulphate accelerated the
transport of glucose as well as its oxidation in adipocytes, liver
tissue and skeletal muscles, increased glycogen synthesis,
inhibited lipolysis, and accelerated lipogenesis in hepatocytes
and adipocytes isolated from rats (Figs. 1 and 2) (6, 9, 28, 34).
These observations confirmed the beneficial role of vanadium
compounds in the correction of blood glycaemia and lipid
metabolism in type 1 and type 2 diabetes (3, 28, 41-43).

Interestingly, three- and four-week courses of oral vanadyl
sulphate (100-150 mg/d) reduced fasting glucose in patients
with type 2 diabetes (18, 44-49). A similar effect was also
observed in patients with poorly controlled type 2 diabetes, in
whom fasting glucose and HbA,c levels were reduced and
continued to be reduced for 2 weeks after the end of oral
supplementation (1, 50). These observations were also
confirmed in a clinical trial involving 60 patients with type 2
diabetes on a 12-week oral sodium metavanadate regime (100
mg/day), during which a reduction in the level of HbA ¢, LDL-
cholesterol, triglycerides and body mass index (BMI) was
observed (4, 10, 28).

The biochemical mechanism of vanadium proinsulin-
mimetic action involved the suppression of hepatic and kidney
glucose release and inhibition of enzyme activities involved in
gluconeogenesis, including glucose-6-phosphatase (G-6-Pase),
phosphoenolpyruvate carboxykinase (PEPCK) and pyruvate
kinase (Figs. I and 2) (51, 52). Vanadium also exerted its
insulin-sensitizing effects through the stimulation of adiponectin
through a PKB-dependent transduction pathway (25).

Vanadium compounds also modulated several key regulators
of lipid metabolism by improving the expression of peroxisome
proliferator-activated receptor y (PPARy) and the activation of
AMP-activated protein kinase (AMPK) (Fig. 2) (13, 14, 53, 54).
Vanadium also exerted an effect on adiponectin expression and
its multimerization (13, 14, 25). Thus, it may inhibit the activity
of PTP1B involved in cross-talk between signal transductions
and PPARY and adiponectin regulation, as well as cooperating in
insulin enhancement (Fig. 2) (53). These compounds also
corrected a variety of diabetes-altered gene expressions involved
in lipid metabolism, oxidative stress, muscle dynamics, protein
breakdown and biosynthesis, the complement system and signal
transduction (12, 19, 26). In addition, vanadium treatment
caused significant suppression of the phosphorylation of c-Jun
N-terminal protein kinase (JNK), which plays a key role in
insulin resistance in type 2 diabetes (Fig. 2) (14).

Vanadium also exhibited its hypoglycemic effect by
increasing the translocation of GLUT4 glucose transporter, as
observed in myocardia after an 8-week course of oral
administration of  organic vanadium  compound
bis(maltolato)oxovanadium (IV) (BMOV) in STZ-D rats (Figs.
I and 2) (18). Another possible mechanism of organic vanadium
insulin-tropic action is a reduction of mRNA expression for



neuropeptide Y (NPY) and an increase in the level of leptin in
adipose tissue, or the inhibition of tyrosine phosphatase
receptor type 1 activity (PTP1B), resulting in a loss of appetite
and body weight reduction in animal studies (Figs. / and 2) (18,
39, 40, 42, 55).

CONFLICTING RISK IN HYPERTENSION AND HEART
DISEASE FOLLOWING SUPPLEMENTATION WITH
VANADIUM COMPOUNDS

Numerous reports indicate the cytoprotective effect of
vanadium compounds on rat cardiomyocytes, both in vitro and in
vivo conditions (6, 17, 33, 38-40). Studies on rats showed an
enhancement in the activity of nitric oxide synthase (NOS) in
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heart vessels after oral administration of organic vanadium
chelate  bis((1-oxy-2-pyridinethiolato)oxovanadium (IV)
(VO(OPT)) (Fig. 1) (38). In another study, VO(OPT), injected
intraperitoneally, demonstrated a cardioprotective effect in terms
of exposure to hypoxia through the activation of tyrosine kinase,
which reduced mitochondrial apoptosis and the extent of
myocardial infarction (Fig. 1) (39). Orthovanadate also showed
a similar mechanism for the prevention of myocardial infarction
induced by hypoxia (17). The cardioprotective effect of BMOV
(3.3 mg/kg) in intravenous infusion has been confirmed in rats
treated with premedication (40). This effect is explained by a
BMOV-dependent increase in tyrosine phosphorylation followed
by inhibition of tyrosine phosphatase, which protects against
ischemia (Fig. 1) (40). It is speculated that vanadium may also
induce relaxation of cardiac muscle and help to improve its
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Fig. 1. Simplified illustration of the vanadium ions mechanism of action at a cellular level. The current model suggests that the
mechanism of action of vanadium compounds behaving as phosphate analogs would be the result of vanadium activating protein
tyrosine phosphorylation (PTP) of solubilized insulin receptor (IR) and autophophorylation of IR in a mechanism analogous to insulin.
Vanadium compounds increase glucose uptake and transport from the intracellular compartment to the cell surface through the insulin-
dependent glucose transporter GLUT4 in the mechanism regulated by phosphoinositide 3-kinase (PI3K) and protein kinase B (PKB).
Therefore, through its insulinomimetic properties vanadium ions inhibit glucose release, activity of glucose-6-phosphatase (G-6-P-ase)
involved in gluconeogenesis, accelerate transport of glucose, its oxidation, increase glycogen synthesis, attenuate lipogenesis and
inhibit lipolysis. Vanadium compounds are non-competitive inhibitors of Na+-K+-ATPases and mitochondrial aconitase due to their
ability to bind to transport proteins. Modified from: Wu et al. J Biol Inorg Chem 2013; Srivastava & Mehdi Diabetes Med 2004;
Ukkola & Santaniemi J Mol Med 2002.

Abbreviations: V - vanadium compounds; PTP-ase - protein tyrosine phosphatase; PI3K - phosphoinositide 3-kinase; PKB - protein
kinase B; PTP - tyrosine phosphatase; IRS - insulin receptor substrate; PDK -3’-phosphoinositide-dependent kinase; Glc — glucose;
GLUT - glucose transporter; G-6-P - glucose-6-phosphate dehydrogenase; F-6-P - fructose 6-phosphate; TCA cycle- tricarboxylic acid
cycle; NADH - nicotinamide adenine dinucleotide; ATP - adenosine triphosphate; PIP3 - phosphatidylinositol 3,4,5-triphosphate.
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Fig. 2. Essential anti-diabetic effect of vanadium compounds.

Abbreviations: PTP - protein tyrosine phosphorylase; PTP-ase - protein tyrosine phosphatase; JNKs-c - Jun N-terminal protein kinases;
AMPK - AMP-activated protein kinase; PPARy-peroxisome proliferator-activated receptor gamma.

tolerance to hypoxia (34, 51). In addition, vanadium compounds
have been found to contribute to reductions in plasma
triglycerides and to prevent the development of hypertension and
coronary heart disease (34, 51, 56). It is believed that their
cardioprotective properties result from the activation of protein
kinase B and phosphatidylinositol-3 (IP3) (Fig. 1) (38). The
most likely mechanism seems to be based on the insulin-tropic
and antioxidant properties of vanadium salts (6). On the other
hand, it has been demonstrated that vanadium compounds can
modulate the vasoconstrictive properties of vascular smooth
muscle through the inhibition of Na*™-K*-ATPase and an increase
in intracellular calcium ions which may lead to the development
of high blood pressure (3). The underlying mechanism of
vanadium’s vasoconstrictive action was caused by the
calmodulin-dependent phosphorylation of myosin light chains
(Fig. 1) (3). Thus, in view of conflicting data, the mechanism of
action of vanadium compounds on cardiomyocytes remains
unclear.

EFFECT OF VANADIUM COMPOUNDS ON CANCER
DEVELOPMENT

In the mid-20™ century, several studies highlighted the role
of vanadium compounds as potential agents regulating the
apoptosis, proliferation and transformation of cancer cells (37,
41, 57). However, vanadium compounds exhibited both pro- and

antitumor properties, depending on the dose and type of
vanadium compound (28, 37, 41, 57). Low concentrations of
vanadium may stimulate, whereas high concentrations may
inhibit, the proliferation of tumor cells (Fig. 3) (28, 41). It
appears that the oxidation of vanadium salts state plays an
important role in carcinogenesis (57, 58). In vitro studies have
shown that the strongest antitumor effect on lymphomas, T-cell
leukemia, erythroleukemia, basophilic leukemia, liver cancer
cells, ovary cancer, testicular cancer, nasopharyngeal tumors,
tumors of pharynx and bone and neuroblastomas is exhibited by
sodium metavanadate (+4) and vanadyl sulfate (+4), while the
weakest effect is observed after using BMOV (+4) (1, 3, 41, 57).
Moreover, orthovanadate (+5) exhibited an indirect suppressive
effect on cells in human rhabdomyosarcoma (RMS), human lung
cancer, and prostate cell lines as well as on neoplastically
unchanged bronchial epithelial cells (37, 58). Moreover, the
biological effect of orthovanadium was multiplied by a factor of
100-1000 by peroxvanadate, which forms in the presence of
H,0, and is a potent inhibitor of tyrosine phosphatase (Fig. 3)
(41). Vanadium regulated gene expression differently from
carcinogenic metals, the effect of which can vary depending on
the type of tumor (59). Vanadium’s anti-tumor properties may be
due to its inhibitory effect on tyrosine phosphatase and
activation of tyrosine phosphorylase (Figs. I and 3) (58). This
effect may also be caused by the induction and/or stabilization of
liver enzymes, especially y-glutamyl transpeptidase (GGT) and
placental glutathione S-transferase (Fig. 3) (37). Another
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Fig. 3. Anti- and pro-tumour actions of vandium compounds.

Abbreviations: PTP - protein tyrosine phosphorylase; PTP-ase - protein tyrosine phosphatase; GGT-gamma-glutamylotransferase;

GST-glutathione S-transferase.

possible mechanism of action of vanadium compounds may be
the inhibition of tumor cell proliferation by blocking cell cycles
in the G2/M phase as shown in studies on embryonic fibroblasts
or rhabdomyosarcomas (RMS) in mice (Fig. 3) (37, 41, 57). On
the other hand, vanadium compounds induce the pro-tumor
intracellular production of free radicals, leading to DNA-strand
breakage and chromosomal aberrations (Fig. 3) (42).

THE ROLE OF VANADIUM IN NEUROPROTECTION
AND NEUROTOXICITY

There are conflicting reports on the effects of vanadium
compounds on the nervous system (43, 55, 60, 61). Although
studies in humans who have been exposed to vanadium showed
the possibility of depression, tremors, neurasthenia and other
serious movement disorders including vegetative symptoms, the
neurotoxic effects of vanadium, including its ability to cause
chronic neurological diseases, are not well understood (61).
Accordingly, researchers have demonstrated the neurotoxic
effects of vanadium compounds such as vanadyl sulfate on
neurons, including cholinergic neurons in the substantia nigra of
the brain in rats, suggesting a role for this compound in the
development of Parkinson’s disease (55, 61). Metavanadate and
orthovanadate also proved to be toxic for neuronal and astroglial
cells in rats, due to a strong inhibitory effect on Na*-K*-ATPases
and by strong inhibition of neuronal aconitase, respectively (Fig.

1) (60). The researchers also observed the pro-apoptotic effect of
vanady] sulphate on neurons in a mechanism dependent on ROS
production and regulation of the signaling of cytochrome C and
caspases 9 and 3 (60). On the other hand, studies have shown the
neuroprotective properties of vanadyl sulphate in restoring
acetylcholinesterase activity in hypoxia-treated hippocampal
cholinergic neurons in rats with alloxan-induced diabetes in
response to hypoxia in a mechanism dependent on
phosphotyrosine phosphatase inhibition (Fig. 1) (43, 55).
VO(OPT), has powerful neuroprotective action for brain
ischemic injury. Peripheral administration of VO(OPT) is
potentially relevant to therapeutic treatment of brain ischemia.
VO(OPT) (at doses of 1.0, 2.5 and 5.0 mg/kg of body weight of
intraperitoneral injection) preferentially inhibit expression of
Fas-ligand through, thereby inhibiting apoptosis (60). The
neuroprotective effect of vanadate compounds on cerebral blood
flow may also be associated with protein kinase B
phosphorylation (Fig. 1) (52).

VANADIUM SUPPLEMENTS IN OTHER DISORDERS

Vanadium is the subject of several studies on bone and lipid
metabolism as well as viral infections, including HIV (33, 62).
Due to the similarity of vanadate salts to phosphate, vanadium
(BEOV) accumulates in the bones, and thus affected bone
metabolism in in vitro studies in rats through a direct stimulatory
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Table 1. Adverse and toxic effects of vanadium compounds.

Localization Vanadium compounds Toxic effect Reference
Respiratory decavanadate, degenerative changes in the 3,15, 28,
system vanadyl sulphate, respiratory system 65
Digestive decavanadate, vanadyl gastrointestinal symptoms, 3,5,8,
system sulphate, sodium including diarrhea and vomiting, 28, 30, 41,
metavanadate, leading to decreased fluid and 57, 69
bis(2-ethyl-3-hydroxy-4- food intake, dehydration and
pyronato) oxovanadium weight reduction,
(IV) (BEOV), sodium intestinal inflammation,
metavanadate characteristic green tongue
Cardiovascular | decavanadate heart disorders 3,5,8,28,
system 30,41, 57,
69
Blood vanadium chloride, hematopoietic dysfunction, 15, 28, 43,
vanadyl sulfate, meta- and | significant reduction of red blood | 55, 65, 70
orthovanadate cells (RBC) in humans impairing
their ability to deform and
inducing peroxidative changes in
erythrocytes membrane, resulting
in hemolysis and shortened RBC
survival
Brain metavanadate and inhibitory effect on Na'-K'- 60
orthovanadate ATPases aconitase actoivities
vanadyl sulphate stimulation of ROS production-
leading to apoptosis
Liver vanadyl sulfate, vanadyl hepatotoxicity, congestions, 5,8, 15,
sulphate hydrate, bis(2- function impairment 28, 30, 41,
ethyl-3-hydroxy-4- 57, 65, 69
pyronato) oxovanadium
(IV) (BEOV),
Kidney vanadyl sulphate hydrate | nephrotoxicity, degeneration of 5,15, 28,
the renal tubules, 65
Genes sodium orthovanadate, genotoxicity, resulting in an 3,15,17,
bis(2-ethyl-3-hydroxy-4- occurrence of chromosomal 28, 30, 65,
pyronato) oxovanadium aberrations, DNA strand breakage | 71, 72
(IV) (BEOV), vanadyl and hydroxylation of guanosine
sulphate, vanadium leading to free radical production,
pentoxide, vanadyl teratogenicity (in vitro only)
sulphate hydrate
Mitochondrial vanadyl acetylacetonate, oxidative metabolism impairment, | 15, 28, 54,
function sodium metavanadate, suppression of respiratory chain 65, 68
ammonium vanadate, enzymes, exhibiting potential
vanadyl sulphate hydrate chemical asphyxiate properties,
induction of oxidative stress in
mitochondria, lipid peroxidation
General well- decavanadate exhaustion, depression, trembling | 3
being fingers and hands

effect on osteoblasts (33). Oxovanadium may also exhibit
contraceptive properties through reduction of sperm motility,
prompting researchers to attempt the development of two-phase
contraceptives with an anti-HIV effect, due to the fact that sperm
cells are one of the factors involved in the transfer of the virus
into the hosting body (62). This would be an effective approach
for the prevention of type 1 virus transmission through sexual
intercourse, and explains why two representative oxovanadium-
thiourea (OVT) non-nucleoside reverse transcriptase inhibitors
(NNIs: 1(N-(2-(2-chlorophenethyl))-NO-(2-(5-bromopyridyl)-
thiourea)) and 2(N-(2-(2-methoxyphenethyl))-NO-(2-(pyridyl)-
thiourea))) currently used to block HIV reverse transcriptase and
the replication of the virus (whether in animals or humans) are
complexed with oxovanadium (62, 63) Moreover, this approach
reduced drug toxicity and sperm motility (62).

THE TOXICITY OF VANADIUM COMPOUNDS

Vanadium and its salts have therapeutic properties and are
recommended as dietary supplements for patients with diabetes,
bodybuilders and athletes in doses of about 60 mg/day by various
National Institutes of Health (27, 39, 64). Toxicological studies
on rats also showed no toxic effects at therapeutic doses (5, 28).
On the other hand, high concentrations of vanadium compounds
demonstrate toxic properties in the inhibition of several enzymes,
including oxidative phosphorylation (3). Studies on animals have
revealed that the toxic effect depends on the compounds, dose,
time of administration and the degree of oxidation of vanadium
ions (Zable 1) (57, 65-67). In humans, vanadate-related acute or
chronic poisoning, affecting the respiratory and digestive system
and causing heart palpitations, exhaustion, depression, trembling



fingers and hands and a characteristic green tongue, has been
observed (Table 1) (3). The acute systemic toxicity of vanadium
leads to the inhibition of respiratory processes in cells as a result
of oxidative metabolism impairment and suppression of enzyme
chains, or through exhibiting potential chemical asphyxiant
properties (Zable 1) (68). Organic vanadium compounds are more
secure in experimental animals (5, 28). The acute toxicity of
vanadium may be revealed by a slight degeneration of the renal
tubules, congestion in the liver and intestinal inflammation (5).
Exposure to high doses of vanadium compounds may also exert
a toxic effect on the cardiovascular system, impair the function of
the liver and cause gastrointestinal symptoms, including diarrhea
and vomiting, leading to decreased fluid and food intake,
dehydration and weight reduction (7able 1) (5, 8, 28, 30, 41, 57,
69). Furthermore, in vitro studies have shown that high doses of
vanadium can initiate changes in hematopoiesis, show
nephrotoxic, teratogenic and hepatotoxic activity, induce lipid
peroxidation and cause degenerative changes in the respiratory
system (15, 28, 65). There are several publications including data
concerning the function of vanadium compounds on humans,
indicating that vanadium chloride, vanadyl sulfate, meta- and
orthovanadate (9.2 mg/kg of vanadium for each compound)
significantly reduce the number of red blood cells (RBC) in
humans, impairing their ability to deform, and inducing
peroxidative changes in erythrocyte membranes, resulting in
hemolysis and shortened RBC survival (Table 1) (43, 55, 70). The
toxicity of vanadium compounds rises with increasing ion
oxidation; hence vanadium in a +5 oxidation state appears to be
most toxic (3). Some studies have also proven the genotoxicity of
vanadium compounds, mainly in the +4 and +5 oxidation states,
resulting in an occurrence of chromosomal aberrations, DNA-
strand breakage and hydroxylation of guanosine causing the
generation of free radical production (7able 1) (3, 17, 30, 71, 72).
However, the researchers emphasize that this phenomenon was
observed in vitro, in conjunction with the use of high doses of
vanadium which are not possible to achieve in vivo (65).

The toxic effect of vanadium is observed mainly on
mitochondrial function (Fig. 7). Vanadium compounds induced
oxidative stress in mitochondria and thus caused PTP opening,
which led to the collapse of mitochondrial transmembrane
potential (DWm) and cytochrome c¢ (Cyt c) release as the
initiation of cell apoptosis in rat livers (54). However, the toxic
contribution depends on compounds of vanadium in solutions.
Hence, in animal studies, decavanadate was a more potent
mitochondrial depolarization agent and a more potent inhibitor
of mitochondrial oxygen consumption than monomeric vanadate
(67). Vanadate toxicity also occurred via two distinct pathways,
one dependent on and one independent of H,O, production,
which can be blocked by catalase or glutathione (73).

Research conducted on individuals chronically exposed to
vanadium showed no changes in blood morphology, the activity
of enzymes or other biochemical parameters, which may result
from the rapid transportation of vanadium and its derivatives
from the blood to the tissues (27, 30, 65). Importantly, in clinical
studies on patients with type 1 and type 2 diabetes, oral doses of
vanadyl sulphate (100-150 mg/dl) and sodium metavanadate
(125 mg/dl) (in 2-6 week courses) evoked transient
gastrointestinal discomfort in the majority of patients (44-49,74).

PROSPECTS FOR DETERMINING USAGE
OF VANADIUM AND ITS SALTS IN HUMANS

The best-known properties of vanadium compounds are their
insulin-mimetic effects (28), while their ability to regulate lipid
metabolism, including lowering triglicerides and total
cholesterol and increasing HDL, creates opportunities for the use
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of vanadium salts in epidemics of obesity, metabolic syndrome
or diabetes (75). Since the occurrence of diabetes is constantly
rising, exploration of an effective treatment which would serve
as a supplement to insulin therapy (which sometimes is
ineffective and life-threatening, and may induce insulin
resistance) is still underway (3, 28, 76). Additionally, the
combination of actions of several novel organic and inorganic
vanadium compounds with other newly synthetized pro-
apoptotic and antioxidant derivatives may be future alternative
supplements used in chemotherapy regime (37, 58, 77, 78). The
data on both animal and human models seem so promising that
in the near future supplements of vanadium and its salts may be
widely recommended for patients. Nevertheless, we still do not
know the long-term effects of vanadium treatment; therefore,
further studies are required to determine its toxicity, therapeutic
intervals and toxic doses in different groups of patients (28). It is
also necessary to determine which human body fluid is optimal
for the analysis of vanadium and its metabolite concentration in
order for the results to have therapeutic relevance.
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