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Introduction

Despite the availability of insulin and a host of oral hypo-
glycaemic drugs [1–4], diabetes mellitus still remains a major
health concern for humans. According to the World Health
Organization, it is estimated that approximately 150 million

people worldwide have diabetes mellitus at present [5,6], and
this number might double by 2025 [6]. Therefore, new thera-
peutic approaches are needed to treat diabetes more efficiently.
In this regard, studies performed in the last two decades, which
have been reviewed in detail [7–10], have demonstrated that
compounds of the trace element vanadium exert various
insulino-mimetic and anti-diabetic effects in vitro and in vivo
[7–11]. The objective of this article is briefly to review studies
on the anti-diabetic effects of vanadium compounds in animal
models of diabetes mellitus, to update the work conducted
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Abstract

Compounds of the trace element vanadium exert various insulin-like effects in
in vitro and in vivo systems. These include their ability to improve glucose
homeostasis and insulin resistance in animal models of Type 1 and Type 2 dia-
betes mellitus. In addition to animal studies, several reports have documented
improvements in liver and muscle insulin sensitivity in a limited number of
patients with Type 2 diabetes. These effects are, however, not as dramatic as those
observed in animal experiments, probably because lower doses of vanadium
were used and the duration of therapy was short in human studies as compared
with animal work. The ability of these compounds to stimulate glucose uptake,
glycogen and lipid synthesis in muscle, adipose and hepatic tissues and to inhibit
gluconeogenesis, and the activities of the gluconeogenic enzymes: phosphoenol
pyruvate carboxykinase and glucose-6-phosphatase in the liver and kidney
as well as lipolysis in fat cells contributes as potential mechanisms to their anti-
diabetic insulin-like effects. At the cellular level, vanadium activates several key
elements of the insulin signal transduction pathway, such as the tyrosine phos-
phorylation of insulin receptor substrate-1, and extracellular signal-regulated
kinase 1 and 2, phosphatidylinositol 3-kinase and protein kinase B activation.
These pathways are believed to mediate the metabolic actions of insulin.
Because protein tyrosine phosphatases (PTPases) are considered to be negative
regulators of the insulin-signalling pathway, it is suggested that vanadium can
enhance insulin signalling and action by virtue of its capacity to inhibit PTPase
activity and increase tyrosine phosphorylation of substrate proteins. There are
some concerns about the potential toxicity of available inorganic vanadium
salts at higher doses and during long-term therapy. Therefore, new organo-
vanadium compounds with higher potency and less toxicity need to be evaluated
for their efficacy as potential treatment of human diabetes.
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in human subjects, and to provide some insights into the potential
molecular mechanisms of the anti-diabetic vanadium actions.

Vanadium

Vanadium, a group V trace element that belongs to the first
transition series of elements, is ubiquitously distributed and
represents the 21st most abundant element in the earth’s crust
[12]. Nils Sefstrom, a Swedish chemist, has been credited for
its discovery in 1831 [13]. It was named after Vanadis, the
Norse goddess of beauty, youth and lustre, because its salts
possess beautiful colours [13].

The element can exist in four valency states, 2, 3, 4 and 5,
and, thus, its chemistry is complex [13,14]. Vanadium occurs
as vanadyl (VO2+) below pH 3.5, and in basic solutions, its
predominant form is orthovanadate ( ), which is chemi-
cally similar to the phosphates  [13,14]. Vanadium
occurs as  in neutral solutions [15]. Metavanadate ,
the predominant species in body fluids (e.g. plasma), enters cells
by an anion transport system and is reduced by glutathione to
the VO2+ form [12]. Exogeneously administered vanadyl sul-
phate (VS) and ammonium vanadate have been found to bind
serum transferrin tightly, indicating that this protein may
serve as a vanadium transporter [16]. While the vanadium
requirement of lower organisms has been established, its
essential value in humans remains to be proven [17,18]. Daily
vanadium intake has been estimated to be 10–160 µg, mainly
from black pepper, dill seeds, mushrooms, parsley, shellfish
and spinach, which contain between 0.05 and 1.8 µg vanadium
per gram [15,19]. Analysis of body fluids, organs and tissues
has estimated that the total body pool of vanadium in humans
is between 100 and 200 µg [15,18], and it ranges from 0.014
to 7.2 µM in mammalian cells [12,19].

Insulino-mimetic effects of vanadium 
compounds

The earliest documented evidence of the insulin-like effects of
the inorganic vanadium salt, sodium orthovanadate (Na3VO4),

was published by Lyonnet et al. [20] in 1899, 22 years before
the discovery of insulin. They observed that oral Na3VO4

administration decreased glucosuria in 2 out of 3 diabetic
patients [20]. Their study went unnoticed for a long time,
but the demonstration of an in vitro insulino-mimetic effect of
vanadium salts by Tolman et al. [21] in 1979 sparked further
interest. This group [21] showed that several inorganic vanadium
compounds, similar to insulin, stimulated glucose transport and
oxidation in adipocytes, increased glycogen synthesis in the rat
diaphragm and hepatocytes, and inhibited gluconeogenesis in
liver cells. Since then, numerous studies have revealed various
insulino-mimetic effects of vanadium compounds in vitro and
in vivo, including the stimulation of glucose transport and glucose
oxidation [21–25], glycogen synthesis [21,26–28], lipogenesis
[29,30] as well as the inhibition of lipolysis [24,30] and gluco-
neogenesis [21].

Among the in vivo actions of vanadium, the discovery that
attracted the attention of diabetologists and endocrinologists
was the seminal work of Heyliger et al. [31] which showed that
Na3VO4 normalized hyperglycaemia in an animal model of
diabetes mellitus. Meyerovitch et al. [32] confirmed this observa-
tion, and it was suggested [11,31] that vanadium compounds
could have potential in the treatment of diabetes mellitus. These
findings were supported by several groups who extended them
to animal models of Type 1 and Type 2 diabetes mellitus as
well as humans. Inorganic salts, such as Na3VO4 (NaOV), VS
(VOSO4 3H2O/4H2O), sodium metavanadate (NaVO3, NaMV)
or vanadyl pentaoxide (V2O5), and organo-vanadium com-
plexes, such as bis (maltolato) oxo vanadium (BMOV), vanadyl
acetylacetone (Vac), vanadyl 3-ethylacetylacetone (Vet) and
bis (6-methylpicolinato) oxo vanadium, were tested in most of
these studies.

Effect on animal models of Type 1 diabetes 
mellitus

The studies of Heyliger et al. [31] were confirmed and expanded
by several other investigators [7], and Table 1 summarizes
some of the results. In all these studies, hyperglycaemia was
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Table 1 Anti-diabetic effects of vanadium compounds in animal models of diabetes mellitus

Type of vanadium 
compounds used Doses Major effects References*

Animal models of Type 1 
diabetes mellitus (STZ-induced 
diabetic rats and BB rats)

NaMV, NaOV, VS, 
BMOV, Vac, Vet, 
peroxovanadium complexes

0.2–1.1 mg/ml 
(mostly in 
drinking water)

Lowered glucose levels; 
improved glucose homeostasis 
and metabolic aberrations

[7,31,32,34,36,39–42,
57,66,79,82,95,117,
118,149,152,153]

Animal models of Type 2 
diabetes mellitus (fa/fa Zucker 
rats, db/db and ob/ob mice, 
sand rat)

NaOV, BMOV 0.25/5.0 mg/ml 
(mostly in 
drinking water)

Lowered hyperglycaemia; 
improved glucose 
homeostasis; decreased 
hyperglycaemia and 
hyperinsulinemia

[43–51,55]

*This list does not include all studies documenting the anti-diabetic effects of vanadium, and only representative references are cited.
NaMV: sodium metavanadate; NaOV: sodium orthovanadate; VS: vanadyl sulphate; BMOV: bis maltolato oxo vanadium IV; Vac: vanadyl 
acetylacetone; Vet: vanadyl 3-ethylacetylacetone.
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significantly reduced and, in many cases, virtually normalized by
oral administration of vanadium compounds to diabetic rodents.
The dose of vanadium salts required to exert a maximum glucose-
lowering action varied between studies, but a median concen-
tration of 0.5 mg/ml in drinking water appeared to be sufficient.
In some cases vanadium therapy was associated with severe
diarrhoea. However, this was corrected by administering van-
dium salts in 0.5% NaCl solution [31]. It was also observed
that the decrease in plasma glucose levels, glucosuria and uri-
nary volume and the improvement in oral glucose tolerance
were similar regardless of the type of vanadium salts used [33].

In addition to inorganic vanadium salts, several organo-vanadium
complexes, which include BMOV, bis(picolinato)oxo vanadium,
bis (6-methylpicolinato)oxovanadium), Vac, Vet and L-glutamic
acid δ-monohydroxamate-NaOV complex [31,32,34–38], were
also shown to exert an anti-diabetic effect in animal models of
Type I diabetes. These compounds also appeared to be more
potent and had no significant gastrointestinal side-effects
[38,39]. Thus, it appears that these complexes have an advan-
tage over the inorganic salts as potential anti-diabetic agents.

In addition to inorganic and organic vanadium compounds,
vanadate peroxides or peroxovanadium compounds have been
tested as insulino-mimetic/anti-diabetic agents [40,41]. Intra-
peritoneal or intrajugular injection of bis-peroxovanadium
into STZ-diabetic and biobreeder rats markedly reduced
hyperglycaemia within 30 min [41,42]. However, unlike other
vanadium compounds, few studies have been performed with
peroxovanadium compounds.

Effect on animal models of Type 2 diabetes 
mellitus

The anti-diabetic potential of various vanadium compounds
has also been examined in animal models of Type 2 diabetes
mellitus. Administration of NaOV, either in drinking water or
in food in three well-characterized models of Type 2 diabetes
mellitus, genetically obese, fatty (fa/fa) Zucker rats, genetically
diabetic C57 BL/KsJ-db/db (db/db) mice, and genetically dia-
betic ob/ob mice improved glucose homeostasis as well as oral
glucose tolerance [43–48](Table 1).

Treatment of Psammomys obesus, a gerbil (nicknamed the
‘sand rat’) that represents a nutritionally induced model of
diabetes and insulin resistance [49,50] resulted in prolonged
restoration of normoglycaemia and normoinsulinemia. VS
treatment in this model was associated with a normal glucose
tolerance test and a decreased level of the hepatic gluconeo-
genic enzyme phosphoenol pyruvate carboxykinase (PEPCK)
[49]. Interestingly, VS was ineffective when administered to
sand rats that had lost their insulin secretory capacity, indicat-
ing a requirement of low-level insulin for vanadium to work in
these animals. Thus, vanadium appears to be an insulin poten-
tiator/enhancer rather than a mimicker in improving insulin
resistance in sand rats [49].

A potential insulin-enhancing role of vanadium has also
been suggested from studies in which mildly diabetic rat models

exhibited significant glucose-lowering effects with suboptimal
doses of vanadium and insulin [51]. Moreover, a decrease in
insulin requirement, observed in vanadium-treated subjects
with Type 1 diabetes, would also support an insulin-sensitizing
action of vanadium [52]. It has been speculated that vanadium
exerts a protective influence on pancreatic β cells and enhances
the effect of residual insulin [8]. However, additional experi-
mental work is needed to confirm its insulin-sensitizing effect.
Nevertheless, vanadium possibly elicits its anti-diabetic response
by a combination of insulino-mimetic and insulin-enhancing
actions. Its insulin-sensitizing effect may be particularly
important in the context of Type 2 diabetes. It should be noted
that thiazoldinediones (TZD), which function as insulin sensi-
tizers, are already being used clinically to treat Type 2 diabetes
[53]. This therapy in some cases is associated with increased
adipocyte mass and weight gain [54]. Clearly, the potential
insulin-sensitizing action of vanadium is different from that of
TZD, and, more importantly, does not results in weight gain
which may be of clinical benefit in Type 2 diabetes [8,9].

Mechanism of the hypoglycaemic effect of 
vanadium

The precise mechanism by which vanadium compounds
improve hyperglycaemia and glucose homeostasis in diabetes
remains unclear. Vanadium therapy in a Type 1 model of
diabetes mellitus slightly but insignificantly increased plasma
insulin [31,32], whereas a significant, up to 50% decrease of
plasma insulin was observed in Type 2 models [43–45,55,56].
Clearly, this alteration in insulin levels can not be attributed to
the anti-diabetic effects of vanadium compounds in Type 1 dia-
betes, but may be beneficial in Type 2 diabetes. Vanadium therapy
of animal models is generally associated with a reduced rate of
body weight gain [36] and hypophagia [57]. BMOV treatment
of fa/fa Zucker rats was also found to lower the level of neu-
ropeptide Y, in association with decreased food intake, body fat
and body weight gain [58]. Thus, it is possible that diminished
food intake, induced by chronic vanadium therapy, may exert
beneficial effects on metabolic parameters of insulin resistance
in Type 2 diabetes. However, some studies have shown that
organic or peroxovanadium compounds exert acute glucose-
lowering actions within a few minutes to hours after their
administration (not sufficient to suppress food intake) in the
STZ model of Type 1 diabetes, indicating the existence of addi-
tional mechanisms for their hypoglycaemic effect [34,38–42].
Furthermore, both in vitro and in vivo, vanadium compounds
modify glucose and lipid metabolism in adipose tissue, muscle,
liver and several cultured cell lines (reviewed in [8,11]), which
may contribute to the glucose-regulating effects of vanadium.

Effect on glucose transport

The stimulatory influence of NaOV on glucose transport
has been demonstrated in rat adipocytes [23,25,59], rat skeletal
muscle [27,60], human skeletal muscle [61,62], 3T3-L1
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adipocytes [63], and L-6 myotubes [64,65]. In most of these
studies, a high (mM) vanadium concentration was required to
enhance glucose transport. However, Dubyak and Kleinzeller
[23] reported that 3-h treatment with 300 µM NaOV stimu-
lated glucose transport, which was 80% the value achieved
with 17 nM insulin. Thus, incubation with low vanadium
concentrations may be sufficient to evoke a physiologically
relevant increase in glucose transport.

Vanadium exposure of STZ-diabetic rats can restore the
expression and/or cell surface translocation of insulin-sensitive
glucose transporter protein GLUT-4 in skeletal muscle [66,67],
and heart [68,69]. In addition, VS treatment of a nutritionally
induced, insulin-resistant model (P. obesus), restored membrane-
associated as well as total protein and mRNA content of
GLUT-4 in the gastrocnemius muscle [49]. On the other hand,
in contrast to STZ-diabetic or sand rats, NaOV in insulin-
resistant fa/fa rats increased insulin-mediated glucose utiliza-
tion in muscle without any effect on either GLUT-4 protein or
mRNA [70]. The discrepancy between the vanadium outcome
in STZ-diabetic or sand rats and insulin-resistant fa/fa rodents
because GLUT-4 content remained unaltered in insulin-
resistant models [71,72], whereas STZ-diabetic rats exhibited
decreased GLUT-4 expression [66,73,74]. Thus, it is difficult
to establish a simple correlation between GLUT-4 content
and glucose uptake and utilization in vivo [70]. However,
an increase in the intrinsic activity or enhanced targeting of
GLUT-4 to the cell surface might contribute to improved
glucose uptake by vanadium [70]. In isolated rat adipocytes
[75] and in cultured L-6 myotubes [65], NaOV can stimulate
GLUT-4 translocation to the cell surface. Thus, vanadium
compounds are capable of enhancing glucose transport through
an effect on GLUT-4.

Effect on glycogen metabolism

Another physiological response modulated by vanadium is
its action on glycogen synthesis. NaOV and VS stimulate
glycogen synthesis in in vitro systems, including the mouse dia-
phragm [28], rat hepatocytes and diaphragm [21,76], rat adi-
pocytes [26,77], Chinese hamster ovary cells over-expressing
insulin receptor (CHO-HIR) [78] and 3T3-L1 adipocytes
[63]. These compounds also improve depressed glycogen
levels in the liver of STZ-diabetic rats [79,80] as well as in other
insulin-resistant rodent models [45,81]. In addition, NaOV
restored the glycogen synthetic rate in 90% pancreatect-
omized, diabetic rats [82]. On the other hand, treatment of 7-
week STZ-diabetic rats with BMOV failed to improve insulin-
stimulated glycogen synthase activation in skeletal muscle [83]
whereas similar treatment enhanced it in fa/fa Zucker rats
[84]. The reason for these discrepancies is not clear, but it is
possible that basal glycogen synthase activity is modulated
differentially in a tissue-specific manner in various models of
diabetes [81].

As in animal models of diabetes, 3-week VS therapy
(100 mg/day) in Type 2 diabetic patients has been associated

with an increase in insulin-stimulated glycogen synthesis [85].
However, in a more recent study, VS treatment (150 mg/day)
for 6 weeks in humans, caused a 1.5-fold enhancement of gly-
cogen synthase fractional velocity (an indicator of heightened
glycogen synthase activation), but failed to alter either basal or
insulin-stimulated glycogen synthase activity [86]. Thus, the
impact of VS therapy on glycogen synthase activity in humans
remains controversial, and needs to be examined in detail.

Effect on gluconeogenesis

In addition to the stimulatory action on glucose uptake and util-
ization, vanadium-induced suppression of hepatic glucose output
will also improve glucose homeostasis. Decreased hepatic glucose
production has been noted in diabetic animals [82,87,88] and
humans after vanadium therapy in some [85,88–90], but not
all studies [52,86]. The reason for these discrepant findings is not
clear, but the type of model, duration of therapy, and vanadium
dose are potentially relevant. An inhibitory action of NaMV
on glucose output has been documented in isolated, perfused
rat livers [91], and Vac can suppress gluconeogenesis in iso-
lated hepatocytes and kidney cortex tubules from control and
diabetic rabbits [92]. Consistent with these data on gluconeo-
genesis, vanadium treatment decreased the heightened expres-
sion of the gluconeogenic enzymes PEPCK and G6Pase [93–99].

Effect on lipogenesis and lipolysis

In addition to their action on glucose metabolism, vanadium
compounds can modulate lipid metabolism both in vivo and
in vitro. NaOV treatment of insulin-resistant, sucrose-fed
diabetic rats and fa/fa Zucker rats significantly lowered plasma
triglycerols [81]. Furthermore, NaMV and VS decreased plasma
cholesterol levels in humans [86,90,100], without alteration of
either plasma free fatty acid or triglyceride fractions [86,89].
Vanadate has also been shown to reduce total and free choles-
terol levels in normal subjects [101], which may be due to
inhibition of the steps involved in cholesterol biosynthesis
[102,103]. In isolated hepatocytes [104] and adipocytes [24],
NaOV modulated lipid metabolism by stimulating lipogenesis
and suppressing lipolytic activity.

Molecular mechanism of vanadium action

At the molecular level, the precise mechanism by which
vanadium elicits insulin-like and anti-diabetic effects remains
poorly characterized. Because vanadium salts are potent
inhibitors of protein tyrosine phosphatases (PTPases) [105],
and insulin receptor (IR) activation requires increased tyrosine
phosphorylation of its β subunit [106,107], it has been suggested
that by preventing dephosphorylation of the IR-β subunit,
vanadium may activate IR protein tyrosine kinase (PTK).
Activation of IR-PTK phosphorylates IR substrates (IRSs) on
multiple tyrosine residues [106,107], which then serve as docking
proteins for src homologuey 2 (SH-2) domain-containing
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signalling proteins [106,108] (Fig. 1). The IRS-associated
complex initiates two signalling pathways with binding of the
Grb-2-SOS complex to IRS-1, leading to p21ras stimulation
by GTP loading and subsequent activation of Raf, MEK as
well as 2 isozymic forms of mitogen-activated protein kinases
(MAPK), p44mapk (ERK 1) and p42mapk (ERK 2) [106,107].
Activated ERK1/2 phosphorylates and activates a downstream
ribosomal protein kinase, p90rsk. Both ERK 1/2 and p90rsk can
be translocated to the nucleus where they phosphorylate
transcription factors and activate gene transcription (Fig. 1).

Another pathway that radiates from the IRS complex upon
insulin stimulation involves phosphatidylinositol 3-kinase
(PI3-K) activation [106,107] (Fig. 1). PI3-K phosphorylates
phosphatidylinositol (PI) lipids at position 3 of the inositol
ring and generates 3-phosphorylated forms of PI, such as
phosphatidylinositol 3, 4, 5 (PIP3) [109], which is implicated
in the activation of phospholipid-dependent kinase (PDK)
and related serine/threonine protein kinases responsible for
the phosphorylation and stimulation of several downstream
signalling protein kinases, such as protein kinase B (PKB) (also
known as Akt), p70S6K [110], and PKC-zeta [111]. Activation

of these protein serine/threonine kinases has been implicated in
many of the physiological responses of insulin at the level of
glucose transport, glycogen and protein synthesis [107].

In earlier studies, vanadate was shown to stimulate tyrosine
phosphorylation of the IR-β subunit in rat adipocytes [26],
and while NaOV treatment partially reversed the decreased
tyrosine phosphorylation of the IR-β subunit in STZ-diabetic
rats without significantly affecting IR-PTK activity in the liver
[112]. However, subsequent experiments in adipocytes [29]
and IR-overexpressing CHO-HIR cells [78,113] did not detect
any change in IR-β subunit phosphorylation in response to
either NaOV or VS [78,113]. Similar observations were made
in the rat diaphragm where NaOV did not stimulate tyrosine
phosphorylation of the IR-β subunit [28]. Evidence for the
non-requirement of IR-PTK in NaOV-mediated responses was
also provided in CHO cells that overexpress a functionally
inactive form of IR-PTK [113]. The inactive form was generated
by mutating lysine in the ATP-binding domain of the IR-
subunit to alanine, which resulted in the abrogation of ATP-
binding activity and subsequent inactivation of IR-PTK [114].
In cells overexpressing this mutant form of IR-PTK, NaOV

Figure 1 Schematic model showing inhibition of PTPase or PTEN by vanadium (V) as one of the possible target sites of V action in relation to insulin 
signalling cascade. Tyrosine phosphorylation and activation of insulin receptor substrates (IRSs) by protein tyrosine kinase (PTK) of β-subunits or by 
non-receptor PTK leads to recruitment of Src homology (SH2) domain-containing signalling proteins such as Grb-2-SOS, P85 regulatory subunit of 
PI-3kinase a lipid and protein kinase. The IRS associated complex initiates two signalling pathways. One pathway known as the MAP kinase pathway; 
consists of Ras/Raf/MEK/ERK1/2 and P90rsk. In nucleus, both ERK1/2 and P90rsk increase transcriptional activities. Another pathway involves PI3kinase 
activation which results in the generation of PI-3,4,5P3 (PIP3). PIP3 activates a variety of downstream signalling components including PDKs, PKB, 
mTOR, P70S6K, PKC, GSK-3 and FKHR. PKB and PKC are involved in glucose transport mediating system. mTOR regulates protein synthesis via 
P70S6K. Glycogen synthesis is regulated by PKC directly and by PKB via GSK-3. PKB-mediated phosphorylation of the FKHR inhibits its effect on 
transcriptional activity. One target of V is PTPase(s). The PTPase(s) inhibition by V prevents dephosphorylation of tyrosine phosphorylated IRS and 
increases the tyrosine phosphorylation level. Second target site of V is PTEN, a lipid phosphatase. The PTEN inhibition prevents dephosphorylation of 
PIP3 which is important for the activation of PDK1/2.
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fully stimulated MAPK phosphorylation and activation [113]
whereas the insulin response was totally attenuated [115].

These and other studies [88,116,117] indicate that tyrosine
phosphorylation of the IR-β subunit and IR-PTK activation
may not be early events leading to the insulin-like effect of
vanadium salts [11,118]. It should be noted, however, that
unlike the inorganic salts of vanadium, pervanadate or perox-
ovanadium compound-mediated insulino-mimetic actions have
been shown to be associated with IR-PTK activation and
enhanced tyrosine phosphorylation of the IR-β subunit [29,40].
In rat adipocytes, the possible role of a NaOV-stimulated,
staurosporine-inhibitable cytosolic and particulate form of
PTK in vanadium actions has been suggested [119,120].
This PTK has not been characterized in detail, and we do not
know if it is unique to adipocytes, or if a similar PTK form is
expressed in other cell types. Despite no effect on tyrosine
phosphorylation of the IR-β subunit by vanadium salts, several
studies have reported a stimulatory action of VS and NaOV on
tyrosine phosphorylation of IRS-1 [78] and activation of its
associated PI3-K activity [75,78].

NaOV and VS have also been shown to stimulate ERK 1/2
phosphorylation and activation in several cell types, including
CHO-HIR cells [121] and adipocytes [122]. VS-induced ERK
1/2 activation was associated with sequential stimulation of
upstream components of the ERK 1/2 signalling pathway,
namely, MEK-1, c-raf and c-ras [121,122]. Interestingly, in
these studies, two pharmacological inhibitors of PI3-K activ-
ity, wortmannin and LY294002, completely attenuated VS
stimulation of the ERK 1/2 pathway [121,122], indicating an
essential role of this lipid kinase in propagating VS-induced
responses on the ras/ERK 1/2 pathway. In addition, wortman-
nin treatment attenuated VS- and NaOV-induced activation of
glucose uptake [123] and GLUT-4 translocation in rat adi-
pocytes [75] as well as in cardiomyocytes [124]. The role of
PI3-K in vanadium-stimulated glucose transport in L-6 myo-
tubes, a skeletal muscle cell line, has been controversial
[64,65], and both PI3-K-dependent and -independent path-
ways have been suggested.

A critical role of vanadium-induced PI3-K activation in
mediating the stimulatory effect on glycogen synthesis has
been demonstrated in both adipocytes [77] and CHO-HIR
cells [121]. In these studies, pharmacological inhibition of
PI3-K by wortmannin and LY294002 attenuated NaOV- or
VS-stimulated increases in glycogen synthesis [77,78]. Wortman-
nin also blocked vanadate-stimulated lipogenesis in adipocytes
[123]. These experiments support an important role of wort-
mannin-sensitive PI3-K activity in a host of insulino-mimetic
effects of vanadium compounds, including glucose uptake
[64,65,75,123,124], glycogen [77,78] and lipid synthesis
[123]. PKB, which is a downstream effector of PI3-K, is acti-
vated in response to NaOV and VS in CHO-HIR cells [121],
adipocytes [123], L-6 myotubes [65] and adult cardiomyo-
cytes [124]. Since PKB has been implicated in mediating the
physiological responses of insulin on glucose uptake [125] and
glycogen synthesis [126], it is possible that vanadium-induced

activation of the PI3-K/PKB signalling system contributes as
one of the mechanisms by which insulin-like effects of vana-
dium compounds are exerted on these processes.

PKB-catalysed phosphorylation of its downstream sub-
strates, forkhead transcription factor (FKHR and its orthologs)
[127,128] and glycogen synthase kinase-3 (GSK-3) [129]
(Fig. 1), results in their inactivation [127–129]. Because FKHR
and GSK-3 inactivation reduces the gene expression of two key
gluconeogenic enzymes, PEPCK [130] and G6Pase [131], it
possible that the vanadium-induced effect on this pathway
contributes to the suppression of gluconeogenesis observed
in response to vanadium [46,93,94,96–99]. Attempts have
also been made to establish the relationship between the glu-
coregulatory response of vanadium and its actions on various
components of the insulin signalling system under in vivo
conditions. VS therapy of Type 2 diabetic patients modified
several components involved in insulin signalling, which included
increases in basal IR and IRS-1 phosphorylation, and PI3-K
activation in muscle homogenates [86]. Similarly, NaMV
treatment of diabetic subjects stimulated basal p70S6K and
MAPK activity in circulating mononuclear monocytes [100].
However, in contrast to these clinical studies, treatment of
STZ-diabetic or fa/fa Zucker rats with BMOV produced no
change in the activation status of PI3-K [132], PKB [133] or
GSK-3 [84] in skeletal muscle. Such apparent discrepancies
between the in vitro and in vivo effects of vanadium on insulin-
signalling pathways and the divergent responses detected in
rodent vs. clinical investigations into the role of various com-
ponents of the signalling system in its glucoregulatory capacity
remain to be clarified.

The precise mechanism by which vanadium stimulates the
tyrosine phosphorylation of IRS-1, which ultimately leads
to activation of the PI3-K/PKB signalling system, is also not
known. However, it has been suggested that vanadium salts,
by inhibiting PTPase activity, can cause an increase in the
phosphotyrosine content of IRS-1 [75,78], and thus activate
the insulin-signalling pathway (Fig. 1). Support for this notion
comes from studies in which in vitro treatment of hepatocytes
[134], hepatoma cells [135] and in vivo treatment of diabetic
rodents with various vanadium compounds [116,136,137]
were found to inhibit the activities of several forms of PTPases,
including SH-2 domain-containing PTPases [134], PTP-1B
[137] and total PTPase [138]. However, in contrast to the
effects on cells and animal models of diabetes, therapy of
human subjects with VS had no significant influence on total
PTPase activity in muscle homogenates [86]. The reason for
this discrepancy is not clear, but it is possible that only some
specific PTPases are targets for inhibition by vanadium which
may not be detectable in crude tissues extracts containing sev-
eral different forms of PTPases. Because the expression levels
of PTPases, including PTP-1B, are impaired in rodent models
of diabetes (reviewed in [139]), and the reduction of PTP-1B
by antisense oligonucleotides (ASO) has been shown to
improve insulin sensitivity in ob/ob and db/db mice [140], the
ability of vanadium to inhibit PTPase activity may be one of the
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mechanisms by which it exerts insulino-mimetic and anti-
diabetic actions.

Another target of vanadium could be the lipid phosphatase,
phosphatase and tensin homologue (PTEN), which can
dephosphorylate PIP3 and is capable of negatively modulating
PI3-K signalling (Fig. 1) [141]. This contention is supported by
recent studies in which specific inhibition of PTEN expression
by ASO resulted in normalization of blood glucose in db/db
and ob/ob mice [142].

Clinical studies in human diabetes mellitus

The demonstration of a beneficial effect of vanadium compounds
in both Type 1 and Type 2 animal models of diabetes mellitus has
encouraged several investigators to determine clinical benefits
of vanadium therapy in human subjects with diabetes. In earlier
studies, small doses (50–125 mg/day) of NaMV or VS were ad-
ministered orally to a limited number of Type 1 or Type 2 dia-
betic subjects for periods ranging from 2 to 4 weeks (Table 2)
[52,85,89]. In Type 1 diabetes, NaMV (125 mg/day) for 2 weeks
had no effect on fasting plasma glucose levels, but caused a small
yet significant decline in daily insulin requirements and improved
glucose utilization in 2 out of 5 patients [52]. In Type 2 diabetes,
NaMV resulted in increased insulin sensitivity due to enhanced
nonoxidative glucose disposal [52]. Similarly, VS improved
insulin resistance in Type 2 diabetes accompanied by a slight
decrease in fasting plasma glucose and glycosylated haemo-
globin (HbA1c), augmented insulin-mediated glucose uptake,
and suppressed hepatic glucose production (HGP) [85,89].

Because only a limited number of subjects have been treated
with low doses of vanadium for a short duration in those early

studies, two independent groups recently investigated the
effect of longer treatment with higher VS doses in a relatively
larger number of subjects with Type 2 diabetes [86,90]. Gold-
fine et al. [86] treated 16 patients with VS doses ranging from
75 to 300 mg/day for 6 weeks, and observed that fasting glu-
cose declined significantly only in the 300-mg VS group
whereas HbA1c decreased in both the 150- and 300-mg
groups. Interestingly, these treatments had no effect on either
basal HGP or on HGP suppression in response to insulin. A
similar study conducted by Cusi et al. [90], who treated 11
Type 2 diabetes patients with VS at a dose level of 150 mg/day
for 6 weeks, found that both HbA1c and fasting plasma
glucose were significantly diminished (Table 2). In these inves-
tigations, VS reduced endogenous glucose production and
increased insulin-mediated glucose disposal. However, none
of the clinical research undertaken so far has demonstrated
complete resolution of hyperglycaemia, in contrast to studies.
The difference may be attributed to a much lower blood vana-
dium level reached in patients (Table 2) than in animals and
the duration of therapy [86].

Vanadium toxicity

Despite their impressive anti-diabetic properties, vanadium
compounds have been associated with several toxic effects
(reviewed in [143,144]). The most common are diarrhoea,
decreased fluid and food uptake, dehydration and reduced
body weight gain [32,57,66,79,82,95,117] which can, how-
ever, be corrected by adding NaCl to the drinking water,
adjusting the pH of the solution to neutrality, and by gradually
increasing the dose of vanadium [28,32]. Organic vanadium

Table 2 Anti-diabetic effects of vanadium compounds in diabetic human subjects

Human subjects
Type of vanadium
compounds used Doses Major effects References

Type 1 and Type 2 
diabetes (five 
subjects each)

NaMV 125 mg/day 
(2 weeks)* 
†142 ng/ml

No change in 
plasma glucose 
or HbA1c

[52]

Type 2 diabetes 
(six subjects)

VS 100 mg/day 
(3 weeks)* 
†73 ng/ml

Reduction in 
plasma glucose 
and HbA1c

[85]

Type 2 diabetes 
(eight subjects)

VS 100 mg/day 
(4 weeks)*
†83 ng/ml

Reduction in 
plasma glucose

[89]

Type 2 diabetes 
(16 subjects)

VS 150 and 300 mg/day 
(6 weeks)*
†16, 84 
and 284 ng/ml

Reduction in 
plasma glucose 
and HbA1c

[86]

Type 2 diabetes 
(11 subjects)

VS 150 mg/day 
(6 weeks)*
†104 ng/ml

Reduction in 
plasma glucose 
and HbA1c

[90]

*The duration of therapy is given in parentheses. †The average plasma/serum value of vanadium reached after vanadium therapy is shown. The 
vanadium concentration in untreated subjects was less than 10 ng/ml serum/plasma.
NaMV: sodium metavanadate; VS: vanadyl sulphate.
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compounds are much safer as anti-diabetic agents than inor-
ganic vanadium salts, and diabetic rats receiving organic com-
pounds did not show any gastrointestinal side-effects and did
not develop diarrhoea [36]. Administration of the chelater
tiron was also found to minimize vanadate toxicity without
altering its anti-diabetic actions [143].

In addition to gastrointestinal discomfort, other toxic effects
of vanadium salts include hepatotoxicity, nephrotoxicity and
teratogenicity as well as developmental /reproductive toxicity
(reviewed in [143,144]). They stimulate mitogenesis and cell
proliferation in cultured cells [145] and, thus, have the poten-
tial to exert tumorigenic/carcinogenic activity. In contrast,
recent work has demonstrated that vanadium compounds
inhibited serum- and growth factor-stimulated mitogenesis
[146,147] and possess anti-tumour activity [148,149]. Many
other studies have, however, failed to detect any change in the
levels of urea, creatinine, glutamic oxaloacetic transaminase,
and glutamic pyruvic transaminase (reviewed in [7]), indices of
kidney and liver functions. Moreover, no significant changes
in the histopathology of several tissues, including the liver,
spleen, stomach, heart and lung, have been observed among
control and VS-treated animals [150]. Electron microscopic
examination of ob/ob mice treated with NaOV for 47 days
revealed no sign of hepatotoxicity [32]. Some reports have
indicated that vanadium compounds cause behavioural
changes in rats exposed to NaMV [151]. In patients treated
with vanadium salts, gastrointestinal discomfort was the most
common toxic effect, which could be corrected by decreasing
the dose level [52,85]. Moreover, clinical studies have been of
short duration (up to 6 weeks) and utilized lower doses than
those administered in animal experiments; thus, the long-term
toxicity of vanadium in humans remains to be explored.
Clearly, at present, there is no consensus on the toxic effects of
vanadium compounds, and detailed and systematic investiga-
tions are needed to evaluate the toxicity of various vanadium
compounds before undertaking long-term clinical trials in
humans.

Conclusions

Compounds of the trace element vanadium exert various insu-
lin-like effects in in vitro and in vivo systems. These include
improvements in glucose homeostasis and insulin resistance in
animals models of Type 1 and Type 2 diabetes mellitus. In
addition to animal studies, clinical trials in diabetic human
subjects have documented improvements in glycaemic control
and insulin sensitivity. These studies are encouraging, but
improvements are less than those in animal models. Moreover,
these trials have involved small numbers, and in some cases,
were uncontrolled and open-label. A large proportion of sub-
jects report gastrointestinal discomfort, and therefore long-
term evaluation has not been conducted to-date. All human
studies have utilized inorganic vanadium salts, and the efficacy
of organo-vanadium compounds has not been tested. These
are more potent and exhibit less gastrointestinal side-effects in

animal models. Thus, definitive randomized, controlled trials
with these new compounds are needed to establish their anti-
diabetic potential. Future clinical trials using more potent and
safer organo-vanadium complexes should also explore their
insulin-sensitizing/enhancing effect in Type 2 diabetes. The
mechanism by which vanadium compounds exert anti-diabetic
actions may involve a combination of the stimulation of
glucose uptake as well as glycogen and lipid synthesis in mus-
cle, adipose and hepatic tissues and inhibition of gluconeogen-
esis and activities of the gluconeogenic enzymes PEPCK and
G6Pase in the liver and kidney as well as lipolysis in fat cells.
This is achieved by vanadium-induced activation of key ele-
ments of insulin signal transduction pathways such as PI3-K/
PKB and ERK 1/2. Since PTPases are considered to be negative
regulators of insulin signalling, it could be through inhibition
of PTPase activity that vanadium compounds enhance insulin
signalling and action.

In summary, although animal studies have provided con-
vincing evidence for the antidiabetic effects of vanadium
compounds, a similar role of vanadium in controlling human
diabetes is yet to be established. The slow progress in this
direction may be attributed to the gastrointestinal intolerance
of the inorganic vanadium salts used in earlier work. However,
the availability of organically complexed vanadium compounds
with better tolerance should encourage more detailed evalua-
tion of these compounds as potential anti-diabetic agents for
humans.

Search method used

The work cited in this article is mostly derived from the publi-
cations appearing on PUBMED until September 2003 under:
Vanadium/diabetes; Vanadium action and Vanadium/insulin.
However, due to space limitations only the most relevant and
representative articles have been cited.
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