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I. Introduction
Vanadium, element number 23, atomic weight

50.94, is normally present at very low concentrations
(<10-8 M) in virtually all cells in plants and animals.
Vanadium in oxidation states III, IV, and V readily
forms V-O bonds and comfortably binds N and S as
well, forming chemically robust coordination com-
plexes. Vanadium(V), in particular, is stereochemi-
cally flexiblescoordination geometries ranging from

tetrahedral and octahedral to trigonal pyramidal and
pentagonal bipyramidal are thermodynamically plau-
sible.1 The potential for redox interplay, whether
V(V)/V(IV) or V(IV)/V(III), increases the versatility
of this element in the biological milieu.2 Although not
a common component of enzymes, vanadium as the
vanadate ion is an essential prosthetic group of some
haloperoxidases,3 which are currently being eluci-
dated in great detail.4 Vanadium may or may not play
an essential role in normal mammalian metabolism;5
however, at pharmacological concentrations, as a
potential therapeutic agent, it is attracting increasing
attention (for recent reviews, see refs 6-8).

Three general classes of vanadium-containing com-
pounds are of interest for their utility as insulin-
mimetic agents: (1) inorganic vanadium salts, both
anionic (vanadates [VO4]3-) and cationic (vanadyl
VO2+), (2) complexes resulting from combination of
vanadium(V) and hydrogen peroxide (mono- and
diperoxovanadates, [VO(O2)(H2O)2(L-L′)]n- (n ) 0,1)
and [VO(O2)2(L-L′)]n- (n ) 1, 2, 3), and (3) chelated
vanadium(IV) complexes.9 In this review, the prin-
cipal focus will be on the chemistry of those vanadium
and peroxovanadium complexes deemed to have
potential as insulin-mimetic agents in the treatment
of human diabetes mellitus.

II. Insulin in Glucose and Fat Metabolism
The fact that chemical entities are being developed

as insulin mimics does not presuppose completely
symmetrical functionality. Insulin is a signaling
hormone which is essential both for fat and carbo-
hydrate metabolism. It is secreted by the pancreas
in response to elevated levels of glucose in the
bloodstream, at levels which occur naturally following
ingestion of a meal. The increased insulin then
normally promotes glucose uptake by the liver and
gut (splanchnic tissues), as well as by peripheral
tissues (adipose and muscle), which results in energy
production and storage, as needed, by the organism.10

This promotion of glucose uptake (and associated
inhibition of lipolysis) in a tissue-specific manner can
be duplicated by vanadium compounds.11 Insulin also
serves to counteract catabolic hormones, such as
glucagon, and to suppress production of glucose in
the liver, effects which are not always replicated by
vanadium.12 Vanadium compounds can never com-
pletely substitute for insulin; however, many of the
observed in vitro and in vivo effects are insulin-like.6,7

We use the term insulin mimic in this more general
sense throughout our review.
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The normal uptake and metabolism of glucose in
nondiabetic individuals is initiated by a series of
intracellular reactions known as the insulin signaling
cascade.13 Early in the insulin signaling cascade,
insulin binds to the extracellular side of cell mem-
branes at the insulin receptor sites,14 initiating a
series of phosphorylation/dephosphorylation steps,
some of which are susceptible to substitute regulation

by vanadium.15 Absence of endogenously secreted
insulin, or cellular resistance to the hormone, leads
to inadequate disposal of blood glucose, the hallmark
of diabetes mellitus. Because insulin is a protein,
however, it is not orally active. As such, oral ingestion
of exogenous insulin does not yield a biologically
active hormone.16 By contrast, vanadium compounds
can be administered orally, thereby potentially elimi-
nating or reducing significantly the need for daily
insulin injections in diabetic individuals.

III. Oxidation States of V of Interest for Insulin
Mimics

Vanadium is a group 5 transition metal with well-
characterized complexes existing in oxidation states
-3, -1, 0, +1, +2, +3, +4, and +5.17 Under standard
physiological conditions (pH 3-7, aerobic atmo-
sphere, aqueous solution, ambient temperature),
those oxidation states which are thermodynamically
and kinetically possible are +5, +4, and +3,2 the
latter being associated mainly with specialized vana-
docytes in certain marine life forms such as the tuni-
cates ascidia certodes and ascidia nigra.18 In simpli-
fied aqueous systems used to represent in vivo intra-
cellular conditions, relevant vanadium species in-
clude vanadate (a mixture of [HVO4]2- and [H2VO4]-)
and vanadyl, VO2+.19 In actual cell cultures and cell
homogenates, vanadium, added either as V(V) or
V(IV), rapidly forms complexes with glutathione,
citrate, catecholamines, or proteins such as albumin
and transferrin.20 The intracellular fate of added
V(III) salts has not been characterized.

Both V(V) and V(IV) inorganic salts have been
extensively tested as insulin mimics, initially in vitro
and subsequently in vivo, in a considerable variety
of experimental models of diabetes. Sodium ortho-
vanadate stimulates glucose uptake and glucose
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oxidation in rat adipocytes, stimulates glycogen
synthesis in rat diaphragm and liver, and inhibits
hepatic gluconeogenesis, usually at millimolar con-
centrations of added vanadate or vanadyl.11,21,22

Numerous studies have demonstrated insulin mim-
icking effects in a variety of tissues, with sodium
orthovanadate [V(V)] usually being the modifier of
choice.23 Whether this insulin mimesis involves the
same signaling pathways as insulin or an alternative
route is not obvious and is still an unresolved
question.24-26

A very exciting finding was that vanadate could
be administered orally, with long-term insulin-like
effects in vivo.27 A series of in vivo studies demon-
strated that oral vanadium(V) treatment of diabetic
animals partially or completely restored liver and
muscle enzyme activities involved in glycolysis, li-
polysis, and glycogenesis,28-30 without stimulating
increased insulin synthesis.31,32

Since these early studies, a variety of strategies
have been undertaken to improve the consistency and
nontoxic efficacy of the insulin-mimetic response to
vanadium as a therapeutic agent. Some improvement
was found using inorganic V(IV) compounds33 and
even more with organic vanadium(IV) compounds.6
Recent studies with chemically well-defined peroxo-
vanadium(IV) and (V) compounds are intriguing due
to the extraordinary in vitro potency demonstrated,34

but their in vivo utility may be compromised by a
lack of oral availability.35

IV. Design Factors for Effective Hormone
Replacement by a Metal Complex

For metallocomplexes to be useful as biomimetic
drugs, they must be able to cross biological mem-
branes, generally by passive diffusion, because for
most metal ions active or facilitated transport mech-
anisms are absent.36,37 Biomimetic complexes should
therefore have low molecular weight, neutral charge,
and at least moderate stability. A high synthetic yield
and known nontoxic metabolic products are also
advantageous. The lipophilicity of the complex should
be balanced with the hydrophilicity (i.e., water-
solubility) of the molecule. Moreover, the metal-
ligand complex should be thermodynamically and
hydrolytically stable in water.9

Many pharmacologically useful metals, including
vanadium, readily undergo hydrolysis in an aqueous
environment.38 This is especially true in a biological
system if the formation constants of the metal
complex are not high enough38 and where the in vivo
concentrations are usually low (micromolar to milli-
molar). The kinetics of complexation/decomplexation
should also be considered. For insulin-mimetic com-
pounds, delivery of the metal ion to key sites of
insulin regulatory action, such as liver, adipose
tissue, and/or skeletal muscle, requires slow kinetics
of decomplexation to prevent rapid homeostatic re-
moval of the vanadium as inorganic V(V) or V(IV).39,40

In addition, from a biochemical point of view, in order
for a metal complex to be useful in the treatment of
type II diabetes, it must not induce increased insulin
secretion but must instead serve as a (partial)
hormone substitute or enhancing agent.41 Ideally, it

should also not exacerbate the already increased
oxidative stress associated with diabetes of both
types.42

V. Structures and Physical Properties
Chemical compounds synthesized for insulin-

mimetic studies will be discussed, first according to
their chemistry and then their biological properties.
Abbreviations are taken from the original publica-
tions.

A. BMOV
Bidentate ligands with one ionizable proton can be

used to form neutral metal complexes (for instance,
with vanadium). Oxygen-rich ligands (e.g., maltol)
also tend to be water-soluble. These properties to-
gether (neutral charge and aqueous solubility) con-
tribute to high oral bioavailability.9,39 With these
considerations in mind, a pentacoordinate, oxovana-
dium(IV) complex was developed, specifically as a
potential insulin-mimetic agent.43

Bis(maltolato)oxovanadium(IV) (BMOV)43 was syn-
thesized by simple metathesis of vanadyl sulfate
trihydrate and maltol (3-hydroxy-2-methyl-4-pyrone)
(1:2). The ligand itself is commercially available and

is an approved food additive in many countries,
including Canada, the United Kingdom, and the
United States. BMOV can be prepared in >90% yield
in water, has a molecular weight of 317 and is soluble
(millimolar scale) in a number of organic solvents as
well as water.44 Stability constants for the binding
of one and two maltolato ligands to vanadyl are log
K1 ) 8.80 and log K2 ) 7.51 and for the bis(ligand)
complex log â2 ) 16.31.44 The geometry around the
vanadium in [VO(ma)2] is square pyramidal.44 BMOV
has one unpaired electron, characteristic of the
vanadyl unit, and a fairly high VdO stretching
frequency in the infrared spectrum (995 cm-1), sug-
gesting that there is no ligand (or a weakly bound
solvent) in the sixth position.

The redox chemistry of BMOV demonstrates an
impressive lability in oxidation and reduction.44 In
ambient methanol or in any ambient alcoholic sol-
vent, BMOV oxidizes to form an alkoxobis(maltolato)-
oxovanadium(V) complex, cis-[VO(OR)(ma)2], the oxi-
dation kinetics being second order, a function of the
concentrations of both the complex and molecular
oxygen.45,46 The reaction between BMOV and molec-
ular oxygen, in a 4:1 ratio, gives the vanadium(V)
species, consistent with the fact that BMOV under-
goes a one-electron oxidation and O2 is a four-electron
oxidant. The observed rate constant is directly pro-
portional to the molecular oxygen concentration,
consistent with this stoichiometry and the overall
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rate at 25 °C. Two pathways, aquo and hydroxo, give
the dioxoanion, cis-[VO2(ma)2]- (which is not insulin-
mimetic47) for oxidation of BMOV with O2 in water.46

B.VPA and VO-MPA
Several V(IV) complexes with a VO(N2O2) ligand

coordination sphere have been proposed as insulin
mimics. Examples are oxobis(picolinato)vanadium-
(IV) (VPA) and bis(methylpicolinato)oxovanadium-
(IV) (VO-MPA).48,49

VPA is slightly soluble in water and, as an aqueous
solution in an aerobic atmosphere, is susceptible to
gradual oxidation. It is stable under inert gas in the
solid state or when suspended in 5% acacia gum. The
infrared absorption spectrum (KBr disk) included a
VdO stretching frequency at 980 cm-1.50 The mag-
netic moment (µeff ) 1.69) supported a mononuclear
vanadyl state, and EPR g-values and hyperfine
coupling constants (A values) were consistent with
oxovanadium(IV) complexation.50

VO-MPA has also recently been synthesized, char-
acterized, and tested, both in vitro and in vivo, for
insulin-mimetic activity.48 For VO-MPA, the VdO
stretching vibration appeared at 948 cm-1 and µeff )
1.96; the EPR parameters were closely similar to
those of VPA. On the other hand, the partition
coefficient [P, n-octanol:buffer, pH 7.4 ) 1.0, 6 h] for
VO-MPA was nearly double that of VPA (0.595 vs
0.330).50

A recent extension of this type of vanadyl chelation
(so far tested only in vitro) incorporates a number of
different amino acids in a VO(N2O2) coordination
mode,51,52 where the tetradentate N2O2 ligand is an
ethylenediamine functionalized with two glycines or
two methionines51 or N-pyridylmethyl aspartate.52

The latter was twice as effective as VOPA, both
according to incorporation of 2-deoxyglucose in Erlich
ascites tumor cells and by inhibition of free fatty acid
release from rat adipocytes, but had a substantially
lower partition coefficient (0.086).

C. VCME
A vanadyl bis(cysteine methyl ester) complex of

vanadium(IV)53 was synthesized by stirring a mixture
of cysteine methyl ester hydrochloride and vanadyl
sulfate (5:1) in 0.2 M borate buffer for 5-6 h, in air,
at room temperature. The resultant purple solid
product was found to be five coordinate around a
central V(IV), with a square pyramidal geometry, and
was relatively stable. Two strong IR (KBr disk)
absorption bands at 956 and 945 cm-1 represented

the VdO stretching frequencies, suggesting the pres-
ence of both cis and trans isomers.

D. V-P
V-P [oxobis(pyrrolidine-N-carbodithioato)vanadium-

(IV)] was synthesized in >96% yield by combining
ammonium pyrrolidine-N-carbodithioate with vana-
dyl sulfate (2:1) in ethanol.54

This complex has a VOS4 coordination sphere,
which had not been tried previously for insulin
mimesis. In a series of V(IV) complexes, including
V-O, V-N, and V-S coordination modes, which
were tested for insulin-mimetic activity by inhibition
of free fatty acid release in rat fat cell preparations,
the V-P complex was the most effective.55 The
product was slightly soluble in a variety of organic
solvents, including pyridine, dimethyl sulfoxide, and
dimethylformamide, but insoluble in water, metha-
nol, ethanol, and ether. It was also unstable in air.
Solubilization for testing in vivo was possible using
5% acacia gum.

E. Naglivan
An N2S2-coordinated oxovanadium(IV) complex,

naglivan [oxobis(N-octylcysteineamido)vanadium-
(IV)], was synthesized in a two-step process.56 From

tert-butyloxycarbonylcysteine and octylamide as start-
ing materials, cysteine di-N,N′-octylamide was pro-
duced, which was then combined (2:1) with vanadyl
sulfate to yield (9.6%) a V(IV) complex. The complex
was insoluble in water but could be administered as
a suspension in 3% acacia gum by oral gavage for
testing of insulin-mimetic potential.56

F. VO-SALEN
[N,N′-Disalicylidineethylenediamine]oxovanadium-

(IV) (VO-SALEN) was prepared by mixing equimolar
quantities of V(III) acetylacetonate and N,N′-disali-
cylideneethylenediamine (SALEN) as methanol solu-
tions and stirring overnight in an open vessel.57 The
product was obtained in >95% yield and was char-
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acterized by EPR, potentiometry, UV-vis, and IR
(νVdO ) 981 cm-1 (KBr disk), 953 cm-1 (DMSO)). The
coordination geometry was octahedral in DMSO but
square pyramidal in the solid. It was found to be
stable, sparingly water-soluble, and orally effective
in acute glucose-lowering.58

G. VO(metf)2

VO(metf)2‚H2O was prepared by combining an
aqueous solution of vanadyl sulfate with an alkaline
solution of metformin (1:2).59 The formula weight was

322, and the VdO stretching frequency (IR, KBr disk)
was 929 cm-1, low compared to other oxovanadium-
(IV) complexes. The complex was air stable but
hydrolytically unstable and insoluble in most organic
solvents except DMSO.59

When deprotonated, the bidentate biguanides act
as hard Lewis bases which bind readily to VO2+, a
hard Lewis acid. In general, biguanides have strongly
basic primary dissociation constants and much weaker
secondary ones. The conjugated double bond system
is stabilized by intramolecular hydrogen bonding to
form a six-membered ring. Metformin (Glucophage)
is a common pharmaceutical used as an insulin-
enhancing drug, either alone or in combination with
other oral hypoglycemics, such as sulfonylureas.59

Coordination of the resonance-stabilized mono-
deprotonated ligand is through the N-donor atoms,
forming a rigid, planar, six-membered, π-delocalized
chelate ring with the metal, thus enhancing overall
thermodynamic stability. The probable (but unveri-
fied) coordination geometry is square pyramidal, with
two biguanidato ligands in a trans arrangement
around the base of the square pyramid and the VdO
unit axial.59

VI. Biological Considerations
Before discussing the substantively different per-

oxovanadates and (nonoxo)vanadium(III) compounds,

it is appropriate to summarize the biological consid-
erations used to determine the relative pharmaco-
logical potency of proposed insulin-mimetic com-
pounds. For in vitro testing, several enzyme systems
have been used to demonstrate insulin mimesis.
Phosphotyrosine phosphatases (PTPases) and tyro-
sine kinases play key regulatory roles in insulin
receptor binding.13 Early in the insulin signaling
cascade, insulin, by binding on the extracellular side
of cell membranes, activates the intracellular protein
tyrosine phosphorylation of insulin receptors, which
are membrane-spanning tyrosine-specific protein ki-
nases.14 PTPases and tyrosine kinases are sensitive
to vanadium inhibition and stimulation, respec-
tively,60 and are sometimes used as markers of vana-
dium’s insulin mimesis.61

In cell cultures of various types and in tissue
homogenates, it is also possible to measure more
directly the effect of exogenous vanadium on glucose
and/or free fatty acid uptake, in comparison with
added insulin.62 These methods may be useful in
initial screening, but they do not take into account
oral availability, which can only be tested in vivo.

A. Animal Models for in Vivo Testing
For in vivo testing, a number of experimental

models of diabetes in rodents have been used. Most
widely accepted is the streptozotocin (STZ)-induced
diabetic rat.63 STZ is an antibiotic that specifically
attacks the insulin-secreting â-cells in the pancreas
in a dose-responsive fashion.64 The STZ-diabetic rat
model of diabetes is obtained by administering in-
travenous streptozotocin (STZ) to rats, usually at
doses of 45-75 mg kg-1 of body weight. This results
in a greatly reduced insulin secretory capacity of the
rat pancreas and, hence, the development of diabetic
characteristics (reduced insulin levels and elevated
levels of glucose in blood and urine). STZ-treated rats
are insulinopenic, hyperphagic, and catabolic. The
model does not completely parallel type I diabetes
in humans, in that STZ-diabetic rats can survive
without administration of exogenous insulin (provid-
ing an untreated control group for comparison as an
experimental benefit); however, it is relatively simple,
inexpensive, reproducible, and reliable.

B. Evaluation of Potency by Glucose-Lowering
Moderate to good diabetic control, where diabetic

control is generally defined as glucose lowering to less
than 9 mM in plasma, has been obtained in the
streptozotocin (STZ)-diabetic rat with V(V) or V(IV)
at oral doses of between 0.1 and 0.7 mmol kg-1

day-1.65,66

With BMOV, it has been possible to achieve effec-
tive blood glucose lowering at an initial dose of 0.4
mmol kg-1 day-1, which is decreased to 0.2 mmol kg-1

day-1 for maintenance, with no evidence of toxicity
over a six month period of administration in STZ-
diabetic rats.67,68 This oral administration was in the
drinking water, which allows for a prolonged period
of oral intake. A similar dose and mode of adminis-
tration for VPA (in the drinking water, 0.75 mg mL-1,
approximately 9 mg V day-1)49 led to 22% glucose-
lowering (compared to 50%) for BMOV.43 VPA, when
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administered by oral gavage initially at the lower
dose (2.2-2.5 mg V day-1, equivalent to approxi-
mately 10 mg V kg-1 day-1 or 0.2 mmol kg-1 day-1),
led to normalization of blood glucose levels in diabetic
rats within 7 days; the rats remained nearly normo-
glycemic for an additional 30 days with no treat-
ment.48 This oral administration (gavage) indicates
a once-a-day introduction directly into the stomach,
which would likely override any homeostatic mech-
anisms limiting gastrointestinal absorption. Faster
glucose-lowering could be achieved by increasing the
dose (5.3-6.2 mg V day-1 by oral gavage) but at the
expense of undesirable side effects, principally diar-
rhea.50

The 10 mg V kg-1 day-1 test dose in STZ-diabetic
rats has been the assay of choice for a number of
vanadium-containing insulin-mimetic complexes. VO-
MPA, 10 mgV kg-1 day-1, given orally by gavage as
a 5% acacia gum suspension, led to sustained glucose-
lowering over an 80 day period following cessation
of treatment; the decreased body weight gain and
increased bilirubin levels, seen in the early stages of
treatment, were correctable by lowering the dose to
5 mg V kg-1 day-1.48 V-P was administered per os
at 10 mg V kg-1 day-1 to STZ-diabetic rats for 2 days
to achieve normoglycemia, followed by a maintenance
dose of 5 mg V kg-1 day-1 (0.1 mmol kg-1 day-1).
Intraperitoneal (i.p.) administration of this compound
proved to be more effective than oral treatment, but
both VO-MPA and V-P achieved significant glucose-
lowering.55 At this same dose, VCME in 5% acacia
gum given by oral gavage was slightly more effective
in normalizing plasma glucose levels (within 24 h)
than other vanadyl complexes (ligands such as ma-
lonate, oxalate, salicylaldehyde, and tartrate) tested
in parallel with VCME.69 There was no obvious
toxicity at this dose; however, at 10 times the glucose-
lowering dose, all the test animals died of diarrhea
within 4 days.70

Naglivan, at doses of 5-15 mg V kg-1 day-1 (0.1-
0.3 mmol kg-1 day-1, by oral gavage) effectively low-
ered blood glucose levels to near normal in STZ-dia-
betic rats; however, the onset of action was signifi-
cantly slower than that seen with inorganic vana-
dium compounds used in parallel.56,71 No obvious tox-
icity derived from naglivan at the doses administered.

VO(metf)2‚H2O, 0.12 mmol kg-1, suspended in 3%
acacia gum, was administered i.p. to five STZ-diabetic
rats with significant glucose-lowering effect. Ob-
served toxic effects (pronounced diarrhea) may have
been due to the high pH (11.5) of the preparation.59

Oral gavage testing in a separate treatment group,
at a dose of 0.60 mmol kg-1, resulted in six out of six
rats responding with normalized plasma glucose
levels, within 24 h; however, the response was not
sustained past that time point. Metformin alone at
the same dose had no effect. VO(metf)2 has only been
tested acutely so far, both by gavage and i.p. admin-
istration over a period of 72 h, but for this limited
time frame, the glucose-lowering capacities were
similar to BMOV.59

Glucose-lowering potency of BMOV given i.p. at a
dose of 1.275 mg V kg-1 has also been very recently
compared with that of vanadyl sulfate, vanadyl acet-

ylacetonate [VO(acac)2] (commercially available), and
a close analogue vanadyl ethylacetylacetonate [VO-
EtAc].72 At this dose, only VO(acac)2 exhibited any
glucose-lowering effect in STZ-diabetic rats; however,
this compound is more air sensitive than BMOV.
Comparison of these same four compounds admin-
istered as dissolved salts in drinking water (ap-
proximately 0.4 mmol kg-1 day-1) showed roughly the
same potency for all the organically chelated vanadyl
compounds (all more effective than vanadyl sulfate);
however, an apparent taste aversion led to a lesser
daily vanadium intake for VO(acac)2 compared to
BMOV.72

Blood glucose levels in alloxan-induced diabetic
rats decreased from hyperglycemic to hypoglycemic
during oral intubation with 7.5 mg V kg-1 day-1 as
VO-SALEN for a period of 30 days. Withdrawal of
treatment brought an immediate reversion to hyper-
glycemia.58

Other animal models of diabetes, in specially
developed rodent strains that are spontaneously
diabetic, include the BioBreeding (BB) Wistar rat, a
spontaneous model of diabetes that closely resembles
type I diabetes,73 the fa/fa Zucker rat, a model of
obesity and mild glucose intolerance,74 ob/ob and db/
db mice that are obese and glucose intolerant,75 and
a variety of other specialized strains.63 The key end
point of interest is usually blood glucose-lowering,
which is known to be correlated closely with plasma
lipid-lowering in diabetic animals.

VII. Peroxovanadates

A. [VO(O2)2(L-L′)]n-
Two of the earliest discrete diperoxovanadate(V)

compounds, potassium oxodiperoxo(pyridine-2-car-
boxylato)vanadate(V) and potassium oxodiperoxo(3-
hydroxypyridine-2-carboxylato)vanadate(V),76 were
direct descendants of analogous chromium com-
plexes,77,78 which had been shown to improve mem-
brane fluidity and increase the rate of insulin up-
take.78 Although these peroxovanadates are stable
indefinitely in the solid state, they are prone to
decomposition in aqueous solutions. Both have a
distorted bipyramidal ligand geometry around the
vanadium ion76 and have been shown to be effective
in stimulating insulin receptor kinase (IRK) activity
in hepatoma cells and inhibiting phosphotyrosine
phosphatase (PTPase) activity in rat liver endo-
somes.34 In the latter study, 12 different bisperoxo-
vanadium compounds of the [VO(O2)2L-L′]n- type34

were compared. The most stable, potassium oxo-
diperoxo(1,10-phenanthroline)vanadate(V) trihydrate
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[bpV(phen)], is heptacoordinate, with the geometry
about the V atom being pentagonal bipyramidal.79

The planes formed by the two peroxo groups and the
V atom were found to be bent toward each other with
a dihedral angle of 22.1(3)°, approximately perpen-
dicular to the phenanthroline ligand. The oxo ligand
lies in the plane of the vanadium-phenanthroline
moiety, trans to the second phenanthroline N atom.

BpV(phen) was tested in vivo in fasted female
Sprague-Dawley rats, by intrajugular injection of 6
µmol kg-1, a dose which resulted in glucose-lowering
equivalent to 15 µg kg-1 of insulin administered by
the same method. At doses of 0.75-6 µmol kg-1, bpV-
(pic), bpV(phen), and bpV(Me2phen) were effective in
lowering plasma glucose in BB rats whether given
i.v., i.p., or subcutaneously.80 Only bpV(phen), 20-
200 µmol kg-1, was shown to be effective when
administered by oral gavage.35 Demonstrably in-
creased insulin binding to intact rat adipocytes81 (but
not human NIDDM fat cells82) in the presence of 0.5
mM bpV(pic), possibly due to increased insulin recep-
tor affinity, suggests an insulin-sparing mechanism
of action for peroxovanadates of this type.82

Effective concentrations of all the peroxovanadates
tested for in vitro inhibition of phosphotyrosine
phosphatase (PTPase) and stimulation of insulin
receptor tyrosine kinase were in the 5-80 mM
vanadium range.34 The nature of the ancillary ligand
appeared to have profound effects on the specificity
and potency of the complex, with increasing bulkiness
of the phenolate ligand, whether polar [e.g., carboxyl-
ation in bpV(bipy)] or nonpolar [e.g., methylation in
bpV(phen)], decreasing IRK stimulation, and increas-
ing methylation of the phenanthroline ligand reduc-
ing PTPase inhibition.34

Synthesis and characterization of a large number
of peroxovanadate heteroligands, both mono- and
polydentate,83 revealed a range of stabilities toward
decomposition in aqueous solution, depending on the
nature of the heteroligand. The fact that none of the
peroxovanadates formed can be considered hydro-
lytically stable and all are subject to redox processes
which ultimately result in radical formation with the
potential for increased intracellular oxidative stress84

may limit biomedical utility.83

B. [VO(O2)2(him)]-
A six-coordinate bisperoxovanadium(V) imidazole

compound was synthesized in 70% yield, by combin-
ing vanadium pentoxide dissolved in 30% hydrogen
peroxide with imidazole (1:4). The vanadium was six-
coordinate (five V-O bonds and one V-N), in a
pentagonal pyramid, with the oxo group in an axial
position.85

An aqueous solution of the complex enhanced
insulin receptor autophosphorylation in human liver
cell culture, as well as increased glucose transport
in rat adipocytes, at concentrations ranging from 1
µM to 1 mM.85 The coordination of vanadium(V) to
imidazole presents structural analogies to the coor-
dination of vanadium to histidine residues in vana-
dium-containing haloperoxidases86 and some phos-
phorylases.87

C. [VO(O2)(H2O)2(L-L′)]n-
A variety of well-characterized monoperoxovana-

date(V) complexes have also recently been prepared
and tested in vitro and by intraperitoneal and/or
subcutaneous injection in vivo.80,88 Oxoperoxopicoli-

natovanadium(V) dihydrate [mpV(pic)] was effective
in achieving a 20% decrease in plasma glucose in
STZ-diabetic Sprague Dawley and insulin-treated
(0.5-2.0 U day-1) BB rats at a lowest effective dose
(LED) of 0.4 µmol kg-1, while the lowest dose produc-
ing mortality was more than 15 times higher. By
contrast, pyridine-2,6-dicarboxylatooxoperoxovana-
date monohydrate [mpV(2,6-pdc)]- had an LED of 24
µmol kg-1, which was twice the lowest dose producing
mortality.80 In each case, O- or N-donor atoms were
bound to two or more sites in the V(V) trigonal bipyr-
amidal coordination sphere, usually with a -1 or -2
charge.80 Bis(oxalato)oxoperoxovanadate [mpV(ox)2]3-

was only minimally stimulatory on [14C]glucose in-
corporation into diaphragm glycogen, unlike mpV-
(pic) which was 9 times greater than control levels.88

VIII. V(III) Complexes
Synthesis of hexacoordinated vanadium(III) pyrone

and pyridinone complexes produced stable, lipophilic
complexes which were water soluble.89

Aqueous solutions of these compounds are gov-
erned by complex equilibria for protonated and
deprotonated ligands, depending on pH and concen-
trations of vanadium and ligands. Biological testing,
both i.p. and by oral gavage, demonstrated the
glucose-lowering capability of several V(III)-contain-
ing complexes, with V(ma)3 proving to be the most
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potent by these standards. Although no attempt has
yet been made to establish the speciation in vivo, it
is presumed that at physiological pH, V(III) com-
plexes would oxidize rapidly to V(IV) or V(V).

IX. Vanadium as a Therapeutic Agent

A. Human Trials
Recently, limited clinical trials of vanadium com-

pounds have been initiated on human type I (IDDM)
and type II (NIDDM) diabetic subjects. In diabetes,
glucose uptake into peripheral tissues such as skel-
etal muscle and fat is impaired and glucose utiliza-
tion in the energy-dependent processes within cells
is abnormal.16 Diabetes may be a consequence of
defective insulin binding, resulting in poor intracel-
lular regulation of energy metabolism.13 Diabetic
individuals are generally characterized as either type
I, in which insulin production is deficient (IDDM),
or type II, later onset, non-insulin dependent (NID-
DM), in which a normal or even excessive amount of
insulin production fails to result in well-tuned intra-
cellular signaling.90

Treatment of generally healthy subject recruits
with sodium orthovanadate (125 mg day-1) for 2
weeks resulted in significant increases in mean rates
of glucose metabolism in two out of five subjects with
IDDM and in five out of five subjects with NIDDM.91

There were decreased insulin requirements in the
IDDM subjects and lowered serum cholesterol levels
in all subjects. Treatment of NIDDM subjects with
vanadyl sulfate (100 mg day-1) for 3 weeks caused
an improved insulin sensitivity, a reduction in he-
patic glucose production, and an increased rate of
glucose disposal, all of which were sustained for 2
weeks after treatment was withdrawn.92 In both of
the studies, there were reported incidences of mild
gastrointestinal intolerance.

Vanadyl therapy for 6 weeks at 100 mg day-1 of
VOSO4‚3H2O resulted in improved insulin sensitivity
in three of five human NIDDM subjects (who were
all also being treated with oral hypoglycemics during
the study)93,94 while basal hepatic glucose production
was unchanged. In a more recent study,95 also with
VOSO4‚3H2O, 25 mg V day-1, there was no change
in glucose and lipid metabolic parameters and the
peak serum vanadium level was 16.0 ( 5.3 µg L-1.
By comparison, doubling the intake of vanadyl sulfate
(to 50 mg V day-1) resulted in 5 times higher peak
serum vanadium (82.4 ( 43.2 µg L-1) and improved
insulin sensitivity but still no significant change in
plasma glucose levels.95 There was no increase in
thiobarbituric acid reactive substances (an indicator
of in vivo lipid peroxidation) at these doses (Goldfine,
personal communication).

B. Desirable Features
For appreciable biological utility, proposed insulin

replacement metal complexes should have oral activ-
ity, a reasonable window of optimal pharmacological
effect, tissue uptake preferentially into normally
insulin-rich tissues, e.g., liver, muscle, and pancreas,
a consistent pattern of absorption and retention, and
a low dose requirement.

Few vanadium-containing insulin-mimetic com-
plexes have been evaluated for pattern of tissue
uptake. Those that have include BMOV39 and VO-
MPA.50 For BMOV, both oral and intraperitoneal
(i.p.) administration of 48V-BMOV in a carrier-added
form were compared with carrier-added 48V-VOSO4.39

From these studies, the absorption of vanadium from
an oral dose of 48V-BMOV was determined to be about
twice as high as that from 48V-vanadyl sulfate; and
tissue localization resulting from administration of
the two compounds differed. Compartmental analysis
of the results showed that the proportion of vanadium
taken up by liver following BMOV treatment was
almost 4 times higher than with VOSO4 treatment,
whereas that taken up by kidney was less than 50%
higher, and that by bone (at 24 h) was almost 3 times
higher. The ratios of vanadium contents predicted by
the model in bone:kidney:liver was 8:3:2 for BMOV
and 6:4:1 for VOSO4. The average increase in uptake
into liver, kidney, and bone was 2.7 times higher in
BMOV compared to VOSO4, correlating well with the
increased potency of BMOV over VOSO4 observed
previously.67

By contrast, tissue uptake resulting from oral
administration of VO-MPA in bone:kidney:liver was
roughly 7:6:1 and from i.p administration was sub-
stantially different (approximately 11:3.3:1). For
VO-PA administered i.p., accumulation in bone
relative to kidney and liver was 35:4.7:1.50

C. Potential Drawbacks
The toxicology of vanadium has been reviewed

recently.96 Vanadium’s toxicity varies by route of
administration, by species tested, and, by analogy
with other metals, according to the complexation of
the metal.97,98 Principal signs of vanadium toxicity
are gastrointestinal distress92,99,100 and, more rarely,
green tongue.100 Vanadium accumulation in tissues
(especially bone) with long-term therapeutic use is a
concern; however, there is no evidence to date that
increased storage in bone is harmful.101 Further
studies elucidating residence times and clearance
rates of vanadium compounds from specific tissues39

are needed in order to assess this potential prob-
lem.102

X. Comparison with Other Metal-Containing
Insulin Mimics

A. Molybdenum and Tungsten Analogues
In common with vanadium, molybdenum and tung-

sten also form stable oxoanions, which undergo
complex hydrolysis-polymerization reactions in aque-
ous solutions, especially at low pH.103 Vanadium(V),
Mo(VI), and W(VI) all have the same electronic
configuration (d0) and favor octahedral coordination
in metallocomplexes. Like vanadium, molybdenum
and tungsten can exist in multiple oxidation states
under physiological conditions104 and can potentially
couple oxide or proton transfer with electron transfer
when complexed appropriately.105,106 As exogenously
added inorganic salts, all have been shown to have
similar effects on liver enzyme activities in the
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glycolytic pathway,107 although the comparative po-
tency observed for glucose metabolism vanadate >
tungstate > molybdate was the same as for relative
inhibition of alkaline phosphatase activity.107 The in
vitro effects could be substantially strengthened by
mixing either sodium molybdate or sodium tungstate
with hydrogen peroxide just prior to addition to
isolated cell suspensions,108 a potentiating effect
previously seen with vanadate.109,110 An obvious next
step was to form permolybdates and pertungstates,
analogous to pervanadates (vide supra), which could
then be compared for insulin mimesis in isolated cell
assays.111

Oxodiperoxo complexes of Mo(VI) and W(VI) are
particularly efficient oxygen-atom transfer and one-
electron oxidizing agents, with a broad pH range of
effectiveness in aqueous solution (at least pH 0-7).112

Pervanadates were about 2 orders of magnitude more
potent than pMo and pW in PTPase inhibition;
however, the greater hydrolytic stability and lower
toxicity of molybdates and tungstates compared to
vanadates has encouraged continued development of
these potentially interesting insulin mimics, as evi-
denced by a recent patent application.113 In vivo oral
administration of ammonium pertungstate (1 mg
mL-1 day-1) for 2 weeks to STZ-diabetic rats resulted
in normalization of blood glucose and of liver hexose,
hexosamine, and sialic acid contents.114 Insulin levels
were not reported. A hexacoordinate cis-bis(maltola-
to)bisoxomolybdenum(VI) has been synthesized and
characterized but not biologically evaluated (Orvig,
personal communication). The fact that molybdenum
is readily absorbed is a definite advantage for more
accurate dose determination.115 A possible disadvan-
tage is that molybdates and tungstates are less
potent than vanadates in all systems tested so far.111

Experimentation with a variety of coordination com-
plexes for optimal insulin mimesis seems likely to
follow.

B. Zinc Insulin Mimesis

Zinc coordination and redox properties are entirely
unlike those of vanadium, yet some studies have
revealed insulin-like glucose-lowering and other anti-
diabetic effects.116 There is some question whether
this is more a pharmacological or a nutritional
effect.117 Zinc, as a divalent cation, has a completely
filled d10 electronic configuration and has no ligand-
field stabilization energy for any particular coordina-
tion geometry,118 tetrahedral being therefore favored.
Ligand binding of Zn-N, Zn-O, and Zn-S are all
possible, and Zn easily undergoes relatively rapid
ligand exchange. Zn is not redox active, and only the
divalent oxidation state is thermodynamically pos-
sible under physiological conditions. Nonetheless,
zinc appears to play an essential role in maintenance
of glucose metabolism, and simple oral supplementa-
tion has been associated with positive symptomatic
improvements.119,120

C. Combination with Lithium and Other Metals

Other metal ions which have shown some promise
as insulin mimetics include lithium, magnesium, and

chromium, each for different reasons.119 For lithium,
the most promising in vivo effects have been in
combination with vanadium;121 for magnesium, chronic
supplementation in type II diabetes has given the
best pharmacological effects;122,123 while for chro-
mium, the effects are generally considered to be
closely tied to marginal chromium nutritional status
and are therefore related to recovery from defi-
ciency.124 The most intriguing feature of lithium’s
effects is the potential for synergistic glucose and
plasma lipid lowering in concert with vanadium.121,125

Combining 0.3 g L-1 lithium carbonate with 0.05 g
L-1 sodium orthovanadate (1/10 the usual dose) in
the drinking water of diabetic rats normalized plasma
glucose (with no change in plasma insulin) and
restored tissue antioxidant enzymes to normal levels
of activity.121

XI. Future Studies and Concluding Remarks
As more and more of the intricacies of the insulin

regulatory cascade are elucidated, we can look for-
ward to a more narrowly defined locus of vanadium’s
insulin mimesis. This in turn will permit fine-tuning
of an appropriate ligand environment for vanadium
coordination complexes that are optimally configured
for insulin-mimetic activity in vivo. As more is known
about the coordination chemistry of V(III), V(IV), and
V(V), we can also anticipate gaining greater a priori
control over tissue targeting, such that cellular
uptake of vanadium is preferentially directed toward
those tissues which normally require insulin for full
metabolic function. These tissues include, most no-
tably, liver, skeletal muscle, and adipose tissue.
Attention to the chemical and physical requirements
for effective hormone replacement may yield molec-
ular entities that are more readily absorbed than the
notoriously poorly absorbed inorganic vanadium salts,
with the result that dose determinations will be more
precise and potential for toxicity and inadvertent
organ vanadium accumulation lessened.

The most pressing needs currently for improving
the pharmacological utility of vanadium-containing
compounds are in the areas of comparative tissue
uptake, distribution and excretion for a variety of
vanadium coordination complexes, and closer defini-
tion of the metabolic fate of these complexes. As has
already been done for selenium-containing com-
pounds,97 we can anticipate soon that oxovanadium-
(IV), peroxovanadate(V), and vanadium(III) com-
plexes will be defined with regard to their point of
entry into in vivo metabolic pathways. This informa-
tion, in conjunction with more detailed knowledge of
the physiological and biochemical changes accompa-
nying diabetic symptomatology, will lead to more
focused efforts in the development of vanadium-
containing insulin-mimetic compounds. At the very
least, further research into the mechanism of action
of these complexes will be of value until directed gene
therapy can obviate the need for diabetic symptom
relief, which is currently by necessity only a stop-
gap approach.

In conclusion, the desirable features of vanadium-
containing insulin-mimetic agents, including oral
activity and potential for targeted tissue uptake, tend
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to outweigh the potential drawbacks, e.g., tissue
accumulation and uncertainty of initial dose deter-
mination, such that, for the foreseeable near future
(10-20 years), these compounds present an op-
portunity for substantial advance over available
diabetic therapies. In addition, they provide unprec-
edented and exciting avenues of investigation in the
mechanism of insulin action and course of develop-
ment of diabetic symptomatology. Whether alone or
in combination with other metals, vanadium-contain-
ing anti-diabetic agents are set to revolutionize the
way we look at diabetes.
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XIII. Abbreviations
BMOV bis(maltolato)oxovanadium(IV)
VPA oxobis(picolinato)oxovanadium(IV)
VO-MPA bis(methylpicolinato)oxovanadium(IV)
VCME vanadyl bis(cysteine methyl ester)
V-P oxobis(pyrrolidine-N-carbodithioato)oxovana-

dium(IV)
Naglivan oxobis(N-octylcysteineamido)vanadium(IV)
VO-SALEN [N,N ′-disalicylidineethylenediamine]oxo-

vanadium(IV)
VO(metf)2 bis(N,N ′-dimethylbiguanidato)oxovanadium-

(IV)
VO(bg)2 bis(biguanidato)oxovanadium(IV)
PTPase phosphotyrosine phosphatase
STZ streptozotocin
bpV(phen) oxodiperoxo(1,10-phenanthroline)vanadate-

(V)
bpV(bipy) oxodiperoxo(bipyridine)vanadate(V)
mpV(pic) oxoperoxopicolinatovanadium(V)
IDDM insulin-dependent diabetes mellitus
NIDDM noninsulin-dependent diabetes mellitus
i.v. intravenous
i.p. intraperitoneal
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