Design of vanadium compounds as insulin enhancing agents
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Vanadium compounds, in vitro, stimulate glucose uptake
and inhibit lipid breakdown, in a manner remarkably rem-
iniscent of insulin’s effects. In vivo, vanadium enhances
insulin’s plasma glucose and lipid-lowering properties,
leading to normalization of diabetic symptoms in the pres-
ence of only minimal endogenous insulin. The coordin-
ation chemistry of vanadium has great versatility for
adjustment of pharmacological characteristics. Vanadium
compounds are generally also very redox active, which is
both advantageous and detrimental for optimizing bio-
chemical function. In this perspective, we review and com-
ment on how these properties have been revealed, what
questions have arisen along the way, and where future
investigations may be headed. While this is not a com-
prehensive overview of all available compounds touted
as ‘insulin enhancing agents’, it will focus on those which
are distinctive in some way, or which are representative
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of the larger library of vanadium compounds, includ-
ing all currently known relevant oxidation states of
vanadium.

Introduction

The first demonstration that millimolar addition of sodium
metavanadate to fat cells could stimulate glucose uptake and
inhibit lipid breakdown was reported over two decades ago.'
This serendipitous discovery was followed later by in vivo evi-
dence that orally administered vanadate could reverse the overt
symptoms of diabetes in experimentally diabetic animals.?
Included in these symptoms were high blood sugar and plasma
lipids, as well as the less obvious, but seriously pre-morbid,
thyroid hormone abnormalities, and the cardiomyopathy
associated with diabetes. Organic ligands, complexed to
vanadium in coordination compounds, present ways to fine-
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Table 1 Selected milestones in the development of vanadium compounds as insulin mimetics

Corresponding Vanadium

author compound Significance Reference
Tolman, 1979 Na,;VO, T Glucose uptake, ¥ lipolysis in fat cells 1
McNeill, 1985 Na,;VO, J Plasma glucose, ¥ plasma insulin in vivo 2
McNeill, 1989 VOSO, Better tolerated in vivo, lower toxicity 44
Sakurai, 1990 VCys, VTar Comparison of insulin mimesis in vivo 45

Orvig, 1992 BMOV First long-term study of novel orally available vanadium(1v) 91

coordination complex
Kahn, 1995 Na;VO, First human clinical trial of vanadium(v) 79

tune the effects of vanadium, thereby minimizing any adverse
effects without sacrificing important benefits.> This area of
research has recently grown enormously in an effort to find
more effective, yet still orally available, complexes of vanadium
which have insulin enhancing properties.>®

Three general classes of vanadium-containing compounds
are of interest for their utility as insulin-mimetic agents: (1)
inorganic vanadium, both anionic (vanadate, [VO,]*") and
cationic (vanadyl, VO**), (2) coordination complexes, mostly of
the general type VOL,, and (3) peroxovanadium complexes
(mono- and di-peroxovanadates, [VO(O,)(H,O),(L-L)]"", n=0
or 1, and [VO(O,),(L-L")]"", n=1, 2 or 3). Coordinating ligands
have specifically been chosen or designed to improve substan-
tially the absorption, tissue uptake, and intracellular mobility
of vanadium, thereby reducing the dose required for optimal
insulin enhancement.® In this perspective, the primary interest
will be on coordination complexes, with some coverage
of the currently most promising peroxovanadates. Inorganic
vanadium salts as insulin enhancing agents will only be featured
to illustrate the milestones of development in our under-
standing of insulin mimetic behaviour.

The term ‘insulin mimetic’ is something of a misnomer,
since no vanadium compound can completely substitute for
insulin (complete lack of insulin precludes effectiveness of any
vanadium complex), but the actions of vanadium compounds
are insulin-like, or at least insulin enhancing, for the most part.
Poor absorption from the gastrointestinal (GI) tract into the
bloodstream ' and narrowness of the window of optimal
effectiveness in vivo!! are the current limitations on administer-
ing vanadium to diabetic patients.

Design of vanadium-containing insulin enhancing
agents

For vanadium to be useful as an orally available insulin mimetic
agent (IMA) it must be able to cross biological membranes,
both for the initial absorption process and for intracellular
uptake. Very few metal ions have inherent active or facilitative
transport mechanisms, exceptions being essential metal ions
such as copper, zinc and iron."> Most others are assumed to
cross cell membranes by passive diffusion, which requires that
(for vanadium in a complex) the metallocomplex must have low
molecular weight, no positive or negative charge, and a fair
degree of resistance to hydrolysis. A high synthetic yield and
known non-toxic metabolic products are also advantageous.
The lipophilicity of the complex must be balanced with its
hydrophilicity. Moreover, the metal-ligand complex should
possess adequate thermodynamic stability.

Vanadium speciation and coordination bonding

in vivo

Physiologically relevant oxidation states of vanadium include
VI VYV and V.2 In the early studies of vanadium speciation in

vivo vanadate was considered to be the most relevant species in
plasma.' Experimental evidence, especially EPR studies, sup-
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ported the idea that vanadate was reduced to vanadyl by intra-
cellular binding to glutathione (y-glutamylcysteinylglycine).'®
Radiolabelled ®*VOCI, or NH,*®VO, injected intravenously in
rats,'® and *VOCI, in dogs,"” clearly showed vanadium(iv)
binding to transferrin and, to a lesser extent, to other blood
proteins, most probably albumin.'”'® Subsequent studies,
incorporating 'V NMR techniques as well as EPR, revealed
that VIV and VY tended to exist in equilibrium in plasma' and
that binding to plasma proteins such as transferrin and albumin
kept a substantial portion of in vivo vanadium in a reduced
form. 2!

Nonetheless, vanadate’s structural similarity to phos-
phate??* led researchers to expect that it might be the primary
species in tissues such as bone,* the primary accumulator of
vanadium in vivo,> where it could be expected to replace par-
tially phosphate.? Recent electron spin echo envelope mod-
ulation spectroscopy (ESEEM) studies of kidney and liver
samples from VOSO,-treated rats found VO*" nitrogen-ligated
complexes in both tissues;* vanadium(1v) bound to phosphates
in bone, most likely near the surface, has recently been demon-
strated,”® also by ESEEM. Thus, vanadium’s role and distribu-
tion in vivo is still an ongoing area of investigation. Whether as
vanadate, vanadyl, or an equilibrium mixture, vanadium has
been shown clearly to possess insulin-like actions and, unlike
insulin, to be orally active.’

Mechanisms of the insulin enhancing effects of
vanadium

Vanadium is a required cofactor for several haloperoxidases,?
and may play a role in regulation of thyroxine deiodinase;*
however, a well defined biochemical role in mammals has
remained elusive.'®3"32 Effects on various components of the
intracellular signaling cascade are manifold;*** insulin-like
stimulatory or inhibitory effects on specific glucose- and lipid-
related enzyme systems have also amply been demonstrated.3*’
Insulin mimetic effects in vitro include stimulation of a plethora
of enzyme systems in both the glucose and lipid metabolic
pathways;"* it is worth noting, however, that most of these
effects have been observed when millimolar concentrations of
aqueous vanadium salts were added to cell cultures. These can
at best, therefore, be considered to indicate insulin enhancing
potential in vivo.

The mechanism of vanadium’s in vivo effects has been the
subject of much debate *** ever since the initial demonstration
of these effects in chemically induced diabetic rats in the 1980s?
(Table 1). This and subsequent studies demonstrated that
vanadium’s in vitro insulin-like effects could, in fact, translate
into in vivo glucose- and lipid-lowering effects.’ In these early
trials sodium chloride was added to the drinking water to
improve palatability and reduce risk of dehydration; however,
with the advent of vanadyl sulfate (VOSO,, 0.5-1.25 mg mL™")
as the form of vanadium added,* this addition was no longer
necessary. Vanadium could never completely replace insulin,*+*
and the mechanism(s) were differentiable from those of insulin,
both in enzyme systems and in cell culture studies.*”* Some
speculation as to the role of food restriction,** or pancreatic



B-cell regeneration,® in vanadium’s insulin mimesis arose as

a result of these seminal works; however, these occasional
findings are clearly not causative factors in vanadium’s insulin
mimesis.>

Early attempts to explain the mechanism of action of
vanadium in vivo tended to assume that the membrane-
spanning insulin receptor must be involved in some fashion.**
The obvious structural similarity between phosphate and
vanadate ions tended to reinforce this notion.”® Yet, approxi-
mately 10 years ago, conclusive evidence was presented that
insulin receptor tyrosine phosphorylation was not required for
vanadium’s insulin enhancing effect.**** Vanadate can substi-
tute for phosphate in transition state analogues of phospho-
tyrosine phosphates (PTPases) as shown by crystal structure
studies,”*® and sodium vanadate is routinely added to enzyme
assays to preserve tyrosine phosphorylation.”” The insulin
enhancing mechanism of vanadium compounds appears, how-
ever, to be far more complex.**® A requirement for some degree
of reversibility of this PTPase inhibition, and consequent
stimulation of protein tyrosine kinases by intracellular
vanadium, has more recently been hypothesized.** Some of
vanadium’s insulin mimesis appears to be due to stimulation of
cytosolic tyrosine kinases which bypass at least some of the
usual insulin-requiring pathways in vivo.”® Most current evi-
dence points to a site (or sites) of action downstream from the
insulin receptor,*®® and considerable circumstantial evidence is
accumulating which suggests that vanadium’s effects on intra-
cellular calcium metabolism may also be critical to a vanadium-
containing compound’s success as an IMA 5%

A key feature of vanadium’s insulin mimesis is the multi-
plicity of its effects.®% In experimental animals (both
spontaneously and chemically induced diabetic), vanadium
alleviated not only the primary symptoms of diabetes, high
blood glucose and lipid levels (triglycerides and cholesterol),
but also the secondary complications, e.g. cardiomyopathy,?
sorbitol accumulation,®® cataract development,®® thyroid
hormone imbalance,>* alterations in kidney morphology,’""
and adrenal hypertrophy.”” In partially pancreatectomized
rats,”® vanadium therapy reversed insulin resistance by restor-
ation of muscle glycogen synthesis; in STZ-diabetic rats, it
stimulated basal hexose uptake in muscle and liver,*® and even
in non-diabetic rat muscle, vanadium administration increased
sensitivity to insulin stimulation of glycolysis and glycogen
synthesis.”* Since secondary complications of diabetes are
known to have increased oxidative stress” as etiologic com-
ponents, the possibility that vanadium’s insulin mimesis is
partially due to alterations in pro-oxidant/oxidant balance
was also considered.””’

Within the last five years both inorganic and organic forms
of vanadium have been tested in human subjects and shown
considerable promise.”*® Doses required for human therapy
are far lower than those in experimental animals, and modest
improvements in insulin and glucose metabolism are seen with-
in a few weeks of the start of the trials. The major drawback, as
previously noted in experimental animals, is gastrointestinal
(GI) distress. Since vanadium is absorbed at very low levels
(generally < 2% of an oral dose),** a major avenue of continued
research is development of appropriate ligands both to improve
absorption and thus lessen the dose required, and to ameliorate
the likelihood of gastric irritation.

3-Hydroxy-pyronate and -pyridinonate compounds

The pyrones, maltol (3-hydroxy-2-methyl-4-pyrone, Hma) and
ethylmaltol (2-ethyl-3-hydroxy-4-pyrone, Hema), are particu-
larly well suited for increasing absorption and bio-availability
of metal complexes, since these compounds deprotonate
easily (pK, for Hma = 8.46; for Hema = 8.53) and form stable
coordination complexes with a number of metal ions.*# When
deprotonated, the maltolato ion is a known, non-toxic, anionic,

chelating, bidentate O, O’ ligand for many metal ions, including
iron,% aluminum,® gallium,® indium,* and molybdenum.*
Both maltol (Hma) and ethylmaltol (Hema) are approved food
additives in the US, the UK, and Canada.
Bis(maltolato)oxovanadium(1v) (BMOV) 1°%? and its close

A

analogue bis(ethylmaltolato)oxovanadium(iv) (BEOV)? can be
synthesized by simple metathesis of an inorganic vanadium(1v)
salt and the appropriately substituted 3-hydroxy-4-pyrone.
Both are soluble (mM scale) in a number of organic solvents, as
well as in water.®*** Stability constants for the binding of 1 and
2 maltolato ligands to vanadyl in BMOV are log K; = 8.80 and
log K, =7.51; for the bis(ligand) complex, log f,=16.31. The
geometry around the vanadium in [VO(ma),] is square
pyramidal.”®

Six-coordinated vanadium(in)-pyrone and —pyridinone
complexes are stable, lipophilic complexes, which are none-
theless water soluble.®* V(ma), 2, V(ema),, V(koj);sH,O and

O\ X
V.
>~ 0O
° 3
CH3
2

V(dpp);12H,0 have been synthesized on a large scale by
dithionite reduction of an aqueous vanadyl complex.*

Vanadium(m) pyronate and pyridinonate compounds may
serve as easily synthesizable pro-drugs that would readily con-
vert into compounds of VIV or VV in vivo, with speciation
dependent on pH and vanadium concentration.

Several other vanadium(1v) complexes have a VO(N,0,)
ligand coordination close to that found with the pyronates;
examples are oxobis(picolinato)vanadium(rv) (VOPA), 3a, and

R
=

0 1
0 O\U/N\
‘ v o

=

0]

R
3a, VOPA (R = CHa) 3b, VOMPA (R = C,Hs)

bis(methylpicolinato)oxovanadium(iv) (VOMPA), 3b, the
ligands being derivatives of 2-methylpyridine.”>** VOMPA is
more lipophilic than VOPA, and both compounds are insulin
mimics.*>*’

The redox chemistry of BMOV demonstrates an impressive
lability in oxidation and reduction.”® In ambient methanol, or
in any ambient alcoholic solvent, BMOV oxidizes to form an
alkoxobis(maltolato)oxovanadium(v) complex, cis-[VO(OR)-
(ma),], the oxidation kinetics being second order, a function of
the concentrations of both the complex and molecular
oxygen.”** The reaction between BMOV and molecular oxy-
gen, in a 4:1 ratio, gives the vanadium(v) species, consistent
with the fact that BMOV undergoes a 1-electron oxidation and
0, is a 4-electron oxidant. The observed rate constant is directly
proportional to the molecular oxygen concentration, consistent
with this stoichiometry and the overall rate at 25°C. Two
pathways, aqua and hydroxo, give the analogue dioxoanion,
cis-[VO,(ma),] ", for oxidation of BMOV with O, in water.”®

With BMOV, it has been possible to achieve effective blood
glucose lowering in STZ-diabetic rats at an initial dose of 0.4
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Table 2 Comparison of bioactivity of vanadium-containing insulin mimetics tested in vivo*

Vanadium Dose;”
compound method ¢ Result Advantages Disadvantages Comments Reference
o 04 0.1;i.p., Glucose lowering ~ No toxicity in Some GI distress ‘Benchmark’ 100
o Nl A 0.6; p.o. (GL) 2-3 X more chronic use; above 0.8 mmol compound; 25
™ \O/V\ 0.0 effective than VS ligand an kg 'i.p. biodistribution
0.2; p.o. Maintenance approved food more effective 91
BMOV dose for GL additive than VOSO,
0.03; i.p. No glucose 7
lowering
0.06; i.p. 33% Glucose Naturally Normoglycemia Calculated oral 95
lowering occurring ligand not sustained dose higher than
0.6; p.o. 64% Glucose with BMOV
lowering
0.1; i.p. Glucose lowering ~ Prolonged effect Slow onset Maintenance 96
0.2; p.o. in all test animals  after cessation of dose lower than
treatment initial dose
0.1; i.p. Glucose lowering ~ Metformin in Not water soluble ~ No observed 123
0.6; p.o. in all test animals  use as oral Some GI distress synergy
hypoglycemic
with well studied
pharmaco-
kinetics
0.3; 1i.p. No glucose Improved insulin ~ Very unpalatable Not an 108
lowering sensitivity No correlation improvement
0.4; p.o. 35% Glucose between plasma V. over BMOV at
lowering and glucose the same dose
lowering
VO(Etacac),
0.1; p.o. Glucose lowering  Readily available Not water soluble  Best of a series 101
H3CO)I Xl 2NJ)J\OCH3 to 62% of initial amino acid tested in vitro for
level ligand FFA release
2.0; p.o. Mortality due to
VCME diarrhea
0.2; i.p. Glucose lowering  Prolonged Not water soluble ~ Weight loss and 103
C < ™~ ” / >> ij 0.2; p.o., in all test normoglycemia 7 bilirubin with i.p.
10.1;ip, animals; following dose
maintenance  suppressed withdrawal
VP release of FFA
0.2; p.o. Plasma glucose Water soluble Hypoglycemia; Tested in Alloxan 107
N ‘ | N= lowered to ‘near and stable glucose-lowering diabetic rats;
AV j@ normal’ in not sustained kidney and liver
d diabetic rats V higher in
diabetic rats
VOSALEN given same dose

“ In STZ-diabetic rats, except where noted. ® mmol kg™'. ¢ p.o. = Oral.

of complex as
controls

mmol kg! d~!, which can be decreased to 0.2 mmol kg™ d™!
for maintenance, with no evidence of toxicity over a six month
period of administration.”® The dioxoanion was, by contrast,
not at all effective as an oral IMA.'™ Intraperitoneal (i.p.) and
oral gavage demonstrated the glucose-lowering capability of
several V™-containing complexes, with V(ma), proving to be
the most potent by these standards, though still not as potent as
BMOV, nor evincing a great redox stability.* Although no
attempt has yet been made to establish the speciation in vivo,
at physiological pH, vanadium(ir) complexes should oxidize
rapidly to analogues of VIV or VV.

Both VOMPA and VOPA have been proven as insulin-
mimetic (Table 2), with the former more efficient®” as an inhibi-
tor of free fatty acid (FFA) release, a commonly used in vitro
measure of insulin mimesis. The observed insulin mimesis is
dependent on dose, but not in the most obvious (linear) dose-
dependent fashion. Glucose lowering appears to have a slower
onset and longer duration after cessation when fed at a lower
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dose initially; the observed anti-diabetic response was, however,
no less than when given initially at a higher dose.**

Thioligand derivatives

A variety of coordination spheres of vanadium(iv) and thio-
ligands have been synthesized by simple methods. For example,
vanadyl bis(cysteinate methyl ester), VCME, 4! was found to

NH,O H,N
3co)t NIV He j)koczH3

be a five coordinate vanadium(rv) complex, with a square
pyramidal geometry, and was relatively stable. It was insoluble
in water, and highly lipophilic.



Another N,S, coordinated oxovanadium(rv) complex, bis-
(N-octylcysteineamido)oxovanadium(1v), naglivan, 5'* shared

FrrCes )‘\LNHZOWJ)L -~ Cetz

with  VCME the same lipophilicity and poor aqueous
solubility.

Oxobis(pyrrolidine- N-carbodithioato)vanadium(iv), V-P, 6,
has a VOS, coordination sphere, and is insoluble in water,

O R

methanol, ethanol, diethyl ether and only slightly soluble in
a variety of organic solvents, including pyridine, dimethyl
sulfoxide, and dimethylformamide.'® It is also unstable in air.
Bis(1-oxido-2-pyridinethiolato)oxovanadium(iv), VO(OPT),,
7, with VO(S,0,) coordination has also been synthesized and

Q0 g
‘\N/\U/ /‘
N
= S/\o/\
7

characterized.'™ Biological effectiveness of VO(OPT), was
evaluated in vitro only, by free fatty acid release from fat
cells (adipocytes). In this system, VO(OPT), was 4.7 times as
effective as VOSO, (ICs, = 0.19 and 0.90 mM, respectively).'*
Suspension of V-P, VCME or naglivan in 3-5% acacia gum
made in vivo testing (by oral gavage) possible'**'* (Table 2).
Naglivan, at doses of 5-15 mg V kg ' d"* (0.1-0.3 mmol kg !
d™) effectively lowered blood glucose levels to near normal in
STZ-diabetic rats; however, the onset of action was significantly
slower than that seen with inorganic vanadium compounds.'®
Despite its poor solubility characteristics, V-P was the most
effective in a whole series of vanadium(1v) complexes of vary-
ing coordination modes, including V-O, V-N, and V-S, when
tested for insulin mimetic activity by inhibition of free fatty
acid release in rat fat cell preparations.’®® Significant mortality
at doses 10 times the IMA dose was noted with the VCME
series in vivo."®" By comparison with BMOV, none of these
compounds was as orally available or as potent as IMAs.

Acetylacetonate, -hydroxamate, and phenolate
compounds

[V,N'-Bis(salicylidene)ethane-1,2-diaminato]oxovanadium(iv),
VOSALEN, 8, was prepared by first synthesizing the ligand,

@Cm

and then complexing the ligand to vanadium, by usual
methods.' It was found to be air-stable and sparingly water-
soluble. The coordination geometry was suggested to be
octahedral in DMSO, but square pyramidal in the solid state.
VOSALEN was orally effective (7.5 mmol kg ! d~! for 30 days)
for glucose lowering in alloxan-induced diabetic rats; however,
rats tended to become hypoglycemic, and withdrawal of treat-
ment brought an immediate return to hyperglycemia.'®’

In an alternative strategy, design and preparation of ligands
which might serve as in situ vanadium binding agents were
undertaken, yielding a series of dihydroxamic acid chelators as
hydrophobic carriers of vanadyl.'® In an in vitro assay of lipo-
genic stimulation in rat adipocytes, RL-252, 9, was maximally

HyC —OH HO—p~ O3
Lo o
i-Bu—CH CH—i-Bu
HN NH
0=\ /=0
(CHa)2 (CHa)2
“o o
o
H,C CHs
9

effective at molar ratios of 10:1 vanadyl sulfate: chelator, sug-
gesting a shuttle mechanism of action. Model compounds that
were synthesized for chemical characterization were electrically
neutral, lipid-soluble, and optically chiral; they released the
bound metal ion when treated with aqueous glutathione
solutions.

Concurrent i.p. administration of sodium metavanadate and
L-glutamic acid y-monohydroxamate in STZ-diabetic rats led to
potentiation of the vanadate alone effect by 5-7 fold,"® with
apparent in situ formation of an oxovanadium(v)-L-glutamic
acid y-monohydroxamate in a 1:1 or 1:2 ratio, as shown by *'V
NMR studies.

Bis(3-methyl-2,4-pentanedionato)oxovanadium(iv), VO-
(acac),, and the close analogue bis(3-ethyl-2,4-pentanedionato)-

oxovanadium(1v), VO(Etacac),, 10, have also recently been
evaluated as possible insulin mimetic agents. The synthesis
procedure for these compounds was simple metathesis of
vanadyl sulfate trihydrate with the appropriate pentanedione
and pH adjustment to pH 4 with sodium bicarbonate. The
compounds were characterized by EPR and X-ray crystallo-
graphic studies.'®

VO(Etacac), (0.125 mg mL™', 0.4 mM) lowered plasma
glucose in STZ-diabetic rats from 25 mM to approximately 16
mM within 8 weeks of treatment and closely paralleled the
response to BMOV given in the same concentration in the
drinking water.'® VO(acac), was proposed to effect somewhat
more efficient glucose lowering;” however, on close inspection,
no physiologically significant difference among the three organ-
ically ligated vanadyl compounds can be discerned. No
dose response was seen when calculated vanadium intake was
compared with plasma glucose lowering for any of the three
(nor for VOSO,, corroborating earlier observations).*® The three
organo vanadium compounds were also not significantly differ-
ent from each other in integrated plasma glucose or insulin
response, according to the oral glucose tolerance test adminis-
tered after 6 weeks of treatment. Intraperitoneal testing (25
umol kg™") resulted in a slight (but statistically significant)
glucose lowering (to 20 mM glucose, still severely diabetic) with
VO(acac), alone between 1 and 5 days after injection.” This
isolated finding hardly warrants a ‘superior glucose-lowering’
rating.”

Peroxovanadates

Synthesis and characterization of a large number of peroxo-
vanadate complexes of heteroligands, both mono- and poly-
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dentate, revealed a range of stabilities toward decomposition in
aqueous solution, depending on the nature of the hetero-
ligand.''"'> None of the peroxovanadate complexes can be
considered to be hydrolytically stable, and all are subject to
redox processes, which ultimately result in radical formation
with the concomitant potential for increased intracellular
oxidative stress.''*

The 6-coordinate imidazole(oxo)bis(peroxo)vanadate(v),
11, has been shown to enhance insulin receptor autophos-

phorylation in human liver cell culture, as well as to increase
glucose transport in rat adipocytes, at concentrations ranging
from 1 pM to 1 mM."® The coordination of vanadium(v) to
imidazole, an unusual pentagonal pyramid, presents struc-
tural analogies to the coordination of vanadium to histidine
residues in vanadium-containing haloperoxidases and some
phosphorylases.

Oxoperoxopicolinatovanadate, mpV(pic), 12, with Land L' =
picolinato, was effective in achieving a 20% decrease in plasma
glucose in STZ-diabetic Sprague Dawley and BB rats at a
lowest effective dose (LED) of 0.4 umol kg ! while the lowest
dose producing mortality was more than 15 times higher.''¢
By contrast, oxoperoxopyridine-2,6-dicarboxylatovanadate,
mpV(2,6-pdc), had an LED =24 pmol kg™ ! which was merely
half the lowest dose producing mortality.''® In vitro, mpV(pic)
was also most effective as an IMA, stimulating [**C]glucose
incorporation into diaphragm glycogen 9 times greater than in
the absence of added peroxovanadate. The exact formulation
appeared to be crucial, as another monoperoxovanadate,
bis(oxalato)oxo(peroxo)vanadate, mpV(ox),, was only minim-
ally stimulatory in the same assay.!'” The apparent greater
discrepancy between peroxovanadates in terms of their bio-
logical effectiveness, compared to oxovanadium(rv) complexes,
which vary within a much smaller range in their relative
biological effectiveness, may be due to a more specific nature
of insulin mimesis, generally attributed to inhibition of PTPase
activity."®"'* As PTPase inhibitors, steric and charge effects
may be expected to play more prominent roles.

Two of the earliest discrete diperoxovanadate(v) com-
pounds, 13, potassium oxodiperoxo(pyridine-2-carboxylato)-

(0] (0]

OH, o
L
N

12 13

Mono- and bis-(peroxo)oxovanadate(v) complexes

vanadate(v) and potassium (3-hydroxypyridine-2-carb-
oxylato)oxodiperoxivanadate(v), are prone to decomposition in
aqueous solutions,"! a limiting factor for potential pharm-
aceutical use. The most stable bisperoxovanadium compound
of the [VO(O,),(L-L")]"" type, potassium oxodiperoxo(1,10-
phenanthroline)vanadate(v) trihydrate [bpV(phen)], has been
tested in vivo , both by intrajugular injection of 6 pmol kg~ !,
and by oral gavage, at 20 to 200 umol kg *,'*® and proved to be
effective as a glucose lowering agent in very short-term trials. At
doses of 0.75-6 pmol V kg™, bpV(pic), bpV(phen) and
bpV(Me,phen) were effective in lowering plasma glucose in
BB rats (a spontaneously diabetic rat which is a good model
of type I diabetes) whether given intavenously (i.v.), i.p., or

subcutaneously, but not by oral gavage.!”® The mechanism
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of action of peroxovanadates unfortunately appears to
involve increased intracellular oxidative stress,!'*!* and PTPase
inhibition is irreversible, unlike with oxovanadium(iv)
compounds. 12

Peptide-bound oxovanadium(1v) complexes

A very recent development in design of insulin enhancing
agents is the preparation of vanadium-containing complexes of
the [VO(XeX)(H,0)] type, 14.""122 Like VO(pic), complexes,
these tetradentate oxovanadium(iv) complexes, where XeX is
N, N’-ethylenebis(amino acid), have N,O, coordination.

OH,
N /037o

14

Complexes containing glycine, alanine, valine, methionine
and proline were prepared.’”? Using FFA release from adi-
pocytes as a measure of insulin mimesis, investigators found
that complexes with A-type configuration, containing achiral or
D-amino acids, at 0.01-1.0 mM V in the tissue homogenates,
had a higher in vitro insulin-like activity than complexes with
A-type configuration.'? Relative stimulation of FFA release was
also correlated with increasing lipophilicity in this particular fat
cell assay.

Vanadium-containing complexes with other oral
Hypoglycemic agents

Another design strategy for insulin enhancing agents involves
combining known hypoglycemic agents (or their close
analogues) with oxovanadium(lv) in one, potentially syn-
ergistically effective, compound.’®® Biguanides, most notably
metformin, are in pharmaceutical use as oral hypoglycemic
agents, for treatment of type 2 diabetes. A variety of biguanide
complexes were prepared and tested. Suspensions in 3% gum
arabic were administered by oral gavage for in vivo testing,
which showed both i.p. (at 0.12 mmol kg™ ') and oral (at 0.6
mmol kg™') insulin-mimetic activity, though without any sus-
tained response, and with no evidence of additivity between the
vanadyl and oral hypoglycemic components.'?®

Conclusion

Design of vanadium-containing compounds as insulin
enhancing agents can take advantage of vanadium’s diverse
characteristics, which render it an ideal, and perhaps unique,
choice for stepping in as a regulator of cell metabolism, where
insulin is insufficient or underutilized. In combination with
appropriate ligands, with the potential to increase gastrointest-
inal absorption, target insulin-responsive tissues, and minimize
toxicities, vanadium’s potential as an insulin-enhancing agent
can greatly be improved. Oxovanadium(1v) compounds, espe-
cially BMOV and analogues, are clearly effective in improving
glucose uptake, decreasing plasma lipids, regulating thyroid
hormone production, and ameliorating diabetic cardio-
myopathy, retinopathy, and renal hypertrophy. Some oxo-
vanadium(v) compounds have also shown promise as insulin



enhancing agents, especially in acute and in vitro studies.
Determining the relative efficacy of new vanadium-containing
insulin enhancing agents is an ongoing concern. Biological test-
ing in whole animals is time-consuming, expensive, and has
limited sensitivity to differentiate between structurally similar
compounds. Cell culture and in vitro testing require sufficiently
higher concentrations of compounds that the rankings may
have limited transferability to the in vivo situation. As our
understanding increases of the mechanisms of vanadium’s
insulin enhancing effects, our ability to devise a consistent,
simple and fast assay will, no doubt, also increase. At this
time, bis(maltolato)oxovanadium(rv) remains the ‘benchmark’
compound, against which all others are measured and, so far,
generally found wanting in one respect or another.’
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