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ABSTRACT

The chemical and biological properties of a simple and traditional V(5+) coordination complex, dipicol-
inatooxovanadium(V) (abbreviated [VO,dipic]~), are described in order to present a hypothesis for a
novel mode of action wherein a hydrophobic membrane environment plays a key role. Specifically, we
propose that the compartmentalization and both chemical and biological transformations of vanadium-
complexes direct whether beneficial or toxic effects will be observed with this class of compounds. This
concept is based on the formation of high levels of uncontrollable reactive oxygen species (ROS) from
one-electron reactions or alternative events possibly initiated by a two-electron reaction which may be
directly or indirectly beneficial by reducing the high levels of ROS. The properties of dipicolinatooxo-
vanadium(V) compounds in aqueous solution (D.C. Crans, et al., Inorg. Chem. 39 (2000) 4409-4416) are
very different from those in organic solvents (S.K. Hanson, et al., J. Am. Chem. Soc. 131 (2009) 428-429)
and these differences may be key for their mode of action. Since other vanadium complexes are known
to hydrolyze upon administration, the low stability of the aqueous complex requires entrapment in
hydrophobic environments for such a complex to exist sufficiently long to have an effect. The sugges-
tion that the environment changes the reactivity of the compounds is consistent with the very different
modes of action by which one complex act. In short, a novel hypothesis is presented for a mode of action of
vanadium compounds based on differences in properties resulting from environmental conditions. These
considerations are supported by recent evidence supporting a role for membranes and signal transduc-
tion events (D.A. Roess, et al. Chem. Biodivers. 5 (2008) 1558-1570) of the insulin-enhancing properties
of these compounds.
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1. The action of vanadium compounds can be beneficial
and malicious; could chemical and biological
transformation be related to function?

Design, efficacy, and mode of action are defining properties
of all drugs, including metal-containing drugs [1,2]. Drug effi-
cacy is dependent on absorption, distribution, metabolism and
excretion, properties that are disease- and organism-specific, and
ultimately dictate mechanism of action. The action of a drug
generally describes how the product impacts cellular function
resulting in the reduction of a disease state. Drug design is often
linked to its function and cellular uptake mechanism to facili-
tate efficacy. Pharmacokinetic studies characterize distribution and
transformations that occur during drug function. Since the suc-
cess of a drug is often a balance between beneficial and toxic
concentrations, the greater the difference between therapeutic
and toxic levels, the better. Targeting improves the benefit of a
drug due to the inherent reduction in risk of toxicities in a host
(i.e. by lowering potential systemic levels and the attainment
of toxic levels) while still achieving therapeutic results. There-
fore, for the successful development and administration of any
drug, detailed information on its transformation and localization
in situ is critical. Herein, we review available evidence regarding
the biotransformation [3-9], localization [4,5,8,10-15], and tox-
icity [8,16,17] of one vanadium(V)-containing insulin-enhancing
agent, 2,6-pyridinedicarboxylato-oxovanadium(V) ([VO,dipic]~;
Scheme 1) [3-7,9,12,18-23], reconciling its beneficial and malev-
olent effects in cells and in diabetic animals with its chemical
properties.

Vanadium (abbreviated as V) compounds, where salts are con-
sidered charged complexes, are particularly sensitive to their
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Scheme 1. The structures of the (a) oxovanadium(V) dipicolinate ([VO,dipic]~) (b)
vanadate, the V(5+) salt diprotonated anion, H,VO4~ (c) oxovanadium(IV) dipicoli-
nate [VOdipic(H,0),] (d) hydrogen bis(dipicolinato)vanadium(III) H[V(dipic), H,O].

environment [24-27]. Importantly, various forms of V exert dif-
ferent biological activities [24,28-31]. It is well known that V
salts and compounds undergo biotransformations (summarized
in Fig. 1). Undoubtedly, the degree to which pentavalent V(5+) is
reduced to tetravalent V(4+)is an important factor influencing how
much metal/agent is transported into/out of cells, the magnitude
of detoxification reactions initiated, how extensively superoxide
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Fig. 1. An illustration of the current reported vanadium interactions in biological systems, with one electron V(4+/5+) redox chemistry occuring in the extracellular matrix
(ECM). Membrane interactions are shown occuring via either passive diffusion of membrane protein interaction mechanisms. Upon entry into the cytoplasm V(4+) and (5+)

affect cellular components in many ways.
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Fig. 2. Vanadium(3+), (4+) and (5+) salts and complexes enter by passive diffu-
sion through the hydrophobic intermembrane space. The hydrophobic environment
results in altered reactivity of the V complex. The formation of excessive amounts of
reactive oxygen species (ROS) from V(5+/4+) redox results in toxic responses. Alter-
natively, the more controlled V(5+/3+) redox pathway result in unknown beneficial
products.

anion (*O, ) and hydrogen peroxide (H,0,) metabolism is affected
(also referred to as reactive oxygen species formation), as well as
the extent to which several key cellular processes are potentially
impacted [14,16,32]. In this review, we evaluate the hypothesis
that some novel chemistry that has recently been reported in
organic solvents using catalytic V compounds [33-38] could apply
to hydrophobic environments of the cell and as such, be relevant for
the mode of action of vanadium compounds. Hydrophobic environ-
ments exist in the intermembrane spaces of bilayers and in various
locations within folded proteins that are found throughout a cell.
Fig. 2 illustrates two very different chemical events occurring in a
hydrophobic membrane environment based on known chemistry
in organic solvents. The one-electron process is accompanied by
reactive oxygen species (ROS) and reactive oxygen nitrogen species
(RONS) formation. The two-electron process, although much more
rare, recent reports with the V-dipic system in organic solution
suggest that this process may be possible [33-35]. An important
consequence of this hypothesis is that the effects of V-based drugs
may change depending on environment. Thus, more so than with
carbon-based drugs, the location and compartmentalization of the
V-containing drug are factors critical to the actions of these agents.

Vanadium  compounds exert a range of bio-
logic/pharmacological effects. Both V(4+) and V(5+) compounds
result in insulin-enhancing responses in both diabetic humans
and animal models [22,24,39-44]. The insulin-enhancing effect
of one particular V(5+) compound, [VO,dipic]~, is shown and
compared to its corresponding free ligand and simple salt in
Fig. 3 [3] and shows that the complex induces a statistically
different response on Wistar rats with STZ-induced diabetes.
This manuscript briefly reviews the insulin-enhancing effects
of V-dipic compounds, [3,4,7-9,19,20,22] their effects reported
on the cell membranes, [8,12,14,15] and aims to reconcile these
effects with recently reported catalytic chemistry taking place in
hydrophobic environments [33-35]. Based on known chemistry,
we explain the biological activities of these compounds in the
context of their fundamental physical and chemical properties in a
hydrophobic membrane environment. Accordingly, we review the
diverse properties of these compounds in aqueous and hydropho-
bic environments within the framework of the concepts of drug
compartmentalization and localization.

Biological effects generally trace with the compartmentalization
of a drug and are exemplified by cisplatin, where the anti-cancer
effects arise after permeation into the nucleus forming irrepairable
adducts with DNA [45]. However, prior to reaching the nucleus,
the primary cytotoxic effects are observed immediately after cell
uptake and involve the hydrolyzed forms of cisplatin [45]. Although
compartmentalization in biology generally refers to placement
within specific cellular organelles, in chemistry, the definition is
typically broader [46]. In this review, we use the term compart-
mentalization more broadly. Since we are primarily concerned
with whether the drug is found in or at the membrane, the term
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Fig. 3. The effect of vanadium-dipicolinate on hyperglycemia in Wistar rats with
STZ-induced diabetes. Compounds were administered in drinking water, and blood
glucose was measured for N (0J, n=13), untreated D (O, n=25), Hydipic-treated D
(A, n=6), VOSO4-treated D (4, n=30), and NH4[VO.dipic]-treated D (a, n=5) ani-
mals. Data are presented as the mean standard error of the mean (SEM). ***p <0.001
vs. the D animals, ##p<0.05 vs. the ligand-treated D animals, #*##p<0.001 vs. the
ligand-treated D animals. {p >0.05 vs. the N animals, which means it is statistically
indistinguishable from normal. Adapted with permission from Ref. [3].

compartmentalization will also refer to placement of a drug in
the membrane. Specifically, the term compartmentalization will
describe placement of the V compounds in various environments.
Regardless of the exact use of the term, compartmentalization
undoubtedly has profound effects on V-based drug action. We
hypothesize here that V compound compartmentalization - in the
broad sense — can explain the diverse effects including beneficial
and toxic effects exerted by V derivatives. We propose that the dif-
ferences in the effects of V compounds may in part originate from
the environment of the compound and that the membrane provides
the framework from which the beneficial and malicious effects of
V compounds resulted.

2. Interactions of vanadium compounds and specifically
[VO,dipic]~ with proteins

Vanadium compounds interact with a range of diverse proteins
[28,29,31,43,47-57]. Only few proteins have specific known func-
tions involving binding of V [54,58-64]. One example is the recently
discovered vanabins, abbreviated from vanadium binding proteins,
have only been found in tunicates (sea squirts) so far [58]. These
proteins bind multiple V ions, generally in oxidation state 4+. Van-
abins are thought to be involved in transport of V through the
cytoplasm to vacuoles; however, their role is not yet been firmly
established [59,60]. V(4+) has also been found as a co-factor in
V-containing nitrogenases found in free-living and symbiotic dia-
zotrophs (bacteria), where V replaces molybdenum [61]. In red
algae, V is found as a co-factor in haloperoxidases, and in the pres-
ence of the vanadate V(5+) co-factor act as a peroxidase [54,62,63].
The activity of these proteins in the absences of vanadate exhibits a
dual activity from peroxidases to phosphatases [64]. These proteins
have also not yet been found in mammals.

There are numerous effects of V on mammalian biological
proteins. Most well-known is inhibition of many phosphorylases
including, phosphatases, myosin, ribozymes and phosphodi-
esterases; for which representative enzymes are shown in Fig. 4
[65]. Vanadium is a potent inhibitor for these enzymes because
it is able to form a transition state geometry that resembles the
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(a) Alkaline Phosphatase
=3

(b) Myosin

Fig.4. Selected enzyme-vanadate complexes: (a) Alkaline phosphatase-vanadate complex from PDB ID 1B8]. The protein structure is displayed as a purple ribbon model with
amino acid residues displayed as ball-and-stick structures with yellow bonds. The vanadate moiety (Van) s also displayed as a ball-and-stick structure with blue bonds. Carbon
atoms are colored gray; nitrogen, blue; oxygen, red and metal atoms are white. Vanadate adopts distorted trigonal bipyramidal geometry with Oy of the nucleophilic Ser102
residue comprising one apical ligand and a free oxygen atom representing the activated water molecule comprising the other apical ligand. (b) Myosin-ADP-Mg-vanadate
structure from PDB ID 1VOM. Coloration for the protein, metal ion and vanadate moieties is the same as in (a) and ADP is displayed as a ball-and-stick structure with red
bonds, and phosphate atoms colored green. (c) Hairpin ribozyme-vanadate structure from PDB ID 1M50. Atoms are colored as in (b), with bonds for the ribozyme RNA strand
colored yellow and bonds for the substrate RNA strand in red. The vanadate moiety (blue bonds) adopts distorted trigonal bipyramidal geometry with the ribose of nucleotide
A-1 contributing one apical and one equatorial ligand and the 5'0OH of nucleotide G+1 contributing the other apical ligand. (d) The quaternary complex around vanadate
that mimics the transition state for Tyrosyl-DNA phosphodiesterase from PDB ID 1NOP. Coloration of the enzyme and vanadate moieties is the same as (a) and (b), with the
peptide and DNA portions of the substrate analog displayed with red bonds. Adapted with permission from Ref. [65].

transition state of phosphoester and phosphoanhydride hydrolysis
[66,67]. Most recognized is inhibition of several protein tyrosine
phosphatases, which is believed to have implication for the insulin
enhancing effects of these compounds [55,56,68,56,70,71]. The
proposed mechanism of action is formation of a high energy inter-
mediate or transition state complex with these protein tyrosine
phosphatases. Studies have shown that some V compounds such
as peroxovanadium derivatives irreversibly inhibit protein tyro-
sine phosphatases forming a covalent intermediate that has been
observed using mass spectroscopy [56]. Other V compounds such
as vanadate form a reversible complex [55,68,71,72]. Specifically
V(3+, 4+, and 5+) complexes inhibit several phosphatases including
as alkaline, acid, and protein tyrosine phosphatase such as PTP-1b

[28,55,67,68,73]. Specifically, [VO,dipic]~ is a potent phosphatase
inhibitor as anticipated by the five-coordinate geometry [67,69,70].

Vanadium is known to compete with iron (Fe) in binding to
transferrin (Tf) and another key carrier protein, lactoferrin (Lf),
both in vivo and in vitro [74-78]. VO2* has an affinity for both
human serum transferrin and albumin, although the binding to
the latter is significantly weaker than the former [78-81]. In vitro
studies demonstrate decreased Fe delivery to local macrophages
in the presence of V [77]. Of the two possible metal binding
sites Harris [75] showed that with Tf, most Fe3* binds at “Site
A” with high selectivity (~90%) and then at “Site B” during
states of excess iron. Additionally, when V or Cr was present,
Fe3* and V preferentially bind at site A, while Cr does so at
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Fig. 5. Quantitation of RONS in Caco-2 cells induced by vanadium complexes using
DCFH-DA fluorescent staining (DCFH-DA =2',7’-dichlorofluorescein diacetate). All
data presented are means + SD of three measurements. Adapted with permission
from Ref. [8].

site B. Thus, while V and Cr each could bind to Tf, V binds
with higher affinity, effectively out competing, and thus, block-
ing Fe3* binding at its preferential site [82]. Recent studies with
V in oxidation states 3+, 4+, and 5+ demonstrated that V in all
oxidation states can bind to Tf, but that the lower oxidation
states bind tightest [80]. Some differences are therefore antici-
pated for interaction of these proteins with different V complexes.
The available studies with bis(maltolato)oxovanadium(IV) BMOV,
bis(ethylmaltolato)oxovanadium(IV) BEOV and other complexes,
suggest that the metal ion is stripped from the compound upon
complexation [44,83-88].

Redox cycling studies of V in cells and in animals are well docu-
mented [47]. Studies in animals have shown that both V in 4+ and
5+ forms are observed and continuously recycled, even though such
studies are more difficult that corresponding in vitro studies [89].
In cells, V(5+) interaction with reductants such as NAD(P)H, glu-
tathione, ascorbate, or catechols has resulted in V(4+) [24,90,91].
Subsequently, V(4+) interaction with oxygen (O, ) or reactive oxy-
gen species (ROS) results in oxidation back to V(5+) [92]. The
presence of V(5+) and V(4+) in cells also affects critical enzymes
and signal transduction pathways some of which lead to apoptotic
cell death pathway [16,24,26,93]. The ability of V to continuously
cycle has been suggested as a source of its toxicity [16], as well
as its detoxification pathways [8,22]. Fig. 5 illustrates the sharp
increase of RONS production in Caco-2 cells upon administration
of V-containing compounds; as expected, differences are observed
with oxidation state variations in the complex as shown in Fig. 5
[8]. While a constant shuffling of oxidation state for V in cells are
anticipated, the fact that differences are observed is indicative that
the biological transformations are important because each com-
plex is likely to respond slightly differently. The stability of V is
sensitive to environment because ligand coordination can stabi-
lize V in both the V(4+) or V(5+) forms [24,94]. A prime example
is the V(4+) stabilization by cellular phosphate anionic ligands
which prevents the reduction of O,/ROS [95] or the effects of redox
active peptides [89]. How complexation effects the redox poten-
tial of the metal has recently been discussed in detail within the
parameters of physiological conditions [96]. Most intracellular V is
found complexed as (4+), while (5+) predominates as salt extracel-
lularly [97-99]; this has led to the suggestions that V exits the cell
through exocytosis both in the form of salt as V(5+) and complexed
as V(4+).
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Fig. 6. Kinetic uptake and the DIDS inhibition of the uptake of various vanadium
compounds (375 mM) by human erythrocytes. The x-axis represents the incuba-
tion time and the y-axis represents the amounts of vanadium in the cell (G,) at
different times. (A, VO(ma),; A, VO(ma),+ DIDS; B, NaVOs; OJ, NaVOs+ DIDS) (4,4'-
diisothiocyano-2,2’-stilbenedisulfonic acid is abbreviated DIDS). Data represent the
means £ SD (n=3). Adapted with permission from Ref. [15].

3. Uptake of vanadium compounds and specifically
[VO.dipic]~

Vanadium is readily transported in the blood and high amounts
(90-95%) of V in blood are in the plasma fraction, mostly in the
form of vanadyl, i.e., V(4+). Salts and several V complexes includ-
ing BEOV have been studied both in vitro and in vivo in serum
|43,44,83-88,100,101]. Circulatory transport of V in biological
systems occurs primarily in association with serum transferrin
(Tf), with smaller amounts being associated with albumin and/or
low molecular mass (i.e., citrate or lactate) components [22,79].
The degree of involvement of albumin in transport of V is less clear,
possibly because some of the in vitro studies were done at high
concentrations [79,84-86]. In the in vivo studies done at lower
concentrations [84], no evidence for albumin involvement was
found; albumin involvement is likely to vary with the amounts
of doses administered. Vanadate has also been found in blood,
though at far lower amounts than anticipated considering the
reducing environment and significant presence of reductants (e.g.,
glutathione, ascorbate, and cysteine). Some evidence for V uptake
into cells via Tf receptors (TfR) has been reported [102]. In general,
Tf serves as the major Fe carrier protein in situ, facilitating Fe
recycling by transporting Fe from destroyed erythrocytes to the
bone marrow for re-use in developing erythrocytes. Administra-
tion of BMOV and BEOV resulted in increased amounts of V in
bone marrow, consistent with transport and uptake of V through
Fe uptake pathways [79]. In addition to protein assisted uptake
mechanisms it has been proposed that less soluble V compounds
may also use phago- or pinocytosis mechanisms [103].

In salts such as tetravalent (VO2*) or pentavalent (VO,*) present
in biological systems, transport of V typically takes place through
proteins ion carriers. V(4+)is transported quickly into cells and pre-
sumably takes advantage of the Fe2*-VO?2* analogy [47,104]. The
low oxidation state V was also proposed to transport through a
mechanism similar to Fe polysulfates [105]. Vanadium(5+), because
of the vanadate-phosphate analogy, uses the same anion channels
as phosphate for uptake [8,97]. The early studies were carried out
in yeast [97] have more recently been confirmed in erythrocytes,
along with other cell types, demonstrating that several anion trans-
porters are used Fig. 6 [15]. However, both high oxidation state V
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Fig. 7. Stackplot of 'V NMR spectra (a) and 'H NMR stackplot shown, (b) of 100 mM VO;[dipic]~ in a 1M AOT/cyclohexane/D,0 (pH 4.7) reverse micelle microemulsion

system. Adapted with permission from Ref. [12].

and low oxidation state V more readily enter cells upon complexa-
tion [105,106].

Caco-2 cells arranged in a monolayer in a permeability assay
show uptake of neutral V coordination complexes though the pas-
sive diffusion mechanism [8,14]. Passive diffusion mechanisms of
V compounds in cellular systems are consistent with the possi-
bility that membranes play an important role for the action of
these compounds. For example, diffusion of BMOV and VO(acac),
through human erythrocyte membranes was not inhibited by the
anion channel inhibitor, 4,4’-diisothiocyanatostilbene-2,2" disul-
fonate (DIDS), illustrated in Fig. 6 [15]. In contrast, as illustrated in
Fig. 6, vanadate uptake was completely prohibited by anion chan-
nel inhibition [15]. These studies demonstrate that V compounds
can employ several different mechanisms for entering cells.

It has been proposed, based on previous studies in cells, that
V compounds have the potential to reside within the membrane
[14,15]. Evidence exists supporting the interpretation that some V
compounds affect signal transduction platforms and subsequent
signalling events [12,106]. In one simple model membrane sys-
tem, the 51V and 'H NMR spectra in Fig. 7 showing significant
changesinlinebroading (°!V)and changes in 'H chemical shift indi-
cated an altered environment for [VO,dipic]~ in this system [12].
These findings were further supported through 2D 'H NMR studies
shown in Fig. 8 indicating that [VO,dipic]~ is present in hydropho-
bic interfaces [107]. In recent studies, the dipic-ligand showed that
a charged form of it is also stable in these environments [10]. This
work was performed in the absence of proteins and other variables,
and, as such, demonstrates that passive diffusion mechanisms are
possible, regardless of the negative charge on the drug. These find-
ings lend support to the possibility that this charged compound
and other V compounds can exist in hydrophobic membranous
spaces. Importantly, these studies provide precedence that charged
V compounds can be thermodynamically favored in hydrophobic
environments such as the intermembrane spaces of cells.

4. Vanadium compounds and [VO,dipic]~ as
insulin-enhancing agents in animals and people

Vanadium complexes are known to exert an insulin-
enhancing effect in diabetic animals and humans
[23,24,27,39-41,43,100,101,108-114]. Some of these com-
pounds, including BEOV, as well as simple salts such as vanadyl

sulfate (VOSO4) and sodium vanadate (NaVOs, also called sodium
metavanadate), have been used to treat patients in Phase 2 clinical
trials [24,40,44,114]. In addition, a wide range of V compounds are
known to reduce elevated blood glucose, lipid levels, and in general,
alleviate symptoms of diabetes, in streptozotocin (STZ)-induced
diabetic Wistar rats [24]. These V-containing compounds lower
elevated levels of glucose in diabetic animals as other anti-diabetic
drugs. As a result, the symptoms of diabetes, such as increased
liquid intake and decreased weight, begin to normalize. However,
most remarkable is that these compounds do not lower normal
glucose levels in normal animals and thus avoid the potential of
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Fig. 8. NOESY spectrum of [VO,dipic]- complex in AOT microemulsions in the
region showing the negative NOEs arising from interactions between the CH, and
CH3 groups in the AOT and [VO,dipic]~ protons. The scale of F2 domain, show-
ing only the dipic ligand protons are substantially expanded compared to F1, which
shows the entire range from AOT methyl groups to [VO,dipic]~ protons. Microemul-
sion samples prepared from 1.0 M AOT stock solution in (2Hyg)isooctane with the
200 mM NH4[VO,dipic] in D,0, pH=4.5 stock solution at wy = 12, resulting in an
overall concentration of 43 mM [VO.dipic]-. Adapted with permission from Ref.
[107].
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hypoglycemia [22,23,49]. Reports exist which show that the effects
remain for some time after the patients are no longer taking the
drug [115].

Vanadium salts and compounds exert many effects that, com-
bined, result in the observation of insulin-enhancing properties.
The most recognized mode of action is the effective inhibition of
protein tyrosine phosphatases such as PTP-1B. Inhibition of PTP-1B
results in reduced regulation of insulin receptor phosphorylation
events leading to increased glucose uptake [116-118]. Recently,
the effects of V salts have been characterized using DNA microarray
where vanadyl sulfate and oxovanadium(V)4-hydroxydipicolinate
normalize the expression of mRNAs [18,22,40]. These studies show
that not only were the glucose and lipid metabolism was affected,
but that also proteins with roles in oxidative stress, the immune
system, and iron metabolism were impacted. The increasing and
continued need for treatment of diabetes speaks to the necessity for
further investigation of the ability of potential chemotherapeutics
to enhance insulin sensitivity [117,118].

Vanadium(4+) complexes represent the largest class
of V compounds tested for insulin-enhancing activity
[23,24,27,39-41,44,108-114]. Vanadium(4+) complexes such
as BEOV have been used in Phase 2 clinical trails [44] although,
because of patent protection, most literature exist on the closely
related BMOV complex. These complexes have been used in both
animal and cell studies showing a significant reduction in diabetic
symptoms [3,23]. Studies have shown that reduction of diabetes-
induced symptoms such as hyperglycemia and hyperlipidemia,
in addition to diabetes-altered genetic effects are decreased with
administration of these compounds. More recently, V(5+) and
V(3+) complexes have also been found to have insulin-enhancing
properties [3,5,8,18,19,119]. Because V(4+) complexes have no
charge, they are perceived to be candidates for easy bio-absorption.
This fact, combined with the perceived greater stability of these
complexes at neutral pH, explains why the V(4+) complexes are
popular V insulin-enhancing compounds. However, in the case
of the V dipicolinates, for the two derivatives investigated (i.e.,
the parent and the 4-chloro substituted dipic derivative), the
V(5+) complex was the most effective compound in the sense that
it was the dipicolinate derivative that produced a statistically-
different effect compared to STZ-induced diabetic rats [3,8,19].
Based on the hydrolytic and redox instability of [VO,dipic]-,
the origin of effectiveness for the dipicolinate complexes is not
clear, but suggests that some characteristics of these compounds
support their biological activities. For this compound it seems
likely that transformations are important to its insulin-enhancing
action. Therefore, the dipicolinates are a class of compounds
that should be particularly well suited for studies investigating
compartmentalization of V. compounds.

The V(5+) salt, vanadate, and peroxovandadium compounds
[120-122] were found early on to be insulin-enhancing. These
complexes were subsequently followed by simple coordina-
tion complexes of which the oxovanadium(V) dipicolinate was
the first [5,18,20,108,123]. Since it was reported, additional
V(5+) complexes have been studied including peroxovana-
dium compounds [122], decavanadate [21], L-glutamic acid
gamma-monohydroxamate-vanadium [108,124] and 5-chloro-
salicylaldhydeethylenediamineoxovanadium(V) [123]. In BMOV
and many vanadium complexes investigated early on [24], the
vanadium is in oxidation state 4+; however, the other oxida-
tion states have now also been accepted as insulin-enhancing
[8,19]. A few reports in the literature that suggest V compounds
have no effects [125] can be attributed to a statistical abnormal-
ity with a heterogeneous population in which both responders
and non-responders exist [22]. In contrast, amavadin was found
to induce some toxic effects, but no insulin enhancing effects
[49]. Since amavadin has reversible aqueous redox chemistry, it

has been suggested that the redox properties may be important
for the compound’s biological activities. Vanadium dipicolinate
and chloro-dipicolinate complexes were the most effective with
the metal in oxidation state 5+ ([VO,dipic]~ and [VO,dipic-Cl]™).
Given recently reported chemistry with dipicolinate vanadium
complexes in hydrophobic environments [33-35], we describe
the known activities of the parent compound, ([VO,dipic]™)
and reconciling it with its fundamental physical and chemical
properties. We propose here a framework in which both ben-
eficial and toxic effects can result from the same vanadium
compound based on its chemical and biological transforma-
tions.

5. Toxicity of vanadium compounds and [VO,dipic]~

The toxicology for different V(5+) and V(4+) agents, some of
which are shown in Fig. 9, has been reported [16,126,127]. How-
ever, much less has been reported for the V-dipic complexes.
Of the few studies in the literature on this system, most have
dealt with clinical parameters affected by V-dipic complexes in
diabetic hosts [92]. Though endpoints such as weight loss and
renal function were monitered in many studies, these revealed
little toxicity. In contrast, at both a cellular and an organ/organ-
system level, V(3+), V(4+), or V(5+)-dipic agents are known to
impart differential toxicities [8]. In studies with Caco-2 cells
obtained from a human epithelial colorectal adenocarcinoma line,
changes in viability over a 48-h treatment period showed trends
in toxicity potentials with the 5+ changing most and the 4+
changing least (V(5+)>V(3+)>V(4+)), although absolute values of
the reported endpoints (i.e., IC50s) did not statistically differ [8].
Specifically, the ICsg values reported for [VO,dipic]~ were close
to those of [VO(ma);], yet much higher (i.e., less cytotoxic) than
for [VO(acac);] or metavanadate [14,60]. A relatively greater tox-
icity from V(3+) compared to the V(4+)-dipic complex was also
evident in rats that inhaled either complex 5 h/d for five consecu-
tive days [16,17]. These effects were determined by examination
of the animals’s lungs and associated local immune responses
[16,17]. As in the in vitro studies, in comparison to V(3+) and V(4+)-
dipic complexes, vanadate again imparted the greater toxic effect
in vivo.

Though precise mechanisms underlying toxicities of the var-
ious V-dipic agents are not known, several potential clues exist.
For example, in the Caco-2 studies, treatment with [VO(ma);],
[VO(acac);], and vanadate each resulted in significant increases
in formation and intra-cytoplasmic localization of ROS. It is
reasonable that these same cells also displayed decrements in
trans-epithelial electrical resistance (TEER) that paralleled ROS
formation trend patterns among the three agents. In similar stud-
ies with dipic complexes in oxidation state 3+, 4+, and 5+, on
production of RONS, the cytotoxicity potency patterns were fol-
lowed. However, unlike with vanadate and the other agents,
effects on TEER did not follow the same pattern; the weak RONS
inducer V(4+)-dipic-derivative caused as strong a decrease in mem-
brane integrity as its V(5+)-dipic counterpart. These unexpected
outcomes with the V-dipic compounds - with respect to mem-
brane integrity and/or cell survival - suggest that the relationship
between capacity to induce reactive species and damage to the lipid
bi-layer may not be the sole basis for toxicity.

Indeed, in assessing effects of [VO(ma), ], [VO(acac); ], and vana-
date on erythrocyte membrane fragility, it was suggested that the
binding with biomolecules affect the action of the compounds and
thereby their potency [15]. Alternatively, the ability of each V agent
to impact on levels of cellular reductants not only would affect the
cell ability to abrogate any ROS/RONS-induced damage to the inner
membrane. However, this mechanism gives rise to the conundrum
that the same lack of reductants would lead to mitigation of the
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Fig. 9. Known toxic effects from exposure to vanadium compounds in vivo and in vitro and corresponding effects on the immune system.

activity of a key enzyme involved in initiating ROS/RONS formation
in a cell, NADPH oxidase. Of course, many ROS/RONS can be formed
non-enzymatically; thus, the mere presence of these metals that
can redox shuttle V(5+)/V(4+) creates a scenario for formation of
reactive species. This is, of course, particularly possible if the V(5+)
or V(4+) is chelated by some unidentified cytoplasmic biomolecule
or entrapped in a membrane environment.

Taken together, results of these Caco-2 studies clearly demon-
strate that the ligand influences the toxicity of a V agent but, that for
any given ligand, the oxidation state/redox behavior of the metal
itself ultimately defines its toxic potential. Stated differently, lig-
and effects are reflected by variations in extent of permeability
into (or out of) cells; with the complex redox potential, the amount
of oxidative damage to critical cellular macromolecules (proteins,
DNA, RNA, etc.) is defined. Thus, the localization of V compounds
(in particular, the V-dipics) at the interface of a cell membrane and
subsequent interactions with membrane-associated constituents
prior to entry into the cytoplasm are potentially critical events
in defining toxicity of the agent/drug. As such, the membrane
should impact on the degree of interaction with a given V com-
pound and so affect metal/agent penetrance. The particular location
of the cell in the body and/or the cell type-associated composi-
tion of the membrane are also likely to be important variables to
consider in defining the potential efficacy and toxicity of V-based
drugs.

6. Chemistry of [VO,dipic]~ in aqueous solution

The coordination complex [VO,dipic]~ has been structurally
characterized and the vanadium is five coordinate, in a distorted
trigonal bipyramidal geometry [128]. The N-atom is in the plane
with the cis-dioxo group with the V=0 bonds lengths of about
1.6 A and V-0 bonds around 2.0 A. The V-N bond length is around
2.08 A, which is a normal V-N bond length even though V-atom
coordinates to the pyridine-N atom. These parameters reflect the
structural rigidity of this tridentate ligand. Structural characteriza-
tion of several different salts and of different dipic-derivatives have
been reported, with little difference in the anionic coordination
complex [4,7,18,129,130].

The [VO,dipic]~ forms from vanadate and H,dipic in aqueous
solutions ranging from pH 2.0-6.5. Solutions prepared from solid
complex or vanadate and ligand are identical within milliseconds

of dissolution of complex and ligand. The hydrolytic stability of the
complex is highest from pH 3-5 as have been demonstrated both
using >V NMR spectroscopy (Fig. 10a) and 'H NMR spectroscopy
(Fig. 10b) [4]. These studies have also been confirmed using poten-
tiometry (Fig. 10c) [4]. Outside of this pH range, the complex
hydrolyzes to form ligand and vanadate in an aqueous environ-
ment. The complex stability is sensitive to ionic strength and
reduces in the reducing cellular environment. The cyclic voltammo-
gram is irreversible in aqueous solution. The properties for a series
of derivatives of this V(V) complex have been characterized and
some differences and similarities have been identified; the reader
is referred to the original publications for details [4,7,18,129].

Although the complex is stable from pH 2.0-6.5, the complex
undergoes chemical exchange because the ligand comes on and
off in aqueous solution (Fig. 11). The complex reacts with hydro-
gen peroxide and then its lability decreases and stability increases
[131]. The lability of the parent complex is least near pH 3 and it was
considered as animportant factor in the compound’s mode of action
[4]. Other derivatives have been prepared and their chemistries
described [4,7,18,129,130]. Several of these compounds have also
been tested in animals, and all were found to be insulin-enhancing
[3,5,6,18-20]. Nevertheless, none of these novel agents was signif-
icantly better than the original parent complex.

The question which species exist after the [VO,dipic]~ complex
is administered is important and key to speculations regarding the
mode of action of the complex. In the absence of experimental data,
we attempt to answer this question based on properties of the com-
plex and that of others for which pharmacokinetic information is
available [44,84-88]. Studies with BMOV and/or have shown that
this complex, which is significantly less labile than [VO,dipic]~,
results in the dissociation of the complex [44]. Accordingly, the
consensus in the literature would be that the metal and the ligand
part ways. However, some of the biological studies have shown
that there are statistically significant differences in the results
depending on the specific V-dipic complex used [3,6,8,19]. If such
differences exist, some form of stabilization must be in effect or dif-
ferences would not be observed. One possible solution is that the
[VO,dipic]~ complex is trapped, possibly by some form of compart-
mentalization, which could involve a protein and/or a membrane.
Since proteins and membranes are much more hydrophobic envi-
ronments, it becomes important to consider the properties of these
complexes in hydrophobic environments.
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is from crystalline NH3[VO,dipic] (b) and speciation diagram of 2.00 mM [VO,dipic]~ in 0.40 M KCl at 25°C (c). Adapted with permission from Ref. [4].

7. Compatible [VO,dipic]~ complexes with organic and
hydrophobic environments

A number of VO3*-dipic derivatives reported in organic sol-
vents, including peroxo, hydroxylamido, and alkoxovanadium
compounds, are shown in Scheme 2. Despite the polarity of
the VOdipic unit, these reports demonstrate that derivatives can
form in hydrophobic environments even when beginning with
the parent [VO,dipic]- complex. The first characterized sys-
tem is the peroxovanadium-derivative, of which the asymmetric
peroxovanadium-derivative has the seven coordinate vanadium
in a distorted pentagonal bi-pyramidal coordination geometry.
This system provides the structural evidence for an asymmet-
ric peroxovanadium compound [131]. Reaction of VO(OiPr); with
aqueous tert-BuOOH and H,dipic in CH,Cl, resulted a in com-
plex containing a coordinated water or hexamethylphosphoramide
(HMPA) molecule depending on the presence of HMPA [131],
Schemes 3 and 4. The HMPA adduct is soluble in organic solvents

and the water adduct was only soluble in acetonitrile, acetone or
water. The water adduct could be converted to the HMPA peroxo-
vanadium derivative demonstrating that the water is exchangeable
and that the HMPA adduct is very stable.

The hydroxylamidovanadium complex is a similar system to
the peroxovanadium; a range of dipicolinate complexes have been
reported, Scheme 5 [129,130,132]. Structural characterization also
shows this class of complexes expand the coordination sphere from
six to seven by coordination of a H, O molecule. The stability of this
class of complexes has been characterized in detail both in aqueous
and organic solutions. The complexes have been prepared by a high
yielding two-step synthesis through the [VO,dipic]~ complex first
or a lower yielding one-step pH sensitive process from vanadate,
dipic, and hydroxylamine at ambient or lower temperature as illus-
trated in Scheme 5. The electronic properties of the complexes are
very sensitive to the substitution on the hydroxylamines and less so
to the substitution on the dipic [129,130]. In aqueous solution, the
systems are more stable than the parent complex once formed both
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Fig. 11. The 3C EXSY spectrum of the [VO,dipic]~ complex (687 mM) in the pres-
ence of free ligand (581 mM) at pH 6.6 (£+0.1). Adapted with permission from Ref.
[4].

with regard to hydrolysis and with regard to redox chemistry. Less
information is available regarding the reactions of these complexes
inorganic solution, although related systems have been studied and
found to undergo hydroxylamine exchange in acetonitrile [132].
Formation of these complexes from the basic components and their

(o}
o
L (o]
. 1. HMPA, Hadipic, CH,Cl,, 40°C I\ e
VO(O'Pr); -/ N—V )
2. 'BUOOH, 4°C — / O—Cme,

° HMPA

(o)

Scheme 3. Reaction of VO(O'Pr); with aqueous tert-BuOOH, H,dipic and HMPA in
CH,Cl, afforded the peroxovanadium compound in a 75% yield [131].

resulting stability are important because they document that such
complexes can form from the parent [VO,dipic]- complex, and
once formed, can exist in a hydrophobic environment.

Recently, alkoxide derivatives of the parent [VO,dipic]~ com-
plex have been reported to form and react in hydrophobic
environments. Oxovanadium trialkoxides are well known, includ-
ing the methyl, ethyl, isopropyl, t-butyl, benzyl, norbornyl and
adamantyl derivatives [133-136]. The simplest of these derivatives
are prepared from VOCI3 or V,05 through azeotropic distillation.
Generally, these complexes associate in organic solvents which can
be readily seen by >V NMR spectroscopy. The most dramatic exam-
ple is observed for VO(OCH3)3, where the shifts at sub-millimolar
concentration is 100 ppm downfield from more concentrated solu-
tions [133,134,137]. The most commonly used alkoxide derivative,
oxovanadium triisopropoxide, is a convenient starting material
for preparation of a range of V(5+) compounds and is commer-
cially available. With exception of the alkoxides of the larger alkyl
derivatives, such as norbornyl and adamantyl derivatives, these
complexes hydrolyze in the presence of water [136]. A wide range
of chlorooxovanadium mono and dialkoxides have been prepared
and studied [133-144]. Some of these exhibit the same associa-
tion tendencies as found for the oxovanadium trialkoxides. Many
of these alkoxides have been used as synthetic catalysts in organic
syntheses.

Dipicolinatooxovanadium monoalkoxides such as the ethox-
ide have been reported, Scheme 6 [145]. Additional complexes
are readily formed by alcohol exchange reactions. The literature
is in disagreement with regard to the exact nature of these com-
pounds. The original report by Wieghardt [128] described the
compound as a protonated [VO,dipic]-complex with a coordinated

o (0]
(o) (o]
/ \N—\\?l—o tert-BuOOH (aq) / \N‘\\?/O\
7 AN
—( H,0 —(H07  “O—cpe,
(o) (o)
(o) (o)

Scheme 4. Reaction of H[VO,(dipic)]-H,O (concentrated aqueous solution) with
excess aqueous 70% tert-BuOOH at 5°C in 75% yield. Structure was confirmed by
elemental analysis [131].
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alcohol, H[VO,dipic]-C;H50H. This was formed when attempt-
ing to recrystallize H[VO,dipic]-2H,0 from ethanol. Upon heating
at atmospheric pressure and under a nitrogen atmosphere, this
complex releases ethanol. The corresponding peroxovanadium
complex is sufficiently stable that an X-ray structure could be
obtained demonstrating that this complex could withstand the
radiation source [145]. The Thorn group represent the oxovana-
dium(V)dipicolinate complexes as five coordinate oxovanadium(V)
alkoxides, in part, because they report that the solvent (alcohol)
adduct does not impact the properties of the complex [33-35]. The
formation of pinacolate complexes of oxovanadium(V)dipicolinate
was achieved by reacting either of the aforementioned V(5+)
species [(dipic)VO(OEt)]-EtOH or [(dipic)VO(O'Pr)]-{PrOH with the
pinacol in acetonitrile [33]. The structure of this hexacoordi-
nate dipicolinatooxovanadium(V) complex was confirmed by X-ray
crystallography. Acetonitrile is a weakly coordinating solvent,
and during the crystallization the complex dimerizes. One of
the V-atoms remains coordinated with an alcohol whereas the
other V-atom has the sixth coordination site occupied by the
carboxylate oxygen of the dipic group. These two V-atoms are
distinct and should result in two different 'V NMR chemical
shifts. Only one chemical shift of —518 ppm was observed sug-
gesting rapid exchange between the vanadium atoms or accidental
overlap between the signals [34,35]. This structure is different
than a previously-reported dimer prepared from methanol by the
Parajon-Costa group. In this complex the two six-coordinate V-
atoms are identical and is formed by a diamond core structure by

(o]
o
. Hadipic / A\ \?
VO(O'Pr); —— N—v\—
— / OH
(o)

dimerization of the [VO;] unit [146]. Regardless of the nature of
these complexes, these studies demonstrate that arich redox chem-
istry is observed a in hydrophobic environment. If a [VO,dipic]~
complex associates with a membranous environment, such reac-
tions could take place and it becomes important to understand
these reactions further.

8. Reactions of dipicolinatooxovanadium(V) alkoxides

Dipicolinatooxovanadium(V) alkoxides catalyze the oxidation
of lignin via C-C bond cleavage [34,147,148], a particularly
hard synthetic challenge. The dissolution of dipicolinatooxo-
vanadium(V) alkoxides in pyridine resulted in adducts that are
sufficiently stable to have been isolated and characterized by X-ray
crystallography (Scheme 7). The isolation of pyridine coordina-
tion adducts provide sufficient support that several V complexes
form and can facilitate further reaction. In fact, absence of pyridine
coordination was found to significantly decrease similar oxidation
reactions.

One of these dipicolinatooxovanadium(V) alkoxides formed
from pinacol undergoes redox chemistry, resulting in C-C bond
cleavage of the coordinated pinacol [33]. Specifically, by heating
the pinacolate complex of oxovanadium dipicolinate in pyridine,
a mixture of starting material, C-C bond cleavage products of the
pinacol and a bis(pyridine) adduct of oxovanadium(V) dipicolinate
were isolated [33]. At ambient temperature, the same reactants
formed the bis(pyridine) adduct and corresponding starting mate-

Scheme 6. Formation and alcohol exchange of a dipicolinatooxovanadium alkoxide. VO(O'Pr); was combined with Hydipic in acetonitrile forming the dipicolinatooxovana-
dium isopropoxide which was confirmed by X-ray crystallography. The isopropoxide was converted to the ethoxide by adding either ethanol or ethanol/acetonitrile solutions,

Ref. [145].
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temperature V,O(pyr),(dipic); complex, Ref. [33].

rial, but also resulted in oxidation of the pinacol, to the ketone
[33-35]. Perhaps the particular reactivity of this complex is due
to the coordination of both the alkoxide and an alcohol adduct to
the V-atom.

Dipicolinatooxovanadium alkoxides also convert to the
[VO,dipic]~ coordination complex, with loss of both the alkox-
ide and alcohol. Reaction of either [(dipic)VO(OIPr)]-iPrOH or
[(dipic)VO(Hpinacol)]-solvent with water and pyridine resulted in
formation of [VO,dipic]~ as the pyridinium salt and the alcohol
[33]. The coordination of the pyridine to the [VO,dipic]~ is likely,
although as discussed above, only peroxide and hydroxylamine
derivatives were observed. Also, the electronic pertubation of
the dipic-functionality did result in reorganization of the orbital
arrangement of these complexes [130]. 'V NMR studies as a func-
tion of pyridine concentration should confirm if such association
takes place and was recently reported by the Thorn group [35].

Studies investigating the mechanism of these reactions, specif-
ically regarding whether these reaction take place through a
one-electron (V(5+/4+)) or two-electron (V(5+/3+)) redox process,
were performed. The Thorn group used the reaction of cyclobu-
tanol [149,150] as diagnostic for this investigation (illustrated in
Scheme 8). As described previously, the result of the reaction using
cyclobutoxide would indicate a two-electron process if the cyclobu-

Pyridine-ds
—_—> 0
100°C, 30 min.

/OH

Scheme 8. A two-electron reduction of VO(dipic)(OR)-ROH (R=cyclobutoxide)
alkoxide was observed after reaction 100°C. An average yield of 93% of
cyclobutanone with (dipic)VO(pyr), as co-product was determined by 'H NMR
spectroscopy, Ref. [33].

tanone resulted and a one-electron process should aliphatic chain
product(s) result [151]. The dipicolinatooxovanadium(V) cyclobu-
toxide produces the cyclobutanone as predicted if a two-electron
process were taking place and thus suggests that the V-atom is able
to undergo a two-electron transfer reaction under these conditions.
Indeed, reactions explored by the pinacol substituted monoethers
yielded analogous products [34] suggesting that corresponding
chemistry takes place with both protonated and alkylated oxygen.
This result is remarkable considering that there is very little prece-
dent for two-electron V(5+/3+) reactions [24,152]. However, the
Espenson group questioned the choice of cyclobutanol as it may
not be as good arepresentative alcohol as commonly believed [153]
because variations in the product distribution are observed with
minor changes in the vanadium complex giving support to alter-
native explanations. More mechanistic studies on this system have
recently been reported [35].

Recent applications of vanadium catalysts have demonstrated
that the studies described above are not unique to dipicolinatoox-
ovanadium(V) complexes [33,34,154-158]. For example, glycine
and sarcosine derivatives react in CH,Cl, with VO(iOPr); and form,
but in the presence of methanol forms a different complex, both
of which are effective catalysts for chiral sulfoxide oxidation [154].
Slight modification in ligand or the addition of Lewis base changes
the reaction course significantly [155,156]. A second example of
how the environment and fine-tuning of a complex allow for
improved catalytic effect is reported for the oxovanadium(V) tri-
ethanolaminate in combination with pyrazine-2-carboxylic acid
[157,158]. This system activates C-H bonds through a water-
assisted H-transfer mechanism. The formation of HO® occurs via the
addition of H,0, to the V(4+) complex with pyrazine-2-carboxylate
[159], but minor changes in this component can significantly
change the outcome of the reaction.

In summary, these studies demonstrate the versatility observed
in these systems, and support the proposal that hydropho-
bic environments will dramatically change the reactions of the
V-dipicolinate complexes. Thus, should the V-dipic complexes
chelate a ligand and be able to interact and penetrate the lipid
interface, a different reactivity of the complexes will result. As we
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present in this manuscript, the biological effects observed by the
V-complexes may be a result from the chemical and biochemical
transformation that these compounds undergo in the environment
in which they are found.

9. How drug environment and compartmentalization
might affect action of vanadium compounds

In this manuscript, we suggest that the distribution of vana-
dium compounds within a cell is critical to their modes of action.
Specifically, we propose that a change from a hydrophilic aqueous
environment (i.e., as in cytoplasm) to a hydrophobic environment
(i.e., as in/near membranes or microenvironments of proteins)
governs how any given vanadium compound acts (i.e., beneficial
or toxic). Chemistry in organic environments support both one-
electron (Figs. 1, 2 and 12) and two-electron processes (Scheme 8
and Figs. 2 and 12) [24,35,152] and thus expands the reactivity
of the compound observed in aqueous solution. The compart-
mentalization is important, because a compound that is less
thermodynamically stable in aqueous environments could extend
its lifetime by entrapment through compartmentalization in the
hydrophobic environment in the membrane. In this review we link
the chemistry in both hydrophilic and hydrophobic environments
with biological effects of [VO,dipic]~—.

It is generally accepted that vanadium compounds localized in
the cytoplasm react with one or more reducing agent constituents,
e.g., gluthathione, cysteine, and ascorbate (Fig. 12) [24,95,159]. The
accumulation of V(5+) in acidic vesicles resulted in decavanadate
formation, which has been observed in yeast and other cellu-
lar systems [31,97]. The redox of V(5+) has been associated with
transportation of the vanadium into acidic vesicles and with detox-
ification processes.

Importantly, we have shown that [VO,dipic]~ and the charged
free ligand readily penetrates a membranous surfactant interface
residing in a hydrophobic environment [10,107]. Interface pene-
tration takes place despite the high solubility of the complex in
aqueous environments and the negatively charged interface. Why
this complex is stabilized in this hydrophobic environment is sur-
prising and suggests that some stabilizing forces exist for this

system. The recognition that a charged polar compound such as
[VO,dipic]~ has a great affinity for hydrophobic environments is
critical for the alternative considerations suggested in this review.
Lipid compatibility is not only important for this specific com-
pound, but also demonstrates the concept that charged V derivative
and ligands are compatible with hydrophobic membrane environ-
ments. As a consequence, the possibility that action of Vcompounds
may involve hydrophobic membrane environments has experi-
mental precedent.

The chemical precedence for conversion of [VO,dipic]~ to a
range of different compounds in organic solvents, Schemes 3-8,
show that this compound can form derivatives in hydrophobic
environments regardless of its charged precursor. These studies
thus support the possibility that the polar [VO,dipic]~ complex
can convert to derivatives that are known to exert very different
types of chemistry as described in Schemes 3-8. We propose that
V-complexes can form in the membrane environment akin to the
reactions taking place in organic solvents. Accordingly, in the pres-
ence of as of yet unidentified ligand substitution reactions will lead
to controlled two-electron chemistry as is observed for a range
of different alcohols. Alternatively, formation of other derivatives
that undergo one-electron chemistry is likely to take place, thus
result in various radicals and possible formation of ROS and RONS
(Figs.1,2and 12).High levels of ROS are likely to resultin the delete-
rious radical chemistry that could signal toxic responses. However,
low levels of ROS and RONS have been reported as beneficial, so
it is possible that alternative ligands can change the amount of
the one-electron reactions or that a two-electron pathway simply
serves to reduce the amounts of radicals formed. In both cases the
net result could reduce toxicity. Although, it is premature to assign
a toxic and a beneficial route for the proposed pathways shown
in Figs. 2 and 12; the proposed mechanism does provide alterna-
tive modes of action in which membrane interaction are critical to
action of vanadium compounds.

10. Concluding remarks

In this review, we have described the chemical and biological
properties of a simple and traditional V(5+) coordination complex,
[VO,dipic]~ [128]. The compound is stable in aqueous solution at
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acidic pH, but hydrolyzes to form vanadate at neutral and alka-
line pHs. At low pHs, the complex forms VO,* and the protonated
H,dipic. The complex is stable in the presence of oxygen, but the
vanadium reduces in any reducing cellular environment. The com-
plex is subject to ligand exchange; this occurs both in aqueous
hydrophilic as well as a nonaqueous hydrophobic environments
and as such result in changes in complex stability and properties
[5]. Although we currently do not know the active species, based on
the chemical properties of the complex and the different biologi-
cal activities exerted by this complex, we propose that entrapment
of the complex is responsible for the observations. Indeed, com-
partmentalization of the complex would affect its properties, and
provide a rationale for the observations.

Vanadium dipicolinate complexes have been investigated for
insulin-enhancing properties; in diabetic animal models, the V(5+)
complex generates a statistically different response in treated hosts
compared to in untreated controls or diabetic animals [5]. Neither
the V(3+) or V(4+) dipicolinate complexes induce a similarly signif-
icant response among the diabetic animals. In contrast, the V(4+)
in the BMOV complex induced the best response compared to the
V(3+) and V(5+) complexes [3]. Since the V(5+) dipicolinate is both
unstable hydrolytically and with respect to redox, it is particu-
larly surprising that the [VO,dipic]~ is so effective. Accordingly,
the specific properties of the vanadium dipicolinate complexes are
likely important underpinnings to the biological outcomes. We pro-
pose that these observations are a result of the compatibility of
the [VO,dipic]~ complex with the membrane environment and its
reactivity in hydrophobic environments.

Here, we summarize the known chemistry of [VO,dipic]~ in
organic solvents. Both two-electron and one-electron redox chem-
istry have been reported [33-35]. We propose that these reactions
can take place in analogous hydrophobic environments such as the
lipid bi-layers in membranes and in protein interiors. We propose
that controlling the chemistry in these environments may induce
the observed beneficial effects of vanadium complexes, whereas
the less controlled reactions giving rise to high levels of ROS may
result in malicious effects of V compounds. At this time, details of
the proposed mechanism are ill-defined. We do not know what
ligand(s) undergo ligand exchange reaction with the dipicolinate
complex to form “the active species”. We do not know if the two-
electron process is the beneficial process, or simply serves to reduce
the ROS levels. However, the hypothesis does provide a more
defined alternative mechanistic possibility giving the membrane a
role and thus provide explanations to observations not previously
explained. Thus, in addition to the inhibition of protein tyrosine
phosphatases, changes in redox state of the cell, and interaction
with the transport proteins, a testable mechanism has now been
proposed in which the membrane plays a key role. Importantly, this
proposal (illustrated in Figs. 2 and 12) provides a simple model that
explains how the identical complex in some cases induce beneficial
effects, and other cases is toxic.
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