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Article history: The effects of oral treatment of rats with streptozotocin-induced diabetes with a range of vanadium
Received 1 March 2011 dipicolinate complexes (Vdipic) and derivatives are reviewed. Structure-reactivity relationships are
Accepted 20 June 2011 explored aiming to correlate properties such as stability, to their insulin-enhancing effects. Three types

Available online 26 June 2011 of modifications are investigated; first, substitutions on the aromatic ring, second, coordination of a

hydroxylamido group to the vanadium, and third, changes in the oxidation state of the vanadium ion.
Keywords: These studies allowed us to address the importance of coordination chemistry, and redox chemistry, as
Vanadium . P .. . e .
Dipicolinic acid modes of action. Dipicolinate was originally chosen as a ligand because the dipicolinatooxovanadium(V)
complex (V5dipic), is a potent inhibitor of phosphatases. The effect of vanadium oxidation state (3,4 or 5),
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on the insulin-enhancing properties was studied in both the Vdipic and VdipicCl series. Effects on blood
glucose, body weight, serum lipids, alkaline phosphatase and aspartate transaminase were selectively
monitored. Statistically distinct differences in activity were found, however, the trends observed were
not the same in the Vdipic and VdipicCl series. Interperitoneal administration of the Vdipic series was
used to compare the effect of administration mode. Correlations were observed for blood vanadium and
plasma glucose levels after V5dipic treatment, but not after treatment with corresponding V4dipic and
V3dipic complexes. Modifications of the aromatic ring structure with chloride, amine or hydroxyl groups
had limited effects. Global gene expression was measured using Affymetrix oligonucleotide chips. All
diabetic animals treated with hydroxyl substituted V5dipic (V5dipicOH) and some diabetic rats treated
with vanadyl sulfate had normalized hyperlipidemia yet uncontrolled hyperglycemia and showed abnor-
mal gene expression patterns. In contrast to the normal gene expression profiles previously reported
for some diabetic rats treated with vanadyl sulfate, where both hyperlipidemia and hyperglycemia were
normalized. Modification of the metal, changing the coordination chemistry to form a hydroxylamine
ternary complex, had the most influence on the anti-diabetic action. Vanadium absorption into serum
was determined by atomic absorption spectroscopy for selected vanadium complexes. Only diabetic rats
treated with the ternary V5dipicOH hydroxylamine complex showed statistically significant increases
in accumulation of vanadium into serum compared to diabetic rats treated with vanadyl sulfate. The
chemistry and physical properties of the Vdipic complexes correlated with their anti-diabetic properties.
Here, we propose that compound stability and ability to interact with cellular redox reactions are key
components for the insulin-enhancing activity of vanadium compounds. Specifically, we found that the
most overall effective anti-diabetic Vdipic compounds were obtained when the compound administered

had an increased coordination number in the vanadium complex.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Insulin-enhancing effects of V in rats with STZ-induced
diabetes

The modern era of studying the anti-diabetic properties of vana-
dium (abbreviated here as V) was initiated in 1985 by John McNeill,
who monitored the cardiac function of rats with streptozotocin
(STZ)-induced diabetes after treatment with vanadyl sulfate [1].
Previously insulin-like effects of V salts in cell systems such as
adipocytes had been reported [2]. The STZ diabetic rat model is
widely used to study the in vivo effects of vanadium (abbreviated
here as V) compounds. STZ-induced diabetes is considered a type
1 diabetic model since it arises from destruction of some, but not
all, of the insulin-producing pancreatic 3 cells [3]. Rats with STZ-
induced diabetes are not dependent upon insulin, and can survive
for many months, even years, without any treatment. Interestingly
many of the anti-diabetes effects of V treatment have been reported
to last at least 3 months after the treatment has stopped [4]. In the
biobreeding (BB) rat, an inbred rat strain that spontaneously devel-
ops type 1 diabetes, treatment with V lowers the amount of insulin
needed for treatment, although it cannot completely substitute for
insulin [5]. In a similar way, serum insulin levels lower after admin-
istration of V-containing compounds to normal rats. Therefore, the
anti-diabetic effect of V compounds on STZ-diabetic rats, is believed
to be that of an ‘insulin-enhancer’ [6].

The effects of treatment with a wide variety of V compounds,
including simple salts, have been studied in rats with STZ-induced
diabetes. McNeill and co-workers have extensively studied the
effects of many V complexes, focusing on BMOV and its deriva-
tives [7,8]. These studies are of particular interest because BEOV, a
close derivative, was selected for phase 1 and 2 clinical trials [7-9].
This selection was put forth once clinical studies using V-containing
simple salts suggested the potential for success for using V in the
treatment of diabetes [10-13]. The Sakurai group has also reported
on a number of V picolinate complexes [14] and many other V(4)-
containing complexes in multiple animal systems, including the
STZ-diabetic rat [15]. Studies in the STZ-induced diabetic rat have
been done using the dipicolinate series of V complexes by the
Willsky and Ding groups [16-23]. The dipicolinate ligand is a tri-
dentate ligand (Fig. 1), and thus, different than the bidentate ligands

(picolinate and maltol) listed above. This series distinguishes itself
from other V-containing systems because the most effective com-
pounds have the vanadium in oxidation state 5. In contrast, the
other V compounds are generally most effective with the V in oxi-
dation state 4. This fundamental difference suggests that studies on
compounds within this class could be informative when the focus
is compound optimization. This review focuses on work by Will-
sky, Crans, Ding and their collaborators investigating the effects of
Vdipic complexes in rats with STZ-induced diabetes. The reader is
referred elsewhere for animal studies using other V compounds
[9,14,24-27].

The STZ-induced diabetic outbred Wistar rat was chosen as
the diabetic animal model by Willsky and co-workers due to its
prevalent use in studies with V as described above. In the outbred
Wistar rat model of STZ induced diabetes, there is variability in the
response of the animals with respect to blood glucose (BG) [6,18].
The use of the Wistar outbred rat model, in part, accounts for the
large deviations seen in the error bars for determination of blood
and serum parameters in these experiments. In an effort to get a
more uniform response, the Willsky lab has tried to study STZ-
induced diabetes in various inbred rat models without finding a
response to V to equal that of the outbred Wistar Rat. In addition
to the published results with the inbred Wistar Kyoto and Wistar
Furth strains [18], we have also looked at the Dahl, ACI, PVG, Buf-
falo, Lewis, Brown Norway, and F344 inbred rat strains (Willsky
unpublished results).

The exact mechanism of the insulin-enhancing activity exerted
by V compounds is not completely understood. These compounds
are coordination complexes, and are inherently susceptible to
hydrolysis (that is loss of metal also described as demetalation),
such that the specific active species remains unclear. Adminis-
tration of these V complexes is likely to result in loss of ligand,
and extensive work has been carried out aimed at determining
the active species [17,19,28-36]. Studies using BMOV and BEOV
demonstrate that upon administration of the complex, the mal-
tol ligand separates from the metal ion, and transport proteins
such as transferrin are likely to play key roles in the distribution
of vanadium intracellularly [8,31,36-40]. Due to transmetalation
reactions and cellular compartmentation it is likely that other lig-
ands in addition to transferrin are involved in the biological effects
of V compounds. Transmetalation reactions are commonly seen
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with coordinated metal complexes where the tightly bound metal
is transferred to other ligands, for example, as documented for
gadolinium chelates [41]. Some studies have been performed using
other vanadium complexes, such as in vivo observation of vana-
dium in the blood of an animal that had received the vanadium
picolinate complex [24,29,42]. In summary, all these studies docu-
ment that at some point, the vanadium complex decomposes after
administration and that other complexes can form with cellular
components.

Various mechanisms of action have been implicated in the anti-
diabetic effects of V [7,8,12,43]. The most widely accepted mode
of action for V compounds thus far is attributed to the inhibition
of protein tyrosine phosphatases [44-48]. Some V compounds are
reversible inhibitors, whereas others are irreversible by modifying
the protein through redox processes [46]. Our group has proposed
that interactions of V complexes with cellular oxidation-reduction
processes is important in the anti-diabetic effects of V compounds
[19]. V causes increases in ROS and RNS via multiple mechanisms
[49,50]. Systematic studies such as those reviewed here are there-
fore important, allowing for evaluation of the observed effects
when altering coordination geometry, ligand and oxidation state
of the vanadium.

1.2. Vdipicolinate complexes: rationale for use and introduction
of complexes reviewed

The insulin-enhancing effects of V were examined using a range
of different dipicolinate complexes. In these studies alterations to
the coordination chemistry around the V, the ligand, and the oxi-
dation state were made. The common feature in this work was
to maintain the dipic ligand coordinated to the V. These studies
have investigated V compounds with diverse chemical properties,
oxidation state, stability, redox potential, and lipophilicity. The
dipicolinate ligand was originally chosen because Vdipic complexes
are potent inhibitors of phosphatases [51]. At that time, this was
considered the primary mode of action for the anti-diabetic effects
observed with these compounds. Furthermore, the chemistry of
the V(5) complex was not well characterized [16,52,53]. Several
Vdipic complexes have been reported, including the V(5) complex
with one dipic ligand. Vdipic also forms with V(4) however, two
complexes can be present in solution; one that possesses a single
dipic ligand and another that contains two [19,54-56]. The crys-
talline material that has been structurally characterized and used
for most studies is the 1:1 complex. Only trace amounts of the 1:2
complex forms under physiological conditions. As a result, it is not
necessary to consider the 1:2 complex for use in biological studies.
The V(3) complex, on the other hand, forms mainly a complex that
has two dipic ligands coordinated to the V [19,54-56].

The dipic ligand is a potent metal chelator, but structural mod-
ification changes the effectiveness of the chelator, as evidenced
from studies with different dipicolinate ligands [23,52,55,57,58].
In particular, the dipic ligand forms ternary complexes. Ternary
complexes significantly change the electronic properties of the V
complex [59,60]. In addition, it is a natural metabolite in humans,
making it a very promising system for the study of the anti-diabetic
effects.

The chemistry of V-picolinate derivatives and their insulin-
enhancing effects in cells and animals had been described [61-63].
Sakurai and co-workers have studied ‘insulin-like’ effects in V com-
plexes by extensive structure-function experiments [14] in part
employing a cell model in which the release of free fatty acids (FFA)
from adipocytes is monitored and also utilizing real time monitor-
ing of V in the blood of living rats [62].

Redox properties of these V dipic complexes are irreversible in
aqueous media [64] and (Crans et al. unpublished). Recently, stud-
ies using the parent complex have demonstrated, that this class of

compounds are readily dissolved in interfaces [65,66]. Addition-
ally it has been found that the dipic ligand itself follows this trend,
which may be important to the action of these compounds [67].
The V dipic and dipicCl complexes and ligands used in the stud-
ies that are reviewed here are shown in Fig. 1. V5dipic is the parent
complex, and was one of the most effective compounds examined
[16,19]. The aromatic moiety of the dipic ligand was perturbed and
resulted in studies with dipicOH [58], dipicCl [21,22], and dipicNH,
[20]. The coordination chemistry of V was perturbed by addition of
a hydroxylamine (HA) group to the metal. This modification with
the dipicolinate derivatives was studied [20,59,60] and some of
these compounds were selected for testing in animals. Specifically
the complexes used were V5dipic(MeHA) and V5dipicOH(HA). The
chemistry and pharmacology of a range of V compounds including
Vdipic complexes have been described in recent books [68,69].
The animal work reviewed here was conducted by Willsky and
Ding in separate, parallel, repeated experimental studies, in col-
laboration with Crans and McNeill [17-19,32,53,70]. In addition,
previously unpublished results are included from the Willsky lab-
oratory involving the anti-diabetic effects of treatment with the
V5dipicOH complex with hydroxylamine modifications and the
effects of treatment with V5dipicOH on global gene expression.
These studies were carried out as part of a larger study and were
presented at the V7 Conference in Toyama Japan in October 0of2010.

1.3. Effects of ligands and V5dipic on diabetic hyperglycemia,
diabetic hyperlipidemia, and toxicity

The effect of treatment with V5dipic on BG in rats with STZ-
induced diabetes has been previously reported [19] and is shown
in Fig. 2. These results are compared with the effect of treatment
with the simple salt VS, and treatment with the dipic and dipicOH
ligands [18,19,32]. Lowering of BG upon V5dipic treatment yielded
similar effects when compared to treatment with VS. Administra-
tion of the ligands (dipic and dipicOH) to diabetic rats did not cause
a statistically significant difference in BG levels when compared to
untreated diabetic animals. Lower BG levels were seen after treat-
ment with dipic, while dipicOH treatment showed a tendency to
raise BG. Treatment with another ligand, dipicCl, also raised BG
levels (Fig. 5).

The effects of treatment with ligands and Vdipic complexes on
diabetic hyperlipidemia was previously reported by Willsky and
co-workers [19,58,71] and results are shown in Table 1. Treatment
with dipic did not significantly lower serum lipid levels in diabetic
animals, while treatment with dipicOH lowered diabetic hyperlipi-
demia. Note, treatment with the specific ligand showing a tendency
to lower diabetic hyperglycemia did not lower diabetic hyperlipi-
demia, and vice versa. Administration of both the parent Vdipic
complex (V5dipic) or simple salt (VS) significantly lowered diabetic
hyperlipidemia. In another study, administration of another modi-
fied version of the dipic ligand, dipicCl [21,22], statistically lowered
serum cholesterol (chol) with no effect on serum triglyceride TG
(see below).

The toxicity of the ligands on the diabetic animals has been
examined using weight loss, need for rehydration, elevated serum
parameters such as alkaline phosphatase (ALP) and aspartate
aminotransferase (AST) that are signs of liver dysfunction, and sur-
vival in various studies [21,22]. Animals treated with the ligand
alone did not show any significant differences in the parameters
observed in the diabetic animals. Treatment with most of the Vdipic
complexes reported in these studies show some toxic effects while
monitoring the parameters, and a few deaths did occur in a limited
number of groups.
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Fig. 1. Structures of compounds used.

2. Effect of oxidation state modification of Vdipic and
VdipicCl complexes on insulin-enhancing activity

2.1. Effects of oxidation state modification of Vdipic on diabetic
hyperglycemia, hyperlipidemia and absorption into serum.

Treatment of the diabetic rats with Vdipic complexes in the 3, 4
or 5 oxidation states lowered BG significantly after day 3 [19] and
results are shown in Fig. 3. The BG lowering effect of administration
of the Vdipic complexes may be additive with the non-statistically
significant trend of treatment with dipic alone to lower BG (Fig. 2).
Of the Vdipic complexes, only treatment with the V5dipic complex
lowered BG significantly compared to treatment with the dipic lig-
and alone by ANOVA analysis. These results show that there are

oxidation state differences in the effect of treatment with Vdipic
complexes in rats with STZ-induced diabetes.

The effects of varying the oxidation state on diabetic hyperlipi-
demia of the Vdipic complexes are seen in Table 1 [32]. Treatment
with V3dipic, V4dipic, or V5dipic significantly lowered elevated TG,
chol and FFA in the diabetic animals. Interestingly, the serum lipid
levels for most of the treated diabetic rats were not statistically
different from lipid levels observed in normal animals.

The effect of oxidation state on V absorption into serum was
examined by comparing the dose ingested to the amount of V
found in serum by atomic absorption (Table 2) [19]. In this anal-
ysis, only the animals treated with V4dipic showed a correlation
of dose ingested to serum V using Spearman correlation analysis.
Although the animals treated with VS and V3dipic showed Spear-
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Table 1

Effect of treatment with VS and V dipicolinic acid complexes on serum lipids in rats with STZ-induced diabetes.”
Treatment n TG (mg/dl) Chol (mg/dl) FFA (mg/dl)
Normal (N)? 18 134 + 153" 78 + 3.8*** 78 + 3.8%**
N-VS? 15 111 £ 11.8"** 80 + 4.2%** 80 + 4.2***
Diabetic (D)? 32 1427 + 124.2%## 219 + 15.0%## 219 + 15.0%##
D-oral VS R? 5 173 £ 12.9*** 79 + 6.0 79 + 6.0**
D-oral VS NR 7 239 + 51 (3)**# 91 £ 5.7 (3)* 91 £ 5.7 (3)"
D-VS 27 245 + 33*** 104 + 8™* 104 + 8"
D-V3dipic? 8 154 + 22%** 114 £ 5 114 + 5
D-V4dipic? 5 121 £ 12.7*** 101 & 5.8 *** 101 £ 5.8***
D-V5dipic? 5 161 + 20.5*** 92.5 + 5.77 *** 92.5 + 5.77**
D-V5dipicOH? 12 76.7 &+ 20.5™** 97.5 + 431" 97.5 + 431"
D-V5dipicOH(HA) 5 141 + 20*** 106 + 4.3 106 + 4.3***
D-V5dipic(MeHA) 5 1755 + 483### 195 + 21.3### 195 + 21.3###

2 Data previously published [19,59].

b Symbols used: * significance compared to D, # significance compared to N one symbol p <0.05, two symbols p <0.01, three symbols P<0,001.

Table 2

Effect of treatment with VS and V dipicolinate acid complexes on V absorption into serum.

Treatment group n Average dose®P Average serum V2 Spearman correlation Ratio of serum V to
(mmolV/kg/day) (nmol/ml) of average dose to average doseP
serum V (p-value)
D-VSs¢ 13 0.95 + 0.14* 115+11 0.544 (p=0.055) 13.6 £ 1.3###
D-V3dipic© 8 1.25 + 0.04### 113+1.0 0.690 (p=0.058) 9.0 + 0.7###
D-V4dipic® 7 0.60 + 0.08 132+ 09 0.821 (p=0.023) 230+ 14
D-V5dipic© 4 0.51 + 0.09 143 + 34 0.800 (p=0.200) 264 + 4.0
D-V5dipicOH 8 1.03 + 0.03## 24.2 + 1,54 ## 0.262 (p=0.531) 236+ 1.4
D-V5dipicOH(HA) 7 0.64 + 0.08 18.4 + 1.8** 0.714 (p=0.071) 31.0 + 3.9
D-V5dipic(MeHA) 7 0.54 + 0.04 10.1 £ 04 —0.286 (p=0.535) 19.4 + 1.8*
N-VS 7 0.48 + 0.05* 142 £ 1.0 -0.577 (p=0.175) 32.9 & 5.3

#p <0.05, #p <0.01, ##p <0.001 compared to N-VS.
2 Symbols *p < 0.05, **p <0.01, and ***p <0.001 compared to D-VS.
b Average dose was calculated for end of the experiment from days 16 to 28.
¢ Data previously published [19].

man correlation values close to significance p=(0.055 and 0.058
respectively), the relationship of serum V to dose ingested for ani-
mals taking V5dipic was clearly not correlated (p = 0.20). Since the
V complexes were present in the drinking water and all animals did
not drink the same amount of V, the results for the amount of V in
the serum was normalized to the dose ingested. Diabetic animals
dosed with VS or V3dipic had significantly lowered ratios for serum

-8 Diabetic (D) -0- D-VS
-o-N-VS
600 -

-« D-V5dipic
o~ D-dipicOH

-8~ Normal (N)

-/ D-dipic

500

i3
400
300
200

100 ¢

Blood Glucose (mg/dl)

0 7 14 21 28
Time (days)

Fig. 2. Effect of oral chronic administration of V5dipic and dipic ligands on BG in
rats with STZ-induced diabetes. Normal untreated (N, ®); Diabetic untreated (D, ®);
N treated with VS (), D treated with VS (0O); D treated with dipic(a), D treated
with dipicOH (¢), D treated with V5dipic (a). Data redrawn from [18,19,32]. Data
analyzed by one-way ANOVA with multiple means testing. *** represents p <.001 vs
diabetic rats.

V to average dose ingested compared to that see in the normal ani-
mal dosed with VS. Treatment of diabetic rats with VS, one of the
well studied anti-diabetic V compounds, resulted in significantly
less V per dose ingested to be found in serum compared to that
seen in Normal animals treated with VS. This is another example
of the differences in metabolism and response to V of normal and
diabetic animals.

~B-Diabetic(D) -A-D-V5dipic -8 Normal(N)
-X-D-Vadipic ~ =o-D-V3dipic
600 -
S 500
2 .
E 4003
[
(7]
S 300 -
=2
o
< 200
8
E 100 kkk  hkk Hkk KK dedek
04 . . . .
0 7 14 21 28
Time (days)

Fig. 3. Effect of oral chronic administration of V3dipic, V4dipic, or V5dipic on BG
in rats with STZ-induced diabetes. Normal untreated (N,®); Diabetic untreated (D,
m); D treated with V3dipic (¢); D treated with V4dipic (Yo ); D treated with V5dipic
(a). The data for 14 days of treatment were previously published [19] and have been
extended to 28 days. Data analyzed by one-way ANOVA with multiple means testing
*** represents p<.001 vs diabetic rats.
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Fig. 4. Effect of acute interperitoneal administration of V3dipic, V4dipic, or V5dipic
on plasma glucose in rats with STZ-induced diabetes. (A) Plasma glucose levels.
Diabetic rats treated with saline (W), BMOV (0OJ), V3dipic (¢), V4dipic (A), V5dipic
(a).B)Blood Total V levels as determined by atomic absorption spectrometry. BMOV
(O), V3dipic (0), V4dipic (2), V5dipic (a). Data redrawn from previous publication
[32]. Data analyzed by one-way ANOVA with multiple means testing. ** represents
p<.01 vs diabetic rats.

2.2. Effects of mode of administration on the anti-diabetic effect
of V3dipic, V4dipic, and V5dipic

When complexes are chronically administered orally they expe-
rience changing environments and pH before they enter the cells
of the gastrointestinal tract and are distributed into serum and
tissues. The effects of passage through the gastrointestinal sys-
tem can be avoided if the therapeutic agent is administered either
into the peritoneal cavity or intravenously. The effects of intraperi-
toneal administration of a single dose of V3dipic, V4dipic, or V5dipic
were examined in the McNeill laboratory (Fig. 4) [32]. To differen-
tiate this type of treatment from chronically administration in the
drinking water; we are calling the one time ip injection mode of
administration acute treatment. The oxidation state of the Vdipic
complexes showed differential effects in this system with respect
to lowering of diabetic hyperglycemia. In these acute treatment
experiments, treatment with V3dipic and V5dipic maintained low-
ered diabetic hyperglycemia for 48 h, while treatment with V4dipic
showed only a transient 12 h ability to slightly lower blood glucose
(Fig. 4a).

The amount of V in the blood was determined as a function
of time in an acute administration experiment (Fig. 4b). The con-
centration of V in blood over time was modeled using a one- or
two-compartment model using the data shown in Fig. 4b. Data
gathered for V4dipic, V5dipic and the control, BMOV, fit a two-
compartment model. Data obtained after treatment with V3dipic
fit to a one-compartment model. Correlations between blood V
and plasma glucose levels were also obtained in this experiment
[32]. A significant correlation (0.777 R?) was only seen for animals
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Fig. 5. Effect of oral chronic administration of V3dipicCl, V4dipicCl, V5dipicCl,
V5dipicNH;, BMOV, VS, and vanadate on BG levels in normal rats and rats with
STZ-induced diabetes. Data analyzed by one-way ANOVA with multiple means test-
ing. Symbols for treatment group indicated in figure. Data redrawn from previous
publications [21,22].

given V5dipic. However, both V3dipic and V5dipic were equally
effective at lowering BG. The results reported here demonstrate
that although different, there are oxidation state differences in
the ability to lower diabetic hyperglycemia when the V3dipic,
VA4dipic or V5dipic complexes are administered either orally or
intraperitoneally. These results would imply that there are sig-
nificant changes to the V complex while it passes through the
gastrointestinal tract affecting anti-diabetic efficacy.

2.3. Effects of oxidation state modification of VdipicCl complexes
on diabetic hyperglycemia, hyperlipidemia, and serum
metabolites

The effect of oxidation state in the Vdipic series was addition-
ally examined using the dipicCl ligand. In this form of the ligand, the
chlorine changes the electron density in the dipic ring. The dipicCl
ligand alone showed a non-statistically significant trend to fur-
ther raise diabetic hyperglycemia in rats [21,22] as shown in Fig. 5.
Treatment with dipicCl did statistically significantly lower serum
TG, but not serum cholesterol (Table 3), and did significantly lower
the pathologically raised diabetic serum AST and ALP.

Treatment with the V3dipicCl, V4dipicCl or V5dipicCl complexes
did show oxidation state differences. Administration of any of
these three complexes caused lowered diabetic hyperglycemia by
day 8. However, at day 5, significantly lowered BG was only seen
after treatment with V5dipiCl (Fig. 5). Treatment with all three
complexes lowered the elevated chol levels in the diabetic rats,
while treatment with only V4dipicCl or V5dipicCl lowered the ele-
vated TG levels (Table 3). Additionally, treatment with V4dipicCl or
V5dipicCl significantly lowered AST from elevated diabetic levels
in the animals. Treatment with all VdipicCl complexes lowered the
elevated serum ALP. The oxidation state differences observed in the
treatment of diabetic rats with the dipicCl series was different from
those observed in treatment with the dipic series.

3. Insulin-enhancing effects of V5dipic with OH
modification of ligand and amine coordination at the metal

3.1. Effects on diabetic hyperglycemia, diabetic hyperlipidemia
and absorption into serum when the V5dipic complex is modified
with OH and hydroxylamine is coordinated to the V

The aromatic ring of the V5dipic complex was first substituted
with hydroxyl group in the para position altering the electronic
properties of the complex. The effect of changing the coordination
geometry around the V atom was done using the V5dipicOH com-
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Table 3

Effects of treatment with V3dipicCl, V4dipicCl, V5dipicCl, dipicCl ligand and V5dipicNH; on serum biochemical parameters in rats with STZ-induced diabetes.?
Group Chol (mg/dl) TG (mg/dl) AST (U/T) ALP (U/T)
Normal control 1.44 + 0.29* 0.67 + 0.21 216 + 33 63 £ 77 ##
Diabetic 2.04 + 0.42 0.94 + 0.09 257 + 133## 747 + 326%##
DipicCl 1.54 £0.12 0.90 + 0.19 147 + 14** 356 + 146***
V3dipicCl 1.38 £ 0.36 0.75 + 0.32 200 + 46 358 + 130**
V4dipicCl 1.25 £ 0.38* 0.54 + 0.30* # 146 + 17 270 + 84***
V5dipicCl 0.96 + 0.36* 0.36 + 0.3* # 170 + 44* 212 + 53***
V5dipicNH,P 1.10 £+ 0.22* 0.47 +0.28 166 + 27 223 £ 113

Values are expressed as the mean + SD. N=5-6, *p<0.05, **p<0.01 and **p <0.001 vs diabetic. #p <0.05, *¥p<0.01 and *##p<0.001 vs dipicCl group.
2 Parameters measured were total serum cholesterol (Chol), triglycerides (TG), aspartate aminotransferase (AST), and alkaline phosphatase (ASP).
b Data published separately [21] was not part of the statistical analysis of the rest of the data [22].

plex, which was the first V5dipic complex for which the details
of the insulin-enhancing effects of the V5dipicOH complex were
reported [18]. The coordination number of the V5dipic complex
was increased to 7 by the addition of a dimethyl hydroxylamido
group to the V complex [V5dipic(MeHA)]. The effects of coordi-
nating the hydroxylamine to both parent complexes V5dipic and
V5dipicOH has been described in detail [58].

The effect of administration of these hydroxylamine complexes
on BG in Wistar rats with STZ-induced diabetes is shown in Fig. 6
(unpublished). The coordination of dimethyl hydroxylamine to the
V5dipic interfered with the ability of the V5dipic complex to sig-
nificantly lower BG when administered to diabetic rats. Previously
it was shown that treatment with V5dipicOH was effective in low-
ering BG for the first two weeks of the experiment. However, BG
values returned to those of the untreated diabetic control by the
end of the experiment at 4 weeks. The effective time period for BG
normalization in this animal model is very dependent upon the spe-
cific V compound used. In fact, treatment with BMOV showed that
the BG lowering effect has been reported to continue for months
after treatment was terminated [6]. In an attempt to lengthen
the time of effectiveness of the dipic series, V5dipicOH was com-
plexed to a hydroxylamine group, which improved the BG lowering
effect at the end of the experimental time period. Treatment with
V5dipicOH(HA) caused the lowered BG level to be maintained
throughout the one month experiment. None of these modifica-
tions produced a complex that was more effective at lowering of
BG than the parent, V5dipic. The effect of treatment with the com-
plex with an addition of an amino group at the para position was
also studied. In Fig. 5 it can be seen that the NH; substitution on the
dipic ligand resulted in a V5dipicNH, complex that when adminis-
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Fig. 6. Effect of oral chronic administration of hydroxylamine coordinated to
V5dipic and V5dipicOH on BG levels in rats with STZ-induced diabetes. Data
obtained as described in previous publications [18,19,32]. N (@), D (), V5dipic (a),
V5dipic(MeHA) (+), V5dipicOH (4), V5dipicOH(HA) (X). Data analyzed by one-way
ANOVA with multiple means testing. *** represents p <0.001 vs diabetic rats.

tered also significantly lowered diabetic hyperglycemia to similar
levels as VS administration [22].

The effects of treatment with hydroxylamine modified V5dipic
and V5dipicOH complexes on diabetic hyperlipidemia were mon-
itored by measuring serum TG, chol and FFA (Table 1). All of
the measured lipids were significantly lowered by administra-
tion of all of theses V5dipic complexes. While V5dipicOH was
the most effective complex at lowering the elevated TG levels
associated with diabetes, administration of V5dipicNH, also sig-
nificantly lowered serum chol and serum TG (Table 3)[22]. The
V5dipic(MeHA) lowered serum TGs to normal levels, while the
ternary complexes of V5dipic and V5dipicOH formed by addition
of hydroxylamine were more effective at lowering FFAs than the
five-coordinate complexes. The coordination of HA to the metal
appears to have increased the ability of treatment with the V5dipic
or V5dipicOH complexes to lower diabetic hyperlipidemia. Overall,
the V5dipicOH(HA) was the best complex with respect to lowering
serum lipids after treatment since it was the only complex that
lowered both serum TG and FFA to normal levels.

The absorption into serum was measured and compared to the
dose of Vingested by the animals treated with hydroxylamine mod-
ified Vdipic complexes. These results were compared to those seen
in diabetic animals treated with VS or Vdipic complexes with dif-
fering oxidation states as described in Section 2.1 (Table 2). As
discussed before the ratio of the serum V to the average ingested
dose of V is the best measure of absorption into serum when
the animals are dosed with vanadium complexes in the drinking
water. Of the new complexes studied (V5dipicOH, V5dipicOH(HA)
and V5dipic(MeHA), animals treated with V5dipicOH accumulated
the most V in serum of any in this study and significantly more
than both the Normal animals and Diabetic animals treated with
VS. However, these animals also ingested much more V, so the
ratio of serum V to dose ingested was not significantly different
from that seen with these two other groups. Animals dosed with
V5dipicOH(HA) accumulated significantly more V into serum than
the D animals treated with VS and the statistical significance of
this was also observed when the ratio of serum V to dose is used
as the metric. In the diabetic animals treated with V5dipic(MeHA)
the ratio of serum V to average dose was significantly lower than
that seen with normal animals treated with VS but not signifi-
cantly higher than the ratio seen with diabetic animals treated
with VS. Limiting the comparisons to the diabetic animals only
the V5dipicOH(HA) significantly increased the absorption of V into
serum with a 2.3 fold increase being observed in the ratio.

3.2. The effects on global gene expression of treatment with
V5dipicOH and VS

Treating outbred Wistar rats with STZ-induced diabetes with the
simple salt VS results in approximately 60% of the animals respond-
ing with both lowered diabetic hyperglycemia and hyperlipidemia.
VS treated diabetic rats that responded to treatment with both low-
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Fig. 7. Effect of oral chronic administration of VS on rats with STZ-induced diabetes.
Parts of this figure has been previously published [71]. N (@), D (W), D-VS(R) respond-
ing with lowered BG and lowered Lipids (a), D-VS not responding (NR) with lowered
BG and but showing lowered Lipids (A), D-VS all responses of animals treated with
VS (0O). Data analyzed by one-way ANOVA with multiple means testing. ** represents
p<0.01 and *** represents p<0.001 vs diabetic rats.

ered hyperlipidemia and hyperglycemia were originally selected
for gene expression profiling studies. An Affymetrix rat chip with
approximately 8000 probe sets was used to study gene expres-
sion in normal and diabetic animals in the presence and absence
of VS treatment [71]. The Affymetrix probe sets used were sets
of 16 short oligonucleotides specifically designed to monitor the
expression of a single gene as monitored by various algorithms.
An important conclusion of that earlier study was that in a two
way ANOVA analysis (using diabetes and treatment as variables)
of the 5100 probe sets that were expressed in any of our exper-
imental conditions showed a statistically significant interaction.
This result confirms what has been observed in individual assays
that V treatment affects normal and diabetic animals differently.
The response of the diabetic rats to VS when only hyperlipidemia
and not hyperglycemia was controlled was similar to that observed
for the diabetic rats treated with V5dipicOH (Fig. 6 and Table 1). In
order to see the effect of the dipicOH ligand on global gene expres-
sion we extended our previous gene expression study to include
data from these two new treatment groups which had not previ-
ously been published.

In our previous work 66 probe sets altered in diabetes and
restored to normal levels in diabetic animals treated with VS in
which both hyperlipidemia and hyperglycemia were controlled
were identified. We now examined the expression of these same
probe sets in the animals treated with VS with elevated BG levels
and normalized hyperlipidemia (VS NR Table 1 and Fig. 7) and those
treated with V5dipicOH as illustrated in Fig. 8. In this experiment
each column represents data from one rat and there are five rats in
each group. The expression data in each row are normalized to the
median value seen in the normal control group. The pattern of gene
expression obtained in Fig. 8 for the diabetic rats treated with VS
who responded with lowered BG and lowered lipid levels resem-
bles the expression pattern seen for the normal rats more than that
of the diabetic rats. Interestingly the pattern of gene expression
seen in the normal animals treated with VS shows a resemblance
to that seen in diabetic animals, especially for the down regulated
genes. The expression pattern seen with the rats treated with VS
or V5dipicOH in which BG remained high and only the lipids were
lowered resembled the diabetic gene expression pattern for this set
of both up regulated and down regulated genes.

The number of probe sets differentially expressed when com-
paring the expression in three treated groups to that observed
in the normal and diabetic animals was then examined (Table 4)
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Fig. 8. Heatmap for the 62 probe sets selected as being both altered by diabetes
and corrected by oral administration of VS. The expression of each individual gene
is compared with that of the median of the N group, represented by black in the
group of arrays for the N rats. The intensity of the color indicates the variability
of the expression of that probe set in the group. Data from N and D untreated and
treated with VS (where the treated rats showed lowered diabetic hyperlipidemia
and hyperglycemia (D-VS BG low L low) have previously been published [71]. New
data for D animals treated with VS in which only lipids were lowered (D-VS BG high,
Llow) and D animals treated with the liganded V5dipicOH (D-Lig BG high, L low).

for all of the 5100 genes showing some expression changes in
the overall study. In comparisons of gene expression in diabetic
animals with gene expression in VS treated diabetic groups and
the V5dipicOH treated diabetic animals, hundreds of differentially

Table 4
Comparisons of gene expression in diabetic rats treated with VS and V5dipicOH.2

Group Number of probe sets Number of probe sets
expressed compared to  expressed compared to
untreated diabetic® untreated normal®

VS-BG low, lipid low ? 523 33

VS-BG high, lipid low 476 516

V5dipic-BG high, lipid low 274 460

2 Experimental methods for animal treatment, RNA extraction, and analysis with
Affymetrix Rat Chip U34 described in Willsky et al. (2006) Physiological Genomics
[71]. Probe sets identified by standard t test comparisons with False Discovery Rate
of 0.05 using Affymetrix expression data.

b Data for this group previously published [71].
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expressed probe sets were identified (first column, Table 4). Hun-
dreds of differentially expressed genes were identified when gene
expression in both the VS treated diabetics with high BG and low
lipids and the V5dipicOH treated diabetic animals were compared
to gene expression in normal animals (second column, Table 4).
In contract, when gene expression in the VS treated diabetics in
which BG and serum lipids were lowered was compared to normal
gene expression, only 33 differentially expressed probe sets were
identified. Identification of 33 genes in this type of experiment is
similar to a baseline measurement. These results imply that the
changes in gene expression seen when diabetic hyperlipidemia and
hyperglycemia are alleviated by V treatment returns gene expres-
sion to normal. However, the changes in gene expression when
only diabetic hyperlipidemia is returned to normal are mediated
via changes that do not involve a return to normal gene expression.

Gene expression data from Wistar rats classified as normal, dia-
betic, diabetic treated with vanadate, and diabetic treated with
insulin have been obtained using the 96 genes on the GE Array
for the insulin pathway [72]. Although the expression of most of
the diabetes altered genes were returned to normal levels with VS
and insulin treatment, expression patterns were not identical. This
resultisin agreement with data for mice with STZ-induced diabetes
treated with VS or insulin using the Affymetrix array [73]. In addi-
tion, the identified probe sets with altered gene expression found
in this mouse experiment using the Affymetrix chip [73] with VS
treatment were very similar to those reported described above for
the rat Affymetrix experiment using VS treatment [71].

4. Interpretations of the observed effects of the Vdipic
complexes used as treatment in STZ-induced diabetic rats

4.1. Summary of the insulin-enhancing effects seen in
administration of Vdipic complexes to diabetic rats and toxicity
implications

Substitution to the 4-position of the dipic ligand in the Vdipic
complexes screened had a limited effect on insulin-enhancement.
When the OH or NH; functionalities perturbed the aromatic ring of
the V5dipic complex, chronic administration did not significantly
improve insulin-enhancement, as a matter of fact the BG lower-
ing effect on diabetic hyperglycemia was reduced when V5dipicOH
was used [18,22]. Administration of the ternary complex formed
upon hydroxylamine coordination to the V improved the normal-
ization effect on hyperlipidemia when compared to both V5dipic
and V5dipicOH (Fig. 6. and Table 1). Complexation of the HA moiety
to V5dipicOH extended the BG lowering effects on diabetic hyper-
glycemia to the end of the treatment period.

Differing results were also seen in the oxidation state series
for both Vdipic [19] and VdipicCl [21]. Although there are sig-
nificantly different changes after treatment of diabetic rats with
Vdipic or VdipicCl complexes in oxidation states III, IV, or V;
there is no statistically significant linear relationship of oxidation
state and diabetic hyperglycemic (Figs. 3 and 5) or hyperlipi-
demic (Tables 1 and 3) effects. In the VdipicCl oxidation state
series, treatment with V5dipicCl showed greater effectiveness than
administration of V3dipicCl or V4dipicCl at normalizing diabetic
hyperglycemia in the earlier timepoints, while all were equally
effective after 12 days. A linear trend with oxidation state in the
effectiveness at lowering diabetic hyperlipidemia was observed
with the VdipicCl complexes. Treatment with V5dipicCl also was
the most effective at normalizing elevated chol and TG levels in the
diabetic animals.

In the chronic administration model [47] the Vdipic oxida-
tion state series showed a trend in effectiveness (V5 >V4 >V3) for
the treatment of diabetic hyperglycemia (Fig. 3). However, in the

acute model [32] V3dipic and V5dipic effectively lowered BG while
VA4dipic did not (Fig. 4). Since the administration routes of the com-
plexes were different it is possible that the modification of efficacy
is due to increased interactions with metabolites when the com-
plex passes through the gastrointestinal tract. Interactions with
other ligands, and possibly also with membranes within the animal,
during the treatment process could also contribute to the results
observed.

Of all the Vdipic complexes studied, treatment with V5dipic,
V5dipicCl, V5dipicOH(HA) and V5dipicNH, appeared to alleviate
most of the diabetic symptoms in our studies. V5dipic appears
to normalize diabetic hyperglycemia to the greatest extent of the
complexes examined. The hydroxylamine V complexes appeared
to be most effective at normalizing diabetic hyperlipidemia. Cur-
rently we have only performed a two-week experiment with the
V5dipicNH; and no data on absorption into serum is available for
this complex. The V5dipicOH(HA) was the only Vdipic complex
that accumulated more V into serum compared to VS after doses
were normalized (Table 2). One could speculate that addition of
HA to V5dipicNH, would further improve alleviation of diabetic
symptoms.

It is encouraging to see a correlation between V in blood and
dose for the complexes VS, V5dipic and V5dipcOH(HA) in chronic
studies. However, corresponding studies are lacking for the other
V complexes explored here. An inverse Spearman correlation of
—0.488(p <0.05,n=19)was seen for BG and serum V when Vdipicin
all oxidation states was administered using the data presented here
in Fig. 3 and Table 2. An inverse Spearmen correlation of —0.503
(p<0.05 n=22) for serum V and cholesterol in animals treated
with the V5dipic complexes described in Tables 1 and 2. Additional
correlations are expected for V and metabolite markers in serum
however such analyses would require additional animal samples.
Treatment with V5dipic complex resulted in a correlation between
V levels in blood, and BG levels in plasma using the acute adminis-
tration protocol [32]. These results are consistent with the concept
that the blood/serum compartment or another biological compart-
ment in equilibrium with these is important in the anti-diabetic
properties of the Vdipic complexes in this animal model.

The toxic effects of administration of the Vdipic complexes and
their derivatives varied from minimal to significant morbidity and
mortality (Section 1.3). Short term human clinical trials with vana-
dium salts have been completed with minimal toxicity observed
[12,73]. Phase 1 and phase 2 clinical trials with BEOV [7,8], the first
V coordination complex to be used in human studies, have con-
cluded; and kidney toxicity has been reported in the phase 2 trial
[74]. Therefore a brief discussion of how the results reported here
relate to other rodent and human studies with V is warranted.

Worker exposure to excess vanadium has largely resulted from
inhalation of vanadium pentoxide in workplace dust [75]. Respira-
tory effects predominate, but many organ systems can demonstrate
adverse effects [76]. Non-occupational vanadium exposure is pre-
dominantly from the food supply and typical daily doses consumed
by humans have been estimated at 0.01-0.03 mgV/day. Normal
serum levels range from 0.02 to 0.9ngV/ml [77]. Chronic one
year oral exposure studies in rats indicate that doses as high as
19mg V/kg/day as vanadyl sulfate in the drinking water caused no
hematological or pathological effects, and a dose of 28 mg V/kg/day
led to a small decrease in body weight gain [78-81]. Similarly, life-
time studies in rats and mice showed no adverse effects at doses of
up to 4.1 mg V/kg/day [82,83].

One reason for the ability of animals to tolerate chronic expo-
sures to high dose rates of vanadium is the poor absorption of
vanadium salts in the GI tract. Less than 1% of the ingested vana-
dium s typically absorbed by this route of exposure. Although there
may be higher absorption rates for various complexes of vanadium
as indicated by the serum to dose rate ratios in Table 2, the mag-
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nitude of the differences in absorption are within a factor of 2-3
when compared to VS. Dissociation of vanadium from the com-
plex is likely necessary for both its toxicological and insulin-like
effects. In addition, there may be compound specific differential
distributions of vanadium to tissues, which may depend on the
physico-chemical properties of each compound, and on the rate
of release of V from each compound in body fluids and tissues.
Additional studies are necessary to assess tissue specific pharma-
cokinetic parameters for individual vanadium complexes, and their
role in producing adverse effects.

4.2. Chemical stability and electrochemistry/catalytic studies of
the V5dipic complexes with anti-diabetic effects

The chemistry and properties of a range of dipic-
complexes have been studied in detail by our group
[16-18,20-23,32,53,55,58-60,65,70,84-90]. Small changes in
the properties of Vdipic complexes manifest themselves as
changes in stability, redox properties and solubility. Our objective
here was to associate these differences, with the observed effects
of modified Vdipic complexes on insulin-enhancement. Formation
of the V5dipic complexes can be determined using NMR spec-
troscopy, however, formation of V4 and V3dipic complexes must
involve alternative methods, such as EPR and UV-vis spectroscopy.
Although many excellent studies have been carried out on a
range of V complexes with other ligands [16,25,26,68,69], less
has been done with V4 and V3dipic complexes [17,19,54-56]. For
V5dipic and the substituted complexes, the stability maximum
is around pH 3.4. Because the pK; for Hydipic is 4.49 [16,52,53]
this observation is not due to the chemistry of the ligand, but
due to the chemistry of V(5) in the aqueous solution. Below pH
3.4, complex formation is less pronounced because monomeric
vanadate concentration is low. Above pH 3.4, less V5dipic complex
is observed because of a combination of V(5) chemistry and dipic
deprotonating, forming the dianion ligand species. Pertubation
of the dipic ring with both electron donating and withdrawing
substituents lowers complex stability. These changes trace with
the trend of lowered effectiveness as insulin-enhancing agents. It
is interesting that in the Vdipic complexes, as in the case of the
BMOV-BEOV series, the parent and unsubstituted system is the
most effective [7].

The stability of dipicolinate complexes are pH dependent as is
illustrated in Fig. 9 for the [VO(dipic)(MeHNO)(H,0)]. A large and a
small signal is shown from pH 2.2 to 5.2 reflect the two different iso-
mers of this asymmetric hydroxylamine. Above pH 6.1 the complex
is beginning to hydrolyze to form vanadates and the oxovanadium
hydroxylamine complex. The effect of substituent perturbation is
shown in Fig. 10 where the amount of intact V5dipicX is plotted
as a function of pH [20,23,53,55,58]. As shown in Fig. 10 V5dipic,
V5dipicOH, V5dipicNH,, V5dipicCl, and V5dipicNO, have stability
maxima near pH 3.4. The V5dipic complex is the most stable over
the tested pH range. Of particular interest to biology, V5dipic is
also the most stable complex at physiological pH ranges. Interest-
ingly, when X =0H, NH;, NO; or Cl, the resulting V complexes are
less stable than V5dipic [20,23,55,58]. The higher relative stabil-
ity of V5dipic presumably arises due to counteracting electronic
effects created by the substituents reducing the chelating abilities
of the modified ligands. Binding affinity reduction would result in
the stability of monomeric vanadate becoming more favorable over
complex formation. Since the parent version of the ligand creates
the Vdipic complex possessing the greatest insulin-enhancement
effect in animals, these properties correlate well with the chelating
effect of the dipic ligand.

Coordination of the hydroxylamine (HA) ligand to the V atom
forms a ternary complex which significantly changes the properties
of the V complexes [20,60,91,92]. Although this ligand can rapidly
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Fig. 9. The 'V NMR spectra of [VO(dipic)(MeHNO)(H,0) recorded as the pH was
varied from 2 to 8 (A-G). Each spectrum was recorded from a separate sample with
an initial concentration of 2 mm complex. Monomeric vanadate and the predomi-
nant hydroxylamido:V species are labeled as V1 and *, respectively.

Figure reproduced from Smee et al. [20] with permission.

dissociate in hydrophobic environments, the presence of HA sig-
nificantly stabilizes the complex. However, reductions have been
reported during Vdipic chelation to HA [20,23]. Subtle variations in
the HA structure have a profound effect on the electronic proper-
ties exhibited by V and are readily observed by >V NMR chemical
shifts. For the V5dipicOH complex a chemical shift of —534 ppm
is observed, while —605 ppm is found for V5dipicOH(MeHA) and
—671 ppm for V5dipicNO,(HA) [20]. For V5dipicCI(HA) a chemi-
cal shift of —679 ppm was observed, while —630 ppm is found for
V5dipicCl(MeHA), —604 ppm for V5dipicCl(Me,HA) and —594 ppm
for V5dipicCI(Et,HA), all of which are significantly further upfield
compared to the parent complex V5dipicCl at —533 ppm [23]. The
electronic changes in these systems have been characterized in
detail [60].
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Fig. 10. Percentage of intact V5dipicX as a function of pH. 'V NMR data obtained
from previously published work by Smee et al. [20,23]. X=H (®); OH (¢); NH; (O);
NO; (O); Cl(2).
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Hydrolysis of these HA ternary complexes is more involved than
the simple V5dipic system. Not only do the oxovanadates form, but
the parent complexes (V5dipic and V5dipicCl) [23,53] as well as
the Vdipic(HA) complexes form [91,93,94]. Indeed, the Vdipic(HA)
complexes have been characterized in detail, showing an optimum
pH near neutral pH with the existence of several species. These
species include the oxovanadates, simple Vdipic(HA) complexes, as
well as the ternary complexes [91,93,94]. Interestingly, the ternary
HA ligands extend the stability of the ternary complexes by one
to two pH units to the neutral pH range. As the Vdipic(HA) com-
plex approaches neutral pH it begins to hydrolyze. However, the
hydrolysis point is several pH units higher than the hydrolysis point
of the parent complex, which occurs around pH 5 [23]. Combined,
these studies show that the stabilization provided by the additional
ligand on the V results in complexes that exist into the neutral
pH range. These results suggest a mechanism for how the parent
complexes are able to exert activities in biological systems. Inter-
estingly, fine-tuning the properties of V5dipic could be important to
rationalize the insulin-enhancing effects of these compounds [95].

V compounds undergo redox chemistry under physiological
conditions [26,96]. Generally the redox cycling of V compounds
under physiological conditions involves the transfer of one-
electron. Recently evidence of two-electron transfer reactions
with Vdipic complexes have been reported [97,98]. Redox cycling,
involving a range of metabolites, forms reactive oxygen species
(ROS) [99]. ROS are no longer considered toxic in all environments,
and low concentrations have some beneficial effects [100]. In fact,
insulin-induced ROS are believed to be involved in the insulin-
signaling pathway [95]. Cell signaling processes involve receptor
ligand interactions which are based on electrostatic potentials asso-
ciated with the ions and dipoles in the receptor ligand complex
[66]. These types of interactions take place with all types of ions
including the many cations and phosphates in biological systems
and shift the energetics associated with electron transfer processes
[101]. Redox properties of V complexes can be tuned from favoring
one-electron transfer reactions to two-electron transfer reactions,
potentially decreasing the toxicity of these complexes [66].

Electronic properties of V complexes are altered upon substi-
tution with electron withdrawing and donating groups [60]. It is
well known that metal chelation will alter redox potential and was
recently demonstrated for vanadate under physiological conditions
[96]. Formation of ternary complexes under cellular conditions
is likely, considering the increased stability of such complexes.
Ternary Vdipic complexes are reported to form with peroxide, a
series of hydroxylamines, pyridine, pinacol, and alcohols. These
occur in hydrophobic environments and thus support the sug-
gestion of membrane interaction being involved in the biological
actions of V [66]. V5dipic readily penetrates lipid interfaces [65]
residing in hydrophobic environments under near physiological
conditions. Therefore, the potential exists that alteration of the
insulin-enhancing and/or toxic actions of V complexes may be
triggered by the movement of V complexes into membrane envi-
ronments [66].

5. Conclusions

Structure-activity relationship studies were carried out using
a range of Vdipic complexes. It was demonstrated that changes
in coordination geometry caused the greatest improvement in the
insulin-enhancing properties of these complexes. Changes in V oxi-
dation state also impact the insulin-enhancing properties, however
these effects were less pronounced. We conclude that with regard
to improving the insulin-enhancing properties, dipic ligand substi-
tution is less important when compared to the V oxidation state
and ternary complex formation. We propose that the compound

stability and the ability to interact with cellular redox reactions are
key components for the insulin-enhancing activity exerted by V
compounds. Recently, the possibility that membrane interactions
are influenced by the ligand was suggested, and such membrane
effects may affect uptake and action of the V complexes [66]. Inter-
estingly, the classes of compounds discussed here with the greatest
insulin-enhancing effects are found for compounds that are most
compatible with the lipid environment.
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