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Abstract: The number of patients suffering from diabetes mellitus (DM) is increasing year by
year throughout the world. In 2003, the world population was 6.3 billion, and the number of
patients with DM in the adult population (20-79 years old) was 0.194 billion, which corre-
sponded to 5.1 % of all disease incidence in that age range. In 2005, it is forecasted that the
world population will increase to 8.0 billion and the ratio of DM to total disease incidence
will increase to 6.3 %, with a disproportionate number of cases in Southeast Asia, the West
Pacific, Central Asia, and North, Central, and South America. To treat Type 1 and Type 2 DM
clinically, insulin preparations and synthetic drugs, respectively, have been used. However,
these treatments are associated with some problems, such as several times of daily insulin in-
jections following blood glucose monitoring and side effects in the case of the synthetic
drugs. Consequently, a new class of therapeutic compounds is anticipated. After many trials,
vanadium-containing complexes have been proposed to improve and treat both types of DM
by in vivo experiments. We present an overview of insulinomimetic and antidiabetic vanadyl
(+4 vanadium, V) complexes, and propose new candidates for dinuclear vanadyl complexes
with naturally occurring ligands. The current state of research on the dinuclear
vanadyl(I'V)—tartrate complexes is described in regard to the physicochemical characteristics,
in vitro insulinomimetic and in vivo blood-glucose-lowering effects of the prepared com-
plexes.

Keywords: Dinuclear vanadyl-tartrate complex; optically active; racemic; CD spectrum; in-
sulinomimetic activity; blood-glucose-lowering effect; diabetes mellitus.

INTRODUCTION

Since the 1980s, the normoglycemic effect of vanadium salts in cell systems and diabetic animals has
been reported [1-10], together with the mechanisms relevant to both glucose and lipid metabolisms.
Thus, the insulinomimetic activity of vanadium salts and complexes is a subject of current research in
chemistry, since such compounds have been found not only to mimic the effects of insulin in vitro, but
also to induce normoglycemia by improving glucose homeostasis in vivo in Type 1 (insulin-dependent)
and Type 2 (non-insulin-dependent) diabetic animals [11-16].

The goal of developing insulinomimetic and antidiabetic compounds is focused on the oral avail-
ability, since the compounds are intended for clinical use in place of painful insulin injections [11-13].
Because vanadium salts such as vanadyl (+4 V) and vanadate (+5 V) are poorly absorbed by the gastro-
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intestinal tracts [17], the finding of orally active insulinomimetic compounds should be directed toward
the improvement of bioavailability of such salts by complexation with less toxic low-molecular-weight
ligands [17] or capsulation [18]. The history of orally active insulinomimetic vanadium complexes was
thus begun in 1990, when mononuclear and dinuclear vanadyl complexes were first proposed [19].

In 1990, we reported that orally administered bis(methylcysteinato)[VO(cysm),]-, bis(ox-
alato)[VO(0x),]-, bis(malonato)[VO(ma),]-, and bis(salicylaldehyde)[ VO(sal),]-oxovanadium(IV), as
well as bis(L-tartrato)dioxovanadium(IV) [(VO),(tar),] complexes were effective for treating hyper-
glycemia in streptozotocin (STZ)-induced Type 1 model diabetic rats (STZ rats). The order of the
normoglycemic effect in STZ rats was found to be VO(ma), > VO(cym), > (VO),(tar), > VO(sal), >
VO(ox),, the action of the complexes being dose-dependent in the vanadium concentration range of
1-10 mg/kg body wt [19]. In view of the importance of finding more active complexes involving
vanadyl (+4) and vanadate (+5) ions, a large number of vanadyl complexes with different coordination
structures have been extensively proposed (Fig. 1), with particular emphasis on the efficacy of bis(pico-
linato) oxovanadium(IV) [VO(pa),] and bis(maltolato)oxovanadium(IV) [VO(mal),] complexes
[20-34]. These two complexes have advantages for examining the structure—activity relationship by
adding suitable substituents on the picolinate [20-30] and 3-hydroxypyrone [31-34] as leading ligands,
respectively. Among them, the complexes bis(6-methylpicolinato)oxovanadium(IV) [VO(6mpa),] and
bis(allixinato)oxovanadium(IV) [VO(alx),] are expected to be especially applicable to clinical use.
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In 2001, during the development of insulinomimetic compounds involving vanadyl and vanadate
ions, an intriguing study reported that a 6-week oral treatment of vanadyl sulfate [VOSO,] at a dose of
150 mg/d in Type 2 diabetic subjects improved the glycemic state by reducing basal glucose production
and enhancing muscle insulin sensitivity [35]. These results not only provided the basis for the treat-
ment of diabetes with vanadium compounds, but also prompted us to find and develop more active in-
sulinomimetic vanadyl complexes.

Following the finding in 1990 that a dinuclear vanadyl complex, (VO),(tar),, also has a normo-
glycemic effect in STZ rats [19], we continued to examine the nature of the complexes using L-, D-, and
racemic ligands. The currently obtained results should prove useful not only for understanding the na-
ture of the new complexes but also for developing potential insulinomimetic vanadyl complexes.
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Insulinomimetic dinuclear vanadyl—tartrate complex
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PREPARATION AND CHARACTERIZATION OF DINUCLEAR VANADYL(IV)-TARTRATE
COMPLEXES

When we prepared dinuclear bis(L-tartrato)dioxovanadium(IV) and examined the hypoglycemic effect
in STZ rats following single oral administration in 1990 [19], the complex induced a normoglycemic
effect in a dose-dependent manner, similar to the effect of VO(cysm),. These results prompted us to
look at important features on the complexes involving the dinuclear structure and the chirality of
vanadyl complexes. In fact, these two problems have received little attention since 1990. Because three
types of tartaric acids, L-, D- and racemic tartaric acids, are available (Fig. 2), we have prepared several
kinds of dinuclear vanadyl complexes using different cations, such as NH 4+, Na', and K*. In addition,
a dinuclear bis(citrato)dioxovanadium(IV) [(VO),(cit),] complex was prepared for comparison. The
physicochemical properties of the prepared complexes are summarized in Table 1.

COOH COOH COOH
HO-(IIH H(IJ—OH H(IT—OH
H(IZ—OH Hé—OH HO—(IfH
(I:OOH (I?OOH éOOH
D-tartaric acid DL-tartaric acid L-tartaric acid
I-tartaric acid dl-tartaric acid d-tartaric acid
(-)-tartaric acid (¥)-tartaric acid (+)-tartaric acid
unnatural racemic natural
[a] 2° -12.0 (¢=20 in H,0) 0 +12.0 (=20 in H,0)
pKa, and pKa, 2.93,4.23 2.96, 4.24 2.98, 4.34
Solubility in H,O 1g/0.75 mL H,0 less soluble than L-tart 1g/100 mL H,O

Fig. 2 Structures and physicochemical properties of tartaric acids.

These properties corresponded well with those of the previously reported Na,(VO),(D-tar)(L-tar)
[36,37] and K,(VO),(cit), [38,39] complexes. Although speciation study on vanadyl complexes of tar-
taric acids and citric acid has previously been reported using pH-potentiometry and spectroscopic
methods such as electron spin resonance (ESR) and electronic absorption [40], circular dichroism (CD)
spectral method is more sensitive than these methods in characterizing the complexes with chiral lig-
ands.

© 2005 IUPAC, Pure and Applied Chemistry 77, 1629-1640
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In CD spectral measurement of (NH,),(VO),(tar), complexes in aqueous solution, well-separated
and symmetrical spectra were obtained in both complexes with optically active L- and D-tartaric acids,
while in the racemic complex essentially no CD spectrum was observed, as expected (Fig. 3). Similar
CD spectra were obtained in other complexes with different cations.
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Fig. 3 CD and visible absorption spectra of [(NH,),(VO),(tar),]. CD spectra: -+ (L-tar),, — (D-tar)(L-tar),
---- (D-tar),: Vis spectra: ++* (L-tar),, — (D-tar)(L-tar), ---- (D-tar),.

Complicated electron paramagnetic resonance (EPR) spectra were observed in (NH,),(VO)(tar),
complexes at both room and liquid nitrogen temperatures (Fig. 4). However, in the racemic
(NH,) 4(VO)(D-tar)(L-tar) complex, two separated spectra with an 8-line signal were recorded, suggest-
ing small differences in the V-V bond distance in the chiral and racemic complexes. On the
Na,(VO),(p-tar)(L-tar) [36,37] and K 4(VO),(cit), [38,39] complexes, X-ray crystallographic structures
have already been analyzed. The local structure and the V-V bond distance may reflect differences in
the EPR spectra. A detailed study of this matter will be needed in the future.

© 2005 IUPAC, Pure and Applied Chemistry 77, 1629-1640
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Magnetic Ficld: 340 £ 100 mT
Field Modulation Width: 0.63 mT

Magnctic Field: 340 £ 100 mT
Field Modulation Width: 0.63 mT

Response: 0.03 sce
Power: 5 mW

NI, VO Lo,

(NH)(VO),(I-tar),

(NH),(VO),(D-tar), (L-tar), (NH ) (VO),(D-tar), (1.-tar),

(NH),(VO),(D-tar), CNQ-Li

(NH),(VO),(D-tar),

Room Temperature Liquid Nitrogen Temperature
(RT) (LNT)

Fig. 4 ESR spectra of [(NH,)(VO),(tar),].

INSULINOMIMETIC EVALUATION OF THE DINUCLEAR VANADYL(IV)-TARTRATE
COMPLEXES IN ISOLATED RAT ADIPOCYTES

Although the molecular basis of the action of vanadium has not yet been fully elucidated, there is evi-
dence that the insulin receptor is activated though the possibilities exist for inhibition of protein tyro-
sine phosphatase (PTPase), which relates to the activation of cytosolic nonreceptor tyrosine kinase, di-
rect phosphorylation of insulin receptor substrate 1 (IRS-1), and activation of phosphatitylinositol 3
kinase (PI-3K), leading to glucose transporter 4 (GLUT4) translocation [41], as well as the activation
of phosphodiesterase [13-15]. As expected, VOSO, showed insulinomimetic activity with regard to
both incorporation of glucose in the rat adipocytes [6,42] as well as inhibition of the free fatty acid
(FFA) release from the adipocytes [43] (Fig. 5). Insulin has only one action site, insulin receptor.
However, vanadyl ion has multiaction sites in the adipocytes [13—15], similar to the case of zinc(II) ion
[44]. We therefore named its mechanism of action an ensemble mechanism. The FFA release is exam-
ined with a simple determination kit, which is convenient to test whether or not vanadium ions and the
complexes have insulinomimetic activity [13—-15,43]. In fact, we have found many types of insulino-
mimetic vanadyl complexes using this method [13-15], some of which have been proposed for devel-
opment as antidiabetic complexes with a normoglycemic effect.

© 2005 IUPAC, Pure and Applied Chemistry 77, 1629-1640
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Fig. 5 Possible mechanism for insulinomimetic action of vanadium in isolated rat adipocyte [13—15]. FFA: free
fatty acid; IRS: insulin receptor substrate; PI3-K: phosphatidyl inositol 3 kinase; TG: triglyceride.
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The dinuclear vanadyl complexes examined exhibited concentration-dependent inhibitory effects
on FFA release from the isolated rat adipocytes treated with epinephrine (adrenaline). For each com-
plex, we calculated the IC50 value, which was defined as the concentration necessary to inhibit 50 % of
the epinephrine-induced FFA release. As shown in Table 2, Na,(VO),(L-tar), with naturally occurring
ligand L-tartaric acid and racemic Na,(VO),(D-tar)(L-tar) exhibited the highest in vitro insulinomimetic
activity, followed by ammonium complexes with (VO),(tar),, without significant differences in the chi-
rality of the complexes. The coordination geometry of both complexes is approximately square—pyra-
midal, with the V=V distance (4.08 A) for the racemic complex being somewhat shorter than that for
the Na,(VO),(L-tar), (4.35 A) [37]. Interestingly, (VO),(cit), exhibited less activity than the positive
control, VOSO,. The X-ray crystallographic structure of the Na,(VO),(cit), complex was revealed in
1998 [38]: the carboxylate oxygen at the 2" position of the ligand coordinates simultaneously to 2
vanadium ions, such that 2 vanadyl ions achieve an octahedral coordination geometry with a V=V dis-
tance of 3.301 A [39]. Such differences in the coordination structure as well as the V-V distance be-
tween (VO),(tar), and (VO),(cit), complexes suggests a difference in the stability constants of the com-
plexes in solution, as indicated by speciation study, in which the stability constant (log 8 = 10.73:
(VO),A,H_,) for (VO),(cit), complex with octahedral coordination geometry is higher than that
(log B = 6.24: (VO),A,H_,) for (VO),(L-tar), complex with square—pyramidal coordination geometry
[40].

© 2005 IUPAC, Pure and Applied Chemistry 77, 1629-1640
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Table 2 Insulinomimetic activity of vanadyl compounds in
terms of 50 % inbitory concentration of compounds for
FFA release from the adipocytes in the presence of

epinephrine.
Compound I1C5, / mM (£S.D)
VOS8O, 1.00 = 0.09
(NH,)(VO),(L-tar), 0.83+0.15
(NH ) (VO),(D-tar)(L-tar) 084022 |«
(NH,)4(VO),(D-tar), 0.87 £0.27
Nay(VO),(1L-tar), 0.74 £0.10
Na(VO),(p-tar)(1-tar) 0.69 £ 0.32
Nay(VO),(D-tar), 0.95 £0.30
K,(VO),(cit), 1.11 +0.17

*Significance at P < (.05 vs. control

NORMOGLYCEMIC EFFECTS OF DINUCLEAR VANADYL(IV)-TARTRATE COMPLEXES

Based on the results of in vitro insulinomimetic evaluation of the complexes, we examined the
Na,(VO),(tar), complexes in vivo using STZ mice. When three complexes with different chiralities
were given to STZ mice following single oral administration at a dose of 20 mg vanadium/kg body wt,
the hyperglycemia of the mice was improved to almost the normoglycemic state after 5~25 h by both
Na,(VO),(L-tar), and Na,(VO),(D-tar)(L-tar) (Fig. 6). Since the dates for the blood glucose levels of
STZ mice given Na,(VO), (L-tar), were less dispersed than those of the racemic complex, we exam-
ined the former complex following daily administration for 10 days.
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50 5 10 15 20 25 30 35 40 45 50  exa(vo)(Ltan,
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Time (hr) AN:4(VO)2(D-t::)(L-tar)

Fig. 6 Changes of blood glucose levels in STZ mice following single oral administration of Na,(VO),(tar), at a
dose of 20 mg V/kg body weight (n = 5). ***Significance at P < 0.05 vs. control; **Significance at P < 0.01 vs.
control; *Significance at P < 0.001 vs. control
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STZ mice received daily oral administrations of Na,(VO),(L-tar), complex at a dose of 20 mg
vanadium/kg body wt for the first 3 days, and then the doses were changed to within the range of
0-20 mg vanadium/kg body wt depending on the blood glucose levels of the animals. For the combined
group of all animals tested, hypoglycemic effects were observed on the 4t day after the complex ad-
ministration; however, the complex effects were reduced gradually after the 41 day (Fig. 7A). Then we
separated the animals into two groups, a high-response and a low-response group. As seen in Fig. 7B,
in the high-response group the normoglycemic effect of the complexes was maintained as long as the
daily complex administration was continued. In the low-response group, the normoglycemia was grad-
ually reduced despite the continued administration of the complex. Such occurrence of tolerance by
vanadium complexes has been reported previously [45]. The unexpected occurrence of tolerance of the
complex for the STZ mice observed here underscores the potentially important roles of the complexes
in treating Type 1 diabetic animals. In the present study, we used STZ mice with relatively severe Type
1 diabetes as indicated by high blood glucose levels as approximately 570 mg/dl (33 mM). In such con-
ditions, B-cell functions are considered to be fully impaired [41]. In spite of high impairment of B-cell
functions in STZ mice, Na,(VO),(L-tar), exhibited once normoglycemic effects in all animals after the
4th day of the complex administration (Fig. 7). The results strongly indicate that Na,(VO),(L-tar), can
be used as an insulinomimetic agent in place of insulin injection. Therefore, the complexes should be
examined in relation to unusual or unexpected inhibition of some enzymes or activation of specific ex-
cretory pathways of the complex in cells and tissues.
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Fig. 7 Changes of blood glucose levels in STZ mice treated with daily oral administrations of Na,(VO),(L-tar),
(A) Whole data; (B) separation of the data (A) into low- and high-response groups. **Significance at P < 0.05 vs.
non-response.
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SUMMARY

This article provides a short overview of recent research on the development of insulinomimetic and
antidiabetic vanadyl complexes as well as the current stage of our study on new candidates for dinuclear
vanadyl(IV)—tartrate complexes with optically active chiral ligands and a racemic ligand. The prepara-
tion and physicochemical characteristics and the in vitro insulinomimetic and in vivo antidiabetic ef-
fects of several dinuclear complexes are described. With respect to the in vitro and in vivo evaluations
of the complexes, sodium salt of the dinuclear vanadyl(IV)—tartrate complex with naturally occurring
L-tartaric acid as the ligand was recommended for treating the diabetic animals, although the occurrence
of tolerance in the animals was observed. The dimeric structure of vanadyl complexes is also of con-
siderable biological relevance. Dinuclear vanadyl(IV)-tartrate complexes exhibited in vitro insuli-
nomimetic activity, while similar dinuclear vanadyl(IV)—citrate complexes exhibited less activity than
VOSO,. These results might be of interest for future study.

Together, the results suggest the importance of not only the structure of these complexes in solu-
tion, but also the interaction between the complexes and many types of biomolecules with low and high
molecular weights. These mechanistic studies and experimental demonstrations of the chemical, bio-
chemical, and physiological features of the proposed new dinuclear vanadyl(IV)-tartrate complexes
should be supplemented with studies assessing the impact of the proposed complexes.
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