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Abstract

Intensive studies have been carried out during the last two decades, on the insulinomimetic effects of vanadium. Vanadium

compounds mimic most of the metabolic effects of insulin on the main tissues of the hormone in vitro. Vanadium therapy induces

normoglycemia and improves glucose homeostasis in insulin deficient and insulin resistant diabetic rodents. Improved sensitivity to

insulin in liver and muscle tissues of Type II diabetic patients following vanadium therapy was observed as well. The key

mechanisms involved are inhibition of protein�/phosphotyrosine phosphatases and activation of nonreceptor protein�/tyrosine

kinases, in an insulin-receptor tyrosine kinase independent fashion. Vanadate activates glucose-metabolism in vitro at a site

preceding activation of phosphatidylinositol-3-kinase (PI3-kinase). Regarding inhibition of lipolysis, vanadate (but not insulin) acts

at a site downstream to the activation of PI3 kinase. Additional vanadium-dependent mechanism, operating in vivo, is the

restoration of glucose-6-phosphate levels in liver, muscle and adipose tissue of hyperglycemic diabetic rats. This is attributed to
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vanadate-dependent inhibition of liver glucose-6-phosphatase, and of nonspecific hexose-6-phosphatases of the diabetic muscle and

adipose tissues. Initial clinical studies were already performed. Several beneficial effects were documented. The potential usage of

vanadium in the future care of diabetes in human, however, depends on manipulations that would elevate the insulinomimetic

efficacy of vanadium without increasing its toxicity. Organically chelated vanadium compounds, in particular, the L-isomer of

Glu(g) monohydroxamate (L-Glu(g)HXM) are active in potentiating the capacity of free vanadium to activate glucose metabolism,

in vitro and in diabetic rats in vivo. L-Glu(g)HXM differs from other vanadium ligands in being an amino acid derivative that

permeates into peripheral tissues through the amino acid transport system. In rat adipocytes, L-Glu(g)HXM itself activates partially

glucose metabolism, by permeating into cell interior, associating with the minute quantity of intracellular vanadium, and turning it

into an insulinomimetic active species. L-Glu(g)HXM, associates with the vanadyl (�/4) cation, and the vanadate (�/5) anion, at

neutral pH with nearly the same binding affinity. Both these oxidation states of vanadium are insulinomimetic. The therapeutical

potency of L-Glu(g)HXM �/vanadium complexes is actively studied. Preliminary results on this issue are to be presented.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Synopsis

A new era of biomedical/diabetic research was

initiated with the discovery of insulin in 1922 [1]. Daily

injections of insulin to insulin-deficient patients lowered

their high level of blood glucose to normal values and

interrupted an otherwise fatal metabolic disorder [1].

Insulin is the mainstay of the treatment of virtually all

Type I (insulin-dependent) and many Type II (insulin-

independent) diabetic patients. Diabetic patients need to

receive insulin via subcutaneous injections, as oral

administration of insulin is ineffective in mammals.

Insulin stimulates the uptake of glucose, fatty acids

and amino acids from the blood circulation for further

storage or utilization. Glucose is stored as glycogen in

the liver and muscle tissue, fatty acids as triglycerides in

the adipose tissue, and amino acids as proteins in the

muscle tissue. Insulin also inhibits the action of other

hormones that trigger the breakdown of glycogen, lipids

and proteins into glucose, fatty acids and amino acids,

respectively (reviewed in Ref. [2]).

2. The need for insulin substitutes

Since the discovery of insulin, research has demon-

strated the uncontested value of insulin in treating

diabetes. Nevertheless, researchers, particularly in the

last three decades have been searching for insulin-

substitutes to assist in the therapy of the disease.

This is particularly valid for Type II (non-insulin)-

dependent diabetes mellitus, which accounts for about

90% of diabetic patients [3]. In these patients, the

pancreas continues to produce insulin, yet patients

remain hyperglycemic as muscle, liver and adipose

tissues fail to respond efficiently to insulin. This

phenomenon, known as insulin resistance, is a major

contributing factor in hyperglycemia in Type II diabetic

patients.

3. Search for insulin substitutes

The successful development of methods for prepara-

tion of insulin responsive cells in the 1970s (i.e. rat

adipocytes, Ref. [4]) facilitated the investigation of the

mechanism of insulin action, as well as the identification

of several agents that mimic the actions of insulin.
Several proteins (trypsin, lectins and antibodies to the

insulin receptor) and numerous low molecular weight

substances such as H2O2, zinc, manganese ions and

oubain, activate glucose uptake and glucose metabolism

in rat adipocytes (reviewed in Ref. [5]). However, the

application of this in vitro gained knowledge to the

whole animal model where diabetes is to be controlled,

was found impractical for most of these agents. None of
them combined the necessary features of absorption,

stability in body fluids, low index of toxicity, and

specificity in mimicking the bioresponses of insulin.

Vanadium compounds may be the exception, provided

certain limitations are overcome in future investigations.

4. Vanadium

Vanadium, element number 23 of atomic-weight

50.94, is present in plant and animal cells at concentra-

tions as low as 10�/20 nM. This transition metal is

relatively abundant (�/0.02%) in nature. Vanadium has

an extremely complex chemistry. It can readily change

its oxidation state and take an anionic or cationic form.
Under physiological conditions it exists predominantly

in the anionic form H2VO4
�, oxidation state (�/5), or in

the �/4 oxidation state as the vanadyl (�/4) cation

(VO2�). The anionic form resembles phosphate to some

extent, while the vanadyl cation resembles Mg2�

(reviewed in Ref. [6]).

As with other metal ions in biological systems,

vanadium is primarily complexed in vivo. It readily
associates with proteins such as transferrin, albumin and

hemoglobin, as well as with low molecular weight

compounds such as glutathione [7]. It is believed to be

Y. Shechter et al. / Coordination Chemistry Reviews 237 (2003) 3�/114



nutritionally essential in mammals, but its specific

biological role in humans is still to be elucidated. The

total body pool of vanadium in humans is ca. 100�/200

mg [8]. The importance of vanadium for growth and
development of goats, rats, mice and chicks has been

demonstrated [9].

5. Historical link between vanadium salts and human

diabetes

In the 19th century, the use of vanadium in humans

was recommended in cases of pathological states such as
malnutrition, anemia, tuberculosis, and diabetes (re-

viewed in Ref. [9]). Lyonnet and Martin observed in

1899 that diabetic patients treated with sodium vanadate

excreted less glucose in their urine [10]. Understandably,

however, that for several decades following the discov-

ery of insulin some 23 years later, insulin substitutes

were not considered as potential therapeutic agents.

6. Renewal of interest in vanadium

In the years 1975�/1980, a renewed interest in

vanadium arose among biochemists and cell biologists.

This has been attributed to the efficacy of vanadate

(oxidation state �/5) to inhibit phosphohydrolases at

micromolar quantities (reviewed in Ref. [11,12]). An
example for such an enzyme is Na�, K�-ATPase [13].

This enzyme facilitates the maintenance of the proper

ionic balance by pumping potassium ions into mamma-

lian cells and sodium ions out, utilizing the energy-rich

adenosine-triphosphate (ATP). The efficacy of vanadate

in inhibiting Na�, K�-ATPase is historically linked to

the future finding of the insulinomimetic actions of

vanadium salts.

6.1. Vanadium compounds mimic insulin

In 1980, the mechanism of insulin action was still

largely obscure [14]. A common approach was to apply

substances that mimic the actions of insulin in target

cells. Oubain and deprivation of K� ions, namely

conditions that inhibit the activity of Na�, K�-ATPase
were known to activate glucose-transport and glucose

oxidation in rat adipocytes [15]. In this context, the

capacity of vanadium salts to mimic insulin was studied

as well. In 1980, vanadium salts were demonstrated to

mimic the actions of insulin on hexose uptake and

glucose metabolism in rat adipocytes [16,17]. Both

externally added vanadate (�/5) and vanadyl (�/4)

ions were effective in this respect [16]. Further studies
soon revealed that the insulinomimetic actions of

vanadium were not related to the inhibition of Na�,

K�-ATPase, but rather to another mechanism. In fact,

unlike its action in cell-free system, vanadium was found

incapable of inhibiting Na�, K�-ATPase in intact rat

adipocytes [16,17]. It was believed at the time that cell-

entered vanadium (�/5) is efficiently reduced to vana-
dium (�/4) by reduced glutathione [11]. Vanadyl (�/4) is

an ineffective inhibitor of Na�, K�-ATPase [18]. More

recent studies discredited this dogma. Reduced GSH

was found an ineffectual reductant of vanadium (�/5) to

vanadium (�/4) at physiological pH values [19]. The

inability of vanadium to arrest Na�, K�-ATPase

activity in the intact cell may therefore be attributed to

intracellular binding of entered vanadium (�/5) or to
insufficient concentration to interact with the intracel-

lularly located ‘low-ATP’ binding domain of

Na�K�ATPase [20].

6.2. In vitro studies

In the following years (1980�/1987) the insulin-like

actions of vanadium salts were examined in a large

variety of insulin-responsive cells and tissues. It turned
out that vanadium salts mimic most of the known rapid

(metabolic) effects of insulin. Vanadium salts activate

hexose transport in adipose and muscle tissues though at

relatively high concentrations (ED50�/100�/200 mM,

Ref. [17]). It activates glycogenesis and inhibits glyco-

genolysis in liver and diaphragm [6]. In rat adipocytes it

stimulates glucose oxidation and lipogenesis and inhibits

isoproterenol-mediated lipolysis [21]. Hepatic gluconeo-
genesis is suppressed by lowering phosphoenolpyruvate

carboxykinase (PEPCK)-mRNA levels [22] and by

inhibiting the activity of glucose-6-phosphatase (Glc-6-

Pase, Ref. [23]), an event that can also be accounted for

by the ability of vanadate to arrest glycogen breakdown.

Glycolysis in liver is enhanced due to the inhibitory

action of vanadate on fructose 2,6-bisphosphatase [24]

and the metaloxide’s action on the induction of L-type
pyruvate kinase gene [25]. In summary, vanadate

inhibits several key metabolic enzyme systems in liver,

muscle and adipose tissues, all of which act collectively

towards utilizing or storing cell-entered glucose, as well

as blocking the actions of hormones that oppose insulin

action [26].

6.3. Insulin-signaling past and present status

In the seventies, little was known about insulin

signaling. It was shown that insulin associates with

cell-surface receptor sites of about 300 000 Da, com-

posed of four disulfide-linked subunits. Following

insulin binding, hexose uptake was observed to be

markedly enhanced within minutes, mediated by facili-
tated diffusion. The glucose-transport system was pro-

ven to be a separate entity unrelated to the insulin

receptor (reviewed in Refs. [5,14]). As newly entered-
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glucose was metabolized and stored, it was further

assumed that insulin activates those metabolic enzyme

systems that participate in utilizing and storing glucose.

Since glucagon or isoproterenol-dependent breakdown

of glycogen and fat was arrested, insulin was assumed to

inhibit the enzymic systems participating in hydrolyzing

glycogen and fat. The activity of some of those enzymes

is modulated by phosphorylation of ser/thr moieties,

whereas the activity of others is modulated by depho-

sphorylation of phosphoserine (pser) and phosphothreo-

nine (pthr) moieties [5]. It was conceptually difficult to

understand (as it is still today) the phenomenal efficacy

of insulin to modulate and synchronize simultaneously

several endogenous events, some of which are dependent

on elevation others on a decrease in the extent of ser/thr

phosphorylation of key metabolic enzymes and proteins.

Major advances have since been made in this direc-

tion. Insulin action on glucose uptake in muscle and fat

results from a cascade of signaling events emanating

from the insulin receptor and culminating in transloca-

tion of the major insulin responsive glucose transporter

GLUT-4 from intracellular vesicles to the plasma

membranes [27,28]. The insulin-receptor is an insulin-

activated protein�/tyrosine kinase. Insulin binding to

this cell surface transmembrane receptor leads to the

autophosphorylation of three tyrosine moieties in the

receptor b-subunit [29]. Such autophosphorylation acti-

vates the intrinsic tyrosine kinase activity, resulting in

tyrosine phosphorylation of several cytosolic docking

proteins called insulin-receptor substrates (IRSs-Ref.

[30,31]). The tyrosyl phosphorylated IRSs are recog-

nized by various effector molecules, including the

regulatory subunit of phosphoatidylinositol 3-kinase

(PI3-kinase) via the src homology 2(SH2) domain

[31,32]. Docking of PI3-kinase activates this enzyme, a

prerequisite for insulin action on glucose transport,

glycogen synthase, protein synthesis, antilipolysis and

inhibition of gluconeogenesis in the liver; the latter

activity is regulated by insulin-evoked suppression of

PEPCK gene expression (Ref. [33], reviewed in Ref.

[34]). An insulin activated serine/threonine kinase

named Akt or PKB, discovered and characterized in

the last decade [35], is believed to participate in insulin-

evoked glucose transport in fat and muscle. Its location

in the insulin-dependent cascade is considered to be

downstream to PI3-kinase activation [34].

As mentioned above, the actions of insulin in inhibit-

ing glucagon-evoked glycogenolysis in liver, or isopro-

terenol-mediated lipolysis in adipose tissue, requires a

step of phosphoserine/phosphothreonine dephosphory-

lation. The linkage between insulin-evoked tyrosine

phosphorylation and pser/pthr dephosphorylation, i.e.

activation of protein-phosphatase 1) must await further

elucidation.

6.4. Vanadium facilitates insulin-like actions in an

insulin-receptor tyrosine-kinase independent fashion

The finding of endogenous tyrosyl phosphorylation as
an early and essential step in the insulin-dependent

cascade mechanism first suggested that vanadium, like

insulin, activates the insulin-receptor tyrosine kinase

(InsRTK). Although in vanadate-treated cells the

InsRTK is not significantly activated (i.e. Ref. [36]),

doubts remained because activation of 1�/3% of the total

receptor sites in insulin-responsive cells is sufficient to

activate maximally the biological actions of insulin [37].
That InsRTK does not participate in the insulin-like

actions of vanadate was convincingly demonstrated

when quercetin, a natural bioflavonoid compound,

was found to be a blocker of InsRTK-catalyzed

transphosphorylation of exogenous substrates (IC50�/

1�/2 mM, Ref. [38]). In intact adipocytes, quercetin

inhibited the actions of insulin in activating glucose

transport, glucose oxidation, lipogenesis, and glycogen-
esis, but did not inhibit at all the very same effects

triggered by vanadate [38]. The antilipolytic actions of

either insulin or vanadate were not antagonized by

quercetin. These findings strongly suggested that

InsRTK is not involved and another tyrosine kinase

participates in manifesting the insulin-like actions of

vanadate on glucose uptake and metabolism. The

linkage between vanadate-evoked tyrosyl phosphoryla-
tion and the manifestation of its metabolic actions has

gained credence in 1996 and 1997 by the usage of

wortmannin. This powerful inhibitor of PI3-kinase, an

enzyme whose activation requires an early step of

tyrosyl phosphorylation [39], blocks all metabolic ac-

tions of insulin in rat adipocytes, including the antili-

polytic action of the hormone [33]. Regarding vanadate,

worthmannin arrested the activating action of vanadate
on glucose uptake, glucose oxidation, lipogenesis and

glycogenesis, but failed to block the antilipolytic action

of vanadate [40,41]. The antilipolytic action of vanadate

is therefore independent of PI3-kinase activation and

appears to interfere at a very distal site of the lipolytic

cascade [40].

6.5. Nonreceptor-cytosolic protein tyrosine kinase

Phosphotyrosine in cells comprises less than 0.1% of

the combined amount of phosphoserine and phospho-

threonine. Nevertheless, the high-speed supernatant of

all mammalian cells contains appreciable amounts of

cytosolic-nonreceptor protein tyrosine kinase activity

(cytPTK reviewed in Ref. [42]). The physiological role of

this enzymic activity is still speculative (subsequent

paragraphs). Our studies revealed that spleen, thymus,
smooth muscle, lung and kidney of rat are relatively rich

in cytPTK activity whereas heart and skeletal muscle are

relatively poor. Cytosolic PTK comprises 11�/26% of the
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total cellular activity while the rest is of membranal

origin. Tyrosyl phosphorylation requires the presence of

divalent anions such as Co2�, Mn2� and Mg2� and

ATP is the best phosphate donor [43]. As with receptor-

PTKs, most cytosolic-PTK undergoes reactivation by

self-phosphorylation on tyrosine moieties [42]. Stauros-

porine is a powerful inhibitory marker of cytPTK (IC50

value of 1�/20 nM) and in general a poor inhibitor of

membranal PTKs (IC50�/1�/40 mM Ref. [43]). With

such abundance of cytPTK activity found in mamma-

lian cells, it is somewhat surprising that basal phospho-

tyrosyl level is negligible. A possible explanation for that

is the relatively high cellular activity of protein�/phos-

photyrosine phosphatases (PTPases) in mammalian cells

[44,45]. Such activity appears to prevent cytPTKs from

undergoing spontaneous reactivation by self phosphor-

ylation on tyrosyl moieties [43]. This situation may be

altered if cellular PTPase activity is reduced, or partly

inhibited, by the presence of vanadium (subsequent

paragraphs).

6.6. A cytosolic vanadate-activated protein�/tyrosine

kinase

A cytosolic protein tyrosine kinase that is activated by

vanadate in a cell-free system and in rat-adipocytes has

been identified and partially purified from the 40 000 g

supernatant of rat adipose cells [46,47]. This water-

soluble cytosolic-PTK (apparent M.W.�/53 kDa) dif-

fers from the InsRTK in many respects, including its

sensitivity to inactivation by N -ethylmaleimide and

susceptibility to inhibition by staurosporine (Ki�/1�/2

nM, Ref. [46,47]). Studies in a cell-free system, compris-

ing exclusively of the cytosolic (40 000 g) supernatant

fraction, revealed that cytPTK is activated by vanadate

(�/5) 4�/6-fold, with an ED50�/2.09/0.2 mM). CytPTK

is not activated by vanadyl (�/4) ions [48]. Vanadate

inhibits adipose�/cytosolic-PTPases at the same range of

concentration (IC50�/49/1 mM), suggesting, though not

proving that cytPTK activation is secondary to cytosolic

PTPase inhibition by this metalooxide.
In the intact-adipose cell, staurosporine blocks the

activating effects of vanadate on lipogenesis, glucose

oxidation, and glycogenesis with IC50�/0.1�/0.3 mM

[41,47]. Insulin-stimulated bioeffects are not inhibited

by staurosporine at this low range of concentrations.

Low staurosporine concentrations also had no effect on

vanadate-stimulated hexose uptake nor on vanadate’s

antilipolytic action. We concluded that CytPTK

participates in the activating effects of vanadate on

glucose metabolism but not in the activation of

hexose transport, nor in the antilipolytic action of

vanadate.

6.7. A putative physiological role for the intracellular

vanadium pool in mammals

Although we have focused on insulin-like effects in
adipocytes produced by exogeneously added vanadium,

the accumulated data also suggest a putative physiolo-

gical role for the minute quantities of the intracellularly

located vanadium. The intracellular concentration of

vanadium in human tissues is 0.2�/0.8 mM [49], mostly in

the chelated vanadium (�/4) form [11,12]. The high

activity of CytPTK in the mammalian cytosolic com-

partment [43] raises the question whether it constitutes a
reservoir for responding to physiological needs not

directly controlled by external stimuli. Within the

cytosolic compartment, vanadate, but not vanadyl (�/

4), activates cytPTK [43]. At neutral pH vanadyl is

readily oxidized to vanadate by one equivalent of

hydrogen peroxide [48]. The efficiency of this reaction

is very high, and vanadyl should efficiently compete

with GSH for endogenously formed H2O2. Any physio-
logical condition that activates NADPH oxidase and

leads to the formation of H2O2 is expected to oxidize a

fraction of the endogenous vanadyl pool to vanadate,

which in turn will inhibit vanadate-sensitive PTPases.

This would result in a corresponding increase in the

steady state of phosphorylation and activation of the

cytosolic protein tyrosine kinases. That vanadyl can be

converted to vanadate via an NADPH-oxidative path-
way has been demonstrated previously and a link

between vanadate, NADPH, and activation of tyrosine

phosphorylation in cells has been frequently observed

([48] and reviewed in Ref. [50]).

6.8. A membrane-bound non-receptor-PTK is involved in

some actions of vanadium

In addition to the cytosolic nonreceptor PTK identi-

fied and partially characterized in 1993 [47], a second

vanadium-activated non-receptor PTK activity was

identified in 1997 [51]. The latter is a non-glycosylated

55 kDa protein, exclusively located in the plasma

membrane (membPTK). Vanadate promotes its autop-

hosphorylation and activates it 7�/9-fold in a cell-free

experimental system with ED50 value of 179/2 mM. Of
the many PTK blockers screened, membPTK is inhib-

ited only by staurosporine (IC50�/609/5 nM). In intact

adipocytes, staurosporine antagonized vanadate-in-

duced hexose uptake (IC50�/6.09/0.3 mM) and reversed

the antilipolytic effect of vanadate (IC50�/5.09/0.4 mM,

Ref. [51]).

Following vanadium treatment, the autophosphory-

lated P55 protein is immunoprecipitated by antibodies
both to phosphotyrosine and to PI3-kinase (a-P85),

thereby linking PI3-kinase with tyrosine-phosphorylated

membPTK. Thus, membPTK might participate in the
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activation of PI3-kinase and in propagating the effects

of vanadate not involving the CytPTK.

Memb-PTK is activated by vanadate (�/5) and more

so by vanadyl ions (ED50�/459/2 nM), provided that
membrane-PTPases are dissolved and released with

Triton X-100 [51]. Although this last cell-free observa-

tion may not necessarily reflect the status of the intact

cell, several additional studies support the contention

that both vanadium (�/4) and vanadium (�/5) are

insulinomimetically active and operate by separate

pathways. Vanadyl (�/4) is active at the level of the

plasma-membrane and is responsible for the facilitation
of glucose uptake, and possibly for inhibiting lipolysis

whereas vanadate (�/5) operates exclusively in the

cytosolic compartment in enhancing glucose and fat

metabolism.

7. Vanadium therapy: studies in insulin-deficient rats

A widely used rodent model representing Type I
diabetes is the streptozocin-treated-rat (STZ-rat). Injec-

tion of streptozocin destroys most pancreatic b-cells

thus producing insulin-deficient, hyperglycemic rats.

Unfortunately, chronic hyperglycemia does not lead to

any increase in glucose utilization. On the contrary, it

leads to abnormal expression of key enzymes involved in

carbohydrate metabolism and to a further decrease in

the capacity to dispose of circulating glucose (reviewed
in Ref. [2,3,6]).

The inclusion of 0.2 mg ml�1 sodium-metavanadate

(NaVO3) in the drinking water of STZ-rats normalized

circulating glucose levels within 2�/5 days of treatment

[52,53]. Stable normoglycemia was retained as long as

NaVO3 was supplied. Studies carried out in several

laboratories have demonstrated dramatic improvements

in insulin responsive tissues following 2�/3 weeks of
stable normoglycemia following vanadium therapy [52�/

57,62,63,73�/75]. In the liver, the elevated insulin binding

capacity was fully normalized [53] and key metabolic

enzymes and the level of glycogen were restored.

Glycogen level was restored from 40 to 109% relative

to healthy rats, glucokinase from 0 to 65%, and the level

of dephosphorylated (active) 6-phosphofructo-2-kinase

from 20 to 122% [54]. In muscle, the decreased level of
glucose-6-phosphate, the impaired activity of glycogen

synthase, and the reduction in glycogen reserves were all

returned to normal values [55,56].

Phlorizin, an inhibitor of renal tubular reabsorption

of glucose, is capable of correcting hyperglycemia in

diabetic rats [57]. It is devoid, however, of any known

insulin (or vanadium) effects on metabolizing glucose at

the tissue level [57]. A comparison between vanadium-
and phlorizin-induced therapy can therefore suggest

whether the induction of prolonged-stable normoglyce-

mia per se following vanadium therapy can account for

all the ameliorating actions of this metalooxide in the

STZ-diabetic rat. Induction of normoglycemia with

phlorizin restored the various abnormalities of the

diabetic liver, but not those of the diabetic muscle
[56,58]. Thus, regarding the diabetic muscle, vanadium

therapy appears to facilitate additional beneficial effects

not accounted for by the induction of normoglycemia by

vanadate.

Despite these improvements, vanadium therapy is not

expected to replace insulin in insulin-deficient diabetic

models. For example, STZ-rats are largely catabolic.

Daily weight-gain can be fully corrected by insulin
therapy, but only partially (20�/30% of insulin effect)

by vanadium therapy [53]. The reason for the catabolic

nature of the untreated STZ-rat model is likely to be an

increased rate in muscle protein degradation, a process

that can be arrested by insulin, but not by vanadate [59].

7.1. Vanadium therapy in insulin-independent diabetic

rodents

Four genetically well studied rodent models for Type

II diabetes are ob/ob mice, db/db mice, BB rats and fa/fa

rats. These hyperglycemic and hyperinsulinemic rodents

share a common denominator of having a blunted

response to insulin at the receptor and post-receptor

levels. Exogenously administered insulin is incapable of

reducing blood glucose levels or ameliorating any of the

defects associated with utilization of glucose. Various
tissues derived from those rodents fail to metabolize

glucose appreciably in response to insulin [60].

Oral vanadate therapy improved glucose homeostasis

in ob/ob and db/db mice. Therapy led to marked and

sustained decrease in glycemia and insulinemia [61].

Tolerance to glucose load has been improved as well [62]

and the depletion of pancreatic insulin stores, which

often takes place upon aging of these diabetic rodents,
has been minimized [60]. Of the many parameters

studied, these improvements correlated best with an

increased capability of peripheral tissues (especially

muscle) to respond to insulin [64]. The mechanism of

this sensitizing action of vanadium is still obscure.

Therapy did not increase the number of insulin receptor

sites, nor the affinity of insulin for receptor binding. The

capacity of the insulin receptor to undergo autopho-
sphorylation or to phosphorylate endogenous substrates

remained unaltered as well. Also, the content of GLUT4

glucose transporters in muscle remained unmodified

[63]. Whatever the mechanism is, glycemia has been

improved in these rodents following 8�/12 days of

vanadium therapy. Moreover, upon cessation of ther-

apy, circulating glucose levels remained low for addi-

tional 2 weeks before hyperglycemia reoccurred [61].
Thus, once the sensitizing effect has been established, it

appears to remain stable over prolonged periods after

therapy has ended.
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7.2. Additional vanadium actions in diabetic rodents in

vivo

Based on studies during the last two decades, the
antidiabetic actions of vanadium can be attributed to (a)

inhibition of protein phosphotyrosine phosphatases and

activation of nonreceptor protein tyrosine kinases; (b)

inhibition of several other enzymes that participate in

glucose and fat metabolism, such as fructose 2.6 bi-

sphosphatase, glucose-6-phosphatase, and hormone

sensitive lipase; and (c) an increase or a decrease in

mRNA levels of L-Type pyruvate kinase and phosphoe-
nolpyruvate carboxykinase, respectively (previous para-

graphs).

Recent findings suggested an additional mechanism

that operates in vivo and might contribute significantly

to the impaired glucose homeostasis in diabetic rodents.

The level of glucose-6-phosphate (G-6-P) was found to

be reduced by 23, 50 and 42% in adipose, liver and

muscle, respectively, in hyperglycemic STZ-rats relative
to healthy control rats [58]. Vanadium therapy fully

restored G-6-P level in all three insulin-responsive

peripheral tissues [58]. The decrease in liver G-6-P was

not surprising, because glucokinase activity in STZ-rats

is essentially lacking [54]. The decrease in G-6-P in

adipose and muscle tissue was unexpected. Unlike

glucokinase, chronic hyperglycemia does not signifi-

cantly decrease the level and activities of hexokinase I
and II in muscle and adipose tissues [64].

Further studies in this direction have revealed that rat

muscle and adipose homogenates possess a considerable

amount of hexose-6-phosphate-dephosphorylating ac-

tivity, which is inhibited by micromolar concentrations

of vanadate (i.e. Ref. [41]). The restoration of G-6-P

level in vanadium-treated STZ-rats can therefore be due

to the inhibition of glucose-6-pase in liver and those
nonspecific hexose-6-phosphatases present in muscle

and adipose tissues. G-6-P is the metabolite involved

in the stimulation of lipogenic enzyme gene expression

in response to glucose [65]. It is also known to be an

allosteric activator of glycogen-synthase. It binds to

glycogen synthase and induces a conformational change

that favors dephosphorylation and activation of this

enzyme by protein�/phosphatase-1G [66].

8. Organovanadium complexes

Several clinical studies have already been performed

in humans with vanadium salts, using low doses of

vanadium (2 mg kg�1 day�1) to avoid toxicity.

Although 10�/20-fold lower than those used in most
animal studies, even these doses of vanadium yielded

several beneficial effects [67�/71]. Any manipulation that

elevates the insulinomimetic efficacy of vanadium with-

out increasing its toxicity is of significance for the future

care of diabetes in humans.

Various organically chelated vanadium compounds

are more potent than free vanadium salts in facilitating
insulin-like effects in vitro and in vivo ([72�/74], reviewed

in Ref. [75]). These organically chelated vanadium

compounds appear to have in common the property of

increasing permeation into tissues by passive-diffusion

and, correspondingly, increased insulinomimetic effi-

cacy, with little or no decrease in indices of toxicity of

this metalooxide. We have therefore searched for

another class of vanadium synergizing ligands. Screen-
ing was directed toward finding vanadium ligands that

(a) have negligible indices of toxicity; (b) are capable of

crossing plasma-membranes (alone or complexed to

vanadium) through naturally occurring transport sys-

tems; and (c) do not necessarily increase vanadium

permeation into tissues but are capable of converting

already present intracellular vanadium into an insulino-

mimetically active species.
Amino acid hydroxamates were found appropriate.

Within this family, the L-isomer of glutamic acid g-

monohydroxamate, potentiated vanadium (�/5) to acti-

vate glucose uptake and glucose metabolism in rat

adipocytes in vitro (by 4�/5-fold) and lowered blood

glucose levels in hyperglycemic rats in vivo (by 5�/7-fold,

Ref. [76]). A molar ratio of two L-Glu(g)HXM mole-

cules to one vanadium (�/5) was most effective. L-
Glu(g)HXM partially activated lipogenesis in rat adi-

pose cells in the absence of exogenous vanadium. This

effect was not manifested by D-Glu(g)HXM. This and

other related studies suggested that L-Glu(g)HXM,

following its entrance through the amino-acid transport

system, is capable of converting the minute quantity of

intracellular vanadium (�/4) into an active insulinomi-

metic compound [76].

8.1. Criteria for ligands that potentiate the insulin-like

potency of vanadium

As L-Glu(g)HXM was most effective in vitro and in

vivo we considered it the optimal vanadium ligand and

searched for features underlying its unusual synergistic

potency. A comparison was made with other vanadium

ligands that are ineffective or less effective in synergizing
the insulinomimetic capacity of vanadium. To this end,

cell-free experimental systems were developed to deter-

mine ligand affinities toward vanadium (�/4 and �/5) at

physiological pH values. Experiments were also con-

ducted in a rat adipocytic experimental system in which

the intracellular pool of vanadium had been enriched

about 25-fold. Also, studies were conducted to see

whether the geometry of an optimal vanadium complex
can be determined by chemophysical measurements. L-

Glu(g)HXM and L-Asp(b)(HXM) were found to share

the following three distinct criteria, whereas less active
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ligands possess only one or two of them: (a) they

associate with vanadium (�/5) at pH 7.2 within a

narrow range of association constant (Keff) of 1.3�/

1.9�/102 M�1; (b) they have nearly the same binding
affinity for the vanadyl (�/4) cation and the vanadate

(�/5) anion at physiological pH values; (c) they form an

intense ultraviolet-absorbing complex upon associating

with vanadium (�/4) at 1�/3 molar stoichiometry.

Vanadium ligands lacking any of these three defined

criteria synergize less effectively with vanadium to

activate glucose metabolism both in vivo and in vitro

[76,77].
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