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SUMMARY. The field of bioinorganic chemistry, which explores the interactions between inorganic com-
pounds and biological systems, has been growing rapidly in the last few years. Various elements and their
compounds have attracted great interest, particularly vanadium. In this article we review the effect of

vanadium and its complexes on diabetes mellitus.

RESUMEN. “Vanadio y sus Complejos: el Interés Renovado en su Bioquimica”. Los estudios en el campo de la
quimica bioinorgdnica que exploran las interacciones entre los compuestos inorganicos y los sistemas bioldgicos
han crecido muy rapido en los tltimos afios. Algunos elementos y sus compuestos han despertado gran interés,
particularmente el vanadio. Este trabajo es una revision sobre el efecto del vanadio y sus complejos en la diabe-

tes mellitus.

CHEMICAL PROPERTIES OF VANADIUM

Vanadium and its compounds have attracted
great scientific interest 1. It was discovered in
1801 by the Mexican chemist, del Rio, and
named vanadin by the Swedish chemist Sef-
strom in 1830. It is the nineteenth most abun-
dant element in the earth’s crust and belongs to
the transition metals, of which it is the fifth
commonest. Its content in the crust is 0.014%,
making it as common as zinc, though it is more
evenly dispersed. There are few concentrated
deposits of vanadium, such as patronite [VS] in
Peru, and most is extracted from mining
byproducts, such as vanadinite [PbCl,. 3Pbs
(VOy),l, obtained during lead mining, and
carnotite [K,(UO,),.(VO,),.3H,0], from uranium
mining, and from some petroleum oils in
Venezuela and Canada. When these oils are
burnt, vanadium pentoxide (V,0s) is recovered
as a product of total combustion 2-4.

In the oxidation states III, 1V and V, vanadi-

um easily forms V-O bonds and also bonds
readily to N and S, forming a diverse range of
coordination complexes 23. The species vanadi-
um (IID) is unstable at physiological pH and in
the presence of O,., while vanadium (IV) is only
stable in acid medium, existing as a blue cation
that can be detected by electron paramagnetic
spin resonance, since it possesses an unpaired
electron. The most complicated of all the oxida-
tion states is vanadium (V), which occurs as the
HVO,* anion at physiological pH. This anion
tends to aggregate even at concentrations as
low as 1mM, to form trimer or tetramer poly-
vanadates. At low pH, the decavanadate
(V10O9Hs5") is orange-colored and acts as a po-
tent oxidant of aldehydes, catechols, olefins and
sulfhydryl groups 5. In aqueous solution ex-
posed to the air, at room temperature, the oxi-
dation states that predominate are V and IV, the
former as orthovanadate (a mixture of HVO,*
and H,VO,™ at pH7) and the latter usually as the
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vanadyl ion (VO*), which can suffer oxidation
by dissolved O, in solutions of pH > 3 6. The
chemistry of vanadium (V) shows parallels with
that of pentavalent phosphorus and the V-O
bond is about 1 A longer than the P-O bond.
This can lead the vanadates to interfere in bio-
chemical reactions, notably those catalyzed by
phosphohydrolases 5.

Vanadium (V) coordination compounds have
a very flexible stereochemistry. Coordination ge-
ometries ranging from tetrahedral or octahedral
to trigonal (pyramidal or bipyramidal) and pen-
tagonal are thermodynamically plausible. The
redox potentials, both for the V(V) / VIV) and
V(IV) / VID processes, increase even more the
versatility of this transition metal in biological
interactions 3.

BIOLOGICAL PROCESSES AND VANADIUM

The German chemist Henze discovered high
concentrations of vanadium in blood cells of
sea-squirts (marine invertebrates) in 1911. How-
ever, only in recent years has it been generally
realized that vanadium is an essential nutrient
for plants, animals and microorganisms. It is
normally present in the mitochondria of all eu-
karyote cells at a concentration between 0.1 and
1.0 pM, vet its precise biological role is not at all
clear 7.

In the human body, the total pool of vanadi-
um is about 100 pg ¢. Approximately 90% of the
vanadium circulating in the blood is bound to
proteins and less than 10% is in a free state 89.
In plasma, the partial pressure of oxygen is such
that vanadium complexes exist as both V(IV)
and V(V) and, in the presence of endogenous
reducing agents such as ascorbate and cate-
cholamines, it forms complexes with proteins, in
particular with transferrin 10 . A limited amount
of free vanadate anion enters the cells via the
anion transport system and is then quickly re-
duced to the vanadyl cation by glutathione 1112,
Less than 1% of intracellular vanadium remains
unbound 1°.

Low vanadium content in the diet can lead
to symptoms such as: decreased body growth
and reproduction ¢; low survival of offspring;
changes in the numbers of red-blood cells, iron
metabolism and lipid levels, and in the
metabolism of hard tissues such as teeth and
bones >.

Both in cationic and anionic forms, vanadi-
um has an exceptional capacity to interact with
biomolecules. Many potentially important thera-
peutic effects have been described, including
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hormonal, cardiovascular, anticarcinogenic and
insulin-like activity ©.

Vanadium has a number of characteristics
that would probably be required in a biological-
ly essential element, including: low molecular
weight and high catalytic activity of its com-
pounds, suitable bonding structure, capacity to
be chelated by biomolecules, ubiquity in the
geosphere and probably in the biosphere,
homeostatic regulation (controlled uptake and
fast excretion) 13.

Regarding the toxicity of vanadium, acute
and chronic symptoms due to occupational ex-
posure are seen during combustion of vanadi-
um-carrying fossil fuels and in the extractive
processes employed to satisfy the growing de-
mand for this element in the metal industry. In
particular, irritation of the respiratory tract that
can result in bronchitis or pneumonia is a com-
mon symptom 4.

OXIDATIVE STRESS AND VANADIUM

Oxidation of cell constituents by free radicals
and/or reactive oxygen species (ROS) and reac-
tive oxygen and nitrogen species is widely held
to be a pathogenic factor in several human ill-
nesses such as diabetes, atherosclerosis, cardio-
vascular illnesses, cancer, neurodegenerative
disorders, and in the aging process 15. The cellu-
lar production and removal of these species
need to be critically balanced and to this end
the cell strategically employs several antioxidant
systems that scavenge or neutralize these
molecules 16.

Among the ROS, the superoxide anion (O,*),
hydrogen peroxide (H,O,), hydroxyl radical
(*OH) and hypochlorous acid (HOCD are pro-
duced, for example, during the oxidative burst
of neutrophils in response to infection (Fig. 1),
when they play a crucial role in killing bacteria,
but are also capable of doing considerable tis-
sue damage, especially in inflamed areas, be-
cause of their biological reactivity 17.

For these reasons, the potential use of some
organic metal compounds as oxidants or antiox-
idants in biological systems has aroused a lot of
research interest. In the case of vanadium com-
pounds, conflicting results have been published,
concerning both their noxious and their benefi-
cial effects.

Diverse studies have demonstrated that vana-
dium compounds can cause oxidative stress 18-
20, Vanadate-induced cell toxicity, ROS forma-
tion and production of thiobarbituric acid reac-
tive substances (TBARS) increased as the vana-
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date concentration was raised, in experiments
with osteoblast and osteosarcoma cell lines 21.
In vitro incubation of vanadium (IV) with 2’-de-
oxyguanosine or DNA, in the presence of H,O,,
resulted in enhanced 8-hydroxy-2'dG formation
and substantial DNA strand breaks 22. Recent ev-
idence points to indirect promotion of ROS pro-
duction, probably through mitochondrial inter-
actions 19,

In diabetes, chronic hyperglycemia is a major
causative factor of free-radical generation, ow-
ing to a rise in glucose autoxidation (Fig. 2),
and this leads to many secondary diabetic com-
plications, via damage to cellular proteins,
membrane lipids and nucleic acids, and eventu-
ally to cell death 23.

A macrocyclic binuclear oxovanadium com-
plex (6,6 -piperazine-1,4-diylmethylene-bis(4-
methyD-ethylenediimino-2-phenylDdioxovanadyl
sulfate) partially restored the level of lipid per-
oxides and the activity of antioxidant enzymes
such as superoxide dismutase, catalase and glu-
tathione peroxidase, almost to control levels, in
the pancreas of streptozotocin (STZ)-induced di-
abetic rats suffering oxidative stress 24.

Vanadate produced a synergistic effect with
lithium, partially restoring the altered catalase,
glutathione-peroxidase and CuZn-superoxide
dismutase levels in diabetic kidneys and the de-
pressed superoxide dismutase activity in diabet-
ic liver 5.

Treatment with sodium orthovanadate re-

470

stored the activity of antioxidant enzymes, levels
of plasma lipid peroxide, glycoproteins and ery-
throcyte membrane phospholipids, in experi-
mental diabetic rats 2.

The above evidence indicates that these
vanadium compounds have a potential to coun-
teract oxidative stress by the quenching or cat-
alytic reduction of ROS and free radicals. In this
laboratory, we are currently investigating inter-
actions of some vanadium complexes with ox-
idative biological systems and preliminary re-
sults have demonstrated their efficacy as antioxi-
dants.

Bifunctional vanadium compounds have also
become available, consisting of antioxidants
linked to vanadyl 27, an example being the com-
plex bis[curcumino]oxovanadium(IV) whose in
vivo hypoglycemic activity proved more effective
than that of vanadyl sulfate 28. The complex
bis(allixinato)oxovanadium(IV) also had a strong
hypoglycemic effect in diabetic animals 2.

PHARMACOLOGICAL INTEREST OF
VANADIUM COMPOUNDS

The role of vanadium as a biometal became
generally accepted when it was discovered, in
1977, that it inhibits the (Na, K) ATPase present
in muscle 30, Later, it attracted interest in the
field of bioinorganic chemistry, on being found
in the active site of certain enzymes, such as
haloperoxidases (in marine algae and lichens)
and one of the nitrogenases in the nitrogen-fix-



ing bacteria, Azotobacter 31. There are several
pharmacological applications of coordination
compounds of vanadium, including: treatment
of diabetes 332, cancer therapy 3334 anti-inflam-
matory activity 32, normalization of hypertension
and obesity 3 and spermicidal contraception
323037 In view of these recent applications,
vanadium is the subject of a growing amount of
research both on its therapeutic value in appro-
priate doses and its toxic effects in excess. The
mechanisms of both kinds of effect must involve
the biochemical events of cell regulation 5.

DIABETES AND VANADIUM

Studies on vanadium compounds and dia-
betes go back as far as 1899, when two diabetic
patients were treated with sodium vanadate and
experienced falls in their levels of glycosuria 38.
Research on vanadium and glucose metabolism
was only taken up again 30 years ago 3 and in-
tensified from 1985 by Heylinger et al. . Many
in vitro experiments performed on mammal
cells, to assess the insulin-like effects of vanadi-
um salts, revealed that vanadate mimics most of
the actions of insulin in these cell cultures, via a
post-receptor mechanism 541-45. The main in-
sulin-like actions manifested by vanadium are its
capacity to: inhibit tyrosine phosphatases (PT-
Pase) 46,47 lower the levels of blood sugar in di-
abetic rats 48-51 and in diabetic dogs 52 and lower
the levels of serum lipids 353 in diabetic rats,
boost glucose uptake by adipocytes 3954 and
muscle 55, stimulate both glycogen synthesis (in
liver 3% and muscle 55) and glycolysis 50, and in-
hibit glycogenolysis 54, liver gluconeogenesis 39
and lipolysis 53.

Research in this laboratory, involving contin-
uous treatment of young STZ-induced diabetic
rats (group DVO) with a solution of 1 mg/mL
vanadyl sulfate (VOSO,), which replaced the
drinking water for periods of 19 and 29 days,
revealed reductions in the hyperglycemia, liquid
and food intakes and body weight of the rats,
compared with untreated STZ-diabetic controls
(group D) 57. With regard to lipid metabolism,
we found that in normal animals treated with
VOSO4 (group NVO), there was no alteration in
the serum levels of cholesterol and triglycerides,
while in the diabetic animals treated with
VOSO4 (DVO), these serum levels tended to de-
crease after 19 days treatment, with a significant
decrease in both levels after 29 days of treat-
ment, relative to the control animals (D). These
results suggest that greater effects may be ob-
tained after longer periods of treatment. These
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experiments were also designed to test the pos-
sible toxic action of VOSO,4 and we found that
at 1 mg/mL it had no detectable toxic effect on
the liver or muscles of the young diabetic rats,
according to assays of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), lactate
dehydrogenase (LD) and creatine kinase (CK) in
the serum 38.

The effects of vanadium treatment have also
been tested in human beings . It was found
that patients with non-insulin-dependent dia-
betes (NIDDM), who suffered from obesity and
insulin resistance, exhibited a moderate fall in
fasting plasma glucose levels and glycosylated
hemoglobin 60-62. when treated with VOSOy4 for
3-4 weeks. In light of these results, vanadium
was thought to promote improved sensitivity to
insulin in the liver and peripheral tissues ©61.62,
Alongside these appreciable positive effects,
there were also signs of gastrointestinal intoler-
ance at the start of treatment, including nausea
and diarrhea 00,

As already pointed out, vanadium has sever-
al oxidized forms, vanadyl and vanadate being
the only ones that have shown insulin-like activ-
ity 4048, Given that vanadyl is known to be less
toxic than vanadate and also more active in cells
03,64 researchers have focused on synthesizing
new vanadyl complexes and investigating their
insulin-like activity in order to develop more
powerful and less toxic substitutes 59,64,

Three main classes of vanadium compounds
have attracted interest in this field 65: 1) inorgan-
ic salts of both vanadate anions [VO4J3- and
vanadyl cations VOZ2Z+; 2) complexes resulting
from the combination of pentavalent vanadium
and hydrogen peroxide, mono- and diperoxo-
vanadates: [VO(O-O)(L-L)(H,0),ln- (n = 0,1)
and [VO(O-O)(L-LY]»- (n = 1,2,3), where L, I
are coordinating ligands bonded into a biden-
tate pair; 3) chelated oxovanadium (IV) com-
plexes. In this class, several types of coordina-
tion are possible. Some known complexes that
have been tested successfully for insulin-like
properties are displayed in Figure 3.

Studies of the complex VOZ+/Aspirin, for ex-
ample, have shown that it works by inhibiting
the enzyme tyrosine phosphatase (PTPase) ©6.67
and thus regulating the level of phosphorylation
of tyrosine residues in the tyrosine-specific ki-
nase of the B-subunit of the insulin receptor,
with consequent autophosphorylation and trig-
gering of insulin-like actions. It has also been
found that different vanadium compounds in-
duce different patterns of phosphorylation of ty-
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rosines 9. Hence, we should expect different
degrees of insulin-like action from different
compounds.

In a continuation of the work on their new
aspirin complex, the authors evaluated the ef-
fects of the complex [VO(aspirin)CIH,O], on
two bone cell lines in culture and showed that
its cytotoxic effects were stronger than those of
VO as assessed by morphological changes
and lipid peroxidation. In the same study, it is
reported that the mechanism for these may in-
volve induction of the expression of extracellu-
lar signal-regulated kinases (Erks) and inhibition
of phosphotyrosine phosphatases (PTPaes) pre-
sent in the cell extracts @ .

Several other published investigations
demonstrate the interest taken by scientists in
synthesizing complexes of vanadium (IV) and
vanadium (V) and testing them and the inorgan-
ic vanadyl and vanadate ions as antidiabetic
agents 29666874 Yuen el al., in 1993 and 1996
7576 found that both single-dose and continuous
treatment of rats with the complex bis-(maltola-
to)oxovanadiumIV) (BMOV) led to a reduction
in hyperglycemia at a dose 2 to 3 times lower
than that needed for vanadyl or vanadate. Fur-
thermore, compounds of vanadium chelated
with a ligand containing thiazolidinedione pro-
duced positive results when the release of in-
sulin was assessed in diabetic rats 77.

Another approach employed to test the in-
sulin-like activity of vanadium complex has
been to treat cell cultures with the complexes
and assess their effects on the proliferation and
differentiation of the cells and estimate the stim-
ulation of glucose consumption, as well as to in-
vestigate their mechanism of action. This ap-
proach has been applied to a number of com-
pounds, among then Na,[VO)(gluconate),].H,O,
K,[VO(saccharate),].4H,0, Nay[VO(gluconate),].
2H,0 and Ks[VO(saccharate),].4H,0. In relation
to cell differentiation, these compounds have

VCME
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been found to behave as inhibitory agents, as
demonstrated by their inhibition of specific alka-
line phosphatase (ALP) activity. As for as their
metabolic effects are concerned, the four
vanadyl complexes proved to be weaker stimu-
lators of glucose consumption than the free
VO2Z+ cation 78. Oxovanadium (IV) complexes of
general formula Na,[VO(L),].H,O, where the lig-
and L is one of the polyalcohols, sorbitol, galac-
titol or mannitol, exhibited a biphasic effect on
cell proliferation: slight stimulation at low con-
centrations and inhibition in the range 25-100
1M; they also inhibited cell differentiation in tu-
mor osteoblasts. Only Na, [VO(galactitol),].H,O
stimulated glucose consumption to a similar ex-
tent to VO2+ 7. Both the above studies 7879 indi-
cate that the bioactivity of each different com-
plex depends on the type of complex, the lig-
and, the cell type and the dose.

One potential candidate for therapeutic is a
complex of the vanadyl (IV) cation with the dis-
accharide trehalose (TreVO): Nag[VO(Tre),].
H,O. When normal (MC3T3E1) and tumor (UMR
106) osteoblast cells were treated with TreVO, it
showed insulin-like properties, inhibiting cell
proliferation and differentiation. In the normal
osteoblasts, TreVO behaved as a mitogen. It was
found to enhance glucose consumption by a
mechanism independent of phosphoinositol-3-
kinase. All these effects depended on the con-
centration of the VO complex 8081,

This laboratory has also investigated the ef-
fects of vanadyl ion complexes on physiological
and biochemical variables, using a validated ex-
perimental model of diabetes mellitus 82. The
compounds we have tested were synthesized
and characterized in collaboration with the labo-
ratories of Dr. Alzir Azevedo Batista (Federal
University of Sao Carlos, SP, Brazil) and Dr. Vic-
tor Deflon (University of Brasilia). Normal and
diabetic rats (groups NVO, DVO) were treated
by gavage for 34 days with 0.2 mmol/kg initial



body weight (b.w.) of the complex (ethylenedi-
aminetetraacetato) bis(oxovanadium(IV))
[(VO),EDTA] (experiment approved by the Re-
search Ethics Committee of Araraquara School
of Pharmaceutical Sciences, UNESP: Article
29/2004). No change was observed in the rates
of food and liquid intake, urine volume, urinary
urea, serum cholesterol, high density lipoprotein
(HDL) cholesterol or triglycerides, but the treat-
ment significantly reduced the glycemia of the
diabetic group (DVO) alone, though not suffi-
ciently to reach a normal level of glucose. The
mechanism responsible for this fall in the
glycemia did not involve a reduction in
glycogenolysis or a stimulation of glycogenesis
83, Future studies with higher doses of this com-
pound are planned.

Subsequently, we employed the same model
for experimental diabetes to investigate the nov-
el complex [bis(morpholine-4-carbodithioate)ox-
ovanadium(IV)] [VO(mor,)] (0.4 mmoles/kg b.w.
given twice a day for the first 10 days and 0.6
mmoles/kg b.w. on the remaining 15 days - ex-
periment approved by the Research Ethics Com-
mittee of Araraquara School of Pharmaceutical
Sciences, UNESP: Article 29/2004). In the litera-
ture, models have been used to investigate syn-
thetic or plant-based compounds with potential
hypoglycemic action, in which the affected pa-
rameters are measured in both the fed 848 and
overnight fasting 8687 states. Our results for treat-
ment with [VO(mor),] in both these states, fast-
ing and fed (data not shown but be requested
from: pepatomt@fcfar.unesp.br), showed both
models to be equally sensitive. Treatment of the
diabetic rats (group DVO) with this vanadyl
complex reduced the food intake (fasting state)
and the urine volume (fasting and fed states) to
levels similar to those in an insulin-treated con-
trol group of diabetic rats (DI), which might be
interpreted as a beneficial effect on diabetes, al-
though the nutrients were probably not assimi-
lated sufficiently well to promote an increase in
the body weight (fed and fasting states). Fur-
thermore, we found that treatment of the diabet-
ic group with [VO(mor),] reduced their blood
sugar to normal levels only in the fasting state,
whereas the glycosuria was reduced in both the
fasting and fed states to levels similar to group
DI. Since glycosuria reflects a 24-hour period, it
is a representative parameter of carbohydrate
metabolism, implying that the metabolism was
improved by this treatment of the diabetic ani-
mal. However, glycemia rather than glycosuria
is routinely used as the analytic parameter for
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the diagnosis and classification of diabetes. The
urinary urea level was reduced in the fed, but
not in the fasting, treated group. Possibly, in this
case, the fed state would be preferable for this
test, due to the effect of amino acids, derived
from proteins in the diet, on the production of
urea in the liver. In fasting rats, urea would arise
only as a result of proteolysis, which possibly
was not reduced much more than in diabetic
controls, since we found no difference between
the weights of the muscles of groups DVO and
diabetic (D).

It is well established that diabetes promotes
an increase in proteinuria 8 and this condition
was indeed reproduced in our experimental
model in fasting animals. However, neither
treatment with insulin nor with [VO(mor),] suc-
ceeded in correcting it.

The model studied here, in both fasting and
fed rats, did not reveal any variation in lipid
metabolism, raising doubts about the signifi-
cance of the lack of effect of the treatment on
group DVO, given that we also detected no
changes in groups D and DI. The only excep-
tion was the reduction of triglycerides in the
[VO(mor),]-treated normal group (NVO) relative
to healthy controls, in the fed state. This reduc-
tion needs to be confirmed by further tests.

In experiments with fasting animals, there
was a marked increase in the death rate (70%)
during treatment of the diabetic group with the
vanadyl complex. In order to find out whether
the deaths were provoked by the diabetes per
se or by the toxicity of the vanadyl complex, the
treatment with [VO(mor)2] was also performed
on normal rats, the variables again being mea-
sured in the fasting state. The results indicated
that [VO(mor),] had no effect on the measured
variables. The death rate in this case was 53%.

In experiments with normal and diabetic ani-
mals, in which the variables were determined in
the fed state, the number of deaths was 40% in
both groups NVO and DVO. Hence, it is proba-
ble that these deaths in the diabetic group were
due neither to the diabetes per se nor to the
overnight fasting. The results also showed that,
in the fed state, there was a reduction of epi-
didymal and retroperitoneal fat only in the
group NVO, consistently with the lower rate of
body growth observed in this group. However,
this reduction in fat cannot be explained by a
lower intake of food or by its being mobilized
as triglycerides released into the blood, since
neither of these events was observed.

Next, we measured the activities of the

473



PEPATO M.T., KHALIL N.M., GIOCONDO M.P. & BRUNETTI L.L.

marker enzymes for hepatotoxicity, AST, ALT
and ALP, in diabetic and normal fasting rats, in
order to investigate further the reason for the
deaths. The decision to investigate hepatotoxici-
ty followed a report from Dai et al. 8 that
vanadyl sulfate had been found to accumulate
in the liver and other organs; the complex was
distributed as follows, in decreasing order of
content: bone, kidney, testicle, liver, pancreas,
plasma and brain. However, our results indicat-
ed that the rat deaths were not provoked by a
hepatotoxic effect of vanadyl, since the hepatic
marker enzyme activities in the blood were un-
changed. Dai et al. 8 dissolved 0.5-1.5 mg/mL
VOSO4 in the drinking water of diabetic and
normal rats for a whole year, to assess its toxici-
ty, and observed that no persistent change oc-
curred in the plasma activity of ALT or AST. Of
course, it is still theoretically possible that the
vanadyl complex is an inhibitor of these en-
zymes, masking an increase in their synthesis in
the liver.

The hypothesis that this toxic effect of [VO
(mor),] is a result of an exceptionally high dose
does not appear tenable, as the literature con-
tains examples of similar doses of complexes
such as bis(maltolato)oxovanadium (BMOV) be-
ing injected intravenously without such prob-
lems 7490, Human patients with type 2 diabetes
have taken 50 mg vanadyl sulfate by mouth,
twice a day, and tolerated it well. However, this
treatment led only to a modest fall in blood sug-
ar (20%) and no significant effects on the rate of
glucose uptake by the liver, glycolysis, glycogen
synthesis, oxidation of carbohydrates or lipolysis
60

Published results on the toxicity of vanadium
compounds show a degree of controversy 91-94.
The level of toxicity appears to vary with the va-
lency: the higher the valency, the stronger the
toxic effects, such as irritation of the eyes (con-
junctivitis) and respiratory tract (nose-bleeds,
rhinitis, asthma) and, less frequently, systemic
toxicity 91. Szakmary et al. 9 also noted a de-
pendence on the specific compound; vanadium
(V) pentoxide, for instance, was moderately em-
bryotoxic, causing retarded skeletal develop-
ment in rat fetuses, and significant maternal tox-
icity in rabbits. Lastly, the peroxovanadium
complex bpV(phen) provoked cell death in
RINmMSF cells, predominantly by apoptosis, via a
mechanism involving stress kinases and MKP-1
(mitogen-activated kinase phosphatase) 9.

In light of the observed rat deaths, the antidi-
abetic effects of the vanadyl complex [VO
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(mor),] reported here should be viewed with
caution.

CONCLUSIONS

With regard to the antidiabetic properties of
vanadium complexes, we conclude that it will
be necessary to investigate further their effects
on carbohydrate, lipid and protein metabolism,
on the degradation pathways of proteins and on
oxidative stress and cell toxicity so as to discov-
er compounds with stronger beneficial effects
on diabetes, associated with lower toxicity. An-
other aspect that requires more experimental
study is the molecular properties of these com-
plexes, specifically their interactions with bio-
logical macromolecules and enzyme systems
connected with their observed effects.
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