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Abstract

Vanadium is a trace element found in most living systems. It has various biological
properties. In the last 10 years numerous reports showed that Vanadium administered
orally could improve the metabolic state of diabetic animals. The combination of vanadate
and H,0, produced the new agents called peroxoVanadium (pV) compounds which
exerted more potent insulin mimetic effects by activating the insulin receptor kinase. Their
application in the treatment of diabetes could be of great benefit clinically in the future.
We demonstrated that long-term oral bpV (phen) (a new pV compound)

treatment resulted in a lowering of blood glucose levels, with less toxicity than vanadate
in STZ-diabetic rats. bpV(phen) was the first agent other than insulin, that was able to
maintain the insulin-deprived diabetic BB rats in good apparent health without ketonuria
for 25 days by intraperitoneal injection (IP). Although bpV(phen) was ineffective in
reducing glucose levels by IP injection in BB rats, it caused a significant decrease of insulin
and C pepﬁde levels and in the insulin dose required to maintain the aglycosuric state of
the diabetic BB rats. These observations are consistent with a mechanism of bpV(phen)
action at tissue levels. The exploration of the properties of pV compounds may help
elucidate both the mechanisms of insulin action and the cause of diabetes, and also may
give rise to insulin substitutes which could be orally administered for the treatment of
diabetes in the future. However IP injection of bpV (phen) also caused severe toxic side
effects. The toxic effects of bpV(phen) included inhibition of food and water intake,
acceleration of the onset of diabetes and death. Further studies are required to identify
second generation pV compounds with better therapeutic/toxicity ratios and to find ways

of delivering pVs orally.



Résumé
Le vanadium est un élément trace retrouvé dans la plupart des systémes vivants. Il est
impliqué dans plusieurs processus biologiques. Au cours des 10 derniéres années, il fut
décrit que le vanadium oral améliorerait [*état métabolique d animaux diabétiques. La
combinaison de vanadate et d"H,0, a produit de nouveaux agents appelés composés de
pV qui possédent une activité insulino-mimétique plus puissante en activant la kinase du
récepteur a I'insuline. Nous avons démontré qu'une thérapie orale 4 long terme avec du
bpV(phen) diminuait la glycémie de rats diabétiques-STZ avec moins de toxicité que le
vanadate. Le bpV(phen) administré par voie intrapéritonéale (IP) fut le premier agent,
autre que ['insuline, & pouvoir maintenir des rats BB diabétiques en bonne santé
apparente sans cétonurie pendant 25 jours. Bien que le bpV(phen) injecté IP fut
incapable de réduire la glycémie des rats BB, il causa une diminution significative des
niveaux d'insuline et de peptide C circulants chez les rats BB non-diabétiques, et des
doses d’insuline requises pour maintenir |’ état non-glucosurique des rats BB
diabétiques. Ces observation supportent I'idée que le bpV(phen) agit au niveau des
tissus cibles. L' exploration des propriétés des composés de pV pourrait aider a élucider
les mécanismes d’action de I'insuline et la cause du diabéte, et pourrait mener a de
nouveaux substituts de I'insuline qui pourraient étre administrés par voie orale dans le
futur. Cependant, ['injection IP du bpV(phen) méne a de nombreux effets toxiques,
incluant une diminution de ['ingesta de nourriture et d'eau, I'accélération du diabéte et la
mort. Des études supplémentaires seront nécessaires pour mener a des composés de pV
de seconde génération avec de meilleurs rapports bénéfices/toxicité et pour trouver des

meéthodes d administration orale efficaces.
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CHAPTER 1: INTRODUCTION

Diabetes

Historical Background

Diabetes was recognized more than 2000 years ago. The
symptoms of increased appetite, thirst and a large volume
of urine had been described as a disease in ancient
Chinese medical records. A Greek doctor, Aretaeus (A.D.
70) , described the condition and gave it its name:
Diabetes. In the sixteenth century, Paracelsus recognized
the sweetness of diabetic urine. In 1869, Langherhans
described the pancreatic endocrine cells situated in the
islets which bear his name. In 1889, Minkowski and Von
Mering showed that removal of the pancreas in dogs led to
diabetes. The discovery of insulin at the University of
Toronto in 1921 was one of the most dramatic events in the
history of treatment and diagnpsis of diabetes. In 1922,
the first patients were treated with this life saving

hormone - insulin in the Toronto General Hospital (1,2).

What is Diabetes?

Diabetes mellitus, a syndrome characterized by chronic
hyperglycaemia, is a disorder of carbohydrate, fat, and
protein metabolism associated with absolute or relative
insufficiency of insulin secretion and with various

degrees of insulin resistance.



When diabetes is fully expressed, it is characterized by
fasting hyperglycaemia, but the disease can also be
recognized in the early stage by the presence of glucose
intolerance. Excessive thirst, polyuria, unexplained
weight loss and chronic fatigue are the characteristic

symptoms of diabetes mellitus (3,4).

] i Ficati ¢ diabetes:
Although all those with diabetes lack effective insulin
action, differences between various forms of the disease
are expressed in terms of cause and pathogenesis,

environmental, and immune factors, natural history, and
response to treatment. The most common types of diabetes

are Type I and Type II.

Type I diabetes is characterized by the acute appearance
at a young age of hyperglycemia, glycosuria and weight
loss, leading to rapid death unless insulin therapy is
instituted. Insulinopenia and islet cell antibodies are
present. Evidence regarding etiology suggests genetic and
environmental or acquired factors, association with
certain HLA types, and abnormal immune responses,

including autoimmune reactions.

Type II diabetes is characterized by insulin resistance

and obesity. People affected by this disease are not



insulin-dependent or ketosis-prone, although they may use
insulin for correction of symptomatic or persistent
hyperglycemia. Serum insulin levels may be normal,
elevated, or depressed. Onset is usually after age 40.

Insulin resistance and obesity are usually present (3,5).

tho] iol - diabet 1litus:
Most of the pathologic features of diabetes mellitus can
be attributed to one of the following three major effects
of the lack of insulin: (1) decreased utilization of
glucose by the body cells, resulting in elevated blood
glucose concentrations to as high as 15 to 60 mmol/L; (2)
markedly increased mobilization of fats from fat storage
areas, causing abnormal fat metabolism as well as
deposition of cholesterol in arterial walls, causing
atherosclerosis; and (3) depletion of protein in the

tissues of the body(6).

o Fect - El ted Blood Gl ] ls in diabetes:
The hyperglycaemia increases serum osmolarity. The
increased osmotic pressure in the extracellular fluids
causes osmotic transfer of water out of the cells. When
the amount of glucose entering the kidney tubules rise
above a critical level, the “glucose threshold”, the

excess glucose then cannot be absorbed and spills into the

urine. The loss of glucose in the urine causes osmotic



diuresis. Thus, one of the important features of diabetes
is extracellular and intracellular dehydration which can

contribute to the development of circulatory shock (6).

Abnormal fat metabolism:

Diabetic ketoacidosis is an acute complication that is
fatal if not treated. When carbohydrates are not utilized
for energy, almost all the enerqgy of the body must come
from metabolism of fats. When the body depends almost
entirely on fat for energy, ketone body formation is
greatly increased, which results in acidosis. Ketone-
bodies are synthesized in the liver from fatty acids.
Fatty acids are taken up by the liver and synthesized in
the cell cytosol to triglyceride or alternatively they may
enter the mitochondria as fatty acyl CoA. Inside the
mitochondria, fatty acyl CoA undergoes  oxidation to
acetyl CoA, which is then either totally oxidized in the
Krebs' cycle or converted into acetoacetic acid, R-OH
butyrate, and acetone together called ketone bodies. The
acetoacetic acid and B-OH butyrate are transported by
blood to the peripheral tissues, where they reverse to
acetyl-CoA and are oxidized for energy. One of the
products of carbohydrate metabolism is oxaloacetate that
is required to combine with acetyl-coA before it can be
processed as citrate in the Kreb's cycle. Therefore,

deficiency of oxaloacetate limits the entry of acetyl-CoA
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into the Kreb's cycles, and simultaneously helps promote
production of acetoacetic acid and ketone bodies. Insulin
increases the production of malonyl CoA which is an
inhibitor of carnitine palmitoyl transferase-1 (CPTl). By
contrast, glucagon stimulates CPT1 by decreasing malonyl
CoA. CPT1 is the rate-limiting enzyme allowing further
metabolism of fatty acid to ketone bodies in the
mitochondria. Therefore, the reduced inhibition to CPT-1
as in insulin deficiency, increases the formation of the
ketone bodies. However, the absence of insulin also
depresses the utilization of acetoacetic acid and (-OH
butyrate in peripheral tissues. All these extra acids
cannot be metabolized by the tissues and result in
acidosis which can lead to acidotic coma and death within
hours when the pH of the blood falls below about 7.0

without proper treatment (7,8).

Macrovascular complications of diabetes represent one of
the most serious consequences of the disease. Almost all
blood vessels in the body, both large and small, are
affected in patients with long standing diabetes. A major
factor that contributes to macrovascular damage appears to
be abnormal lipid metabolism. In the absence of insulin
the enzyme hormone-sensitive lipase in the fat cells
becomes strongly activated. This causes hydrolysis of the

stored triglycerides releasing large quantities of fatty



acids and glycerel into the circulating blood. Following
uptake by the liver there is increased production of low
density lipoproteins and triglycerides which could
accelerate the atherosclerotic process leading to

macrovascular complications (9,10).

1t ] . tei taboli in diabet 1litus:

Untreated diabetes mellitus is accompanied by severe
muscle wasting resulting from increased protein
catabolism. Insulin is an anabolic hormone, and its
presence in the blood promotes the storage of protein.
Insulin increases the uptake of amino acids into tissues,
including muscle, liver, and adipose tissue, and
stimulates protein synthesis and inhibits protein
degradation. Under diabetic conditions, in which the blood
level of insulin is depressed, the protein stores,
particularly those in muscle are reduced. Amino acids
released from protein are used as fuel. Alanine and
glutamine released into the blood become substrates for
gluconeogenesis in the liver and kidney respectively.
Under this condition, whole-body proteolysis is
significantly increased, and causes severe muscle wasting.
Treatment with insulin can correct the defect in protein

catabolism (11,12).

Di " {teria f Siabet 3 ired G



Tolerance:

The normal level of fasting plasma glucose is below 6.7
mmol/1l. A value of 7.8mmol/l or greater in plasma twice
establishes the diagnosis of diabetes. A level between 6.7
and 7.8mmol/1 in plasma requires a glucose tolerance test

to confirm diagnosis.

Ireatment of diabetes:

Among the variety of antihyperglycemic agents available,
insulin injections remain the major option in type I
diabetes and are frequently used in those with type II
diabetes. The blood glucose level is mainly affected by
plasma insulin levels, by the amount of carbohydrate
consumed in the previous three to four hours, and by the
amount of exercise and stress. Therefore, the management
of people with diabetes includes not only medication but

also the regulation of diet, exercise and emotion (13).

] - diabetes:
Recently it was suggested that while inhibiting endogenous
insulin secretion helps prevent type I diabetes (15,16).
The possible mechanisms include a protection from the
immune injury by inhibiting B cell secretion. This may be
related to a lower expression of a target antigen because
the B cell is at rest. However, the resistance to cellular

cytotoxicity of resting beta cells suggests resting beta



cells may also be more resistant to cytotoxic attacks.
Since peroxovanadium compounds have powerful insulin-
mimetic effects and inhibited endogenous insulin secretion
(17), we assessed whether bpV(phen) would be able to

reduce the incidence of diabetes.

Insulin

Insulin was first isolated from the pancreas in 1922 by
Banting, Best, Collip and Macleod. It soon became the
major therapy for all patients with Type I diabetes and

for many of those with Type II diabetes (1).

The secretion of insulin from pancreas is mainly
controlled by the blood glucose concentration. In turn,
insulin plays a key role in controlling blood glucose, fat
and protein metabolism. The cellular effects of insulin
are very broad and include modulation of: (1) transport of
molecules across the plasma membrane; (2) decreased levels
of cyclic nucleotides; (3) activities of enzymes in
intermediary metabolism; (4) rates of protein synthesis
and degradation; (5) rate of DNA and RNA synthesis,
including specific gene expression; and (6) cellular

growth and differentiation (18,19).

_Insulin structure :



Insulin is a small protein with a molecular weight around
5900 Kd. It is composed of two amino acid chains,
connected to each other by disulfides linkages. When the
two amino acid chains are split apart, the activity of the
insulin molécule is lost. Insulin has a compact three

dimensional structure (19).

5 ti 3 taboli = 1 . 1 e
peptide:

Insulin is synthesized in the B-cells of pancreas by the
usual cell machinery for protein synthesis, beginning with
translation of the insulin mRNA on ribosomes attached to
the endoplasmic reticulum to form an insulin
preprohormone. This initial preprohormone has a molecular
weight of about 11,500 K4, and is then cleaved in the
endoplasmic reticulum to form proinsulin with a molecular
weight of about 9000 Kd. Proinsulin is the immediate
biosynthetic precursor of insulin and is converted in the
B-cell's secretory granules to one molecule of C-peptide
and one molecule of insulin, each of which is secreted
into the portal circulation. However, about one sixth of
the final secreted product is still in the form of
proinsulin, which has little (about 10% on a molar basis)

insulin activity.

The role of the C-peptide relates largely to maintaining



the tertiary structure of proinsulin during insulin
biosynthesis. It does not possess independent biclogical
activity after secretion into the circulation. C-peptide
has been extremely useful as a marker of insulin
secretion, since it is co-secreted in equimolar
concentration with insulin. Unlike insulin, it does not
undergo significant hepatic extraction and is excreted
almost exclusively by the kidneys. Its plasma half-life is

approximately 30 minutes (20,21).

The Clearance of Insulin:

When insulin is secreted into the blood, it circulates
almost entirely in an unbound form: It has a plasma half-
life averaging about 6 minutes, so that it is largely
cleared from the circulation within 10 to 15 minutes.
Except for that portion of insulin combined with receptors

in target cells (22).

Requlation of Secretion:

Plasma glucose is the most important regulator of insulin
release. The effect of glucose on the beta cell is dose-
related. Insulin secretion does not respond as a linear
function of glucose concentration. The B~cell insulin
secretory response is greater following oral than

intravenous glucose administration(21).
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Although glucose is the major regulator of insulin
secretion by pancreatic beta cells, its action is
modulated by several neural and hormonal stimuli. In
particular, hormones secreted by intestinal endocrine
cells stimulate glucose-induced insulin secretion very
potently afternutrient absorption. These hormones, called
gluco-incretins or insulinotroption hormones, are major
regulators of postprandial glucose homeostasis. The main
gluco-incretins are GIP(gastric inhibitory polypeptide-1)

and GLP-1 (glucagon like peptide 1) (23).

- Fect - 1i Metabolism:
Insulin plays a critical role in building and breaking
down energy reservoirs in humans. After a meal, insulin
levels increase, promoting glycogen synthesis in liver and
muscle, lipid formation in adipocyte, and amino acid
uptake and protein synthesis in most cells. Between meals,
during starvation and in response to many stresses,
decreased insulin levels result in glycogen breakdown,
lipolysis, hepatic ketogenesis, and decreased synthesis

and increased degradation of protein (24).

; hani - Insuli 1 1 tal
Storage and Release:

Insulin plays a key role in the regqulation of glucose

11



metabolism. First of all, insulin increases cell
permeability to glucose up to 10 to 20-fold by fusion of
multiple intracellular vesicles with the cell membrane.
These vesicles carry multiple molecules of glucose

transport protein (24).

In liver cells, insulin increases the activity of the
enzyme glucokinase which increases the rate of
phosphorylation of glucose in liver cells. Once
phosphorylated, the glucose is temporarily trapped inside
live cells, because phosphorylated glucose cannot diffuse
back through the cell membrane. Insulin also increases the
activities of a number of enzymes including
phosphofructokinase, which catalyses the second stage in
the phosphorylation of the glucose molecule; and glycogen
synthetase, which is responsible for polymerization of the
monosaccharide units to form glycogen. In skeletal muscle,
it causes an activation of protein phosphatase-1 via
phosphorylation on serine/threonine residues, which
stimulates the dephosphorylation of glycogen synthase and
phosphorylase kinase leading to inhibition of
glycogenolysis and an activation of glycogen synthesis.
The decrements in the plasma insulin concentration between
meals reverses all the effects mentioned above for
glycogen storage, essentially stopping further synthesis

of glycogen in the liver and preventing further uptake of

12



glucose by the liver from the blood. In addition, the
decline of inhibition of phosphorylase and glucose-6
phosphatase by lower insulin concentrations causes the
splitting of glycogen intoc glucose allowing the free

glucose to diffuse back into the blood (24).

Effects of Insulin on Fat Metabolism:

Insulin is a powerful inhibitor of lipolysis. The glucose-
induced rise in plasma insulin concentrations quickly
inhibits lipolysis by inhibiting hormone-sensitive lipase
in the adipocyte. This reduces the supply of lipid
substrates to the oxidative machinery in muscle and liver.
In addition to its potent restraining effect on lipolysis
and hence inhibition of FFA oxidation, insulin stimulates
fatty acid synthesis and storage as triacylglycerol in
adipose depots throughout the body. Insulin augments fatty
acid synthesis in adipose tissue and the liver primarily
by activating acetyl-CoA carboxylase. Insulin promotes
glucose transport through the cell membrane into fat
cells. Some of this glucose is then utilized to synthesize
small amounts of fatty acids; but, more important, it also
stimulates the formation of a—-glycerophosphate which
supplies the glycerol that combines with fatty acids to

form the triglycerides in adipose cells (24,25).

- Fect e T 1i Protein Metabolism:

13



Insulin is not only required for storage of glucose and
fat, but also protein. Insulin activates amino acids
transporters on cell membrane( especially for valine,
leucine, isoleucine, tyrosine and phenylalanine). Insulin
stimulates protein synthesis by a direct effect on the
ribosomes in increasing the translation of mRNA; and by an
effect on transcription of DNA in the cell nuclei.

Insulin also suppresses proteolysis thus decreasing the
rate of amino acid release from the cells, especially from

the muscle cells (24,10).

Insulin Receptor

Insulin initiates action by binding to a cell-surface
receptor. The insulin receptor is a glycoprotein on the
plasma membrane of almost all mammalian cells. The number
of receptors varies among tissues from less than 100 per
cell to more than 100, 000 per cell, with the higher
concentrations being found primarily on adipocytes and
hepatocytes. Insulin binding to its receptor is rapid,
reversible, saturable, and has a specificity consistent
with the bioclogical potency of insulin and insulin
analogues. There are no known competitive antagonists at
the receptor level; i.e., all insulin analogues that bind
to the receptor exert a biological effect in proportion to

their affinity for the receptor (26).

14



The insulin receptor is an integral membrane glycoprotein
consisting of two o (135 kD) and two £ (95 kD) chains
joined by three disulfide bonds. The a-subunits are
completely extracellular and contain a characteristic
cysteine rich region, which is critical to the ligand-
binding function. In contrast, the B-subunits afe composed
of an extracellular domain, a membrane-spanning domain and
an amino acid intracellular tail that contains an insulin

regulated tyrosine protein kinase activity (27).

o _-= subunit

Insulin action is initiated when insulin binds to the o-
subunit of the insulin receptor. Binding occurs with high
affinity. High—-affinity insulin binding requires amino
acid residues in several domains of the «o-subunit,
including the amino-terminal cysteine-rich region and the
carboxy terminus. After insulin binding, the receptor
changes its structure, causing phosphorylation of the B-

subunit (27).

B = subunit

The extracellular PB-subunit region participates in
transmitting the insulin signal through the membrane to

the cytoplasmic region of the B-subunit.

The 23-amino acid transmembrane region of the B-subunit

15



anchors the receptor in the plasma membrane. Transmembrane
swapping experiments and mutagenesis studies suggest that,
other than anchoring the receptor in the membrane, the
specific sequences of the insulin-receptor transmembrane

domain are not essential for signaling function (27).

The cytoplasmic portion of the B-subunit contains a
tyrosine kinase domain, and several autophosphorylation
sites in insulin-receptor-specific sequences. When insulin
binds to the a-subunit, the tyrosine kinase property of
the P-subunit is stimulated, allowing the receptor to
autophosphorylate rapidly on specific tyrosine residues
and to become an active tyrosine kinase which in turn
causes phosphorylation of multiple other intracellular
enzymes. In this way, insulin accomplishes its function.
From this point on, the molecular mechanisms are not well
known, but two potential mechanisms have been considered
as the most likely involved in signal transduction: 1) a
phosphorylation cascade initiated by the active tyrosine
kinase of the receptor; and 2) the generation of a second

messenger (27).

] licati e lin 4 : .

Currently, insulin is still an essential treatment for
type I diabetes. Insulin is the only agent to eliminate

hyperglycemia and prevent Kketoacidosis and other

16



complications. However, insulin cannot be given in a
manner that perfectly duplicates the normal patterns of
insulin in the circulation as it is secreted from the
islets in the postprandial and basal states. Insulin
treatment causes many probliems, by far the most frequent
problem in patients treated with insulin for diabetes is
hypoglycemia. Severe hypoglycemia can cause loss of
consciousness, brain damage and death, and fear of
developing hypoglycemia can affect patient behaviour and
approach to insulin treatment. Insulin antibodies, insulin
allergy, insulin resistance and weight gain can also
occur. Because oral administration of insulin is
ineffective, insulin must be injected. Multiple injections
cause problems in patients, particularly in those who are
reluctant or unable to administer insulin injections to
themselves several times a day for the rest of their lives

(28).

Vanadate

Vanadate is an essential nutrient for normal mammalian
development and various biological processes. Vanadium was
first discovered in 1831. Because of the rich colours of
the vanadium crystal and solutions, the element was named
after Vanadis, the Scandinavian goddess of youth and

beauty (29,30).

17



Many vanadium-dependent physiological and biochemical
effects have been established. It was found that vanadium
was an essential nutrient for optimal growth of chicks and
rats, and a potent mitogen for several cell types.
Vanadium also altered a variety of enzyme activities,
including myosin ATPase, adenyl cyclase and interacts
synergistically with growth factor such as EGF, and IGF-II

(30,31)

Interest has been growing particularly regarding its
antidiabetic effects. The first suggestion that vanadium
compounds could influence glucose homeostasis was probably
reported by Lyonnet, et al. in 1899, when they found that
oral vanadium decreased glucosuria (29). Since then, more
and more evidence that vanadium improves glucose

homeostasis has been found (29).

In the past ten years, extensive studies have been
performed examining the mechanism through which vanadium
mimics the action of insulin and prevents the signs of
diabetes. Initially researchers supported the mechanism
that vanadium is a potent phosphotyrosyl phosphatase
inhibitor (32). Schecter et al. (1993)argued that vanadate

acts via a cytosolic tyrosine kinase (33).

18



The insulin-mimetic action of vanadium has been shown in
various cell types. Vanadium stimulated glucose transport,
oxidation and glycogen synthesis and inhibited
gluconeogenesis in adipocytes, skeletal muscle and
hepatocytes (34,35,36). In the liver, vanadium requlated
glucose metabolism via a variety of enzymes including the
activation of glycogen synthase and the inhibition of
fructose-2, 6-bisphosphatase and glucose-6-phosphatase.
Vanadium has also been shown to restore the expression of
genes for PEPCK and GLUT-2 which are key enzymes in
glucose and ketone body metabolism in the liver of rats
(33,29). In addition to its effects on glucose, vanadium
like insulin, also regulated fat (and protein) metabolism.
In adipocytes, vanadium increased lipogenesis and

inhibited lipolysis and protein degradation (34,37).

E . Ffect E Jium:
The antidiabetic properties of orally administered
vanadium have been well documented. Heyliger, et al.
(1985) first reported that sodium orthovanadate, supplied
in the drinking water of streptozotocin-diabetic rats,
lowered blood glucose levels and reversed cardiac
abnormalities, without increasing insulin levels (29,38).
Subsequent studies demonstrated that orally administered
vanadium decreased blood glucose levels within 2-4 days

after treatment with high concentration (0.8 mg/ml in
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drinking water), and reduced blood glucose within 4 days
at a lower concentration (0.2mg/ml) (39). Pederson, et al.
indicated that blood glucose levels in STZ-diabetic rats
normalized after three weeks of vanadyl treatment and
remained normal up to 13 weeks after vanadyl treatment
withdrawal (40) . Higher insulin levels were found in most
vanadium studies in Streptozotocin-diabetic rats (41). The
higher insulin levels suggested that the STZ-diabetic rats
did have significant residual insulin which might have
been secreted from regenerated (B-cells (41). The
efficiency of vanadyl treatment was however unrelated to
protection from the acute toxic effects of streptozotocin

on pancreatic B cells (38).

Toxicity:
The studies described above suggest that wvanadium is a
potential agent for future diabetes treatment. It is
therefore critical to understand the possible side-

effects associated with vanadium therapy before supplying

it to humans.

The overall toxicity of vanadium depends on the route of
administration. The oral route appears to be much safer
than the intraperitoneal and intravenous routes probably
because vanadium is only poorly absorbed by the intestine.

Though the oral route was safer than other routes, the
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doses of vanadium used orally were still higher than those
considered to be toxic in normal rats. Commonly described
signs of vanadium toxicity in experimental animals include
diminished food and water consumption, dehydration,
diarrhea, weight loss, death and increased serum

concentrations of urea and creatinine (42,45,47).

Vanadium ingestion might induced water and food retention
which subsequently was responsible for the diminished
water and food intake (42,45,47). The reduction in body
weight gain appeared to be due to a decrease in food
consumption (41). It was shown that the anorexic effect of
vanadium was due to the central nervous system (29,34). It
was reported that vanadate did not inhibit feeding at the
hypothalamic level, because vanadate did not directly

inhibit neuropeptide Y (NPY) synthesis and transport (34).

In addition, toxic effects of vanadium on red blood cells
of rats was reported. It was found that vanadium may

affect maturation of red blood cells (44).

Furthermore, J.L Domingo, et al. reported that vanadium
accumulated in kidneys, bone, and spleen following
treatment with vanadyl for a period of 3 months. The
extent of tissue accumulation of vanadium in diabetic

animals might imply an additional risk to several cell
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types, considering vanadate's capacity to alter various
enzyme activities (42,45,47). Vanadate were described to
decrease the myocardial contractile force, probably due to
a large intracellular accumulation of calcium and cell

damage (48).

Little is known about the possible toxic effects of
vanadium in humans. Following exposure by the respiratory
route in industrial settings, chronic toxicity included
gastro-intestinal distress, fatigue, green tongue,
palpitations and damage to the kidneys, liver and nervous

system were described (30,31).

The toxicity of vanadium also depends on the chemical form
of vanadium and the element coadministered. It was found
that vanadyl was less toxic than vanadate in alleviating
some signs of diabetes in STZ-diabetic rats (29). The
vanadyl rather than vanadate form may be more appropriate
for chronic use in diabetic rats. Tiron has remarkable
efficacy in mobilizing vanadium, and coadministration of
Tiron to vanadate~treated diabetic rats may result in
reduced accumulation of vanadium in liver, kidneys, heart,
bone and muscle (47). Coadministration with NacCl (
0.8mg/ml NaCl) has also been shown to reduce wvanadium

toxicity.
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Peroxovanadium (pVvV) compounds:

Posner, et al. (1987) found that the combination of
vanadate and H,0, produced a powerful synergistic effect
in mimicking insulin and activating the insulin receptor
kinase (IRK) in rat adipocyte. Further studies have shown
that the action of pV compounds involves the insulin
receptor, and exceeds the individual effects of vanadate
or H,0, (50,51). Therefore, pV compounds might be a useful
tool for studying the mechanism of insulin action, and a

new therapeutic model for the management of diabetes.

The chemistry of pV Compounds:

pV compounds were synthesized, crystallized and
characterized by °Vv NMR as >95% pure (Posner B.I.,et
al.1994). Recently, twelve new pV compounds were
synthesized. Each compound contains an oxo ligand, one or
two peroxo anions, and an ancillary ligand in the inner
coordination sphere of vanadium. The potency of these pVv
compounds as IRK activators and phosphotyrosyl phosphatase
(PTPs) inhibitors in cultured cells and in vitro was

influenced by the various ancillary ligands (32).

T] ] . E ! . E El j -
Posner et al (1994) reported that pv compounds inhibited

the activity of an IRK-associated PTPs. The direct and
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significant correlation between IRK activating and PTPs
inhibiting potencies of the pV complexes and the parallel
loss of these two activities during compound breakdown in
solution along with a capacity to augment insulin receptor
phosphotyrosine content supported the view that they acted

by inhibiting IRK dephosphorylation.

{4 cfect E lium:
pV compounds had more potent insulin mimetic effects than
vanadium both in vitro (32,51,53) and in vivo (17,41).
Once the receptor was autophosphorylated and completely
activated by arresting dephosphorylation, the insulin
receptor could transduce the signals leading to stimulated
glucose transport, lipogenesis, antilipolysis and protein
synthesis (32). Pervanadate was not only able to mimic
insulin in stimulating glucose uptake, but also can
significantly enhance the maximum cell responsiveness
achieved at saturating insulin concentration in rats
adipose cells (33). However, vanadium, when added to
saturating concentrations of insulin, did not exceed the
rate and extent of glucose uptake achieved at the maximal
dose of insulin in rats adipose cells. Peroxovanadate at
0.1 mmol/l was as effective as insulin in inhibiting
lipolysis in human adipose cells , whereas no insulin-like
effects were exerted by vanadate (50). The potency of

pervanadate to stimulate lipogenesis was comparable to
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that of insulin and 10°-10° times more potent than
vanadate in rats adipose cells. Like insulin pervanadate
stimulated protein synthesis up to a maximum of 23% over
the control group, whereas vanadate had only minimal or no
effect on protein synthesis in rats adipose cells. Higher
concentrations of vanadate were found to inhibit protein

synthesis (51).

I . Ffect - 3ium:
A significant correlation was found between the capacity
of the pV compounds to inhibit PTPs and their in wvivo
hypoglycemic potency (41). The long duration of the
hypoglycemia following treatment with bpV(phen) was
consistent with the more extended time course of insulin

receptor kinase activation produced by this compound (32).

pV compounds produced much greater and more rapid effects
on plasma glucose than vanadium (41). The subcutaneous
administration of pV compounds to insulin-deprived BB rats
over a 3 day period produced a persistent lowering of both
blood glucose and ketone body levels. These hypoglycaemic
effects were not due to a decrease in food intake because
diabetic BB rats fasting for the same period of time
showed persistent hyperglycaemia and increasing ketonuria
(41) . Assia Shisheva, et al.(1994) reported that a single

intraperitoneal injection of pervanadate had a dramatic
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effect in improving glucose homeostasis in STZ diabetic-
rats at doses corresponding to only 700 ug vanadium/kg
body weight (14). The requirement for insulin in diabetic
BB rats is reduced when vanadyl is coadministered with
insulin, but vanadyl could not replace insulin entirely
either with respect to the control of glycaemia or the
anabolic effects of insulin (34). The decrease in plasma
glucose effected by pV compounds was accompanied by a
decrease in circulating insulin levels in Sprague-Dawley
rats indicating that the hypoglycemic effect occurred in
peripheral insulin target tissues instead of via the
augmentation of circulating insulin levels (17) . In
contrast, most vanadate studies have shown higher plasma
insulin levels in STZ-diabetic rats following vanadate
treatment (41). The higher insulin level might be related

to the regeneration of B-cells (40).

In addition to stronger insulin-mimetic effects pV
compounds were less toxic than vanadium when injected
parenterally. pV compounds injected intravenously

produced a 20 % decrease in plasma glucose without causing
mortality, but the intravenous administration of sodium
orthovanadate or vanadyl sulfate produced mortality before
any significant reduction of plasma glucose level could be

observed (41).
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CHAPTER 2: HYPOTHESIS AND OBJECTIVE OF THE STUDY

Previous studies have shown that Vanadium can improve the
diabetic state and prevent the development of diabetic
complications in both insulin-dependent and non-insulin-
dependent diabetes mellitus in experimental animals by the
oral route of administration (29,38,43). Peroxovanadium
compound were much more potent than vanadium as insulin-
mimetic agents both in vitro (32,51,53) and in vivo
(17,41) . Therefore, pV compounds might be useful new

agents for the treatment of diabetes.

Diabetes is very common and is a life-long disease.
Insulin remains the only available treatment in the
management of type I diabetes and is frequently used in
those with type II diabetes. However, insulin cannot be
given in a manner that perfectly duplicates the normal
patterns of insulin in the circulation as it is secreted
from the islets in the postprandial and basal states.
Insulin treatment also causes many problems,such as
hypoglycemia, insulin antibodies, insulin allergy, insulin

resistance and weight gain (28).

Oral administration of insulin in mammals is ineffective.
Therefore, the availability of orally administered insulin

substitutes could be of importance in the treatment of
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diabetes. This is particularly wvalid as: (a) many patients
are reluctant or unable to administer insulin injections
to themselves several times a day for the rest of their
life; and (b) a large variability in insulin absorption

occurs in diabetic patients (28).

Besides insulin deficiency, resistance of target tissues
to insulin is another major cause of diabetes (1,2). pVv
compounds which increase tissue sensitivity to insulin or
mimic its action may thus be extremely useful for
controlling the disorder of glucose metabolism caused by

insulin resistance.

Recently, studies have shown that inhibiting insulin
secretion helps prevent type I diabetes (54,15). A
possible mechanism is through protection from immune
-injury by inhibiting B cell secretion, and the expression
of target antigens. Our previous studies had reported that
the decrease in blood glucose effected by pV compounds was
accompanied by a decrease in circulating insulin levels
(17) . These results provide basis for studying whether pV
compounds could reduce the development of diabetes by

decreasing endogenous insulin secretion.

Therefore, the exploration of the properties of pVv
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compounds may give rise to insulin substitutes which can
be orally administered for the treatment and prevention of
diabketes, and also may assist in elucidating both the

mechanisms of insulin action and the cause of diabetes in

the future.

This thesis is concerned with evaluating the efficiency of
different peroxovanadium compounds in diabetic rats (BB
Wistar and STZ-diabetes). I performed the studies using
oral administration as well as subcutaneous and
intraperitoneal injections with pV compounds. Toxicity of
pV was assessed by observing the general appearance and

behaviour of the rats.
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CHAPTER 3: MATERIAL AND METHODS

PV _compounds and vanpadate:

Sodium orthovanadate was acquired from Sigma (St. Louis,
Mo, USA). Vanadium oxide (V, Os) and the ancillary ligands
used in the synthesis of the peroxovanadates (pVs) were
purchased from Aldrich. The pV compounds were synthesized

by Dr. Jesse Ng of the Department of Chemistry, McGill

University.

The pV complexes were prepared by dissolving V,0; in
aqueous KOH, followed by the addition of 20% H,0, and the

ancillary ligand.

The pV compounds employed were:
bpV (phen) = K[VO(0,).phen] * 3H,0;
bpV(pic) = K,[VO(0;).(pic)] - H,0;
mpV(2,6-pdc) = NH,[VO(0;)2,6-pdc)H,0] - H,0

bp stands for bisperoxo
mp stands for monoperoxo

All the complex salts readily dissolved in H,0. In the
solid state the complexes, stored at 4°C in a light-
shielded container, appear to be stable indefinitely.
Thus, preparations of bpV(phen) >3 years old retained full
potency. The compounds were dissoved in phosphate buffered
saline (PBS) and the pH was adjusted to 7.4 before
administration (Posner et al. 1994).
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Insulin:
Beef-pork Ultralente insulin, a long-acting agent, was

purchased from Connaught Novo Nordisk Laboratories Ltd.,

Willowdale, Ontario, Canada.

Animals
BB rats:
BB rats were obtained from Dr. Pierre Thibert, Animal

Resources Division, Health and Welfare Canada, Ottawa, ON.

The BB rat was discovered in 1974 in a Wistar-derived
commercial breeding colony in Ottawa, Ontario, Canada.
Diabetes in BB rats closely resembles human insulin-
dependent diabetes mellitus (IDDM). The BB rat is
characterized by hyperglycaemia, weight loss, polyuria,
severe ketosis, and death unless insulin therapy is
initiated. The usual onset of diabetes is around 60-100
days of age. The incidence is 40-70%. Like human IDDM,
diabetes in the BB rat is accompanied by autoantibodies to
the B cell and by other immune system disorders (55).
Diabetic BB rats were treated with subcutaneous injections
of beef/pork ultralente insulin whose dosages were

adjusted to control glycosuria.

Streptozotocin-diabetic Wistar rats: (STZ-diabetic rats):

Female Wistar rats were purchased from Charles River
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Canada Inc. After 3 days of adaptation, diabetes was
induced by a tail vein injection of a single dose of
streptozotocin (55mg/kg) dissolved in NacCitrate buffer
(pH=4.53). Control rats received a PO; buffer injection
only. The rats were maintained untreated for one week.
Glucosuria was checked daily to confirm diabetes, and then

blood glucose levels were checked twice after an 8h fast,

3 days apart.

Both BB and STZ-diabetic rats were housed in metabolic
cages up to a maximum of 4 rats per cage according to the
requirements of the experiment. Rats were maintained in a
constant temperature (20°C) and humidity (70%) room, in
laminar flow hoods, with a fixed cycle of 12h light: 12h
darkness (light on 7:00-19:00). Rat Chow (Ralston Purina,
St. Louis, Mo, USA) and tap water were provided ad

libitum, except when indicated otherwise.

Effect e 1 pv is i rZ-diabeti es:
After a 16 hour fast blood glucose was measured using a
Companion 2 glucose metre. The rats were divided into
several groups matched for body weight and glucose levels.
The rats then received one of the following pV compounds
in the drinking water in concentrations described in the
appropriate figure legends: bpV(phen), mpvV(2,6-pdc),

bpV(pic) and Vanadate. Some rats received the medication
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with aspartame. The water bottles were protected from
light by aluminium foil. The pV solutions were prepared
every 3 days. Every day, the amount of water consumed by
each rat was measured and recorded. The remaining water
was discarded. The bottle was refilled using the
refrigerated stock solution. All preparations contained

NacCl 80mmol/L for reducing toxic effects of bpV(phen).

Food was provided ad libitum to treated and control rats.
Pair-fed rats were added as additional control rats to
differentiate the direct effects of treatment from those
related to a decreased food intake. In these studies rats
were placed in metabolic cages, only one rat per cage. The
amount of food eaten by each rat can be measured because
of the design of the cage that prevents animals from
spilling the powdered food provided. The same amount of
food eaten by each rat from the treatment groups was
provided to the pair-fed control rats. Pair-fed rats ate

all the food provided to themn.

Plasma glucose was measured in all rats after an 8 hour
fast (fast 8h00-16h00, sample 16h00) twice a week.

Glucosuria and Ketonuria were assessed qualitatively at
the same times. Body weight, food and water intake were

recorded every day.
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Ef fect £ Subcut ‘niecti f bpV(phen) in STZ-
iabetic Rats:
The rats were divided into 2 groups matched for body
weight and glucose levels. Food was ad libitum. The rats
were treated by subcutaneous injection of bpV(phen)
1.5um0l/100g BW/day (n=4, duration = 8 days); bpV(phen)
2.5um0l/100g BW/day (n= 4, duration = 8 days); the
injection site was changed each time. The skin condition
at the injection sites was observed and recorded daily.
Fasting blood glucose and body weight were also recorded

daily.

Effect £ Int i1 1 Iniecti - ol ) i
- 7 s
To ensure the insulin-deprived state in BB rats, insulin
treatment was stopped 16 hour preceding the experiment, at
which time their plasma glucose levels exceeded
16.8mmol/L. Treatment was initiated by intraperitoneal
injections of bpV(phen) 0.5umol/100g BW BID (h=4) or
phosphate buffer 0.1ml1/100g BID, (n=4) alone. Nonfasting
blood glucose levels were measured daily (at 16 hour).
Glucosuria, ketonuria and body weight were recorded daily.

Food was ad libitum.

Effect £ bpV(phen) 1 " ¢ Diabet .

34



120 diabetes-prone BB rats (30 days of age) were obtained
from Health and Welfare Canada. Fasting blood glucose was
measured one and two days before the experiment. The
glucose levels were between 4.8 and 7.7 mmol/L. Rats were
divided into 4 groups matched for body weight and glucose
levels. Treatment was initiated by intraperitoneal
injection of bpV(phen) at a dosage of 0.1umol/100g BW BID
(n=30; duration = 130 days); or 0.25umol/100g BW BID
(n=30; duration = 130 days); phosphate buffer 0.1ml/100g
BW BID alone (n=30; duration = 130 days )or insulin 7.5
units /kg BW BID (by subcutaneous injection) (n=30;
duration = 130 days). When the rats became diabetic, the
experimental treatment was continued but insulin treatment
was initiated (or adjusted for the insulin group). Food
was ad libitum. Fasting tail vein blood was taken without
anaesthesia for measurement of insulin, rat C-peptide and
plasma glucose levels before treatment and 2 hours after
treatment once a month. Nonfasting blood glucose was
measured using the Companion 2 glucose metre once a week
(before treatment and 2 hours after treatment). Glucosuria
and ketonuria were recorded by chemstrip (uG/K chemstrip)
once a week (once a day for the rats receiving insulin

treatment). Body weight was recorded daily.

tatistical lvsiss

Results were given as the mean * SEM for the indicated
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number of rats. Comparisons among pV compounds, vanadate,
and control rats were carried out by one-way ANOVA,
followed by the Duncan's multiple range test for multiple
comparisons, by Chi-square and by T test. Differences

were considered statistically significant at p<0.0S5.
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CHAPTER 4: RESULTS

Ef fect c 1 oy s i —diabeti :

Effects on glucose levels:-

STZ-diabetic rats exhibited stable hyperglycaemia. After
treatment with the lower dose of bpV(phen) (0.25mg/ml or
less in drinking water), the plasma glucose levels did not
show a significant decrease compared with pair-fed control
rats. The bpV(phen) treated diabetic rats responded by
lowering their blood glucose levels only when the
concentration of bpV(phen) increased to 0.75mg/ml. The
plasma glucose levels of rats dropped within 3 days after
increasing bpV(phen) to 0.75mg/ml, and thereafter,
remained stable as long as the treatment was maintained,
the plasma glucose levels of pair-fed rats shown decline
later than treated rats and then increased close to
control levels (Fig.1A). After increasing the dose of
bpV(phen) from 0.25 to 0.75mg/ml the average plasma
glucose level decreased from 20.1 to 9.5mmol/L (p<0.05) in
treated rats, with only a slight decrease observed in
pair-fed rats (from 18.6mmol/L to 16.0mmol/L) (Table 2a).
Initial doses of mpvV(2,6pdc), and bpV(pic) had little
effect on plasma glucose. When increased dosages of these
two compounds were given, plasma glucose started to

decline in both treated and pair-fed rats (Table 2a,b,c).
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The blood glucose levels in vanadate 0.25mg/ml treated and
pair-fed control rats was significantly lower than in STZ-
diabetic control rats (p<0.05). However no significant
difference was observed between vanadate treated and pair-
fed rats. This indicated that the lower glycemic effects
of vanadate was attributable to reduced food intake (Table

l)s

Effects on food intake:

The induction of the diabetic state resulted in increased
food intake (hyperphagia) (Fig.1B). The food consumption in
STZ-diabetic control rats was higher than in the non-
diabetic controls(p<0.05) (Fig.1B). Administration of pV
compounds in diabetic rats inhibited food intake, compared
to untreated-control STZ-diabetic rats (p<0.05) (Fig.1lB,
table 2a,b,c). Following the increase in concentration of
pV compounds, a more severe decrease in food intake was
observed (Table 2a,b,c). mpV(2,6 pdc) produced the
strongest inhibition of food intake when compared in both
bpV(phen) and bpV(pic) treated groups (p<0.05). After the
same concentration of pV compounds treatment (0.25mg/ml in
drinking water), the average food intake (g/rat/day) was
28.4g in bpV(phen) group, 26.5g in bpV(pic) group and
21.49 in mpV(2,6 pdc) group (p<0.05) (Table 2a,b,c).
Vanadate appeared to cause a stronger inhibition of food

intake than bpV(phen) (Table 1).
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Effects on water intake:

STZ-diabetic rats receiving pV compounds dissolved in
their drinking water rapidly (within the first day) and
markedly reduced their water intake (p<0.05) (Fig.1lcC).
Increasing the concentration of pV compounds caused an
even more severe decrease in water intake(Fig.1lC). The
average water intake was significantly more inhibited in
rats treated with pV compounds than in control rats
(p<0.05). As with food intake, different pV compounds
produced different inhibition of water intake. bpV(phen)
inhibited water intake least, while mpV(2,6-pdc) was the
strongest (p<0.05) (table 2a,b,c). Vanadate was a stronger
inhibitor of water intake than bpV(phen). At a
concentration of treatment of 0.25mg/ml in drinking water
the average daily water intake was 107ml in bpV(phen)

treated group, but only 78ml in vanadate treated group

(Table.1l).

The effects of Aspartame on fluid intake is shown in table
3. Aspartame increased water intake in STZ-diabetic
control rats (p<0.05). It had no significant increase on
water intake of rats treated with bpV(phen) or vanadate,

although the tendency was in the same direction.

Effects on body weight:

At the beginning of the study, the diabetic rats were
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matched for body weight. Following treatment with
bpV(phen) the body weight showed a tendency to be higher
than that of pair-fed rats and diabetic control rats
(Fig.1D). After treatment with bpV(phen) (0.05 and
0.5mg/ml), the average body weight of rats was
significantly higher than that of pair-fed and STZ-
diabetic control rats (p<0.05) (table, 2a). However,
administration of bpV(phen)0.25 or 0.75mg/ml, mpV(2,6pdc),
and bpV(pic) had no significant effect on body weight
compared to STZ-diabetic rats although a tendency to
increase body weight was observed (Table 2a). The average
body weight was not different between the vanadate treated

rats and their diabetic controls (Table 1).

et - subcut iniect] - bpV(phen) i _
diabetes rats:

24 hours after a single subcutaneous dose of bpV(phen) a
skin inflammation and ulcers at the site of injection were
observed in both bpV(phen)l.5umol and bpV(phen)2.5umol
treated groups. The subcutaneous administration of
bpV(phen)1l.5umol and 2.5umol did not acutely decrease

plasma glucose. This route of administration was therefore

abandconed

Effect e int L & 1 injecti e boV(phen) i
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. lin-deprived BB rats:

bpV(phen) (0.5 gmol /100g BW IP BID) allowed insulin-
deprived diabetic BB rats to survive in apparent good
health for 25 days, but did not decrease plasma glucose.
Oon day 26, the dose of bpV(phen) was increased to 0.75umol
/100g BW IP BID in an attempt to reduce glucose levels.
This led to skin ulcerations at the site of injection,
inhibition of food and water intake, a deterioration in
the general state of the rats and death. The higher dose
of bpV(phen) still did not decrease plasma

glucose (p>0.05). In the absence of insulin ketone levels
in bpV(phen) treated rats was increased only slightly.
Following treatment with bpV(phen) for another three days
the ketosis was corrected and the ketone levels remained
normal until the end of the experiment, though no
significant change in plasma glucose levels was observed.
Insulin withdrawal resulted in hyperglycemia and increased
ketone levels by the next day in the diabetic rats. Ketone
levels went up very quickly and much higher than that of
bpV (phen) treated rats (p<0.05). Without insulin treatment
the control rats became very sick and started to die after

4 days. All control rats died within 17 days (Fig.2A,B).

When the experiment was repeated, the ketone levels were

decreased again following bpV(phen) treatment. Glucocse

41



levels showed a tendency to decline, but were not
significant. However severe toxic effects occurred,
including decreased food and water intake, diarrhea,
bloody eyes and nose, dehydration, poor general state and
death. The death rate was higher in bpV(phen) treated rats
than that in control rats. Without insulin treatment
control rats became very sick soon with higher glucose and
ketone levels. The rats started to die after 2 days, three

of them died within one week (Fig.3A,B).

Attempt to E ¢ diabetes in Diabetes- ts ]
bpV(phen) treatment:

Effects on the onset of diabetes:

bpV(phen) accelerated rather than delayed the onset of
diabetes in diabetes-prone BB rats. Insulin therapy
delayed the onset, but did not reduce the final incidence
of diabetes. The rats started to become diabetic from age
55 days in bpV(phen) 0.25umol treated BB rats; from age 57
days in bpV(phen) 0.1umol treated BB rats; from age 65
days in insulin treated BB rats; from age 51 days in
phosphate-buffer treated BB rats. The final incidence of
diabetes was 78% in bpV(phen) 0.25umol/100g BW IP BID
treated BB rats; 62 % in bpV(phen) 0.1umol/100g BW IP BID
treated BB rats; 54 % in insulin treated BB rats and 52 %

in phosphate-buffer treated BB rats (Fig.4).(Comparisons
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among bpV(phen) and control rats were carried out by Chi-
square. p>0.05 because too many rats were dead in

treated.)

Effects on insulin and C peptide levels:

bpV(phen) treatment resulted in a lowering of insulin
levels and inhibition in endogenous insulin secretion. The
levels of insulin and C peptide were significantly lower
in rats treated with bpV(phen) 0.25 umol/100g BW IP BID
than in control rats (p<0.05). C peptide levels were
significantly higher in rats treated with bpV(phen) 0.1
Kmol/100g BW IP BID. Insulin therapy resulted in markedly
elevated insulin levels and in an almost complete
suppression of C-peptide levels 2 hours post injection

(p<0.05) (Fig.5A,B).

Effects on insulin requirement:

Once the diabetes-prone BB rats were diabetic, the insulin
dose required to maintain the aglycosuric state of the
rats was lower in both bpV(phen) treated groups compared
to either the insulin group or the PO, control group

(p<0.05) (Fig.5C).

Effects on plasma glucose levels:

Intraperitoneal injection of bpV(phen) treatment did not
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cause a significant decrease in plasma glucose in BB rats.
Insulin caused a marked reduction in plasma glucose levels

post injection (p<0.05) (Fig.6 ).

Effects on body weight:

bpV(phen) did not have a significant influence on body
weight gain with age compared with diabetic control in BB
rats. Insulin administration resulted in a greater weight

gain with age (Fig.7) (p<0.05).

Effect on mortality:

Following intraperitoneal injection of bpV(phen)
treatment, the death rate was increased, especially in the
higher dose group. In most cases, death was preceded by an
enlarged abdomen in bpV(phen) treated rats. The final
death rate was 83% in bpV(phen) (0.25umol /100 BW BID)
treated group; 50% in bpV(phen) (0.1 gmol /100 BW BID)
treated group; 40% in insulin treated control group and
30% in P04 treated control group. When we increased the
bpV(phen) dosage from 0.25 to 0.35 umol/100 BW BID twice(
during experiment days 21 to 27 and 39 to 46) the death
rate increased markedly(Fig.8) . (Comparisons among
bpV(phen) and control rats were carried out by Chi-square.

p>0.05 because too many rats were dead in treated.)
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CHAPTER 5: DISCUSSION

Since 1987, studies have suggested that pV compounds are
more powerful and less toxic antidiabetic agents than
vanadium both in vitro (32,51,53) and in acute in vivo
studies (17,41). In this thesis work, I was interested in
determining whether pV compounds had potent metabolic
effects and lower toxicity than vanadate under long-term
treatment. The oral route, more appropriate for clinical
use, has been used in almost all long-term in vivo
vanadium studies. Previous studies also shown that the
oral administration of vanadate was safer than the
intraperitoneal or intravenous routes (55). Therefore, we
first used the oral administration route in our longer-

term studies.

Previous studies demonstrated that vanadate in the
drinking water of STZ-diabetic rats normalized blood
glucose levels, reduced the symptoms such as hyperphagia,
polyuria, and improved the depressed renal and cardiac
functions associated with diabetes (29,56). The basic
mechanism of the antidiabetic action of vanadate in vivo
is generally attributed to its insulin mimetic actions.
However, the inhibition of feeding (45,46,47) and of the
N.'- glucose transporter in the rats' small intestine (57)

could also play a role in lowering blood glucose levels.
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In order to circumvent these factors, we included in our
studies pair-fed control rats to separate the direct

effects of pV compounds from their effects on food intake.

The plasma glucose levels of rats dropped within 3 days
after increasing bpV(phen) to 0.75mg/ml from 0.25mg/ml,
and thereafter, remained stable as long as the treatment
was maintained (Fig.1lA). The average blood glucose level
of STZ-diabetic rats dropped 53% following treatment with
bpV(phen) 0.75 mg/ml in drinking water. Untreated pair-fed
STZ-diabetic rats restricted to the same amount of food
intake as the bpV(phen) treated STZ-diabetic rats did not
show identical lowering of blood glucose levels (Table 2a,
Fig. 1A). Therefore, this glucose fall in the bpV(phen)
0.75 mg/ml treated group can be attributed almost entirely
to the insulin mimetic effects of bpV(phen). mpV(2,6-pdc},
bpV(pic) administered in drinking water had no direct

effects on plasma glucose levels (table 2b,c).

As shown in table 1, the plasma glucose levels in both
vanadate (0.25 mg/ml) treated and its pair-fed rats were
significantly lower than in the STZ-diabetic control rats,
but not significantly different between vanadate treated
and pair-fed rats. This indicated that the glycemic
lowering effects of vanadate was caused by reduced food

intake.
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Though vanadium administered orally was safer than when
given by other routes, the doses of vanadium used orally
are still higher than those considered to be toxic in
normal rats (55). In recent years the toxic side effects
noted with chronic oral administration of vanadate in
animals argues against its use in humans with diabetes. It
was reported that the mortality rate was significantly
higher, food and fluid intake, and weight gain were lower
in vanadium-treated rats than in untreated control rats
(48) . Vanadate also depressed critical enzymes in the
liver of diabetic rats and accumulated in liver, kidney,
heart, bone and muscle. Kidney and bone were reported to
be the main sites of vanadium accumulation (45,46,47). The
intravenous administration of sodium orthovanadate or
vanadyl sulfate produced mortality before any significant

reduction of blood sugar levels was observed (41).

Compared with vanadate, pV compounds added to the drinking
water of diabetic rats caused less toxic effects on
inhibiting food and water intake although the same
concentration of vanadate and bpV(phen) (0.25mg/ml) were
administered to the rats (table 1). All STZ-diabetic rats
receiving water containing the pV compounds rapidly and
markedly reduced their food and water intake on the first
day. Increasing the concentration of pV compounds caused

an even more severe decrease in food and water intake
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(fig.1B,C). bpV(phen) had the least inhibition on food and
water intake among pV compounds (table 2a,b,c). The
mechanism leading to an inhibition of food and water
intake by pV compounds is not clear. Our observation of
the dilated stomachs full of food in some rats that died
while being treated with pV compounds led us hypothesize
that the pylorus might be stimulated to contract by these
compounds since tyrosine phosphorylation caused by
vanadate was an important mechanism for stimulation of
smooth muscle contraction (49). This contraction of the
pylorus might have contributed to food and water retention
in the stomach which might subsequently be responsible for
the diminished water and food intake. Though the food
intake was lower for most of the treated rats the body
weight appeared to be higher than that of the diabetic
control or pair-fed rats (Table 2a,b,c). The body weight
of bpV(phen) 0.5mg/ml treated rats was higher than that of
the diabetic controls (p<0.05). An anabolic effect of
bpV(phen) might have contributed to the increased body

weight.

The diabetic rats' spontaneous intake of water, containing
various concentrations of pV compounds, was highly

variable. When we increased the concentration of bpV(phen)
from 0.25 to 0.75 mg/ml, the significant decrease in water

intake that occured prevented us from increasing the dose
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administered (Fig. 1c). The taste of the pV compound may
have contributed to the decreased fluid consumption. The
sweet taste of aspartame added to the pV compound
preparation did not prevent the decreased water intake
caused by bpV(phen) and vanadate (Table 3). The poorly
controlled rats drank the most and hence had the highest
overall pV intake. A larger volume of pV consumed might
have promoted a more pronounced diuresis and thus caused a
greater elimination of pV, since it was previously
reported that vanadium was rapidly excreted by the kidneys
(58) . In order to avoid these confounders related to the
administration of pV compounds in the drinking water and
ensure a standardized daily dose of pV compounds and to
prevent the possible degradation of bpV(phen) in the low
pPH of the stomach we chose to provide the pV compounds by
subcutaneous and intraperitoneal injections instead of the

oral administered route.

It was reported that subcutaneous injections of bpV(phen)
induced a significant (p< 0.01) decrease in plasma glucose
(41). In our long-term studies, a subcutaneous injection
of bpV(phen) 1.5 umol and bpV(phen) 2.5 ugmol had no
significant effects oﬁ blood glucose, but caused skin
inflammation and an ulcer at the site of the injection,
which prevented us from using the subcutaneous injection

route for long-term studies. The skin ulcers at the site
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of the injection were possibly induced by local
vasoconstriction since vanadate caused severe

vasoconstriction (31).

Assia Shisheva et al. (1994) reported that a single
intraperitoneal injection of pervanadate had a dramatic
effect in improving glucose homeostasis in STZ diabetic-
rats at doses corresponding to only 700 ug vanadium/kg
body weight (14). The effect was superior to that achieved
by the acute administration of submaximal doses and
comparable to moderate doses of crystalline insulin. The
intraperitoneal administration of pV compounds to insulin
deprived BB rats over a 3-day period produced a persistent
lowering of both blood glucose and ketone body levels
(17) . As expected, in our study bpV(phen) had insulin-
mimetic actions in insulin-deprived BB rats when injected
intraperitoneally. To ensure the insulin-deprived state of
the BB rats, insulin was stopped 16 hours before bpV
(phen) was started. Following bpV(phen) treatment by
intraperitoneal injection, rats appeared to be in good
health fer 25 days, and the ketonuria was corrected
although plasma glucose did not decrease. As the rats
appeared to be still in good health on day 25, we
increased the dose to 1.5 umol/100g BW/day, in the hope of
decreasing plasma glucose levels. After increasing the

dose, the rats showed a deterioration in their general
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state. At the same time, ulcers at the injection sites
were observed and still no significant change in plasma
glucose levels was observed. These results indicate that a
dose of 1.5 umol/100g BW/day intraperitoneally is above

the maximum dose that rats can tolerate (Fig. 2A).

Without insulin treatment the control rats became very
sick and started to die after 4 days. All the control rats
died within 17 days (Fig. 2A). Insulin withdrawal resulted
in an immediate hyperglycemia and increased ketone levels
by the next day in the control diabetic rats. The ketone
levels went up very quickly and remained higher until
ketoacidosis became too severe to be detected (Fig.2B).
The limit of detection of the Chemstrip used for
acetoacetic acid was 5-10 mg/dl/1l urine, and B-
hydroxybutyric was not determined. During the progression
of ketoacidosis, accelerated fatty acid oxidation in liver
mitochondria generates excessive quantities of
acetoacetate and ion H'. Acetoacetate can be reduced to B-
hydroxybutyric acid and this rise in the B-hydroxybutyric
acid to acetoacetate acid ratio results in undetectable

levels of acetoacetic acid.

The study described represents what we believe to be so
far the longest treatment of insulin-deprived BB rats with

an agent other than insulin. It is consistent with the
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view that bpV(phen) exerts its insulin mimetic action by
acting on the insulin receptor and post receptor pathway
of the peripheral target tissue. However, this treatment

did not appear to improve the plasma glucose levels.

When we repeated this experiment, bpV(phen) again
corrected ketone levels in insulin-deprived diabetic BB
rats (Fig.3A,B) , but caused severe toxic effects which
included decreased food and water intake, diarrhea, bloody
eyes and nose, dehydration, poor general state and death.
Intraperitoneal injections of bpV(phen) 0.5umol/100g BW
BID is also above the maximum dose that rats can tolerate

(Fig. 3A).

Unlike STZ-rats, BB diabetic'rats are absolutely dependent
on insulin for survival, their diabetes being caused by a
permanent autoimmune destruction of the B-cells. Vanadate
also has insulin-like effects on BB diabetic rats, but it
can only potentiate insulin, not replace it entirely.
S.Ramanadham, et al. 1990 indicated that the
administration of vanadyl (0.25 mg/ml) in the drinking
water of the animals resulted in a gradual decrease in the
dosage of insulin required to maintain the rats
nonglycosuric, which neither this minimal dose of insulin
nor vanadyl(0.25 mg/ml) could produce alone (59). The same

result was found by Maryl et al.1992. The insulin dose
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required to maintain the aglycosuric state of the rats
decreased from an initial mean of 12.4 units/kg to a nadir
of 3.4 units/kg during the 6 months of vanadate treatment
in drinking water. However, the need for insulin remainegd,
both with respect to the control of glycemia and the

anabolic effect of insulin (60).

Though the dose (0.1 or 0.25 umol/100g BW IP BID) was not
sufficient to decrease the glucose levels significantly in
BB rats (Fig.6), insulin-mimetic effects particularly the
inhibition of insulin secretion by B-cells could be seen
in BB rats. After bpV(phen) (0.25umo0l/100g BW IP BID)
treatment, the insulin and C peptide levels were
significantly reduced (Fig.5A,B). When the rats became
diabetic, we started the insulin treatment while
continuing the bpV(phen) treatment. The insulin dose
required to maintain the aglycosuric state of the rats
decreased significantly in the two bpV(phen) treated
groups, especially in the higher dose group (fig.5C).
These results indicate that bpV(phen) not only inhibits
endogenous insulin secretion, but also increases the
potency of exogenous insulin. In bpV (phen) (0.1pmol/100g
BW IP BID) treated rats the insulin levels and insulin
requirements were reduced significantly(p<0.05) but the C
peptide levels were increased (Fig.5B). The high C peptide

levels were caused by a temporary rise of C peptide levels
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in some rats early in the experiment. After 2 weeks of
bpV(phen) (0.1umol/100g BW IP BID) treatment, the C peptide
levels of some rats were higher and then decreased to
control levels, and remained stable until the end of
experiment. We do not have a good explanation for this
temporary rise of the C peptide following bpV(phen)

(0.1umol/100g BW IP BID) for two weeks.

Vanadate caused an increase in insulin level in STZ-
diabetic rats (55). Brichard (1988) had previously
reported significantly greater pancreatic insulin levels
in STZ-diabetic rats after 60 days of vanadate treatment
(61) . Ramanadham (1989) reported that vanadate decreased
the serum glucose levels, and at the same time enhancing
insulin levels up to 133% in STZ-diabetic rats (62). High
insulin levels were also found in many other studies (55).
The higher insulin level suggested that the STZ-diabetic
rats, unlike the BB rats did have some residual insulin

which must have been secreted from regenerated B-cells.

Type I diabetes could be prevented by inhibiting
endogenous insulin secretion (15,54). A possible mechanism
was through protection from immune injury by inhibiting B
cell secretion, and probably antigen exposure. Since pVs
had powerful insulin-mimetic effects and could inhibit

endogenous insulin secretion (17), we assumed that bpV
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(phen) might be able to reduce the incidence of diabetes.

bpV(phen) administered intraperitoneally was ineffective
in preventing diabetes and accelerated rather than delayed
the onset of diabetes in BB rats (Fig.4). Activated T
cells play a crucial role in triggering diabetes (55).
bpV(phen) might stimulate T cell activity by inhibiting
its PTPases since PTPases were negative regulators of T
cell activation and pV compounds were powerful PTPase
inhibitors in T cell (63). This may explain the higher
incidence of diabetes caused by bpV(phen). Therefore, pV
compounds should be used for the treatment of diabetes
instead of prevention of diabetes unless new pV compounds
are developed which can specifically act on insulin
receptor PTPase. Insulin delayed the onset of diabetes,

but did not decrease its incidence (Fig.4).

bpV(phen) did not have any significant influence on body
weight gain with age when compared with control BB rats.
Insulin administration resulted in greater weight gain

with age (Fig.7).

Intraperitoneal injection of bpV(phen) caused severe toxic
side effects while producing the insulin mimetic effects
in BB rats. Following intraperitoneal injection of bpV

(phen) the death rate was increased, especially in the
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higher dose group (Fig.l1, Fig.8). In most cases, death was
preceded by an enlarged abdomen in bpV(phen) treated rats.
Our observation of dilated stomachs and intestine full of
food and water in some rats that died while being treated
with pV compounds led us to hypothesize that the pyloric
sphincters might be stimulated to contract by these
compounds, since tyrosine phosphorylation caused by
vanadate was an important mechanism for stimulation of
smooth muscle contraction (49). This hypothetical
contraction of the pylorus caused by bpV(phen) might
contribute to food and water retention in the
gastrointestinal tract. The precise cause of the death of
the rats died was not identified. The major cause of death

in most insulin treated rats was hypoglycaemia.
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CHAPTER 6: SUMMARY AND CONCLUSION

In summary, the present studies provide evidences for in
vivo action or potentiation of the effects of insulin in
diabetic animals by vanadate and pV compounds under both
chronic and acute condition. Furthermore, we demonstrated
that long-term oral bpV(phen) treatment resulted in a
lowering blood glucose level in STZ-diabetic rats, with
less toxic effects than vanadate. bpV(phen) was the first
agent other than insulin that was able to maintain the
insulin-deprived diabetic BB rats in apparently good
health without ketonuria for 25 days by intraperitoneal
injection (IP). Although IP injection of bpV(phen) was
ineffective in reducing glucose levels in diabetic BB rats
it caused significant decreases of insulin levels, C
peptide levels and in insulin dose required to maintain
the aglycosuric state of these rats. These observations
are consistent with a mechanism of bpV(phen) action at the
tissue levels. The exploration of the properties of pv
compounds may give rise to insulin substitutes which could
be orally administered for the treatment of diabetes and
may also help elucidate both the mechanisms of insulin
action and the cause of diabetes in the future. However
Intraperitoneal injections of bpV(phen) also caused toxic
side effects. The toxic effects of bpV(phen) included

inhibition of food and water intake, increased mortality,

57



and acceleration of onset of diabetes presumably by
activating T cells. Further studies are required to
identify second generation pV compounds with better
therapeutic/toxicity ratios and to find ways of delivering
pVs orally. This would permit more extensive long term
studies on the efficacy of these agents in the treatment

of the insulinopenic diabetic state.

58



References

1. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 1994. 1-14

2. Mimi M Belmonte: The diabetic Child and Young Adult.
Ottawa by the Diabetic Chidrens foundation 1989. 1

3. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 1994. 193-194

4. John C. Pickup: Textbook of diabetes. Oxford Blackwell
Scientific publications 1991. 17, 24

5. K. G. M. M. Aberti: International Textbook of diabetes
Mellitus. John Wiley & Sons Lid. 1992. 385

6. Guyton: Textbook of Medical Physiology. W.B.Saunders
Company 1991. 865

7. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 1994. 743-744

8. John C. Pickup: Textbook of diabetes. Oxford Blackwell
Scientific publications 1991. 303-312

9. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 1994. 648

10. Guyton: Textbook of Medical Physiology. W.B.Saunders
Company 1991.858-859

11. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 1994. 124-125

12. Guyton: Textbook of Medical Physiology. W.B.Saunders
Company 1991. 860

13, C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 1994. 198-200

14. Assuasive, Ognian lkonomov and Yoram Shechter: the
protein tyrosine phosphatase inhibitor, pervanadate, is a
powerful antidiabetic agent in STZ-treated diabetic rats
Endocrinology vel.134, no.l : 507-510,1994.

15. William D. Vlahos, Thomas A. Seemayer, and J. F. Yale:
Diabetes prevention in BB rats by inhibition of endogenous
insulin secretion. Metabolism, vol. 40, No.8 : 825~
829,1991.

59



16. C.F.Gotfredsen, K.Buschard and E.K. Frandsen:
Reduction of diabetes incidence of BB Wistar rats by early
prophylactic insulin treatment of diabetes-prone animals.
Diabetologia 28: 933~-935, 1985

17. J. F.Yale, Danielle Lachance, A. Paul Bevan, Claire
Vigeant: Hypoglycaemic Effects of Peroxovanadium
compounds in Sprague-Dawley and Diabetic BB rats.
Diabetes, Vol. 44: 1274-1279, Nov. 1995

18. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 1994. 139-140

19. Guyton: Textbook of Medical Physiology. W. B. Saunders
Company 1991. 856-857

20. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 19%94. 29-36

21. K. G. M. M. Aberti: International Textbook of
diabetes Mellitus. John Wiley & Sons Lid. 1992. 285-288

22. Guyton: Textbook of Medical Physiology. W. B. Saunders
Company 1991. 856

23.Thorens B:Gluvagon like peptide 1 and control of
insulin secretion. Diabetes et Metabolisme. 21(5): 311-8,
1995 Dec.

24. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 1994. 97-103

25. Philip Felig: Endocrinology and Metabolism. Atlis
Graphics & Quebec Design, Inc. 1995. 1257

26. P.Cuatrecasas: Insulin. Springer-Verlag. Berlin
Heidelberg 1990. 169

27. P.Cuatrecasas: Insulin. Springer-Verlag. Berlin
Heidelberg 1990. 171-173

28. C. Ronald Kahn, Gordon C. Weir: Joslin' diabetes
mellitus. 13 th edition Lea & Febiger 476-488,1994

29. S. M. Brichard, B. Desbuquois and J. Girard: Vanadate
treatment of diabetic rats reveres the impaired expression
of genes involved in hepatic glucose metabolism: effects
on glycolytic and gluconeogenic enzymes, and on glucose
transporter GLUT2. Molecular and cellular Endocrinology
91: 91-97,1993

30. Eugne Dafnis, Sandra Sabatini: Biochemistry and

60



Pathophysiology of Vanadium Nephron 67: 133-143,1994

31. B. I. Posner, Alan Shaver and I. George Fantus:
insulin mimetic agents: vanadium and peroxovanadium
compounds. New antidiabetic drugs, ed. C.J. Bailey & P.R.
Flatt. ©Smith-Gordon, 19%0. 107-118

32. B. I. Posner, Robert Faure, James W. Burgess, A. Paul
Bevan, Danielle Lachance, Guiyi Zhang-Sun, I. George
Fantus, Jesse B. Ng, David A, Hall,Bernadette Soo Lum, and
Alan Shaver: Peroxovanadium compounds: A new class of
potent phosphotyrosine phosphatase inhibitors which

are insulin mimetic. J Biol Chem 269: 4596-4604,1994

33. A. Shisheva and Yoram Shechter: Role of Cytosolic
Tyrosine Kinase in Mediating Insulin-like Actions of
vanadate in Rat Adipocytes. The Journal of Biological
Chemistry. Vol.268, No.9, March 25: 6463-6469,1993

34. Usman H. Malabu, Simon Dryden, H. David Mccarthy, Anne
Kilpatrick, and Gareth Williams: Effects of chronic
vanadate administration in the STZ-induced Diabetic rat.
Diabetes, Vol.43: 9-15, Jan. 1994

35. GR Dubyak, et al. The insulin-mimetic effects of
vanadate in isolated rat adipocytes. J Biol Chem 255:
5306-5312, 1980

36. Shchecter Y, Steven J, D.Karlish: Insulin-like
stimulation of glucose oxidation in rat adipocytes by
vanadyl (IV) ions. Nature 284: 556-558,1980

37. William C. Duckworth, Solomon S.Solomon, Juris
Liepnieks, Frederick G. Hamel, Suzanne Hand, and Daniel E.
Peavy: Insulin-like Effects of Vanadate in Isolated Rat
Adipocytes. Endocrinology Vol.122. No.5: 1225-2285, 1988

38. M. Roden, K.Liener, C. Furnsinn, M. Prskavec,
P.Nowotny, I.Steffan, H. Vierhapper,W. Waldhausl: Non-
insulin-like action of sodium orthovanadate in the
isolated perfused liver of fed, non-diabetic rats.
Diabetologia 36: 602-607,1993

39. Joseph Meyerovitch, Zvi Farfel, Joseph Sack, and Yoram
Shechter: Oral Administration of Vanadate Normalizes Blood
Glucose Levels in Streptozotocin-treated Rats. The Journal
of Biological. Vol. 262, No. 14: 6658-6662,1987

40. J.H.Mcneill.et al.,Long-term effects of vanadyl

treatment on Streptozotocin-induced diabetes in rats.
Diabetes 38. 1390-1395,1989

61



41, J. F. Yale, C. Vigeant, C. Nardolillo, Q. Chu, J. Z.
Yu, A. Shaver and B. I. Posner: In vivo effects of
peroxovanadium compounds in BB rats. Molecular and
cellular Biochemistry 153: 181-190,1995

42. J. L Domingo, Mercedes Gomez, Juan M .Llobet, Jacinto
Corbella and Carl L. Keen : Oral vanadium administration
to streptozotocin-diabetic rats has marked negative side-
effects which are independent of the form of vanadium
used. Toxicology 66: 279-287,1991

43. Mary L. Battell, Violet g. Yuen and John. McNeill:
Treatment of BB rats with vanadyl sulphate. Pharmacology
Communications, Vol.1 No.4, 291-301,1992

44. Halina Zaporowska and Waclaw Wasilewski:
Haematological results of vanadium intoxication In Wistar
rats. Comp.Biochem Physiocl Vol.101lc,No.l: 57-61,1992

45. J. L Domingo, Mercedes Gomez, Juan M. Llobet, Jacinto
Corbella and Carl L.Keen: Improvement of Glucose
homeostasis by Oral vanadyl or vanadate treatment in
Diabetic rats is Accompanied by Negative side Effects.
Toxicology 68: 249-253,1991

46. Michelle H.Oster, Juan m. Llobet, J. L. Domingo,
J.Bruce German, Carl L.Keen: vanadium treatment of
diabetic sprague-Dawley rats results in tissue vanadium
accumulation and pro- oxidant effects. Toxicology
83:115-130,1993

47. J. L. Domingo, Mercedes Gomez, Juan M. Llobet, Jacinto
Corbella and Carl L. Keen: Trion administration minimizes
the toxicity of vanadate but not its insulin mimetic
properties in diabetic rats. Life sciences Vol.50: 1311-
1317,1992

48. Pytkowski B, Jagodzinskah Hamann L: Effects of in vivo
vanadate administration on calcium exchange and
contractile force of rat ventricular myocardium.
Toxicology Letters. 84(3): 167-73, Mar. 1996

49. Di Salvo J, Pfitzer G, Semenchuk La: Protein tyrosine
phosphrylation, cellular Ca2+, and Ca2+sensitivity for
contraction of smooth muscle. Canadian Journal of
Physiology & Pharmacology. 72(11): 1434-9, Nov. 1994

50. P. Lonnroth, J. W. Erisksson, B. I. Posner and U.

Smith: Peroxovanadate but not vanadate exerts insulin-like
effects in human adipocytes. Diabetologia 36: 113-~116,1993
51. I.G. Fantus, Kadota, Guy Deragon, Barbara Foster, and

62



Barry I.Posner: Pervanadate mimics insulin action in rat
adipocytes via activation of the insulin receptor tyrosine
kinase. Biochem J 238: 663-669,1989

52. Satoru Kadota, I. George Fantus, Guy Deragon, Harvey
J. Guyda, Bonnie Hersh, and B.I.Posner: Peroxide(s) of
vanadium: a novel and potent insulin-mimetic agent which
activates the insulin receptor kinase. Biochem Biophys
Res Commun 147: 259-266,1987

53. Faure R. et al.: The dephosphorylation of insulin and
epidermal growth factors receptors. J Biol Chem 267: 11215
- 11221,1992

54. Sprietsma Je, Schuitemaker GE: Diabetes can be
prevented by reducing insulin production. Medical
hypotheses. 42(1):15-23, 1994 Jan. ( Abstract)

55. Jerry P. Palmer: Prediction, prevention and Genetic
Counselling in IDDM. John Wiley & Sons 1ltd, England (1996)
181-200

56. S. M. Brichard, Clifford J. Baily, and Jean—-Claude
Henquin: Marked improvement of glucose homeostasis in
diabetic ob/ob mice given oral vanadate. Diabetes 39:1326-
1332, 1990

57. Karen L. Madsen, Valerie M. Porter and Richard N.
Fedorak: Oral vanadate reduces Na+-dependent glucose
transport in rat small intestine. Diabetes, Vol.42:
1126-1132, August 1993

58. J. J. Mongold, G. H. Gros, L. Man, A. Tep, S.
Ramanadham, G. Siou, J. Diaz, J. H. McNeill and J. J.
Serrano: Toxicological aspects of vanadyl sulphate on
diabetic rats: effects on vanadium levels and pancreatic
B-cell Morphology. Pharmacology and toxicology 67: 192-
198,1990

59. S. Ramanadham, G. H. Gros, J. J. Mongold, J. J.
Serrano and J. H. McNeill: Enhanced in vivo sensitivity of
vanadyl-treated diabetic rats to insulin. Can. J3. Physiol.
Pharmacol. Vol. 68, 486-491,1990

60. Mary L. Battell,Violet G. Yuen and John. McNeill:
Treatment of BB rats with wvanadyl sulphate. Pharmacology
Communications, Vol.1 No.4, 291-301,1992

61. S. M. Brichard, W. Okitolonda, and J. C. Henquin:
Long-term improvement of glucose homeostasis by vanadate
treatment in diabetic rats. Endocrinology. Vol.123, No.4:
2048-2053, 1988

63



62. Ramanadham S, Jean Jacques Mongold, Roger W. Brownsey,
Gerard h. Cros, and JohnH. McNeill: Oral vanadyl sulphate
in treatment of diabetes mellitus. American Journal of

Physiology H 904-911, 1989

63. Veronique Imbert, Jean-Francois Peyron, Dariush Farahi
Far, Bernard Mari, Patrick Aubergerand, Bernard Rossi:
Induction of tyrosine phosphorylation and T-cell
activation by vanadate peroxide, an inhibitor of protein
tyosine phosphatases. Biochemical. J. 297, 163-173, 1994

64



g9

sAep o[ : uoneinp juswLddxe Y|,
'$101 [01)U0D O1RQRIP-Z LS SA 60'0>d =0 ‘a1epeueA sA 50°0 >d = q ‘paj-ied sA g0°0>d = & '1591 5, uUvOUN(] Aq PAMOJI0] VAONY'
Buisn pajen[eas 919m sdnoI3 SNOLILA YY) JO SUBIW OYf) UIDMIOG SOIUISYIP [EONISHEIS (8=U) INFSF ULOW SE UMOYS B)8(]

06 ¥FE0bT wiFyss | 66078LI 61'0FIE'S |  siw1onoquipuou jonuo)
£6'S¥9'SLI 08'1¥80Z | €90FILT 96'0%F6'L1 | ste1onoqeip-Z 1S jonuoy
— Twao O %.E..m._LJIlil%oﬁS_ © S0 1795 11 IR
(fowrl ¢'901) 8b' 178561 LUVFELLL | (%)  ze's7e8L | (0) L8'0¥9%61 | () Lo'lwzh ol [w/w g7'( opepuma
I A A A R
(1oum 81°€Z ) SE'0FLE'6 0T's¥S'681 | (0'q'®) 86'9%H'L81 | (D 9¢'1FS°LT | (Q) €9°0FEL LI juy3u [0 (magd)Adq
— PTSTI01 | O £e8Fssel | VOs0r00z | O ITIF9el ]| Pajaeq |

(tourd $4'99) 90 1798'97 | (®) v8¥FIV8I | (0q®) pTHvFy'L01 | (O 1S078°1Z | Q) 16'0FSS] JwBw ¢z'0 (uagd)Adq

(3) | (3)
(8ur) LHOIIM (qum) TAV.LNI (y1oumm)
MIVINI gs0d Agodg TAVINI Y4LVA aood gs0oN1o dnoyn

s1ey 9119qeIQ-Z LS U] SiepeueA pue (uayd)Adq (1arem Supjuup ur) 810 Jo S109P 1 IIQEL



99

's1ex pajea w/Bwgy o (uoyd)Adq ur skep £g-op ‘sres patesn w/Bwgz o (usyd)Adq ur

skep ¢-0 ‘syex pejean ju/Bwg o (usyd)Adq ur skep £g-p ‘siex pajean jw/Bwgq o (uayd)Adq ur skep £z-0 : uoneinp JuswLAdxD Y,
§1eJ 212qRIP-Z LS [013u00 $A §0'0>d = 0 ‘paj-lied sA g0'0>d = © '1591 5, uBOUN(T Aq PamMO[|O]

VAONY 3uisn pajen[eas a1om sdnoid snotrea sy Jo SUBSW 31} U999 SIOUIIAIP [EONSHEIS ‘(b=U) NTSF ULSW S8 UMOYS BIB(]

S'6¥V6T TLFE9S VOFO'IT TOFE'S LS {01100 S112qEIp-TON

§'8¥5'681 I'YFLEET 8'0F1°0€ 80F00T | LS [01}100 OHGRIP-ZLS

- TUFTELL | OV 0Tl | O 11Fell | ®) L07091 | LI PaJ-In]
09| Crowd pT'L11) 8¥'EFH LY 8'01F9'307 O 8v¥0€9| ) 17091 | (9'8) 0TF5'6 L | Bugy o (wgd)adq

I —
8) £9FT°081 O) O'LIFO'LIT o) ¢'1F0°07 | (9) L'TFO'EL paj-ned

LS (rourdpr'zir) cz6FEsy | (006 01FSLTT O raFive | ®60rrTr | O LIFLOI £€ /3w g'o (uoyd)Adq

¥'€1F0°00C 0) L'L¥9'061 9'17¢'8T 9'0%9'81 6€ paj-ned
£¢ (rowdeo'b01 ) 81°'ZFE'TY 1'EIFE0ET (9) 0'876'6S1 LIFH'8T 90¥1'07 6€ juBw ¢z°0 (usgd)Adq
__ __ (. - - |

L'6F70'0TT 1'6¥6'91¢ S6'0FC €L I'1¥S°07 €7 paJ-ned

671 (roumi £2°57) LS'0¥T 01 O) v yFT IV 86F9SIT | (0'®) 6'0¥€SE 90FI'TT €7 | MwBw gy (wayd)adq
(Kep/Bur) . (&ep)
paisoduj (Aep/Buw) @) (Kepyqu) (£epf3) (nowrm) | pojsany,

UIMIpsme A o)eju] 950 g31oM Apog ayeju] 19)ep oXuIu] poo,] 250010 sunj, sduoin

siey on3qeIQ-Z LS ! (usyd)Adq (101em SunjuLp ur) [e1Q JO S103Y B7 "9jqeL,



L9

"sye1 pajean; wiBwsz o (opd-9‘z) Adw ut sep /£¢-0 ‘siel
paean jui/Buig’q (9pd-9‘z)Adws ui skep £g-pg “stes pareany jur/Buigo'o (9pd-9°g)Adw ur sep gz-0 : uoneinp juswiuadxa ay .
. 'S}l O1RqeIP-Z,LS [011u00 $A 50'0>d = 0 “paj-ared sA 50°0>d = & 1593 s, uBSUN( Aq PaMO]|0}
VAONY 3uisn pajenjeas 219 sdnoIg snoeA 9y} Jo SUBdW 1) UIIM]IQ SIOUIAYIP [eONSHEIS ‘(=) INHSF UBSW St UMOYS BIe(

$'6FH6T TLFE9S VOFO'IT T0%¢'S LS | lonuoosajoqep-uoN
$'8¥681 I'VFLEET 8'0F1'0€ 8'0F007 LS 101100 O13GEIP-Z1S
. — | US89l | O80FkT | 0917991 cveeel | €€ | paaeg |

€1 |  Cowrd 1y'9z) 8p'exors | 6ZIFLELI | (V) TeFvey | (0®) £TFST LIFO'EL €€ ¢'0 (opd-9'PAdw

T 9sFO8l | O STIFIVEI | 607072 OV OTFLI| LS | paj-ned

sv{ C(omdgrgg)eivsosz| soiFrgoz| (0 9LxT il O uriFriz| G)oiF6Ll LS 0 (opd-9'7)Adwr

6OIFYE6l | GYOTIFTBLI [ 1'1FS6C 0'1F9'61 £C pyj-ned

L1y (rowr 09°Z€) SHOFLE 0L VeFI'I0T | (®) 6'8FH'LOT £1FS'1€ 80¥FS° 1T £7 §0'0 Ao%.o_.sie
(Aep/Bw) . (4ep)
paisaduf (Aep/3ur) 3) (Avep/jur) (Aep/3) (1nowrm) | pojeary,

umipeavA oeju[ sso(] WdtoM Apogl | ojminf Jojep\ | oNENu] pooy 9500n[D sun, sdnoip

s1ey o1dqeIQ-ZLS Ul (0pd-9°Z7)Adw (123em Sunyuup u) (210 JO 10944 QT 9|qeL



89

'sye1 pajean; [w/Bws g 0 (1d)Adq ut skep £g-0p ‘sies paress jw/Bwigz1 g (o1d)Adq ur skep

6€-0 ‘s1e1 parean qwi/Bwgz o (o1d)Adq ut skep £g-pz sies pajean quBuigzo o (91d)Adq ur skep ¢z-0 : uoneinp Juswadxa oy,
'S1e1 0113qRIP-Z LS [0J3U02 SA §('0>d = 9 ‘paj-1ied sA 0'0>d = © '159) s uBDUN(T Aq PaMO]|[0}

VAONY Suisn _Voﬁz_go a19m $dn0I3 SNOLIBA 9y} JO SUBSW SY} UIIAIOQ SIIUIIYIP [EONSNELIS ‘(p=U) NTSF UBSW ST UMOYS IR

$'6FH6T TLFE9S VOFI'0T TOFCS LS | Yonuoo ongoump-uoN
$'8F681 IbFLEET 8'0¥1°0€ 8'070°07 Ls | tonuosonoqeip-Z[S
SSFECE6N | Q)Y TEIFSLII OIFI'ET ¥ 17007 Ll paJ-ne
v7'9 (fownd gZ2ID) 0sF6'by | L'9IF0'6TT | (9%%) €€1F9'8IT TiFeze | () Lovs'sl L1 L0 (ord)Adq
TOIFL10Z O S (FLILl | ) 8OFCOT|  E£1%60C €€ paJ-ned
s6'v | Clowd0696) v80ov6s'se |  I'SIFOLIT | (W 8 LFoept | (0) L0FS 0T U'1¥8'61 €€ s7'0 (ord)Adq
GERo0T| GO LElve iz Ciee | civ00z] 66 PaJ-Tag
[A) (lowr g6'z9) svevi'st | sviFoIee | (00) 9'6IFRBLI I'TFO'IE VIFKIT 6€ §zZ1'0 (id)Adq
[renc| @t | o] o] 2 T o]
9L | (own p8'p1) vTOFSKS | TSIFIG6IT| (90) $'6FT8IT e1F0ee | (9') §0FT0T £7 sz0'0 (d)Adq
(Kep/d) (£ep)
pajsoduy (Avp/3u) (3) (Avp/qu) (Aep/3) (1/10uru) pajeai],
umipsug A oyeju] 9s0(] 1q31oM Apog] ayBIUf 1B oyeiu| poo,| asoonn aunf, sdnour)

s1ey o1aqelq-Z.LS Ul (91d)Adq (1o1em Funjuup i) 121 Jo sy 07 9\qe],



Table. 3: Effects of Aspartame on Water Intake In STZ-Diabetic Rats

Groups Water Intake Body Weight
(ml/day) (2
bpV(phen) 0.25 mg/mli 105£30.6 (b, ¢) 182 17
bpV(phen) 0.25 mg/mi +A 142 £18.5 (b, ¢ 205+ 6.7
Vanadate 0.25 mg/ml 107 £31.3 (b, ©) 182 £9.3
Vanadate 0.25 ﬂLg/ml +A 13446.6 (b, ¢) 208 +17.9
STZ-diabetic control 242 11 (a) 213 +12.1
STZ-diabetic control +A 305+ 4.0 208+ 8.6

Data shown as mean £SEM (n=4). Statistical differences between the means

of the various groups were evaluated using ANOVA followed by Duncan’s test.
a = p<0.05 vs pair-group +A , b = p< 0.05 vs STZ-diabetic control , ¢ = p<0.05
vs STZ-diabetic control + A .

The experiment duration : 4 days

A = Aspartame
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Fig. 1. Effects of oral pV compounds in STZ-diabetic rats. Data shown as mean & SEM. bpV(phen) 0.25(0-39 days), 0.75 (39-57 days)
mg/ml in drinking water (l___M, n=4), Pair-fed to bpV(phen) (®__ ®, n=4) STZ-diabetic control (a__a, n=4), non-diabetic control
(0——o, n=4).A: Effects of bpV(phen) on plasma glucose levels. B: Effects of bpV(phen) on food intake. C: Effects of bpV(phen) on
water intake, D; Effects of bpV(phen) on body weight .
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Fig.2. Effects of Intraperitoneal Injections of bpV(phen) in Insulin-deprived BB rats.
Data shown as mean + SEM ( n=4). A: Effects of bpV(phen) on Glucose Levels:
bpV(phen) 0.5 (day 0-25), 0.75 (day 26-35) umol/100g BW BID IP (l_H),
PBS 0.1ml/100g WB BID IP alone as control (1), Dead rats (A bpV(phen),
A control). B: Effects of bpV(phen) on Urine Ketone Levels: bpV(phen) 0.5,

0.75 pmol/100g BW BID IP (o__0), PBS 0.1ml/100g BW BID IP alone

as control (Yr—_%).
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Fig.3. Effects of Intraperitoneal Injections of bpV(phen) in Insulin-deprived BB rats.
Data shown as mean = SEM ( n=8). A: Effects of bpV{(phen) on Glucose Levels:
bpV(phen) 0.5umol/100g BW BID IP (li__H), PBS 0.1ml/100g BWBID I P
alone as control (O0—_[7), Dead rats (A bpV(phen), A control). B: Effects of
bpV(phen) on Urine Ketone Levels: bpV(phen) 0.5umol/100g BW BID IP

(6—0°), PBS 0.1ml/100g BW BID IP alone as control (J¢—).
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Effect of bpV(phen) on Diabetes Onset
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Fig.4.Effects of bpV(phen) on onset of diabetes in Diabetes-Prone BB rats.
Data shown as mean + SEM ( n=30).
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Fig. 6. Effects of bpV(phen) on plasma glucose in Diabetes-Prone BB rats.
Data shown as mean + SEM. bpV(phen) 0.1umol/100g BW BID IP
(W__M, n=30), bpV(phen) 0.251mol/100g BW BID IP (@ @, n=30),
Insulin 7.5 units /kg BW BID subcutaneous injection (v—v, n=30),

PBS 0.1:n/100g BW BID IP alone as control, (6o, n=30).

A: daily preinjection. B: daily 2 hour post injection
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Fig.7.Effects of bpV(phen) on body weight in Diabetes-Prone BB rats.
Data shown as mean % SEM ( o=30).
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DEATH RATE (%)

1907 __ bpv(phen) 0.25,molr100g bw bid ip
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" Fig. 8. Effects of bpV(phen) on Mortality in Diabetes-Prone BB Rats.
Data shown as meantSEM (n=30)
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