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ABSTRACT

Non-insulin-dependent or Type Il diabetes mellitus (NIDDM) is a disease characterized
by insulin deficiency and insulin resistance. Treatment is directed at improving either one or both
of these abnormalities. The most commonly used pharmacological agents to treat NIDDM are the
sulfonylurea drugs. A controversial and unanswered question about sulfonylureas is whether
they possess any direct actions on peripheral insulin target tissues. The effects of gliclazide and
glyburide on glucose uptake in L6 skeletal muscle cells, a model of a major insulin target tissue,
were investigated. These studies demonstrate that gliclazide and glyburide similarly increase
glucose transport into L6 cells which is associated with an increase in total cellular and plasma
membrane GLUT1 glucose transporter levels. The mechanism appears to involve stabilization of
GLUT]1 at the plasma membrane.

Since many patients with NIDDM do not respond to currently available oral
hypoglycemic agents, a great deal of research into understanding insulin action and resistance
and the development of novel agents is ongoing. Vanadium compounds are protein tyrosine
phosphatase inhibitors which have been useful probes to study insulin signalling and have also
been proposed as potential therapeutic agents. The eftects of the vanadium compounds sodium
orthovanadate and pervanadate on glucose and amino acid transport and their mechanism of
action were investigated. The results demonstrate that vanadate and pervanadate mimic insulin to
stimulate glucose transport in L6 cells but inhibit amino acid (MeAIB) transport by the insulin-
sensitive system A transporter. The data suggest that this inhibition may be mediated by

inhibition of a protein tyrosine phosphatase. It was also found that the stimulation of glucose

i



transport by vanadate and pervanadate is mediated by a signalling pathway that ditfers from that
of insulin and importantly is independent of PI 3-kinase, the enzyme involved in the insulin
signalling of glucose transport.

These findings contribute new knowledge to our understanding of the effects and
mechanisms of action of the oral hypoglycemic sultonylurea drugs and vanadium compounds.
Taken together the results support the continued use of sulfonylureas and the potential use of

vanadium compounds in disease associated with insulin resistance.
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CHAPTER 1

GENERAL BACKGROUND



1.1 INSULIN ACTION

1.1.1  Physiological Role of insulin

Insulin is a pancreatic hormone which consists of two polypeptide chains derived from
one gene and connccted by two disulfide bonds (1). It is synthesized, stored and released by the
B-cells of the pancreatic islets and together with the other pancreatic hormones, glucagon and
somatostatin, plays an important role to maintain blood glucose homeostasis (Figure 1.1). In
particular, insulin is the key determinant of blood glucose levels following a meal. Following the
digestion of food and absorption of glucose by the intestine into blood, the blood glucose levels
increase. In healthy individuals this rise in blood glucose along with neural and incretin (GI
hormonal factors) results in secretion of insulin from the B-cells of the pancreas.

Through the circulation, insulin reaches almost all cells in the body. Its most important
metabolic targets are tat, muscle and liver cells. Insulin action at the cellular level is initiated by
binding of insulin to its receptor. Although the hormone regulates cellular metabolic processes by
alteration of the functions at the plasma membrane, intracellular enzymes and the nucleus, the
exact mechanism whereby receptor signalling results in different insulin-mediated cellular effects
is not completely defined (2). In skeletal and cardiac muscle and fat tissues insulin stimulates
glucose transport and metabolism while in the liver it inhibits glucose production, by inhibiting
both glycogen breakdown and gluconeogenesis from amino acids, glycerol and lactate. The net
result of these actions of the hormone is to maintain the blood glucose levels back to normal
(Figure 1.1). Insulin also promotes in cells anabolic events such as synthesis of glycogen, lipids
and proteins. Once inside the muscle cells, glucose is either catabolised or converted into
glycogen that can be easily broken down or oxidized when it is needed, while in fat cells glucose
is utilized for fat synthesis which is used for long term energy storage. When blood glucose
levels return to normal, insulin secretion decreases to basal levels as does the rate of glucose

transport into insulin responsive tissues.



Figure 1.1 Regulation of blood glucose levels
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Blood glucose levels are increased following a meal and the absorption of glucose by the
intestine. Insulin is released by the pancreas in response to this increase and through the
circulation reaches all the cells. In the liver insulin inhibits glucose production and output while
in fat and muscle cells stimulates glucose uptake. The net result of these actions of insulin is the
maintenance of blood glucose to normal levels.



1.1.2 Diabetes Mellitus

Deficiency of insulin or a lack of insulin action will result in a disturbance of glucose
homeostasis. If blood glucose levels rise above a defining threshold (e.g. 7.8 mmol/L in the
fasting state) the disease called diabetes mellitus is present (3,4). Depending on etiology,
diabetes is categorized into Type I and Type II. The Type I or Insulin Dependent Diabetes
Mellitus (IDDM) usually appears early in life and is mainly due to destruction of the pancreatic
B-cells and a severe deficiency of insulin secretion. Therapy in these individuals consists of
exogenous insulin administration. Type II or Non-Insulin Dependent Diabetes Mellitus
(NIDDM) usually appears later in life. Although heterogeneous, it is more likely to occur in
obese individuals and is associated with reduced insulin sensitivity or insulin resistance of the
insulin target tissues as well as reduced insulin secretion. Management of the discase in these
individuals may be achicved with the use of oral hypoglycemic agents and/or exogenous insulin

supplementation.

1.2 MECHANISMS OF INSULIN SIGNALLING
1.2.1 The Insulin Receptor

The action of insulin in its target cells begins with the binding of insulin to its receptor
located at the plasma membrane. The insulin receptor is expressed in aimost all mammalian cells
and consists of two o and two B subunits (Figure 1.2). The a subunits are linked to each other
and each to a B-subunit by disulfide bonds (5). The o and B subunits are products of a single
gene and are derived by proteolytic cleavage of a single precursor protein (6). The insulin
binding site is located in the a-subunits (135 kDa, 719 amino acids (aa)) which are entirely
extracellular while the transmembrane B-subunits (95 kDa, 620 aa) contain a tyrosine kinase
domain in their cytoplasmic portion. Upon binding of insulin to the a-subunit of the receptor,
conformational changes take place which result in the activation of the tyrosine kinase of the -

subunit of the receptor (7,8). This results in autophosphorylation of tyrosines within the



Figure 1.2 Structure of the insulin receptor
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The insulin receptor consists of two ot-and two B—subunits. The e-subunits contain the insulin

binding site and are linked to each other and each to a B-subunit by disulfide bonds. _Thc ﬁ—
subunits span the plasma membrane and in their cytoplasmic portion contain a tyrosine kinase
(see text for more explanations).



cytoplasmic juxtamembrane region, the COOH-terminus and the regulatory region of the kinase
domain (9). The autophosphorylation reaction is an intramolecular one, in which one B-subunit
transphosphorylates the other B-subunit, and results in a further increase in the tyrosine kinase
activity leading to tyrosine phosphorylation of a variety of intracellular substrate proteins
(10,11). Once autophosphorylation has taken place, particularly of the regulatory tyrosines
1146, 1150, 1151 (numbering according to Ullrich) (12) the binding of insulin to the o subunit
is no longer required for its continued activity and the receptor is inactivated only by
dephosphorylation (13). Upon insulin stimulation the B subunits are also serine phosphorylated
(14). The physiological importance of the serine phosphorylation is not clear but may play a
regulatory role on receptor activity.

Kasuga et al (5) and Rosen (reviewed in (11)) were the first to show that the insulin
receptor is a tyrosine kinase. The insulin receptor tyrosine kinase activity is required to mediate
the effects of insulin. Thus studies done in cells with mutant insulin receptors in which the
tyrosine kinase is absent show a lack of insulin signalling (15,16). Point mutation of lysine 1018
abolishes ATP binding and tyrosine kinase activity and abrogates insulin signalling in cultured
cells (17). Other tyrosine residues within the kinase domain are also very important for the
propagation of insulin signalling, as it has been demonstrated by point mutation studies.
Furthermore, mutation of the regulatory tyrosine 1146, 1150 and/or 1151 also results in
decreased tyrosine kinase activity and insulin action (18). As well cells from insulin resistant
diabetic patients may exhibit a defect in insulin receptor tyrosine kinase activation (19,20). The
phosphorylated tyrosine residues not in the regulatory domain also have distinct functions.
Tyrosine 960 (juxtamembrane) is required for effective substrate phosphorylation of IRS-1 (sce
below). The COOH terminal tyrosines may be involved in regulating the growth effects of
insulin since a mutant insulin receptor lacking 43 amino acids trom the COOH terminal results in
a loss of insulin metabolic responses and an enhancement of mitogenic responses (21,22) .

Following insulin binding to the receptor, clustering of receptors occurs (23) followed by

receptor internalization (24,25). The role of these events in the signalling of the insulin receptor



is not clear but there is evidence for the presence of enhanced tyrosine kinase activity of the

internalized insulin receptor (24).

1.2.2 Insulin signalling pathways

The increase in the tyrosine kinase activity of the insulin receptor results in tyrosine
phosphorylation of a variety of intracellular substrate proteins namely IRS-1 (insulin receptor
substrate-1), IRS-2, She ( Src homology and collagen like), Gab1 (growth factor receptor bound
protein 2 (Grb2) associaled binder 1) (26) and a 60 KDa protein (p60) (27). All of these may be
termed “docking proteins™ since upon tyrosine phosphorylation they are able to bind to other
signalling molecules (see below). These signalling molecules then undergo changes in binding
properties or activity to transmit the variety of ditferent signals of insulin. The final biological
effects such as the enzymes involved in regulating metabolism, regulation of gene expression
and cellular growth are thereby modulated. A brief summary of the insulin signalling pathways is
illustrated in Figure 1.3 and the known molecules participating in these pathways are described

in the following sections.

1.2.2.1  Insulin Receptor Substrate-1 (IRS-1)

Insulin receptor substrate-1 (IRS-1) is a cytoplasmic protein which is widely expressed
in mammalian tissues and is highly conserved among specics (28). Its molecular weight is 131
kDa but it is highly phosphorylated which results in slower electrophoretic mobility during
polyacrylamide gel electrophoresis (PAGE) also referred to as gel retardation (29). It thus
migrates, depending on the tissue of origin, in the 160-190 kDa range.

IRS-1 is a direct substrate of the insulin receptor and its phosphorylation is decreased in
intact cells expressing kinase-deficient insulin receptor mutants (30). Twenty one potential
tyrosine phosphorylation sites, including six in YMXM and three in YXXM motifs (Y: tyrosine,
M: methionine, X: any amino acid located C-terminal to the tyrosine) exist on IRS-1 (29,31). At

least eight of the tyrosine residues on IRS-1 are phosphorylated immediately in response to



Figure 1.3 Insulin signalling pathways
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This figure represents two major pathways in insulin signalling. The PI 3-kinase and the Ras-
MAPK pathway. It should be noted that the Ras-MAPK pathway can also be activated by
binding of Grb2-Sos to IRS-1 (see text for more details).



insulin stimulation and these could serve as binding sites for proteins containing Src homology 2
(SH2) domains. These domains, originally identified in the oncogene v-Src, are approximately
100 amino acids long and bind phosphorylated tyrosine residues. The specificity of interaction is
determined by the 3 to S amino acids carboxyterminal to the tyrosine (32,33). Well characterized
examples of such proteins with SH2 domains include the p8S regulatory subunit of PI 3-kinase
(34), and GRB2 (35). Additionally, other SH2 domain containing proteins such as the
cytoplasmic Src-like kinase Fyn, the adaptor protein Nck, and the phosphotyrosine phosphatase
Syp have been reported to bind to [RS-1 (4). The majority, 9 of 21 tyrosine phosphorylated sites
of IRS-1 have the motif YMXM or YXXM which are specifically recognized by the p8S subunit
of PI 3-kinase (see below).

Apart from the tyrosine phosphorylation sites, IRS-1 also has 40 sites for potential
serine/threonine phosphorylation by protein kinase A (PKA), protein kinase C (PKC) or casein
kinasc II, whose physiological importance has yet to be detfined (2). Scveral other structural
motifs exist on IRS-1 whose functional importance is currently being studied. Two domains are
located at the NH2 terminus, the Phosphotyrosine Binding (PTB) domain, which binds tyrosine
phosphorylated residues with specific amino acid sequence N-terminal to tyrosine, and the
pleckstrin homology (PH) domain, a domain first identified in the protein pleckstrin, that might
mediate protein-protein interactions. Recent studies (36) suggest that the PTB domain of IRS-1
binds phosphotyrosine 960 on the B-subunit of the insulin receptor which is in a NPEY motif
located in the juxtamembrane region of the insulin receptor. The binding of PTB domain to
specific tyrosine phosphorylated receptors may confer substrate specificity on various receptor
tyrosine kinases. Shc also contains a PTB domain (see below). The function of the PH domain
is not clear but has been implicated in mediating protein-lipid membrane interactions (37) or
interactions with proteins such as the By subunits of the heterotrimeric GTP binding (G) proteins
(38).

The importance of IRS-1 in insulin signalling was examined jin_vivo in the [IRS-1

knockout mouse. Transgenic mice with targeted disruption of the IRS-1 gene manifested

retarded ecmbryonal and postnatal growth, impaired glucose tolerance, and a decrease in
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insulin/Insulin-like Growth Factor (IGF)- 1-stimulated glucose uptake in vivo and in vitro, but

did not develop diabetes (39). The residual insulin/IGF-1 action correlated with the appearance
of a second highly homologous insulin receptor substrate (IRS-2) protein (40), which is
immunologically distinct from IRS-1 and possibly plays a role in the insulin signalling pathway.
The exact physiological role of IRS-2 and its differences from and similarities to IRS-1 is
currently being elucidated. Studies with transgenic mice with targeted disruption of both IRS-1

and IRS-2 genes have already been initiated.

1.2.2.2 Src homology and collagen like (She) proteins

Other known targets of the insulin receptor apart from IRS-1 include the cytosolic 46,
52, and 66 kDa Src homology and collagen like (Shc) proteins (41,42). p46Shc and p52Shc are
ubiquitously expressed and both are encoded from the same mRNA transcript by alternate
translational initiation sites. They thus differ in the extent of the amino-terminal sequence.
p66Shc is likely derived from a distinct transcript. The three She proteins contain a carboxyl-
terminal SH2 domain, a central glycine/proline-rich region homologous to the al chain of
collagen (41), and like IRS-1, a PID (for phosphotyrosine-interacting domain) or PTB domain in
its aminoterminal region (36).

Shc acts similarly to IRS-1 as a docking molecule linking the insulin  and IGF -1
receptors to downstream signalling pathways. Upon insulin stimulation Shc (p46Shc and
p52Shc) is rapidly phosphorylated on tyrosine and serine residues (43). The tyrosine
phosphorylated residues of Shc act as docking sites for the SH2 domain-containing protein Grb2
(44). Therefore Shc plays a role linking insulin receptor activation to the Ras-MAPK activation
(see below). Recently it has been shown that She interacts with the insulin receptor via a
mechanism that involves the PTB domain of Shc and the NPEY motif of the insulin receptor

(36).
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1.2.2.3 Grb2 -associated binder 1 (Gab-1) and p60

Very recently, using a recombinant GRB2 a complementary DNA called Gab1 for Grb2
-associated binder 1 was isolated (26). Gabl is a substrate of the EGF and insulin receptor and

has amino acid homology and structural similaritics with IRS-1. Similar to IRS-1 itcan actas a

docking protein for several SH2-containing proteins such as Grb-2, PI3-kinase, and PLC-y.
Overexpression of Gab1 enhances cell growth and results in transformation indicating that this
protein plays a role in insulin receptor signalling. However its exact functional importance and
role in metabolic versus mitogenic effects remains to be clarified.

Another molecule that has been identified very recently to be tyrosine phosphorylated
upon insulin stimulation is the 60 KDa protein p6(). The p6() molecule associates with the p8S
subunit of PI 3-kinase and with Syp in an IRS-1 independent manner and its role in insulin

signalling is currently under investigation (27).

1.2.2.4  Phosphatidylinositol 3-kinase (PI 3-kinase)

1.2.2.4.1 Characterization of the enzyme

The enzyme PI 3-kinasce was initially found to exist as a heterodimer consisting of a
regulatory 85 kDa (p85) and a 110 kDa (pl10) catalytic subunit (45). However, a family of PI 3-
kinase isoforms has been identified today, some of which do not form p85-p110 heterodimers
(45). Different cDNAs encoding p8S (o B and ¥) have been cloned from bovine libraries (45)
and isoforms of lower molecular weight and other alternative splicing products have been
identitied (46). The p85 regulatory subunit of PI 3-kinase contains two SH2 domains, a Src
homology 3 (SH3) domain (which is also present in the v-Src oncogene and in many
cytoskeletal proteins), at least two proline rich sequences which can bind SH3 domains of other
proteins, and a domain with sequence similarity to Ber, the product of the breakpoint cluster
gene (2,45). The p85 subunit does not contain any enzymatic activity but instead plays a

regulatory role. In addition to its association with the pl10, it associates with a number of
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adaptor molecules and enzymes some of which are the PDGF receptor and insulin receptor,
IRS-1 (34,47), p217as GAP and its 62 kDa associated protein (48), a 60 KDa (p60) protein (27),
and the cytosolic tyrosine kinase v-Src (49,50). Binding of the p8S to IRS-1 results in activation
of the p110 as well as localization of the active P 3-kinase to specific intracellular compartments
(see below). The p85 subunit therefore plays an important regulatory role by activating the
catalytic component of PI 3-kinase and localizing this enzyme to specific cellular sites.

In mammalian tissues three different isoforms of the p110 catalytic subunit have been
found (o B and y). The o and B isoforms associate with p85 subunits while the y isoform is
thought to function independently of p85 and is not activated by receptor tyrosine kinase but
instead by the o or the B—y subunits of heterotrimeric GTP binding proteins (51-53). A
Saccharomyces cerevisiae isoform of PI 3-kinase of 100 kDa (Vps34) which is required for
correct targeting of proteins to the vacuole does not associate with a p85 regulatory subunit but
instead associates with a 160 kDa protein serine/threonine kinase (Vps15). A homologue of the
Vps34 gene has recently been cloned trom human cells and is believed to function in association
with a different adaptor molecule of 150 kDa (54).

The catalytic pl10 subunit of PI 3-kinase possesses a lipid kinase activity and
phosphorylates inositol lipids at the D-3 position. It acts on phosphatidylinositol (PI), PI-4-
monophosphate (PI4P) and PI-4,5-bisphosphate (P14,5P2) and converts them to PI-3-
monophosphate (PI3P), PI-3,4-bisphosphate (PI3,4P,), and PI-3,4,5-triphosphate (P13,4,5P3),
respectively (45). The different catalytic isoforms are suggested o have distinct substrate
specificity. For example, although the o.f. and yisoforms of p110 can phosphorylate all three
substrates, the yeast Vps34 gene product and its human homologue are able to phosphorylate
only PI and not PI4P or PI4,5P;. The pl10 subunit is also able to interact specifically with
certain signalling molecules such as the small GTP bindings proteins p213s (55) and the Rho
family GTPases Rac and Cdc42 (56). It has becn suggested that interaction with p213S protein is
important to bring the catalytic subunit into proxomity of its substrates (55). The Rho family

GTPases Rac and Cdc42 (56) arc involved in the mediation of growth factor-induced actin
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reorganization (57), and p110 interacts only with the GTP bound forms of Ras, Rac and Cdc42
(56) which may suggest that PI 3-kinase may serve as an effector of these signalling molecules.
Initial studies showed that insulin stimulates PI3-kinase activity in anti-phosphotyrosine
immunoprecipitates of rat adipocytes (58), suggesting the interaction of the enzyme with the
tyrosine kinase cascade initiated by the insulin receptor. Today the activation of PI 3-kinase by
insulin has been established in all major insulin target tissues, (ie. muscle, fat, and liver) in vivo
and in cultured cells (47,59-65). Atter insulin stimulation and tyrosine phosphorylation of IRS-1
the two SH2 domains of the p85 subunit bind to tyrosine phosphorylated residues of IRS-1
(Figure 1.4) in domains with the phosphorylated YMXM scquence (29). This in turn increases
the activity of the catalytic pl 10 subunit (34,66,67) which then acts on downstream unknown
targets that mediate the effects of insulin. Recent reports suggest that the p85 regulatory subunit
can also associate directly with the insulin receptor (68-70). The p110 catalytic subunit of PI 3-
kinase also possesses protein serine kinase activity towards itself and IRS-1 (45,71). The
importance of this serine kinase activity is not known although it has been suggested that serine
phosphorylation of pl10 may be a mechanism to autoregulate its activity (72) while serine

phosphorylation of IRS-1 may function as a negative feedback mechanism.

1.2.2.4.2 Physiological role of PI 3-kinase

Under basal conditions the D-3-phosphorylated phosphoinositides are present at low
concentrations in intact cells but activation of PI 3-kinase increases their concentration rapidly
and transiently. These lipid products are not substrates for any known phospholipases,
suggesting that their biological activities may be mediated directly (73). It has been reported that
PI3,4P and PI3,4,5P can activate some isoforms of protein kinase C (PKC) (74,75). As well the
serine/threonine kinase encoded by the AkURAC protooncogene (also known as PKB) has also
been suggested to be a target of D-3 phosphorylated inositides (76-78) (Figure 1.4). This kinase
may be involved in the cell growth response mediated by PI 3-kinase activation and most
recently has been implicated in the regulation of glycogen synthesis. Microinjection of a bacterial

fusion protein containing the N-terminal SH2 domain of p85 inhibited insulin-stimulaied DNA
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Figure 1.4 PI 3-kinase signalling pathway
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One of the major insulin signalling pathways involving PI 3-kinase is shown here. PI 3-kinase
is involved in multiple insulin responses. PKB is a downstream effector of PI 3-kinase that
possibly is involved in many of these responses.
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synthesis (by 90%) and c-fos protein expression (by 80%) in insulin responsive fibroblasts (79)
indicating that PI 3 kinase is a key and necessary component in the insulin signalling pathway
leading to cell cycle progression. As well, PKB phosphorylates and inactivates GSK3 (glycogen
synthase kinase) in L6 cells (80). The latter enzyme (GSK3) phosphorylates and inactivates
glycogen synthase the rate-limiting enzyme in glycogen synthesis. By inactivating GSK3, PKB
indirectly stimulates glycogen synthesis. Apart from these actions, the D-3 phosphorylated lipids
may play a role in cytoskeletal reorganization, secretory responses and protein trafficking
(61,63,64,81).

Wortmannin (82) and 2-(4-morpholinyl)-8-phenyl-4H- 1-benzopyran-4-one (LY294002)
(83) are two inhibitors of PI 3-kinase that have been used extensively to elucidate the
involvement of this enzyme in different signalling pathways, particularly in the insulin signalling
cascade. Wortmannin inhibits PI 3-kinase in a noncompetitive manner with respect to
phosphatidylinositol or ATP. It binds irreversibly to the p110 catalytic subunit of PI 3-kinase
(82). LY294002 behaves as a competitive inhibitor of the ATP binding site of PI 3-kinase but it
does not inhibit several other ATP -requiring enzymes. A very specific binding site involving the
morpholine and pyran ring of the molecule appears to be required (83). PI 3-kinase activity is
inhibited in a dose-dependent manner by nanomolar concentrations of wortmannin and
micromolar concentrations of LY294002 and the cellular levels of PI 3,4P2 and PI-3.4,5P3 are
reduced by more than 95% (61,63,64,81). The insulin-stimulation of glucose uptake and
recruitment of glucose transporters to the plasma membrane (61,63-65), the insulin-stimulation
of DNA synthesis (79,84), and the insulin-induced reorganization of the actin network (57,81)
were all blocked by the inhibition of PI 3-kinase. These data suggest that PI 3-kinase plays an
important role in the above physiological events although the exact mechanism of action is not
known. PI 3-kinase is also an upstream mediator of the activation of the ribosomal pp70 S6
kinase (pp7056K) by insulin (63,85-87) while it is not involved in the insulin stimulation of the
Ras-MAPK cascade and pp90 S6 kinase, evident from studies with the inhibitors of p110 or
transfection of mutant isoforms of p85 (63,88) (Figure 1.4). At this point the protein (enzyme)

which links PI3-kinase and its metabolic products to glucose transport remain unknown.
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It should be noted that wortmannin not only inhibits the lipid kinase activity but also the
serine kinase activity of PI 3-kinase at nanomolar concentrations (89) and therefore this should

be kept in mind when wortmannin is used in various experiments.

1.2.2.5 Ras-MAPK pathway

In addition to the insulin signalling pathways in which PI 3-kinase is a key player,
another well characterized pathway exists, the Ras-MAPK pathway, which has been
demonstrated to play a major role in regulation of mitogenesis and cell growth. This pathway
(illustrated in Figure 1.3) is initiated by the association of the adaptor molecule Growth factor
Receptor Binding protein 2 (GRB-2) with tyrosine phosphorylated JRS-1 or another adaptor
molecule Shc (the Src and collagen homologous protein) leading to activation of p21ras (Ras)
and initiation of a complex cascade of serine/threonine kinases which leads to activation of
Mitogen Activated Protein Kinase (MAPK) (44,90). Although not shown in Figure 1.3, there
are evidence for crosstalk between the major insulin signalling pathways. For ¢xample, under
certain conditions in some cells wortmannin, a PI3-kinase inhibitor was able to abolish MAPK

activation by insulin (91).

[.2.2.5.1 Growth factor Receptor Binding protein 2 (GRB-2) and Sos

GRB-2 is a 25 kDa protein which contains one SH2 and two SH3 domains (35). GRB-2
is associated with the guanine nucleotide exchange factor of Ras called mSos (homologous to the
Drosophila protein Son of sevenless) through its SH3 domains that bind proline rich sequences
on Sos. Following insulin stimulation GRB-2 associates through its SH2 domain with the
tyrosine phosphorylated IRS-1 or Shc (44). The IRS-1/GRB-2/mSos or Shc/GRB-2/mSos
complex interacts with Ras which is localized at the plasma membrane and activates it by
stimulating the exchange of the nucleotide bound to Ras from GDP to GTP. Translocation of
Sos to the plasma membrane is a major determinant of Ras activation and this activation can be

mimicked by direct targeting of Sos to the plasma membrane. Sos acts by stabilizing a
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nucleotide-free intermediate of Ras. While it has been argued that the excess of GTP
(approximately 20-fold) over GDP in vivo is the main driving force for the acquisition of the Ras
GTP-bound state, other studies indicate that Sos:apoRas complex has a higher affinity for Ras-
GTP than Ras GDP and therefore may assist in the formation of Ras-GTP ( reviewed in (92)).
Activated Ras leads to activation of a cascade of serine/threonine protein kinascs leading to
MAPK activation (29). Therefore GRB-2 is the adaptor molecule connecting the tyrosine kinase
cascade to the Ras-MAPK pathway. Unlike PI 3-kinase, GRB-2 has no enzymatic activity (90).
Both bind simultaneously to difterent tyrosine phosphorylated residues of IRS-1 which allows
simultaneous propagation of signals through both PI 3-kinase and Ras (29). However, studies
suggest that important mitogenic effects mediated by the Ras-MAPK cascade rely more on the
interaction of GRB-2 with Shc than with IRS-1 (44,90).

The ability of the GRB-2/mSos complex to maintain Ras in its activated state appears to
be controlled by feedback loop mechanisms. Recent studies suggest that some yet unidentified
kinase, which is located downstream of Ras in the insulin signalling cascade, is able to
phosphorylate mSos and cause its dissociation from GRB-2 thereby interrupting Ras activation

by the activated insulin receptor (93-95).

1.2.2.5.2 Ras

p2174s (Ras) is a 21 kDa protein that can bind GTP or GDP. It is active when it is in the
Ras-GTP bound form and can hydrolyze GTP through an intrinsic GTPase activity. Ras was
found to be activated in many tumors and was first discovered as an oncogene product (96). It is
a member of a large family of small GTP binding protcins known as the Ras superfamily which
is believed to play important roles in the signalling of many cell surface receptors including the
insulin receptor. The Ras family GTP binding proteins are involved in the control of cell growth,
metabolism and intracellular membrane traftic (2,97). Upon insulin stimulation, the mSos
molecule which promotes the exchange of GDP for GTP on Ras and is associated with GRB-2,
is brought into the vicinity of Ras as described above thereby activating it (44,98). The

activation of Ras is transient, because the protein itself possesses intrinsic GTPase activity that is
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also stimulated by GTPase activating proteins known as GAPs, which quickly return Ras to the
GDP bound state. Furthermore, as mentioned above (see 1.2.2.5.1) Ras activation is also
controlled through feedback dissociation of the GRB-2/mSos complex by downstream effectors
of Ras.

Microinjection of a dominant negative mutant p2174s protein (N17 Ras) or anti-Ras
monoclonal antibody into rat fibroblats overexpressing human insulin receptors resulted in
reduction (75-90%) of insulin-stimulated DNA synthesis and c-fos expression (99).
Overexpression of normal Ras protein in fibroblasts increases the expression of the insulin-
stimulated transcription genes c-fos and c-jun (100). These results suggest that Rasis an
important intermediate signalling molecule in the insulin signal transduction pathway and is

required for gene expression and DNA synthesis.

1.2.2.5.3 The Rat kinase

Raf is a kinase which is located downstream of Ras in the Ras-MAPK signalling
pathway. It is the product of another oncogene encoding a cytoplasmic serine/threonine kinase
(101). Ras-GTP binds directly to and localizes Raf to the plasma membrane (101-103). Once at
the plasma membrane Raf becomes activated by a still unknown mechanism which may involve
phosphorylation by the Src tyrosine kinase, also located in this compartment, interaction with
lipids and/or interaction with unidentified proteins. However, since Raf activation requires
phosphorylation of the protein (101) it is suggested that some protein kinase activity may be
involved in the activation of Raf. The downstream target of activated Rat is the serine/threonine
kinase MAPK kinase, known as MEK, (MAPKK or ERK (extracellular signal regulated kinase)
kinase) (see below), which phosphorylates and activates the MAPKSs ( Erkl and 2 ) (Figure
1.3).
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1.2.2.5.4 MAPKK or ERK kinase (MEK) and mitogen-activated protein kinase (MAPK)

MEK is a dual specificity kinase which can phosphorylate both threonine and tyrosine
residues. Upon its phosphorylation and activation by Raf, MEK phosphorylates the
serine/threonine kinases MAPKs on threonine and tyrosine residues, thereby activating their
enzymatic activity. Two isoforms of MAPK also known as extracellular signal regulated kinase
(Erk) 1 and 2, are about 44 and 42 kDa respectively (43). Both tyrosine and threonine
phosphorylation are required for Erk activation (104). The Erk or MAPK family of protein
serine/threonine kinases regulates the so called immediate early genes which are subsequently
involved in the transcriptional regulation of specific genes in the nucleus that are responsible for
cell growth and proliferation (105). Erks mediate changes in nuclear protein transcription by
phosphorylating and activating c-Fos, c-Jun and c-Myc in response to stimulation by a variety of
growth factors (106). An antisense strategy that depleted the p42 and p44 Erks resulted in an
inability of serum in 3T3-L1 fibroblasts and insulin in adipocytes to stimulate DNA synthesis.
These experiments also showed that insulin-activation of the 90 kDa ribosomal S6 kinase (p90
S6k), also known as p90rsK, was also blocked (107) by antisense Erk, suggesting that Erk
activity is required for insulin stimulation of DNA synthesis and p9()f5k activation.

Apart trom the effect of MAPKSs on mitogenesis which is well studied, MAPKSs have a
more widespread action. MAPKs are upstream of the serine/threonine kinase known as p9Orsk.,
Activated p90rsK may contribute to stimulation of glycogen synthesis in response to insulin (2).
Activated p90rsk phosphorylates and activates the glycogen-associated protein phosphatase- 1
(PPG-1) and also phosphorylates and inhibits the glycogen synthase kinase 3 (GSK3) (108).
Activation of PPGI and inhibition of GSK3 both result in decrease of glycogen synthase
phosphorylation. Phosphorylation of glycogen synthase inhibits its enzymatic activity and
therefore inhibition of its phosphorylation results in an increase of its activity and potentiation of
glycogen synthesis. However more recent studies suggest that in intact rat skeletal muscle

activation of MAPK by insulin is neither necessary not sufticient for the activation of glycogen



synthase and that possibly a rapamycin (an inhibitor of pp70 S6 kinase)-sensitive mechanism
may be involved (109).

It is clear from this review that there is still a great deal of information lacking in our
knowledge of the mechanism and regulation of insulin action. Other signalling molecules have
been identified for which a clear function has not been determined e.g. Nck, SHP2/Syp, and
still others remain to be identified. In particular the events and molecular components linking PI
3-kinase and/or MAPK to the final metabolic and mitogenic changes induced by insulin requires

further elucidation.

1.3 GLUCOSE TRANSPORT AND GLUCOSE TRANSPORTERS

There are two different families of proteins that transport glucose into mammalian cells
(110). One family is that of proteins which cotransport Na* and glucose (the Na*/glucose
cotransporter) which are present in the intestine and the kidney. These proteins transport glucose
and galactose against their concentration gradient, and as Na* moves into the cell due to an
electrochemical gradient across the plasma membrane glucose is transported as well. The energy
used for this process (secondary active transport) comes indirectly from the ATP hydrolysis by
the Na*/K+ ATPase which works to maintain the Na* gradient. Indirect evidence indicates that
the Na* to sugar coupling ratio is 2. The kinetics of the Na*/glucose cotransporter are ordered;
i.e., Na* binds first to change the conformation of the protein to allow sugar binding (the
affinity for sugar increascs when the external Na+ is increased) (reviewed in (111)). The other
family is that of the facilitative glucose transporters which transport glucose in an cnergy
independent manner down its concentration gradient. Glucose transport through the facilitative
glucose transporters was studied in this thesis and therefore this family of transporters will be

described in more detail in the next section.
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1.3.1 Facilitative glucose transporters

1.3.1.1 The transporter family

Facilitative glucose transporters (GLUTs) are a family of transmembrane proteins. Six
different genes coding for facilitative glucose transporters and one pseudogene, which does not
encode a protein, have been identified up to now and are designated GLUT1 to GLUT7
according to the order of their discovery (for reviews see (112-115)). Although every one¢ of
these facilitative GLUT isoforms is encoded by a different gene all isoforms are structurally
related. All GLUT proteins are 45-55 kDa and based on the sequence analysis it has been
proposed (116) that the GLUT protein spans the membrane 12 times by o-helical loops, has an
exofacial loop bearing a single N-linked glycosylation site, and a middle cytoplasmic loop with
both the NH;- and COOH-terminal domains located intracellularly. The current model of a
generic glucose transporter is shown in Figure [.5. The hydrophobic regions that span the
membrane have the highest sequence homology among the different isoforms and these may
encode the sugar transport function (115). The cytoplasmic loop, the amino and the carboxyl
termini have considerable differences in their sequence among the different isoforms and these
are used for the production of isoform-specific antibodies usually raised against the last 12 or
more amino acids of the COOH-terminal domains (117).

The exact glucose binding site on the facilitative glucose transporters has not been
mapped and the exact mechanism by which glucose is transported through the plasma membrane
is not known. It is thought that the transporters contain a specific glucose binding site that can
exist in two different conformations, one facing outward and the other inward (for review sec
(110)). The transporter binds the glucose molecule when it is in the outward facing
conformation. This binding triggers a conformational change that causes the glucose binding site
to face inward and finally release glucose intracellularly. It should be mentioned that glucose
transport through the facilitative glucose transporters (GLUTS) is stercosclective, saturable and

bidirectional (110).



Figure 1.5 Structure of the facilitative glucose transporters
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Facilitative glucose transporters span the plasma membrane twelve times. The transmembrane
helices are shown as boxes and are numbered 1-12 (regions in boxes). The different loops
formed and the amino- and carboxy-terminus are also shown. In the extracellular loop
connecting transmembrane segments 1 and 2 exists the N- glycosylation site. Invariant amino
acid residues are denoted by a single-letter abbreviation and the amino acids that are critical for
transporter function are noted in black.



1.3.1.2  Biochemical properties and tissue distribution of glucose transporters

From the seven diftferent GLUT genes identitied, GLUT6 is a pseudogene and does not
encode a functional protein. The protein products of all the other genes have been identified and
sequenced.

Although facilitative glucose transporters have large sequence homology and structural
similarity, they have several functional differences due to their different tissue distribution,

cellular localization, transport kinetics and sugar specificity.

1.3.1.2.1 GLUTI

The GLUT]1 glucose transporter isoform is abundantly expressed in red blood cells and in
brain microvessels. It is also expressed at variable levels in almost all tissues in mammals and it
is suggested that it may be responsible for constitutive or basal glucose uptake (112). The Ky, of
GLUT!I1 is about 6-7 mM for 2-deoxyglucose (110,112) suggesting that at the physiological

circulating concentrations of glucose (4-6 mM) GLUT 1 is not saturated.

1.3.1.2.2 GLUT2

The GLUT? facilitative glucose transporter is expressed in the basolateral membranes of
small intestine and kidney (118), liver and B-cells of the pancreas (119). In liver cells GLUT2
transports glucose into the cells when the blood glucose is high such as in the fed state but when
the blood glucose is low during fasting GLUT2 transports glucose out of the cells (113).
GLUT2 has the highest Ky, value for glucose (12-16 mM for 2-deoxyglucose and 42 mM for 3-
O-Methylglucose) compared to all other isoforms (110). This transporter then is always
unsaturated under physiological conditions. Because of these kinetic properties of GLUT2 and
the fact that glucokinase has a Km for glucose of 6 mM the rate of glucose metabolism in B-cells
is controlled by glucokinase (113). GLUT2 and glucokinase are thought to comprisc the glucose
sensing unit of the B-cell because of the similarities of the Kys and their sequencial sites in the

handling of glucose.



1.3.1.2.3 GLUT3

Screening a human fetal muscle cDNA library resulted in cloning of the GLUT3
facilitative glucose transporter (120). GLUT3 mRNA predominates in the neuronal and glial cells
of the brain in rodents and is detectable in a variety of human tissues (112). The GLUT3 protein
has been detected in rat fetal and regenerating muscle (121) as well as in L6 cultured rat skeletal
muscle, where it is believed to play an important role in glucose transport in these tissues. The
Km values of GLUT3 are lower than those of GLUTI, i.e., -2 mM for 2-deoxyglucose as

measured in Xenopus oocytes microinjected with GLUT3 ¢DNA.

1.3.1.2.4 GLUT4

The GLUT4 transporter is expressed in peripheral tissues that respond to insulin with an
increase in glucose transport such as cardiac and skeletal muscles and white and brown adipose
tissue and thus has been named the “insulin-sensitive™ glucose transporter (122-124). The
reported K, values for GLUT4 are 5 mM for D-glucose, and 4-5 mM for 2-deoxyglucose
(112,125,126). suggesting that it is only half-saturated under euglycemic conditions. In muscle
and fat cells under basal conditions GLUT#4 is localized mainly intracellularly. Insulin rapidly
redistributes GLUT4 to the cell surface contributing to the increase in glucose transport

(117,124,127,128).
1.3.1.2.5 GLUTS

The GLUTS glucose transporter mRNA and protein is found on the luminal (112) and
basolateral site of intestinal epithelial cells suggesting that this transporter may facilitate the
transport ot hexose across the enterocyte (129). In addition, GLUTS mRNA (130) and GLUTS
protein are found in human skeletal muscle and fat cells (131,132). It is thought that GLUTS

may, similar to GLUT], facilitate basal hexose transport into muscle cells since subcellular
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fractionation and immunocytochemistry studies detected it at the plasma membranes of human
muscle and fat cells, and these levels were not altered by insulin treatment.

It is likely that GLUTS transports fructose. Evidence supporting this possibility comes
from studies where microinjection of GLUTS mRNA into oocytes resulted in the increased
uptake of fructose (with a Km of 6 mM) but not of 2-deoxyglucose (133). Additionally in human
skeletal muscle membranes it was shown that cytochalasin B binding (which binds to GLUTS)
was protected to some degree by D-fructose (131) and human skeletal muscle has been shown to

take up fructose from the blood (134).

1.3.1.2.6 GLUT6

The GLUT6 cDNA was cloned tfrom a human jejunum library and tound to have 80%
identity to that of GLUT3 (130). The GLUT6 mRNA is detected in many human tissues.
However, the GLUT6 gene cannot encode a functional glucose transporter protein because of the
existence of multiple stop codons and {rame shifts and therefore it has been designated as a

pseudogene.

1.3.1.2.7 GLUT7

GLUT?7 has been isolated from a liver cDNA expression library (135) The GLUT7
protein is retained in endoplasmic reticulum via a consensus retention signal present within its
COOH-terminal tail. However, the exact functional role of this protein is not known. It seems
however that it may mediate release of glucose from the endoplasmic reticulum participating in
hepatic glucose production as part of the glucose-6-phosphatase complex. Evidence for this
function come from studies where the antibody against GLUT?7 inhibited glucose-6-phosphatase
activity (the enzyme involved in gluconeogenesis) in intact liver microsomes and blocked glucose
exit from the microsomes (135). Additionally, glucose transport across the membrane of
microsomes prepared from cells transfected with GLUT7 was sustained while phloretin (135) an

inhibitor of facilitative glucose transporter inhibited it.
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1.3.1.3  Cellular localization of glucose transporters

Early observations showed that the facilitative glucose transporters were present in
plasma membranes as well as in membranes of intracellular origin and that after insulin treatment
of adipocytes the binding sites for cytochalasin B, a fungal alkaloid that crosses the plasma
membrane and binds to glucose transporters in their inward facing conformation, were increased
in the plasma membranes (136-138). These observations stimulated the interest of investigators
and many studies have been performed examining the subcellular localization of the GLUT
proteins and more specitically, the insulin responsive isoform GLUT4 (for review see (139)).
Cloning of the different transporter isoforms and development of isoform specific antibodies had
an enormous impact on these studies. Today, it has been well established that in the basal state in
skeletal muscle and fat cells the GLUT! is mainly localized at the plasma membrane while the
insulin-responsive isoform GLUT4 is localized mostly in intracellular compartments (139,140).
This localization of the GLUT4 isoform enables it to respond to insulin acutely and contribute to

the regulation of glucose transport in muscle and fat.

1.3.2 Regulation of glucose transport

Glucose transport into cells can be regulated acutely and chronically. Acute or short term
regulation takes place by mechanisms resulting in rapid changes of glucose transporter number
present at the cell surface and/or changes in their intrinsic activity. Chronic or long term
regulation involves mechanisms resuiting in changes of glucose transporter levels due to

alterations in transporter synthesis and/or degradation.

1.3.2.1 Long term regulation of glucose transport and transporter expression

Long term regulation of glucose transport can be achieved by altering the amount of
available facilitative glucose transporters in the cell by aftfecting i) the rate of synthesis of

transporter proteins via alterations in transcription and/or translation, ii) the rate of their
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degradation which determines their life span. It is important to understand the mechanisms
involved in the long term regulation of glucose transporters because they play an important role
in glucose homeostasis in the body and therefore they may be involved in the pathophysiology of
diabetes (141-143).

Cells in culture such as 3T3-L1 adipocytes and L6 myotubes, discussed later, are
particularly well suited for studying chronic regulation of glucose transport as they remain stable
for relatively long periods of time. In L6 and 3T3-L1 cells glucose transport and the glucose
transporter levels can be regulated by growth factors such as insulin and IGF-I, glucose and
other pharmacological and environmental factors such as drugs used in the management of

diabetes and hypoxia respectively.

1.3.2.2 Short term regulation of glucose transport

Glucose transport into muscle and fat tissue can be regulated acutely by growth factors
(i.e. insulin and IGF-I), exercise or contraction, various pharmacological agents (e.g. protein
tyrosine phosphatase inhibitors(PTPs)) and environmental factors such as starvation or hypoxia.
Changes in the rate of glucose transport can be brought about rapidly by i) changes in the
number of glucose transporter proteins present at the cell surface, seen as changes in Vg, ii)
changes in the affinity of transporter proteins for glucose, seen as changes in Ky, and iii)
changes in the intrinsic activity of transporters (i.e. Vpax divided by Km) known also as kinetic
turnover number or transport capacity .

In skelctal muscle, L6 muscle cells, adipose tissuc and 3T3-L1 adipocytes insulin
stimulates glucose transport rapidly. This effect of the hormone is achieved through the
recruitment of glucose transporter proteins from an intracellular location to the plasma
membrane. The translocation of glucose transporters particularly of GLUT4 is a well established
phenomenon and it has been demonstrated to occur by a number of different techniques.
Therefore, subcellular fractionation combined with cytochalasin B (which binds to all glucose
transporters) binding (127,136,138), immunoblotting using specific antibodies (144), clectron

microscopy (128,145) and photolabelling of the cell surface glucose transporters with radioactive



TAB-BMPA, a compound that binds to the cell surface glucose transporters only, (146,147) all
showed an increase in glucose transporter levels at the cell surface in response to insulin.

GLUT#4 is not the only transporter that is translocated (ie recruited) to plasma membrane
in response to insulin. Apart from GLUT4, the transporters GLUT1 and GLUT3, in L6
myotubes, and GLUT1 in 3T3-L1 adipocytes, CHO and BC3H]1 cells are recruited in response
to insulin. The ability of a certain transporter isoform to translocate in response 1o insulin is not a
property of the transporter itself but rather a characteristic determined by the tissue in which the
transporter is expressed (148).

The intrinsic activity of glucose transporters can be examined by measuring both
glucose transport rates and transporter number in the same preparation. When the measured
changes in the rates of glucose transport are not paralleled by equal changes in glucose
transporter proteins present in the plasma membrane (usually detected by cytochalasin B binding)
it is suggested that the intrinsic activity of the transporters changes. Although most studies today
reveal no alteration of Km value of the glucose transporter for its substrate in response to insulin,
some studies suggest that insulin has a dual effect on the skeletal muscle cell surface
transporters, increasing both the glucose transporter number and the transporter turnover rate
(149). However neither the mechanism ot regulation nor the functional importance of glucose

transporter intrinsic activity is known.

1.3.2.3  Intracellular traffic of glucose transporters

The mechanisms involved in the intracellular traffic of glucose transporters has been the
focus of many studies. Two proposed models which are well supported by experimental
evidence are: i) regulated secretion; and ii) constant transporter recycling. According to the first
model glucose transporters move from an intracellular site to the plasma membrane by
mechanisms similar to those involved in the movement of vesicles in the regulated exocytic
pathway. This is supported by studies where transfected GLUT4 glucose transporters in

neuroendocrine PC12 cells were targeted to the secretory granules (150) and the fact that GLUT4



in adipocytes is found to be colocalized with the vesicle proteins VAMP-2 and cellubrevin which
are involved in the fusion of these vesicles with the plasma membrane (151,152).

According to the second model glucose transporters move between the plasma membrane
and endosomal compartments in a way similar to the constitutive endocytic pathway involved in
receptor recycling. Clathrin-coated vesicles, containing the transporters are formed at the plasma
membrane, which are then uncoated and incorporated into endosomes and subsequently, the
endosome-derived vesicles recycle back to the plasma membrane. Evidence in support of this
model comes from studies showing that GLUT4 transporters can be detected in clathrin coated
vesicles and carly endosomes of white (153) and brown (154) adipocytes, using
immunocytochemistry techniques. Also disruption of the clathrin coat by low K¥ causes
accumulation of GLUT4 transporters at the cell surface (155). These observations suggest that
GLUT4 continuously recycles to and from the cell surface. It has been shown that insulin
increases the rate of appearance of GLUT4 glucose transporters at the cell surface (156,157),
and reduces their rate of endocytosis (158,159). The two models of glucose transporter
translocation are not mutually exclusive and it could be that vesicles following a regulatory

secretory pathway are internalized via recycling endosomes.

1.3.2.4  Cellular components involved in the regulation of glucose transport
1.3.2.4.1 Signalling molecules involved in insulin-stimulation of glucose transport
1.3.2.4.1.1 Role of PI 3-kinasc

Several lines of evidence implicate PI3-kinase in the mediation of insulin's metabolic
effects and more specifically glucose transport.
a) Inhibition of PI 3-kinase by wortmannin and LY294002 leads to a blockade in insulin-
stimulated glucose transport and glucose transporter translocation in muscle (160,161) and
adipose cells (162) b) Microinjection of a dominant negative mutant of the p85 regulatory subunit
of PI 3-kinase, which lacks a binding site for the catalytic pl 10 subunit into 3T3 L1 adipocytes

inhibited glucose transport and GLUT 4 translocation induced by insulin while the wild type
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protein had no effect (88,162). ¢)The etfect of insulin on PI 3-kinase is reduced in states of
insulin resistance associated with defects in glucose transport. For example in the ob/ob mouse
IRS-1 associated PI 3-kinase activity in muscle and liver was reduced by 90 %. Insulin-
stimulated total PI 3-kinase activity was also not increased in both tissues of the ob/ob mouse
(163). In obese insulin-resistant (induced by goldthioglucose injection) mice the
antiphosphotyrosine associated PI 3-kinase activity in muscle tissue in response to insulin was
decreased by 40-60 % and starvation of the animals for 48 h restored it to normal levels
suggesting an aquired reversable defect (164).

Importantly, although PI 3 kinase appcars to be critical for insulin-stimulated glucose
transport, other stimuli such as contractile activity and hypoxia both increase glucose transport
and glucose transporter translocation (160) in muscle, yet they do not increase the levels of the
PI 3-kinase products PI 3,4 P2 and PI 3,4,5 P3 (60). Morcover the response of muscle to these
stimuli is not blocked by wortmannin (60,160) suggesting that PI 3-kinase activity is not
required for stimulation of glucose transport by hypoxia and contraction. The tumor promoting
agent (TPA) and okadaic acid both stimulate glucose transport in rat soleus muscle and human
adipocytes (165) without changing P! 3-kinase activity (161). In accordance with this
wortmannin (I pM) did not affect the response of muscle to TPA or OA while it abolished the
response to insulin (161). In L6 muscle cells the mitochondrial uncouping agent dinitrophenol
(DNP) has similar effects to hypoxia and increases glucose transport. The response of the cells is
also independent of PI 3-kinase (81). All these data indicate that at least two signalling pathways
exist leading to glucose transport activation in muscle with different sensitivities to wortmannin.
Evidence supporting this concept come from studies showing that i) different GLUTS are
recruited in response to different stimuli, (e.g. insulin and DNP), and ii) the response of cells to
DNP does not require an intact actin network (81). A second concept to emerge from recent
studies is that an increase in PI 3-kinase activity is not sufficient to stimulate glucose transport.
Stimulation of cells with PDGF or interleukin (IL)-4 increases PI 3-kinase activity via IRS-1-
independent or IRS-1-dependent pathway respectively without affecting glucose transport

(166). However this issue remains controversial. Recently, it has been reported that transient
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expression of a consltitutively active p 110 of PI 3-kinase into 3T3-L1 adipocytes increases
GLUT4 glucose transporter translocation (167) suggesting that excess PI 3-kinase activily is
sufficient to increase glucose transporter transtocation and glucose transport. It is possible that
the response of the cells depends on the isoform of PI 3-kinase that is activated and/ or the
intracellular localization of PI 3-kinase. There are also data (67) suggesting that PI 3-kinase is

associated with IRS-1 in internal membranes in adipocytes after insulin stimulation.

1.3.2.4.1.2 Role of Ras

The role of p21749% protein in the insulin stimulation of glucose transport has been
examined in various studies. Microinjection of a constitutively active p2174S protein into 3T3-L1
adipocytes stimulated the expression of GLUT 1 glucose transporter in the absence of insulin
(168). Also the insulin-induced expression of GLUT | was blocked by a dominant negative
form of p2174s protein or antibodies directed against p2174% protein. The above suggest that
p217a5 mediates the insulin-induced GLUT!1 expression in 3T3-L1 adipocytes. However
introduction of inhibitory or activating form of p21749% into adipocytes had no effect on
translocation of GLUT4 glucose transporter indicating that p2174S protein is not involved in the
acute translocation of this protein that leads to increased glucose transport (168). Furthermore
the observation that other stimuli such as growth factors (EGF) and thrombin activate p2174¢
with a time course similar to that of insulin but do not stimulate glucose uptake in 3T3L1 (169)
adipocytes suggests that p2 174S activation alone is not sufticient to induce acute insulin-mediated
glucose transport.

The role of Ras protein on the acute insulin actions on glucose transport was tested in
another study where activated mutant (Lys-61) N-Ras was overexpressed in rat 3T3-L1
fibroblasts and adipocytes (170). These cells showed an increase in basal glucose uptake (3 fold
) and insulin did not stimulate it further and above this levels. The increase in glucose transport
was associated with an increase in the GLUTI and GLUT4 levels at the plasma membrane
relative to the intracellular membranes without any changes in the total levels of the two

transporter isoforms suggesting that Ras mimics the action of insulin on membrane trafficking of
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glucose transporters suggesting that it is an intermediate in this insulin signalling pathway.
Additionaly more recently it has been shown that transient overexpression of the same
constitutively active ( Lys-61) Ras in rat adipocytes resulted in high levels of cell surface GLUT4
in the absence of insulin that were comparable to levels seen in control cells treated with a
maximally stimulating dose of insulin suggesting that activated Ras is sufficient to recruit
GLUT4 to the cell surface (171). However wortmannin treatment resulted in only small
reduction of cell surface GLUT4 levels in cells overexpressing active Ras in contrast to the effect
of wortmannin on insulin-stimulated GLUT4 plasma levels, indicating that Ras recruits GLUT4
to the cell surface by a different mechanism that is probably not involved in the insulin-stimulated
GLUT4 translocation in physiological target tissues (171).

Therefore, it is obvious from the above mentioned studies that the exact role of Ras and

whether it is involved in the acute action of insulin to increase glucose transport is not clear.

1.3.2.4.1.3 Role of Raf

The importance of Raf in insulin signalling cascade is evident by studics where a gene
encoding an oncogenically activated Raf mutant was introduced into 3T3-L1 fibroblasts (172).
Similarly to the studies with p 217aS in these cells basal glucose transport was increased as well
as GLUT! transporter levels. This etfect was similar to chronic insulin stimulation and reinforces
the concept that chronic regulation of GLUT1 expression by insulin is mediated via this pathway.
The expression and cellular distribution of GLUT4 transporter was not affected by the Raf

mutant indicating that activation of Raf is not sufficient for GLUT4 translocation .

1.3.2.4.1.4 Role of MAPK

The importance of MAPK activation in the regulation of glucose metabolism was
investigated by comparing the effects of insulin and EGF on MAPK activation, glucose transport
and glycogen synthesis in 3T3L1 adipocytes. Although EGFR activation also results in an

increase in MAPK activation, the metabolic effects including glycogen synthase activity (173),
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glucose transport (169,174) and GLUT 4 translocation (173) were not increased suggesting that
MAPK activation is not involved or is not sufticient for the activation of these events. Similarly,
activation of pp90-ribosomal S6 kinase (pp90 r$K) by EGFR signalling does not lead to
stimulation of glucose transport and glycogen synthesis suggesting that activation of pp90 sk

is not sufficient to signal these events (174).

1.3.2.4.2 Protein Kinase C (PKCQC)

The PKC family of protein serine/threonine kinases continues to grow and PKCs are
involved in many cellular responses. At the present time, twelve different PKC isoforms have
been identified and are classified based on their structural characteristics and regulation of their
activities by different cofactors (175). The different classes of PKC isoforms include i) the
conventional isoforms o, BI, BII and ¥, ii) the novel isoforms 8, € n (L), 8 and p and iii) the
atypical isoforms . 1 and A (Figure 1.6).

Four conserved regions (C1-C4) are observed in the conventional PKCs (for reviews see
(175,176). Cl contains a cysteine rich motif and forms the diacylglycerol binding site. C2 is the
phospholipid recognition domain and also contains the Ca2+ sensitive portion of the enzymes (in
the conventional class of isoforms). In the C3 domain is the ATP binding site and the catalytic
activity of the enzyme while the C4 region is required for recognition of the substrate. The
structures of the novel and the atypical classes of PKCs differ from that of the conventional
isoforms. The novel class of PKCs contains a C2 like domain that does not bind Ca2+. The
atypical PKCs lack the C1 domain and contain only a cystine-rich domain that does not bind
diacylglycerol. The C2 domain is also not present in these isoforms. All classes maintain the

catalytic (C3) and the substrate recognition (C4) domains (Figure 1.6).



Figure 1.6 Isoforms of PKC
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Three main different classes of PKCs have been identified with somewhat diferrent structures.
The structure and the members of each class of PKCs are depicted in this figure.

34



1.3.2.4.2.1 Activation of PKC

PKCs have many cellular effects including receptor desensitization, modulation of
membrane structure and of immune responses, regulation of cell growth and transcription (175),
as well as various transport processes including that for glucose (177-182). PKCs can be
activated by a variety of stimuli. For their activation phosphatidylserine is required by ail
isoforms (175,176), while the requirement for Ca2+ and diacylglycerol depends on the isoform
of PKC. Conventional PKCs require both DAG and Ca2+, the novel isoforms are Ca2+
independent while the atypical ones do not require DAG or Ca2+. G-protein coupled receptors,
receptor tyrosine kinases and non-receptor tyrosine kinases, all can lead to the production of
diacylglycerol either rapidly by the activation of specific phospholipase C or more slowly by the
activation of phospholipase D (175,176). Also, activation of non-selective phospholipase A2 and
production of cis unsaturated fatty acids from phospholipids can activate certain PKC isoforms
(176). Many ditterent receptor- and non-receptor-activated signalling cascades therefore can lead
to the regulation of PKC activity. Phorbol esters which are potent tumor promoters strongly
stimulate the activity of PKCs ( the conventional and novel isoforms) and have been uscd widely
to dissect their exact functions (175,176). They resemble structurally and tunctionally
diacylglycerol but they have a prolonged action because are more slowly metabolized.

[t is believed that unstimulated PKC enzymes are localized to the cytosol and upon
activation are redistributed to the membrane. One of the best studied mechanisms for leading o
activation of PKCs is that involving phospholipase C (PLC). Activated PLC breaks down
phosphatidylinositol 4,5-biphosphate (PI4,5P2) into diacylglycerol and inositol 1,4,5-
triphosphate (IP3). IP3 stimulates the release of Ca2* from intracellular stores and the Ca2+
together with the produced diacylglycerol activate the PKCs. Secondly, opening of plasma
membrane Ca2+ channels by various stimuli which increase the intracellular Ca2+ Ievels can lead
to activation of PKCs. The mechanisms of PKC activation described above is shown in Figure
1.7. Diacylglycerol and Ca2+ each one alone and also synergistically can induce membrane
association of PKC (175). Diacylglycerol increases the affinity of conventional PKCs for Ca2+

and therefore PKCs can be activated at low (in the micromolar range) concentrations of the ion



Figure 1.7 Activation of PKC

Seven transmembrane receptors as well as tyrosine kinase receptors can lead to activation of PLC
and generation of DAG and IP3. DAG together with Ca++ released from intracellular stores by
the action of IP3 increase the activity of PKC which then can act on downstream cellular

effectors.
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(175,176). Diacylglycerol produced in membranes or phorbol esters added exogenously serve as
hydrophobic anchors to recruit PKC to the membrane and increase the activity of the enzyme.
Once in the membrane PKCs interact with phosphatidylserine and become activated (175).

An autoinhibitory pseudosubstrate sequence is present in all classes of PKCs which is
believed to interact with the catalytic site and inhibit the activity of the enzyme. Binding of C1
and C2 ligands to PKC and interaction with the membrane removes the pseudosubstrate portion
of the enzyme trom the catalytic site and thereby potentiates its catalytic activity (175). Novel
PKCs which have no Ca2+ binding site in their C2-like domain can function in a Ca2+
independent manner. Diacylglycerol alone can induce membrane association of these isoforms.
Additionally, when PKCs arc in the plasma membrane they can be activated in the absence of
Ca2* via their interaction with phosphatidyiserine or other phospholipids. It is not clear how the
atypical class of PKCs (which lack both the diacylglycerol and Ca2+ binding domain) becomes
activated but recent data (74) suggest that the products of PI 3-kinase may be able to activate the

{ isoform of this class.

1.3.2.4.2.2 Involvement of PKC in glucose transport

The question of whether PKC is involved in insulin action and more specifically in the
mechanism of stimulation of glucose transport by insulin was raised some years ago. Even today
the answer to this question remains controversial. A number of studies suggested that insulin
increases diacylglycerol levels and activates PKC in skeletal muscle and adipocytes (180,181).
Also pharmacological inhibitors of PKC inhibited insulin stimulation of glucose transport (179-
181,183), and it was proposed that PKC may be involved in the mechanism of stimulation of
glucose transport. However, in other studies an increase in PKC activity and plasma membrane
translocation of PKC in skeletal and cardiac muscle cells were not detected with insulin
stimulation (177,182) suggesting that PKC is not involved in the insulin signalling
(177,178,182,184). Although the issue¢ of the involvement of PKC in the insulin stimulation of

glucose transport is controversial, it is well accepted that phorbol esters or treatments that
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increase the diacylglycerol levels, which lead to the activation of PKC, can induce an increase in
glucose transport in many cell types including insulin target tissues (177-182). The mechanism

however of PKC stimulation of glucose transport and the substrates of PKCs are not known .

1.3.2.4.3 The actin network

The cytoskeleton of cukaryotic cells plays an important role in cell shape and movement
as well as in intracellular membrane vesicle and organelle traffic. The cytoskeleton consists of
three main networks of proteins which are the microfilament network, the microtubule network
and the intermediate filament network. A major component of the microtubule network is the
protein tubulin while in the microfilament network it is the protein actin. Actin will be discussed
more extensively in the following section since it is believed that the actin network is involved in
intracellular traffic of proteins and specifically in translocation of glucose transporters while

tubulin appears not to play an important role in this event (185).

1.3.2.4.3.1 Actin

Actin is a protein of 42 kDa. There are at least three difterent actin genes in mammals
encoding for o, B and y actin respectively (186). These genes are highly conserved in evolution
and actin molecules from different sources can substitute for each other in functional tests in
vitro.(187). Actin is found in monomeric and filamentous form. Monomeric or G actin is
globular and is non-covalently bound to an ATP molecule. Filamentous actin or F actin can be
formed by polymerization of G actin, a process associated with the hydrolysis of its bound ATP
to ADP. However, despite the hydrolysis of ATP the polymerization event of actin does not
require energy. In vitro, in media of salt concentrations normally tound in living cells G actin can
polymerize spontaneously into filaments and forms a viscous gel-like solution. The actin filament
has a helical structure and polarity, which originates in the uniform direction of the actin
monomers inside the filament, and is important for the function of the filament. The actin

filament also has a fast growing end and a slow growing end. The fast growing end is also called



the plus end or barbed end because it corresponds to the barb of an arrow when actin is coated
with myosin, while the slow growing end is also called minus end or pointed end because it
resembles the point of an arrow. Most of the filament growth occurs at the barbed (plus) end
which is always directed towards the plasma membrane of cells while the pointed (minus) end of
filaments is directed towards the inside of the cell (187). It should be mentioned that actin
filaments go through a cycle of polymerization and depolymerization and that the actin network
of cells is a dynamic network which continuously disassembles and reorganizes. Cytochalasins
are a family of fungal metabolites that can disrupt the actin network of cells. Cytochalasins bind
to the barbed end of existing filaments and cap them, in this way preventing their growth, and
also prevent new filament formation by binding to actin dimers. This disturbs the
polymerization-depolymerization equilibrium leading to a slow disassembly of cellular actin
filaments (188,189). Cytochalasins have been used widely to disrupt the actin network of cells
and study its involvement and importance in specific cellular events and functions.

Upon growth factor stimulation the actin network of cells is reorganized. Filamentous
actin can form bundles, also called stress fibers, which run throughout the cytoplasm of most
cells. The assembly of actin stress fibers is regulated by the small GTP hinding protein Rho
while the reorganization of the actin network in response to growth factors is regulated by the

small GTP binding protein Rac (190,191).

1.3.2.4.3.2 Role of actin in glucose transport

[t has been proposed that the actin filaments provide the tracks for vesicle and organelle
traffic (192) in the processes of endocytosis and exocytosis and contribute to the intracellular
localization of exocytotic and synaptic vesicles in endocrine and neuronal cells (193,194)

Insulin stimulates a major reorganization of the actin network. The role of this effect of
insulin is not known. The role of the actin network in the insulin stimulation of glucose transport
and glucose transporter translocation was examined recently in L6 myotubes (185). Disrupting
the actin nctwork with cytochalasin D resulted in inhibition of insulin stimulation of glucose

transport without affecting basal transport. The level of glucose transporters present in the



plasma membrane under basal conditions was not affected by cytochalasin D but their
redistribution to the plasma membrane in response to insulin was prevented and the intracellular
levels of GLUTSs were decreased. It was suggested that an intact actin network is required for the
correct intracellular localization of glucose transporters and their translocation to the plasma
membrane in response to insulin (185).

Interestingly, however, the increase in glucose transport and glucose transporter
translocation induced by other stimuli, such as by the mitochondrial ATP-production uncoupler
dinitrophenol (DNP), was not atfected by cytochalasin D (81) suggesting that the actin network

is not essential for all stimuli of glucose transporter translocation.

1.4 AMINO ACID TRANSPORT

1.4.1 Physiological importance of amino acids

Amino acids circulate in the ionized state and account for 2-3 mEq of the negative ions in
the blood. After meals the concentration of amino acids in the blood increases but the rise is
small because they are absorbed within 5-10 minutes by cells throughout the entire body. For
most amino acids, little is known about the role of the transport step through the membrane in the
regulation of their metabolism. Immediately after entering cells amino acids are converted to
proteins so that their intracellular concentration always remains low. Muscle is the main storage
organ for amino acids in the form of proteins. When plasma amino acid concentrations decrease
below normal levels, amino acids are transported out of the cell to replenish the supply in the
plasma. Simultaneously, intracellular proteins are degraded into amino acids.

There is an upper limit to the amount of protein that can accumulate in each particular cell.
Once this is reached additionai amino acids are degraded, used for energy, or converted to
glucose and fat (195). The liver is the major site of amino acid metabolism, and amino acid
degradation takes place in this tissue. Catabolizing enzymes for the amino acids are present in the

liver. Deamination results in ammonia release which in liver leads to the formation of urea. If the
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liver is removed or diseased, ammonia accumulates in the blood which is toxic especially to brain
leading to hepatic coma.

Certain deaminated amino acids are similar to the metabolic products that result from
glucose and fatty acid metabolism. For example deaminated alanine is pyruvic acid. It can be
converted to glucose or glycogen or to acetyl CoA which can then be polymerized into fatty

acids.

1.4.2 Systems of amino acid transport in mammalian tissues

There are various amino acid transport systems in mammalian tissues which differ in
specificity. These systems are classified based on their biochemical characteristics such as ion-
dependence, kinetics and substrate specificity. Depending on the amino acids transported thesc
systems can be categorized into neutral, basic and acidic. It should be noted that although each
amino acid transport system is distinct there is an overlapping substrate specificity between the
different systems. It should also be kept in mind that most of the studies of amino acid transport
have becn carried out in cell culture and therefore the conclusions obtained about their regulation

may not always be relevant to the jn vivo system. Table 1.1 includes some of the known amino

acid transport systems and their preferred substrates.

Neutral amino acid transport in mammalian tissues is mediated predominanty by systems
A, ASC, L and N™ ¢ach having unique characteristics but overlapping specificity as mentioned
above. The overlapping substrate specificity makes targeted biochemical studies difticult and
therefore various strategies that provide specificity have been derived. For example, for the
measurement of system A activity N-methylamino-a-isobutyric acid (McAIB) is used as a
substrate which is uniquely transported by system A. However for the study of system ASC
activity radioactive aminoisobutyric acid (AIB) and cycloleucine (a nonmetabolizable analog of
leucine) are used in the presence of excess non radioactive substrates of system A and L, McAIB

and 2-amino-2-nonbornane carboxylic acid (BCH), respectively (196).



Table 1.1. Amino acid transport systems in mammalian cells

Some of the most common amino acid transport systems expressed in mammalian cells are

shown in this table. Their preferred subrtates and their Nat-dependence are also included.

Category System Substrates Nat.dependence
Neutral
A alanine, proline +

aminoisobutyric acid(AIB)

methylAIB (MeAIB)
ASC alanine, serine, cysteine +
L leucine -
Nm glutamine +
Basic
yt lysine, arginine, ornithine -
bo.+ arginine, alanine, cysleine +

Acidic XAG™ glutamate +
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The amino acid transport system A mediates the transport of neutral short chain (linear
aliphatic) amino acids (such as alanine) and the imino acid proline and is also capable of
mediating the transport of N-methylated amino acids such as the nonmetabolizable alanine analog
MeAIB. System A is present in nearly all mammalian cell types, including skeletal muscle and it
is Nat-dependent. It appears to function as a cotransporter. It transports amino acids into cells
together with Na*, which is actually transported along its concentration gradient and provides
the driving force for transport.

System ASC transports the neutral amino acids alanine, serine and cysteine and it is Nat
-dependent. Recently, a cDNA has been cloned from human hippocampus encoding a protein
(with similarity to the human glutamate transporter) that has characteristics similar to the ASC
system (197).

System L mediates the uptake of nonpolar, long chain and aromatic amino acids such as
leucine, isoleucine, phenylaline and tyrosine, and is also largely responsible for the transport of
nutritionally essential neutral amino acids. It is Na*-independent and is ubiquitously expressed
in animal cells and tissues. Recently the cDNA of a system L transporter has been cloned from a
rat kidney library using a xenopous oocyte expression system (198). The transporter was found
to have four putative membrane spanning domains and exhibits many but not all of the
characteristics of L-system transporters, suggesting that this represents one of several related L-
system transporters. Cloning of other systems may also reveal that a number of subtypes or
isoforms of a certain transporter exist.

System N™ transports the ncutral nonessential amino acid glutamine. It is Nat dependent
and in primary cultures of skeletal muscle insulin increases its activity (by 30-40%) by increasing
the Vmax that is dependent on protein synthesis (199).

Basic system y* mediates the flux of cationic amino acids and has recently been cloned
and identified as the previously identified receptor for the ecotropic murine leukemia virus
(200,201). It is not Na*-dependent and transports amino acids such as lysine, arginine and

ornithine and is ubiquitously cxpressed .



The acidic amino acid system Xag - is referred to as the glutamate receptor. System XaAG
- has widespread distribution and it is Na*-dependent. System b0+ mediates the transport of
dibasic and neutral amino acids such as arginine, alanine and cysteine. This system has been
cloned recently (202). It is Nat-independent and its mRNA has been found in kidney and
intestine.

The neutral amino acid system A is the best studied in both skeletal muscle tissue and
skeletal muscle cells in culture. It is regulated by insulin and is the focus of some of the studies
presented in this thesis. The regulation of this system is briefly reviewed in the following

section.

1.4.3 Regulation of system A amino acid transport

The activity of system A amino acid transport is regulated by hormones (203), growth
factors (204), nutritional conditions (205), the electrochemical potential across the cell membrane
(206,207) and other effector substances such as prostglandins (PGE2) and retinoic acid
(208,209).

The major hormone shown to regulate system A is insulin. The ettect of insulin is acute
(within 30 min) and is manifested as an increase in Vqax without a change in Ky, as assessed
in muscle tissue using the alanine analog MeAIB (210). The effect of insulin is not dependent on
protein sysnthesis (se¢ Table 5.3 and (210)). The precise mechanism has not been defined since
the system A transporter has not been cloned. There may be a translocation phenomenon similar
to that described for other proteins such as GLUT4 (see above) and/or an increase in intrinsic
activity. Furthermore, recently it has been shown that PI 3-kinase may be involved in the
stimulation of system A amino acid transport by insulin since wortmannin abolished the
response of the cells to the hormone (65),

Apart from insulin, IGF-1, has a similar action on system A amino acid transport (211).
As discussed above a number of amino acid transporters including system A are coupled to a
Na* gradient and arc thus Nat and pH dependent (195). Acidification of the extracellular

medium can increase system A transport activity (212).



Glucagon also acutely increases system A amino acid transporl. Amino acid transporters
function in a bidirectional manner as do glucose transporters and therefore an increase in Vmax
may result in increased transmembrane transport in a direction which depends on the
concentration gradient. Thus an increased activity may be beneficial whether amino acids are
required within cells for new protein synthesis or for delivery to the circulation and liver for use
as an energy source, e.g. during starvation. The liver uptake of system A amino acid transport
substrates can be increased by insulin to augment protein synthesis. In addition glucagon or
increased extracellular amino acid levels following protein ingestion also lead to increased amino
acid uptake in liver which lead to conversion of amino acids to glucose. Such events take place
during starvation or glucose deprivation.

One of the most important mechanisms of amino acid transport system regulation is that
by the amino acids themselves. Thus incubation of cells in high concentrations of amino acids
transported by system A downregulates or decreases transport activity while, amino acid
deprivation augments it (205,213,214). This type of regulation is referred to as adaptive
regulation and it has been found to be dependent on RNA and protein synthesis. I[nhibitors of
protein synthesis, inhibition of total RNA synthesis, polyadenyiation, or glycoprotein
biosynthesis, have all been reported to inhibit the increase in activity subsequent to amino acid
deprivation (215). These data suggest that possibly synthesis of new transporter proteins and/or
synthesis of system A-associated regulatory components takes place and mediates adaptive
regulation.

System A transport activity has been reported to decrease in response to increased
extracellular amino acid concentrations. The regulatory elements involved in these events have
been suggested to be associated with histone mRNAs that typically cause repression (216).
Under such conditions the amino acids present, mainly substrates of system A, may enhance the
transcription of genes encoding proteins that can inactivate system A (216). Althought it was
thought that only amino acids transported by system A regulate its activity, recently it has been
reported that other amino acids that are not system A substrates may modulate its activity (217).

Therefore it has been reported that lcucine can increase system A transport by a mechanism
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involving an increase in Vqmax without any changes in Ky that depends on protein synthesis and

is distinct from that involved in the growth factor-stimulated system A activity (218).

1.§ L6 MUSCLE CELLS

Cultured cells and cell lines have been used extensively to study hormonal and metabolic
processes. Cell monolayers have many advantages including the fact that the population of cells
is homogeneous, the intercellular space is limited and all cells are exposed equaily to metabolic
substrates and exogenously added agents. Thus, specitic effects of various agents can be
examined in isolation while in_vivo studies are complicated by multiple inputs. Cell lines in
general are viable for extended periods of time and therefore represent excellent maodels in which
to assess the specific effects of both acute and chronic hormonal and nonhormonal stimuli.

Two insulin-responsive cell lines, the rat L6 skeletal muscle cells and 3T3-L1 murine
fatty fibroblasts have been extensively utilized to study the mechanisms of insulin action and
regulation of glucose transport. These two cell lines are the only cell lines which ditferentiate in
culture and express the insulin-responsive GLUT4 glucose transporter. Furthermore, in the
differentiated state there is an acute response to insulin to increase glucose transport associated
with the well documented translocation ot glucose transporters (see above).

The L6 muscle cell line was derived from one day old rat thigh muscle satellite cells and
retains many morphological, biochemical and metabolic properties of skeletal muscle (219).
These cells grow as mononucleated myoblasts and upon confluency, in the presence of low
concentrations of serum, differentiate spontancously into elongated multi-nucleated myotubes
(220,221). The morphology of the L6 cells in the myoblast and myotube stage is shown in
Figure 1.8.

L6 myotubes express many of the biochemical properties (219), electrical/contractile
activity (222), and proteins characteristic of mature skeletal muscle (223). They express
myogenin, a muscle-specific transcription factor which controls the expression of many muscle

specific genes during the myogenic process (224). Acetylcholine receptor, creatine kinase,



Figure 1.8 L6 skeletal muscle cells in the myoblast and the myotube stage

L6 cells were grown in 6-well plates for 2 and 7 days to be in the myoblast (top) and myotube
(bottom) stage respectively. The cells were fixed in 2.5 % glutaraldehyde and 50% ethanol
and then were stained with Giemsa and photographs were taken using a photographic camera
attached in a phase contrast microscope. The photographs are magnified 440 times.

47



48

muscle actin and myosin heavy chain, and the GLUT4 glucose transporter are muscle specific
proteins expressed in L6 myotubes (225,226).

As L6 cells differentiate from myoblasts to myotubes, insulin receptor number increases
by 3-fold (227,228) while IGF-1 receptor levels are reduced by about 80% (229). L6 myotubes
express GLUTI1, GLUT4 and GLUTS3 glucose transporters (226,230) and the expression of
GLUTH4 increases with ditferentiation (226). While basal glucose transport decreases, the acute
and chronic stimulation of glucose transport by insulin increases (220,228). In L6 myotubes,
although GLUTI and GLUTS3 are present in intracellular compartments, the majority of these
transporters are localized at the plasma membrane and probably account for most of the basal
glucose uptake. On the other hand the majority of the GLUT4 transporter is localized
intracellularly. L6 myotubes respond to insulin with a rapid increase in the rate of glucose
transport that is associated with a recruitment of all 3 GLUTs; GLUTI, GLUT3, and GLUT4
proteins to the plasma membrane trom intracellular membrane compartments (231). L6 myotubes
also respond to insulin with a rapid increase in system A amino acid transport activity. Both of
these are responses which are similar to those observed in skeletal muscle.

Although L6 muscle cells have many of the characteristics of skeletal muscle, it is
important to note that they are not identical. For example GLUT3, originally cloned from a fetal
human skeletal muscle cDNA library, is absent in adult skeletal muscle (120).The actin network
of L6 myotubes does not form the contractile sarcomeres found in skeletal muscle fibers and the
tissue culture model does not replicate the physiological cell-cell interactions and innervation
found in vivo. These differences may reflect and give rise to responses characteristic of a more
"fetal” or less well differentiated phenotype. In terms of glucose transport response to insulin,
the extent of stimulation is somewhat lower, 2-fold as compared to 4-5 fold in skeletal muscle
(232,233). This difference may be due to somewhat higher GLUT! expression, which
contributes mainly to basal glucose transport, and the lower GLUT4 levels, which contributes to
the insulin-stimulated glucose transport in L6 myotubes compared to skeletal muscle.

Despite these differences, the many similarities mentioned above make L6 cells the best

tissue culture model of skeletal muscle available today and provide a valuable tool to investigate
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the mechanisms of insulin action as well as the action of other agents affecting glucose and/or

amino acid uptake and metabolism.

1.6 TREATMENT OF DIABETES MELLITUS

As already mentioned above, Diabetes Mellitus is the name given to a group of diseases
characterized by hyperglycemia. It is classified into two major groups, Insulin Dependent or
Type I diabetes mellitus and Non-insulin-dependent or Type II diabetes mellitus (IDDM and
NIDDM respectively)(234). Type I diabetes is characterized by an earlier age of onset (usually
<40 years) and insulin deficiency. There is destruction of the pancreatic islet B-cells by an
immunological process which is not completely understood (3). Replacement of insulin with
exogenously administered insulin is the only trecatment at present. Type [l diabetes is
characterized by both insulin resistance as well as insulin deficiency (4,235). Although both
abnormalities are present in established Type I diabetes, there remains controversy about the
initiating lesion. Recent studics suggest that Type II diabetes may not be one but rather a group
of several discases, in some cases the primary defect being insulin deficiency and in others,
insulin resistance (4).

The majority of people afflicted with Type II diabetes are obese and obesity is associated
with insulin resistance. Furthermore long term studies have demonstrated that the presence of
insulin resistance in children whose parents both have diabetes is a major determinant of the
future development of Type II diabetes (4). It has also been found that first degree relatives of
people with Type II diabetes with normal glucose tolerance are insulin resistant (236). These
data suggest that insulin resistance is an integral component of the pathophysiology of Type 1
diabetes being present both in the carly and the later stages of the discase.

The causes of the insulin resistance appear to be multiple. Studies attempting to localize
the biochemical abnormalitics in the insulin action pathway have defined many defects (237).
Most of these appear to be acquired but genetic detects have also been found in some cases. One

of the most extensively documented is the form of diabetes associated with scvere insulin
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resistance caused by genetic defects in the insulin receptor (238,239) (240). Although there has
been a suggestion of differences in IRS-1 sequences in a proportion of people with Type II
diabetes assessed by restriction fragment length polymorphism (241) there are no other well-
defined genetic defects in the insulin signalling pathway causing diabetes. On the other hand a
number of studies have shown defects in insulin binding (242), insulin-stimulated receptor
autophosphorylation and kinase activity (19,20,243), IRS-I phosphorylation (244), and PI 3-
kinase activity (163). These defects are at least partially reversible and appear to be acquired
(245). They coexist with the impairment of insulin-stimulated glucose transport activity and
glycogen synthase activity (246) documented in Type I diabetes. Since all the steps in insulin
signal transduction have not been defined, it is possible that other defects will be found.

In view of the pathophysiology of Type II diabetes, treatment is directed at improving
either or both insulin deficiency and insulin resistance. The first line of therapy is diet and
exercise. A lowering of caloric intake with weight loss and an increase in exercise both increase
insulin sensitivity and may result in improvement in metabolic abnormalities .

The most commonly used pharmacological agents to treat Type 11 diabetes are members
of the sulfonylurca family which increase insulin secretion and may have some effect on
peripheral glucose uptake (247,248). A detailed review of the mechanisms of action of these
agents is presented in Chapter 2.

A second family of agents are the biguanides of which metformin is the only member
currently employed. Metformin does not increase insulin secrction but acts in insulin target
tissues. In the liver metformin inhibits gluconeogenesis (249) and in muscle it appears to increase
glucose uptake (250). These actions on human muscle (251) were also demonstrated in L6
myotubes (252), another example of the utility of this tissue culture system to serve as a model of
skeletal muscle. Finally if neither of these agents alone or in combination are effective, insulin
may be used.

A newer class of hypoglycemic agents under investigation are the thiazolidinedione
derivatives, examples of which are the compounds pioglitazonc and troglitazone (253).

Troglitazone has been shown to improve insulin sensitivity and glucose tolerance in NIDDM
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patients (254) and in obese subjects (255). These compounds potentiate insulin action on
peripheral glucose utilization and reduce hepatic glucose output (256,257) and they are also
known as insulin sensitizers. Their direct action on peripheral glucose utilization is also
supported by in vitro studics. For example, in L6 muscle cells it was shown that logn-term (72
h) troglitazone treatment increased basal glucose uptake in the absence of insulin (256,257).

These agents do not have any influence on B-cell function (254). Their mechanism of action
appears to involve binding to the PPARY (peroxisome proliferator-activated receptor ) receptor,
a nuclear receptor superfamily member which is involved in trancriptional regulation of adipose
cell differentiation (258). In one study, however, insulin resistance induced by high fat diet in
rats was not prevented by troglitazone (259). Therefore the exact role of these agents in the
treatment of diabetes is not yet clear. Further studies of compounds which can alter glucose
homeostasis and/or the mechanism of insulin action and correct the abnormalitics in Type 11
diabetes are important for the development of additional effective therapy. One such potential
agent is vanadium. The action and chemistry of vanadium compounds are reviewed in Chapter

4.



1.7 RATIONALE

The physiological role of glucose transport into muscle tissue is well established. Muscle
is quantitatively the most important tissue accounting tor insulin-mediated glucose uptake and in
diseases characterized by insulin resistance such as Type II diabetes, insulin-stimulated muscle
glucose uplake is severely impaired. The biochemical processes within the muscle cell which
serve to regulate both basal and insulin-stimulated glucose uptake are not completely understood.
The localization, function, synthesis and degradation of glucose transporters may all contribute
to such regulation by hormones and metabolites. At the same time, pharmacological agents
which are used to treat people with Type II diabetes, such as sulfonylureas, or are being
investigated for such a use, e.g. vanadium compounds, are known to have effects on muscle
elucose uptake. The purpose of the experiments presented in this thesis was to document the
diverse biological effects (insulin-like and noninsulin-like) and the mechanism of action of these
agents. Such studies not only serve to better define the actions, utility and potential adverse
effects of a therapeutic agent, but also serve as a probe of cellular mechanisms which may
operate in normal physiological processes to regulate function. In the first of these studies the
new sulfonylurea compound gliclazide was chosen to examine and compare its effects and
mechanism ot action to glyburide, an older well established drug used in humans. The following
questions were addressed in the first study:
1. Do sulfonylureas have any direct extra-pancreatic effects to stimulate glucose uptake in
muscle?
2. Are there any unique peripheral effects of the novel sulfonylurea gliclazide as compared with
the older structurally different sulfonylurea glyburide on glucose transport in muscle cells ?
3. Do sulfonylureas have peripheral actions independent of insulin ?
4. [s there an action on glucose transporter proteins ?
5. What is the mechanism of this action on glucose transporters ?

In the studies presented in Chapter S and 6 the effects and the mechanism of action of

vanadium compounds were cxamined. As mentioned in more detail in Chapter 4 these interesting



53

compounds are insulin-mimetic and dramatically improve glucose homeostasis in rodents with
diabetes. Their inhibitory action on protein tyrosine phosphatase (PTPs) make them unique
probes of cellular function. Their potential as therapeutic agents is under active investigation.

In the studies presented in Chapter S and 6 of this thesis the following questions were
addressed:
1. Do vanadium compounds mimic all of the actions of insulin in skeletal muscle; specifically
glucose and amino acid transport ?
2. What is the interaction of vanadium compounds with insulin in relation to these biological
effects?
3. What is the mechanism by which vanadate and pervanadate stimulate glucose transport in
muscle cells; specifically, is the mechanism of action of vanadium compounds similar to that
employed by insulin ?

For all these studies the model system used was L6 rat skeletal muscle cells. Their
characteristics and the rationale for their use have been reviewed in Chapter 1. As outlined in the
chapters that follow novel observations have been made regarding the actions and cellular eftects

of both these agents.



CHAPTER 2

BACKGROUND ON SULFONYLUREA COMPOUNDS



2.1 SULFONYLUREA DRUGS IN THE TREATMENT OF DIABETES

Work in the 1940°s and 1950's led to the discovery and development of the
hypoglycemic sulfonylurea compounds. Janbon and colleagues were studying the antibacterial
potency of p-amino-sulfonamide-isopropyl-thiodiazole (RP 2254) in patients with typhoid fever
and noticed that it could cause severe hypoglycemia (247). Later it was shown by Loubatieres
that the sulfonamide group was essential for hypoglycemic activity and that sulfonamides
lowered blood glucose levels in dogs that had undergone partial but not total pancreatectomy
(260). In the years that followed, testing ot various derivatives led to the synthesis in Germany
of carbutamide and tolbutamide the first hypoglycemic sulfonylureas. By the mid of 1960)’s tour
compounds (tolbutamide, tolazamide, acetohexamide, and chlorpropamide) with somewhat
different potencies, duration of action and metabolism were widely used for the treatment of
NIDDM. During that time, the University Group Diabetes Program study suggested that
tolbutamide was associated with an increased risk of cardiovascular mortality (261). Although
this study was criticized and its results questioned, the use of sulfonylureas declined
considerably. In the late 1970’s the use of sulfonylureas regained popularity and in the 1980°s
the sulfonylureas glipizide and glyburide that had been available in Europe for many years were
introduced to the North American market. More recently in 1990, another sulfonylurea
compound, gliclazide was introduced in Canada. Thus sulfonylureas have contributed for many
years o the treatment of Type II (non-insulin dependent) diabetes mellitus and those most

commonly used are included in Table 2.1

2.2 BIOCHEMICAL CHARACTERISTICS OF SULFONYLUREA COMPOUNDS

All sulfonylurea compounds have structural similarities. A similar core structure is bound
to different substitutions on its ends that result in pharmacological differences. The structure of
some sulfonylurea compounds including glyburide and gliclazide is shown in Figure 2.1. The

central sulfonamide group (shown in the box) is required for their hypoglycemic action.



Table 2.1 Oral hypoglycemic agents used in the treatment of Type II Diabetes

Sulfonylureas and biguanines are hypoglycemic agents commonly used in the treatment of
patients with type II diabetes while the thiazolidinediones are a new class of compounds still in

experimental level.

Family of compound Compound

Sulfonylureas

(First generation) tolbutamide
acetohexamide
tolazamide
chlorpropamide

(Second generation) glipizide

glyburide

gliclazide
Biguanides metformin
Thiazolidinediones roglitazone

pioglitazone
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Figure 2.1 Structure of sulfonylurea drugs

N— O — Q-0 -
HC- -C-NH-CH;CH} (O -S-NH NHf - GLIPIZIDE
. Nell _—
—N il
o)
SR Q0 ~-
() CNH-CH,CHy O -sNH | GLYBURIDE
~. — ¢ | -
OCH, o
—-Q 0
et -S-NH NH-N { GLICLAZIDE
£ 9_ e ..  (DIAMICRON)
1l
o)

METHYL AZA-BICYCLO-OCTANE

Note that the area in the box represents the central sulfonamide group common in all
sulfonylureas while the side groups are unique to each different compound.
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Different groups exist on cach side of the sulfonamide group, e.g. gliclazide has an aza-
bicyclooctane group, and a methyl group. These sulfonylurea compounds differ in potency,
duration of action, metabolism, side effects and perhaps other properties.

All sulfonylureas are highly protein bound, particularly to albumin. Depending on the
compound 98-99% is bound. For example, tolbutamide is 98% protein bound at plasma
concentrations of 6-25 uM, while glipizide is 99% protein bound at plasma concentrations of 4-
40 nM (262). Also all sulfonylureas are highly lipid soluble and cross the capillary walls rapidly.
Therefore the free drug concentration at the target cell is similar to the plasma concentration of the
free drug. Finally, all sulfonylureas are in great part converted by the liver to tnactive or less
active metabolites, with the exception of acetohexamide which is converted to a more active
form. Metabolites and residual quantities of the parent compounds are eliminated predominantly
in urine.

Two different generations of sulfonylurea drugs exist. The more recently introduced
second generation agents have certain advantages. They are more potent on a weight basis so that
smaller doses are required, they result in less Na* retention and they have fewer interactions with
other medications because of nonpolar protein binding (263). Today, mostly second gencration

compounds are used in the treatment of NIDDM.

2.3 EFFECTS OF SULFONYLUREAS

2.3.1 Pancreatic effects of sulfonylureas

2.3.1.1 Insulin secretion

Initial studies by Loubatieres in 1944 showed that injection of p-aminosulfonamide-
isopropyl-thiodiazole (RP 2254) into depancreatized or alloxan diabetic dogs did not affect the
blood glucose levels. However an effect was seen on blood glucose levels in control treated with

RP 2254 (260). These findings suggested that the pancreas was essential in order for the drug to
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exert an effect on blood glucose levels. The requirement of the pancreas suggested that insulin
secretion was increased by these agents. The evidence for this concept came from experiments in
which insulin and C-peptide levels were determined in the peripheral blood following
intravenous injection or oral sultonylurea administration (264-266). Many studies have now
confirmed that acute administration of sulfonylureas to animals or man results in an increase in
insulin secretion (266,267). Similarly, addition of sulfonylureas to isolated islets, or perfused
pancreas causes an immediate release of insulin into the medium (248,268,269). In NIDDM
patients the contention that treatment with sulfonylureas results in an increase in insulin secretion
is supported by the increase seen in mean plasma insulin levels (270-272). In vitro the release of
insulin can be observed in the absence of other secretagogues. In vivo however it is suggested
that the major effect is to increase B-cell sensitivity to glucose (273). Glucose stimulates insulin
secretion in a biphasic fashion, with a rapid first- phase burst observed within 0-10 min
followed by a slower second phase (10-60 min). In NIDDM the first phase is lost carly on and
the second phase of insulin secretion is subsequently impaired (274). Most studics have been
unablc to demonstrate any appreciable eftect of sulfonylureas on first phase insulin secretion in
NIDDM patients (269,275). However there are reports that gliclazide treatment of NIDDM
patients does improve the first phase of insulin secretion (273,276). The second phase of insulin
release increases linearly with the plasma glucose concentration. Sulfonylureas enhance this 8-
cell responsiveness, that is more insulin is released at every glucose level and the effect of
glucose and sulfonylurea on the second phase insulin secretion is additive (269,275).

Long term (6-12 months) treatment with sulfonylureas in animals and man has been
reported o result in no change or even a decrease in plasma insulin levels and a significant
decrease in glucose-mediated insulin release (271,272,277,278). The mechanisms contributing
to these effects are presently unknown but may be related to increased sensitivity to insulin
(272,279). This improvement in insulin resistance is duc at least in part to the improved
metabolic control (280), but may also be related to direct extrapancreatic eftects of the drugs (sce

below). Other studies suggest that although the basal insulin secretion rates are not changed with
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sulfonylurea therapy the total amount of insulin secreted over 24 h increases (267) suggesting

that sulfonylureas maintain their insulinotropic action during chronic therapy.

2.3.1.2 Other pancreatic effects

Some studies suggest that sultonylureas possibly inhibit the release of glucagon jn vitro
(281,282). In plasma of NIDDM patients treated with sultonylureas for long term a decrease in
glucagon levels were observed in some (283) but not all (284) studies. The mechanism involved
in glucagon secretion and the importance of this event is unclear. It may be the consequence
rather than the cause of improved glucose control. As well, somatostatin release by the isolated
perfused rat pancreas has been reported to be stimulated by glyburide at low glucose
concentrations (285) and the importance of this finding remains uncertain.

Loubaticres (1946) found that the sulfonylurea compound RP2254 could increase the
volume and weight of the pancreas and even induce the formation of islets of Langerhans in rats
treated with the compound. This suggested that sulfonylureas have B-cytotrophic effects.

However these observations have not been contirmed by others.

2.3.2 Extrapancreatic effects of sulfonylureas on fat and muscle cells

Sulfonylureas do not reduce plasma glucose levels in animals in which the B-cells of the
pancreas have been destroyed or removed and they are ineffective in patients with IDDM who
lack B-cell function. Nevertheless, there is evidence that these agents may reduce hyperglycemia
in patients with NIDDM by means other than increasing insulin secretion.

As mentioned above, although many studies have shown that the hypoglycemic action of
sulfonylureas is primarily due to an increase in pancreatic insulin secretion, it has been observed
that elevated plasma insulin concentrations in sulfonylurea-treated subjects or rodents retum to
pretreatment levels after chronic administration while blood glucose levels were normalized
suggesting that sulfonylurcas ecnhance glucose uptake and metabolism in peripheral tissues and

improve insulin sensitivity (271,272,286,287). Furthermore, it has been reported that the acute
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response of the pancreas (increase in C-peptide and insulin levels) to glyburide is lost in patients
chronically treated with sulfonylureas while the glucose lowering effect is maintained suggesting
extrapancreatic eftects of the drugs (288).

To test this possibility a number of studies have been performed in cell culture models of
insulin target tissues of skeletal muscle and fat examining the effects of sulfonylureas on glucose
transport (summarized in Table 2.2). In some of the studies the presence of insulin was required
to observe the sulfonylurea effect (289-292), while in other studies a direct effect of
sulfonylureas on peripheral insulin target tissues was observed in the absensc of insulin
(293,294). Thus sulfonylurcas directly stimulate glucose transport in BC3 H1 and L6 muscle
cells (293-296), in 3T3-L1 adipocytes (297,298) as well as in primary cultures of rat adipocytes
(299-302). An effect on glycogen synthesis was also seen in some studies. In L6 cells glyburide
increased glucose transport and glycogen synthesis 2 fold without any change in glycogen
synthase or phosphorylase activity indicating that the increase in glycogen synthesis was due to
the increase in glucose transport (295). Glycogen synthase activity was also unchanged in
muscle biopsics from fasting NIDDM patients receiving gliclazide therapy although in these
patients insulin stimulation of glycogen synthase activity was potentiated (303). It should be

noted that the concentrations of sulfonylureas required to see an in vitro effect are usually higher

than those found in circulating blood of patients treated with the drugs. This is probably due to
cell culture characteristics, it is also scen with other drugs and hormones and does not exclude in

vivo relevance.

2.3.3 Effects of Sulfonylureas on liver

The effect of sulfonylureas on hepatic glucose production is not clear. In rats chronicaily
(6-18 days) treated with glyburide, the basal hepatic glucose production was greater than control
rats and the sensitivity of the liver to suppression of glucose production by insulin was
unchanged (287). Also glipizide treatment of normal dogs did not result in any increase in insulin

suppression



Table 2.2 Effect of sulfonylureas on glucose uptake in tissues and cell culture
models of insulin targets.

In all studies glucose uptake was stimulated by sulfonylureas. Differences were observed in the

requirement for insulin and an effect on basal versus insulin-stimulated glucose uptake (see text

for details).
Tissue Compound Concentration Time References
of exposure

adipocytes tolazamide .003-300pg/ml 20-44h (300)
glyburide 20-40uM 30-60 min (301)
glyburide 2 uM 48 h (302)
tolbutamide 1-2mM 30-60 min (299)

3T3LI tolbutamide 1.5 mM 1-3 days (297,298)

BC3H1 tolbutamide 2-3mM 20h (294)
tolbutamide | mM 30 min (293)
glipizide 4 uM 20h (294)
glyburide 4 uM 20h (294)
glyburide 20-100uM 30 min (293)

L6 cells glyburide 2ug/ml 4-6 h (295)
glyburide lpug/ml 2-6 h (296)

tolazamide 0.6 mg/ml 22h (289)




of hepatic glucose output although total glucose uptake with both low and high insulin doses was
greater with the glipizide therapy (304). These findings suggest that the increase in glucose
disposal seen with sulfonylurea treatment was not due to a decrease in hepatic glucose
production but to peripheral glucose uptake. In NIDDM patients however long term sulfonylurea

therapy resulted in a significant reduction of hepatic glucose production (271,272,305).

2.3.4 Effect on glucose transport in the intestine

Sulfonylureas may reduce the absorption of ingested glucose by the small intestine.
Using an isolated in_vitro preparation of a complete functional intestinal-pancreatic unit it was
found that gliclazide at levels likely to be found in the gastrointestinal tract (200 pg/ml) reduced
the transport of glucose across the intestinal lumen in either direction. This was due to an
increase in the metabolic utilization of glucose by the intestine (306). However the importance of
this finding is not known and apart from this study the same issue has not been addressed by

other investigators.

2.3.5 Other effects of sulfonylureas

In diabetes plasma fibrinolytic activity is decreased, excessive platelet aggregation and
adhensiveness is also observed and plasma thrombotic activity is increased. The novel
sulfonylurea gliclazide has been reported to correct the decrease in plasma fibrinolytic activity
(probably via the inhibitor of plasminogen), correct excessive platelet aggregation and
adhesiveness and reduce the increased thrombotic activity of diabetes (307). These potentially
anti-atherogenic properties have been attributed to the unique side group of this agent ( see
Figure 2.1) since they appear to be independent of changes in glucose concentration (308).
Although it has been suggested that these effects may have direct benefit to decrease the vascular

complications of diabetes, this remains to be proved.



2.4 SULFONYLUREA SIGNALLING

2.4.1 The sulfonylurea receptor

Early studies suggested that the family of sulfonylurea compounds initiate their signalling
events by binding to specific sites at the plasma membrane. The existence of a specific binding
site for sulfonylureas at the plasma membrane of B-cells was demonstrated initially by using
radioactive sulfonylurea compounds. These sites were characterized in various insulin secreting
beta cell lines such as RIN m5F and HIT cells and isolated pancreatic $—cells using
[3H]glyburide (309,310). The binding of the radioactive sulfonylurea compound was saturable
and competitively inhibited by other sulfonylureas such as glipizide, tolbutamide or tolazamide.
High and low affinity binding sites were identified (311). Subsequently it was found, using 86
Rb efflux and the patch-clamp technique, both of which permit the study of K+ flux, that
sulfonylureas inhibit the efflux of Kt ions from B-cells via channels with the characteristics of
ATP-dependent K+ channels (309,312). The order of potency of sulfonylurca compounds in
binding to B—cells correlated well with their potency to inhibit the eftlux of K+ ions and to

stimulate the release of insulin in vivo (309).

All the above studies indicated that ATP-sensitive K+ channels and sulfonylurea
receptors were functionally linked although it was not clear whether these constituted a single
entity. It was proposed however based on biochemical studies that the ATP-sensitive K+ channel
contained a sulfonylurea binding domain, as well as a binding site for K+ channel openers,
which include pharmacological agents used in cases of excessive insulin secretion such as in
insulinomas, and two or more nucleotide binding sites that can discriminate between ATP and
ADP.

In peripheral tissues such as muscle and adipocytes the existence of sulfonylurea binding
sites has been difficult to prove probably because their abundance is much less compared to B—
cells and /or differences in their affinity for sulfonylurea compounds. Studies have shown that
different subtypes of ATP-sensitive K+ channels exist with different seasitivities to inhibition by

sulfonylureas (313,314). Thus in insulinoma cells the kd of sulfonylurea hypoglycemic drugs
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for half maximal inhibition of [3H]glyburide binding is 0.1-0.2 nM while in cardiac cells it is 2
nM and, in skeletal muscle cells it is 200 nM (314). The presence of sultonylurea binding sites in
peripheral tissues has been investigated not only with binding studies using [3H] glyburide
(301), but also using the 86 Rb efflux, and the patch-clamp technique. [3H]glyburide was
found to bind to adipocyte membranes at specific saturable sites suggesting that a specific
sulfonylurea binding protein is present in plasma membrane of adipocytes that possibly plays a
role in the extrapancreatic effects of sulfonylurcas (301). Similarly high atfinity binding sites for
sulfonylureas were identified in avian and mammalian heart cells (315). In cardiac muscie (316),
frog skeletal muscle fibres (317,318), mouse skeletal muscle (314,319), as well as in human
skeletal muscle (314,320) ATP-sensitive K+ channel activity was measured by patch-clamping
and found to be inhibited by sulfonylureas.

In contrast to these studies, Rajan et al could not detect a functional high affinity
sulfonylurea receptor in plasma membranes from rat adipocytes and 3T3-L1 cells by either
iodinated glyburide binding or 86 Rb eftlux (321).

Glyburide and 5-iodo-2-hydroxy-"glyburide™, an iodinated derivative of glyburide, in
HIT cell membranes could be cross-linked by photolabelling to a protein with an apparent
molecular size of 140 kDa which most likely represented the sulfonylurea receptor (311). Using
this iodinated derivative of glyburide the sulfonylurea receptor was recently purified from HIT
TIS cells, its amino terminus was sequenced and primers were designed and used to clone the
sulfonylurea receptor cDNA by screening a cDNA library from an a-cell line initially and then
RINmSF and HIT T15 cell libraries (322). This cDNA was found to encode the rat and hamster
high affinity sulfonylurca receptor. Cells (COSm6) transfected with the rat or hamster
sulfonylurea receptor cDNA were found to express a 140 kDa band that comigrated with native
sulfonylurea receptor from HIT cells and specific photolabelling was specifically inhibited by
elyburide. The sultfonylurea receptor appears to be a member of the traftic ATPase also known
as the ATP-binding-cassette(ABC) transporter superfamily (322). The molecule has nine
membrane spanning regions and two nucleotide binding folds. It also has 3 potential protein

kinase A and 20 potential protein kinase C phosphorylation sites consistent with the suggestion



that phosphorylation alters the affinity of the receptor for various ligands and regulates the
activity of the ATP-sensitive K+ channel. Preliminary eftorts to assay sulfonylurea receptor for
ATP-sensitive K+ channel activity were negative. Microinjection of sulfonylurea receptor into
Xenopus oocytes and patch clamping studies did not show any new K+current suggesting either
that recombinant sulfonylurea receptor does not have intrinsic K+ channel activity or that
Xenopous oocytes are not an adequate background for its expression. It should be noted that at
least in one study the mRNA of the sulfonylurea receptor was present in pancreas, heart and
spleen, but not in skeletal muscle by nortern blotting (322). Further study using PCR will be
helpful to determine whether low levels may be present in other tissues.

Mutations in the sulfonylurea receptor that truncate the second nucleotide binding fold
cause persistent hyperinsulinemic hypoglycemia of infancy (323), a discase associated with
unregulated insulin secretion. Based on this discovery it was hypothesized and predicted by the
investigators who cloned the sulfonylurea receptor that it is an integral part of the ATP-sensitive
K* channel and specifically, it functions as the ATP and ADP sensor (322,323). However,
more recent studies have shown that overexpression of the sulfonylurea receptor in HEK293
cells, although increased sulfonylurea binding 03 H]glibenclamide), did not aftect the magnitude
of the endogenous whole-cell current measured in whole cell patch clamp (324). This result
suggested that the sulfonylurea receptor itselt does not form an ion channel. Furthermore, it was
found that the sulfonylurea receptor can confer sulfonylurea sensitivity on inwardly-rectifying
K+ (Kjr) channels without the development of ATP-sensitivity. It was concluded that the
sulfonylurea receptor is a regulator of multiple Kijr channels and the presence of sulfonylurea
sensitivity cannot be taken to indicate specifically the presence of ATP-sensitive K+ channels.
Furthermore ATP-sensitive channels may exist in certain tissues or cell types which lack

sulfonylurea sensitivity since the regulator protein is not present in all tissues (322).

2.4.2 Mechanism of action of sulfonylureas in the pancreas

The mechanism by which insulin is released from the pancreatic B cells after the increase

in blood glucose levels is shown in Figure 2.2. Pancreatic cells express the GLUT 2 isoform



Figure 2.2. Mechanism of insulin secretion in B-cells and mechanism of

sulfonylurea action
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Glucose is transported into B-cells and metabolized increasing the ATP/ADP ratio which inhibits
the ATP-sensitive K* channels causing depolarization of the plasma membrane. This results in
opening of voltage-sensitive Ca*+ channels, entry of Cat+ ions and exocytosis of insulin.

Sulfonylurea action involves inhibition of ATP-sensitive K+ channels with the rest of the steps
leading to insulin secretion as described above and in the text.



of glucose transporter proteins which, together with the enzyme glucokinase involved in
glucose metabolism, sense the high blood glucose levels. Glucose is transported via GLUT 2
into the pancreatic 3-cells where it is metabolized. The rate limiting step in its metabolism is the
phosphorylation catalysed by glucokinase. Glycolysis and glucose oxidation increase the
intracellular concentration of ATP and thus the ATP/ADP ratio which regulates the ATP-sensitive
K+ channels found at the —cell plasma membrane. Under normal physiological circumstances
these channels allow the exit of K+ from the cytoplasm to the extracellular space. The ATP-
sensitive channels are inhibited by ATP, the open state probability of the channels is decreased
and therefore K+ builds up inside the cells which leads to cell membrane depolarization. The
change in membrane potential affects the voltage-sensitive Ca++ channels located at the plasma
membrane. These Ca++ channels open and Cat+ flows into the cytoplasm from the extracellular
space. The increased Ca++ levels result in exocytotic events and insulin release.

Sultonylureas stimulate insulin secretion by the pancreas via a signalling pathway shown
in Figure 2.2. Binding of sulfonylureas to sulfonylurea receptor results in modulation of the
ATP-sensitive K+ channels. The open state probability of the channel is reduced, and therefore
the efflux of K+ ions is inhibited. The events that follow are similar to those described above and
result in insulin secretion.

Although the mechanism by which sulfonylureas act on B-pancreatic cells has been
extensively studied, the mode and mechanism(s) of action of sultonylurca compounds on
peripheral tissues are not clear. Several possible mechanisms of peripheral sulfonylurea action

are discussed in the tollowing section.
2.4.3 Possible mechanism of action of sulfonylureas in peripheral tissues.

2.4.3.1 Effect of sulfonylureas on insulin binding and insulin receptor kinase

activity.

In vivo and in vitro studies in humans and in animal models of diabetes have shown that
sulfonylureas in peripheral tissues act both at the level of the insulin receptor (263) and at post-

insulin receptor sites in various tissues (287).



There are some reports (279,286,325) showing that sulfonylureas have an effect on
insulin receptor number and/or affinity in peripheral tissucs of NIDDM patients which is
correlated with the efticacy of these drugs. However, the same improvement in insulin binding
after sulfonylurea treatment is not observed in all studies (300,326) and its relative importance is
unclear. Ip_vivo studies in NIDDM patients who were treated for 3 months with sulfonylurecas
showed no changes in the mean receptor concentration of either monocytes or erythrocytes
(327). Muscle biopsies of NIDDM patients treated with gliclazide for 2 months showed no
changes in insulin receptor number and no difference in basal and insulin-stimulated tyrosine
kinase activity (303,328). Similarly subcutaneous fat biopsies of NIDDM patients treated with
glyburide for 3 months showed no changes in insulin receptor number (329).

Contradictory results have also been observed in vitro. In 3T3-L1 adipocyltes exposure o
tolbutamide(1.5 mM) for 2-3 days resulted in an increase in insulin receptor number (150-250%
of control) without any changes in the affinity of the receptor for insulin (298). Similar exposure
(20-44h) of rat cpidydimal adipose tissuc to tolazamide did not affect either insulin recepor
number or affinity (300). Tolbutamide (3 mM) treatment of BC3H1 cells also had no effect on

insulin binding (294). The reasons for the discrepancies observed both in_vivo and in vitro

studies are not clear and may be due to ditferences in experimental techniques, variations in the
doses of the drugs used, differences in the patient populations or in the tissue culture system
used. Overall, these data suggest that sulfonylureas in peripheral tissues act at a post binding

step.

2.43.2 Effect on glucose transport and glucose transporters

Many in vitro studies of insulin target tissues have shown that sulfonylureas have a
direct effect to increase glucose transport. The mechanism whereby sulfonylureas stimulate
glucose transport is uncertain. One potential postreceplor mechanism of action of sultonylureas
is an effect on cellular glucose transporters. In rat adipocytes glyburide exposure for 48 h

resulted in a potentiation of insulin-stimulated glucose transport which was correlated with a
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potentiation of insulin-induced recruitment of glucose transporters from an intracellular
microsomal pool to the plasma membrane as measured by cytochalasin B binding (330). The
total cellular content of GLUT1 mRNA and protein levels was increased by tolazamide treatment
in L6 cells (291). Similar increases in GLUT] mRNA and protein levels were also seen in
3T3L1 adipocytes treated with tolbutamide (297) without any changes in GLUT4 mRNA or
protein levels. The lack of change in GLUT4 levels was also evident in muscles from insulin
resistant ( high fat-high sucrose diet induced) rats that had been treated with glyburide for 10
days (331). Glimepiride, another sulfonylurea drug has been shown to directly stimulate glucose
transport in insulin resistant rat adipocytes (induced by high glucose and high insulin) which was
due to the stimulation of GLUT! and GLUT4 glucose transporter translocation (332).
Furthermore in that study it was suggested that the molecular site of glimepiride action is related
to GLUT4 phosphorylation /dephosphorylation as glimepiride reduced the clevated GLUT4
phosphorylation observated in resistant adipocytes (332). The same group of investigators in
more recent studies tound correlations between sulfonylurea-induced stimulation of glucose
transport and cAMP degradation/protein kinase A inhibition, and they proposed that the
stimulation of glucose utilization by sulfonylureas is mediated by a decrease of cAMP-dependent
phosphorylation of GLUT4 (333). In the study presented in the following chapter it was found
that gliclazide and glyburide treatment of L6 muscle cells increases glucose transport by an
apparently different mechanism; i.e, by increasing the GLUT! transporter levels by a
posttranslational mechanism that possibly involve the stabilization of this transporter at the

plasma membrane.

24.3.3 Role of PKC in the sulfonylurea-induced increase in glucose transport

There are some reports suggesting that the action of sulfonylurcas to increase glucose
transport in peripheral insulin target tissues is mediated by the activation of PKC. Evidence
comes from studies in which the glucose transport effects of glyburide and tolazamide in rat

adipocytes were blocked by three different PKC inhibitors (staurosporine, H-7 and
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sangivamycin) and by phorbol ester induced-downregulation of PKC (299). In BC3H1 and L6
muscle cells the tolbutamide- and glyburide-induced increase in glucose transport was blocked
by staurosporine and PKC depietion (293,295). It is worth noting that in all these studies in
which a PKC-mediated effect of sulfonylureas on glucose transport was observed the effect of
sulfonylurea was more acute(4 hours) in contrast to the chronic effect (24-48 hours) of

sulfonylureas on glucose transport seen in most studies.

2.5 SUMMARY

Sulfonylurea drugs have represented the backbone of oral hypoglycemic therapy in
NIDDM for many years. These drugs act on the pancreas and increase the release of insulin
contributing in this way to the reduction of blood glucose levels. In addition to these pancreatic
effects sulfonylureas have been reported to act directly on peripheral insulin target tissues to
stimulate the uptake of glucose (Figure 2.3). Furthermore additional direct effects of
sulfonylureas which may reduce diabetic complications have been suggested in various studies.
The mechanism of the pancreatic action of sulfonylureas involves binding of the drugs to specitic
sites on the B-cell plasma membrane, identificd as sultonylurea receptors, which leads to
inhibition of K+ ion efflux through ATP-sensitive K+ channels, membrane depolarization and
initiation of events resulting in insulin secretion. The mechanism however mediating the
extrapancreatic action of sulfonylureas is not clear, and it is not known whether similar events
that take place in B-cell also take place in peripheral tissues. Most likely the action of
sulfonylureas in peripheral insulin target tissues is not mediated at the insulin receptor but at
“postreceptor’ sites. It is expected that progress in this field will lead to a full understanding of

the effects and mechanism of action of sulfonylureas.
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Figure 2.3 Action of sulfonylureas in NIDDM

Sulfonylureas
?
&9)
y Insulin Resistance B cell / K* channel
Y
Diabetic
Complications
v
-
/
Pl .
y [lasma [Glucose] A Insulin Secretion

Lipolysis
Y
Y Hepatic Glucose Output

A Glucose clearance

Sulfonylureas act on B-cell to increase insulin release, on peripheral tissues to ameliorate insulin
resistance and may also have direct effects to reduce diabetic complications.



CHAPTER 3

EFFECTS OF THE SULFONYLUREAS GLICLAZIDE AND GLYBURIDE ON
GLUCOSE TRANSPORT AND GLUCOSE TRANSPORTERS IN MUSCLE
CELLS
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3.1 ABSTRACT

Many studies suggest that sulfonylureas (SU) have direct extra-pancreatic actions. The
action of gliclazide, a new SU, was examined and compared to that of glyburide in L6
myotubes, an jn vitro model of skeletal muscle. Gliclazide and glyburide increased 2-deoxy-D-
glucose (2DG) uptake in a time and dose-dependent fashion after 24 h to a maximum of 179%
and 202% of basal levels respectively (p<0.001). Acute (30 min) insulin ( 10-7M) stimulated
2DG uptake to similar levels (203% of basal) but this effect was absent after maximum
stimulation by SU. Sulfonylurea action did not require insulin and was not blocked by the
protein synthesis inhibitor cycloheximide. To investigate the mechanism of stimulation of 2DG
uptake, cells were fractionated and total, plasma membrane (PM) and internal membrane (IM)
levels of glucose transporter (GLUT) isoforms were determined by immunoblotting. Both drugs
significantly (p<0.05) increased the total content (1.7 fold) and PM (1.8 fold) level of GLUT]I
with no change in IM. Total content and PM levels of GLUT4 and GLUT3 did not change
. It is concluded that the stimulation of glucose uptake in L6 cells by gliclazide and glyburide is
not associated with a redistribution but rather an increase in total membrane content and PM level
of GLUT 1 which is independent of protein synthesis. These data suggest a novel action of

sulfonylureas to stabilize the GLUT]! protein at the plasma membrane.
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3.2 INTRODUCTION

Although evidence exists supporting the extra-pancreatic actions of sulfonylureas this
issue is still controversial and needs further clarification (247). Furthermore, the molecular
mechanism of action of sulfonylurea compounds to increase glucose disposal by peripheral
tissues is not known and it is not clear whether endogenous insulin is required. In jn_vitro
studies, various sulfonylurea compounds; i.e., tolazamide, tolbutamide and glyburide, have been
shown to increase glucose uptake in primary cell cultures (292,299,300) as well as different
adipocyte (297,298) and muscle cell lines (291,293-295) as it is discussed in section 2.3.2. and
shown in Table 2.2,

Gliclazide is a new, second generation sulfonylurea drug with a different structure
(shown in Figure 2.1) and a prominent effect on first phase insulin release (248,273,276), that
has not been studied extensively. In order to determine whether gliclazide has any unique and
direct extra-pancreatic effect to stimulate glucose uptake, the effects of both gliclazide and
glyburide on glucose uptake and glucose transporter distribution was examined in L6 skeletal
muscle cells, an in vitro model of rat skeletal muscle discussed in section 1.S5.

In this study, it is demonstrated that gliclazide and glyburide can act in a time- and
concentration-dependent manner, independently of insulin Lo stimulate glucose transport in L6
myotubes. This action was associated with an increase in the plasma membrane levels of the

GLUT!I glucose transporter isoform apparently mediated by a posttranslational mechanism.

3.3 MATERIALS AND METHODS

3.3.1 Materials
Alpha-minimum essential medium (ax-MEM), fetal bovine serum (FBS) and antibiotics
were obtained from Gibco (Burlington, ON, Canada). HEPES, bovine serum albumin (BSA),

Tris base, protease inhibitors, 2-deoxy-D-glucose, cycloheximide and cytochalasin B were

purchased from Sigma (St. Louis, MO). D-glucose, KCIl, NaCl and CaCly were from BDH
(Toronto, ON, Canada). Dimethyl sulfoxide (DMSO) and MgSO4 were from Anachcmia
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(Mississauga, ON, Canada). 2—Deoxy-[3H]-glucose was purchased from New England Nuclear
(Boston, MA) and human insulin was a gift from Eli Lilly (Indianapolis, IN). Gliclazide was
kindly provided by Servier (Neuilly-Sur-Seine Cedex, France) and Glyburide by Hoechst
(Varennes, QC, Canada). Rabbit anti-rat GLUT1 and GLUT4 antibodies were purchased from
East Acres Biologicals (Southbridge, MA). Rabbit anti-mouse GLUT3 was a kind gift from Dr.
I. Simpson (NIH, Bethesda, MD). [125I]-pr0[ein A was purchased from ICN (Costa Mesa,
CA).

3.3.2 Cell cultures and Drug treatment.

L6 cells (kindly provided by Dr. A. Klip) were grown and maintained in a-MEM
containing 5 mM glucose, 2% (v/v) FBS and 1% (v/v) antibiotic-antimycotic solution (final
concentrations: 100 units/ml penicillin, 100 ug/ml streptomycin, 250 ng/ml amphotericin-B) ina
humidified atmosphere of 5% C02:95% air at 370C. The cells were fed fresh medium every 48 h
and were allowed to reach confluence, align and fuse into myotubes before being used for
experiments. All experiments were conducted on cells below passage 12. The cells were grown
in 6 well plates for glucose transport measurements or in 15 cm diameter dishes for preparation
of membrane fractions for 7 days.

In all experiments the cells were incubated in medium containing 15 mM D-glucose for a
total of 48 h before the glucose uptake assay or the preparation of the membrane fractions. These
levels of glucose mimic those commonly found in individuals with poorly controlled NIDDM
and it has been shown to lower plasma membrane GLUTT levels in L6 cells (334).

Gliclazide and glyburide stock solutions were prepared using DMSO and subsequently
diluted with a-MEM before application to the cells. The final concentration of gliclazide or
glyburide in the incubation medium and the time of incubation are indicated in each figure. In the
untreated, control cells the same volume of diluent was added to match the DMSO concentrations
in the drug-treated cells. To determine the acute insulin response, the drug-treated and control

cells were incubated with 10-7 M insulin for 30 min before the glucose uptake assay.
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3.3.3 Glucose uptake (2-deoxyglucose uptake assay).

At the end of the incubation of the cells with the different stimuli, the medium was
removed, the cells were rinsed twice with HEPES-butfered saline solution (HBS) (140 mM
NaCl, 5 mM KCl, 20 mM HEPES, 2.5 mM MgSQO4, ImM CaClj, pH 7.4) and subsequently
glucose uptake was measured in HBS containing 10 uM 2-De0xy—D-[3H]-glucose (1 pCi/ml)
for 5 min at 229C. It has been previously shown (220) and I confirmed in preliminary
experiments (not shown) that the uptake of glucose in L6 skeletal muscle cells is linear for at
least 30 min under basal and insulin-stimulated conditions. The glucose uptake assay was
terminated by washing the cells 3 times with 3 ml of ice-cold 0.95% saline solution followed by
solubilization of the cells with 0.05 N NaOH and radioactivity was determined by scintillation
counting. For the non-carrier mediated glucose transport cytochalasin B (CB), a fungal alkaloid
that binds to glucose transporters and blocks their glucose transport capacity, at final
concentration [0 uM was used in parallel wells. Carrier-mediated glucose uptake was determined
after subtraction of the non-specific (presence of CB) from the total (absence of CB) uptake. All
experiments were assayed in triplicate and performed at least 4 times. Basal glucose uptake
varied somewhat over the course of the entire study ranging from 5.3 to 17.2 pmol/mg/min. For
each series of experiments the control and treated cells were assayed in parallel and the intraassay

coefficient of variation was <7.1%.

3.3.4 Preparation of membrane fractions.

Cells grown in 15 cm diameter dishes were incubated in medium containing 15 mM
glucose for 24 h followed by 24 h incubation in the same medium with or without 100 uM
glyburide or 4 mM gliclazide. After this incubation period myotubes were gently scraped in their
own incubation medium with a rubber policeman, centrifuged (700xg tor 8 min) and placed on
ice. All subsequent steps were done at 40C. The cell petlet was resuspended in homogenization
buffer (250 mM sucrose, 20 mM HEPES pH 7.4, 2 mM EGTA, 3 mM NaN3 and treshly added
protease inhibitors : 200 puM phenylmethylsulfonylfluoride (PMSF), 10 uM trans-
epoxysuccinyl-L-leucyl amido [4-guanidinojbutane (E-64), luM leupeptin, IuM pepstatin A),



and homogenized with 20 strokes in a 40 ml glass Dounce type A homogenizer. The homogenate
was centrifuged at 1,000 x g for 5 min. The pellet (P1) was re-homogenized and centrifuged at
1,000 x g for 5 min. The pellet (P2) was discarded and the supernatants SN1 and SN2 were
pooled and an aliquot used to obtain total membranes (TM) by centrifugation at 177,000 x g for
60 min. The remaining supernatant (SN1 and SN2) was centrifuged at 31,000 x g for 60 min.
The resulting supernatant (SN3) was used to collect intemal membranes (IM) by centrifugation
at 177,000 x g for 60 min (P4). The 31,000 x g pellet (P3) was gently rinsed without disturbing
with homogenization buffer and then resuspended in the same buffer to a final volume of 3 ml
using a Wheaton 5 mi teflon glass homogenizer. Pellet 3 was placed on a discontinous sucrose
gradient of 3 ml cach of 32%, 40% and S0% (w/w) sucrose solution in 20 mM HEPES pH 7.4.
The membranes banded on top of the 32% sucrose layer at the 32%/40% and at the 40%/50%
sucrose interfaces were collected and pelleted. Membrances isolated atop the 32% sucrose layer
are enriched in plasma membrane markers and therefore this fraction is denoted plasma

membrane (PM). Membrane protein was determined by the Bicinchoninic acid method (335).

3.3.5§ Immunoblotting.

Samples of total membranes, plasma membrane and intracellular membrane fractions
were solubilized in eclectrophoresis sample buffer and separated by SDS-polyacrylamide gel
electrophoresis. The samples were subsequently transferred electrophoretically to PVDF
(polyvinylidene difluoride, BIORAD) membranes. The membranes were incubated for 1 h at
room temperature with 3% (w/v) BSA in Tris-buffered saline containing 0.04% NP-40 (buffer
A) and then incubated overnight at 4 OC with anti GLUT4 polyclonal antibody R&820 (1:500
dilution), anti-GLUT 1 polyclonal antibody (1:1000 dilution), or anti-GLUT3 antibody (:500
dilution) in the same buffer. Primary antibodies were detected with 1 uCi/10 ml [1251]-labelled
protein A and were visualized by autoradiography using Kodak XAR-S5 film and quantified by

laser scanning densitometry.
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Statistical analysis

Results are presented as mean + SEM. The significance of the differences between

groups was determined using analysis of variance (ANOVA).

34 RESULTS

3.4.1 Time-dependent effect of gliclazide and glyburide on glucose uptake.
Incubation of L6 myotubes with 4 mM gliclazide (Figure 3.1.A) or 100 uM glyburide
(Figure 3.1.B) resulted in the stimulation of glucose uptake in a time-dependent manner. Both
sulfonylureas increased glucose uptake in L6 cells to significant levels within 12-24 h of
incubation. Maximum stimulation by both sulfonylurcas was obscrved by 24 h and in all
subsequent experiments 24 h incubation with the two agents was used. It should be noted that
the non-carrier mediated glucose uptake determined as cytochalasin B non-inhibitable uptake was

less than 5% of the total uptake and was not affected by drug treatment.

3.4.2 Concentration-dependent effect of gliclazide and glyburide on glucose
uptake

The effect of gliclazide and glyburide on glucose uptake was dose-dependent (Figure
3.2.A and 3.2.B). Significant increases in glucose uptake were secen with 4 mM gliclazide
(17.2+1.2 pmol/mg/min vs control 11.0+0.8 pmol/mg/min, p<0.05) and 50 uM glyburide
(15.7£1.1 pmol/mg/min vs control 12.5+0.8 pmol/mg/min, p<0.05). Maximum stimulation by
gliclazide (19.7%1.5 pmol/mg/min p<0.001) and glyburide (25.3+£2.6 pmol/mg/min (p<0.001))
was rcached at concentrations of 8 mM and 500 uM respectively. Higher concentrations, up to
10 mM gliclazide and 1000 uM glyburide did not result in any greater stimulation of glucose
uptake (data not shown). To determine whether the "hyperglycemic” medium containing 15 mM
glucose influenced this action, the experiments were repeated using S mM glucose containing
medium. The stimulation of glucose transport above control values induced by gliclazide and
glyburide treatment was of similar magnitude (data not shown) suggesting that glycemia does

not influence the net effect of the drugs. Additionally, the presence of the two sulfonylureas did



Figure 3.1 Effect of gliclazide (A) and glyburide (B) on 2-deoxyglucose
uptake in L6 myotubes. Time-course
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L6 myotubes were incubated in a-MEM containing 15 mM glucose and 4 mM gliclazide (A) or
100 uM glyburide (B) at 37 OC for the time indicated. At the end of the incubation period,
glucose uptake was determined as described in Materials and Methods. The results (mean+SE)
are from 4-9 independent experiments each performed in triplicate. (*, p<0.05, **, p<0.001).
Note that both sulfonylureas required long incubation time to increase glucose uptake.
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Figure 3.2 Effect of gliclazide (A) and glyburide (B) on 2-deoxyglucose
uptake in L6 myotubes. Dose-response
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Cells were incubated with the indicated concentrations of gliclazide and glyburide for 24 hat 37
OC followed by assay of glucose uptake. The results shown are the meantSE of 4-9
independent experiments each performed in triplicate. (***, p<0.001). Note that gliclazide
stimulated glucose uptake at concentrations much higher than that of glyburide.
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not alter the level of glucose in the medium (as measured by the Beckman method) throughout
the duration of the incubations. Cell viability, as measured by trypan blue staining, was not

affected by drug treatment.

3.4.3 Effect of sulfonylurea treatment on insulin-stimulated glucose uptake
To investigate whether sulfonylurea action to increase glucose uptake aftfects the acute
insulin-induced increase in glucose uptake the interaction between acute insulin exposure and
sulfonylurea treatment was examined (Figure 3.3). Insulin was added to the cells for 30 min
before the measurement of glucose uptake in the control and drug pre-treated cells. Drug
treatment was continued in parallel with insulin treatment. Insulin alone at 10-7 M for 30 min
resulted in a significant increase in glucose uptake (203+£10.43% of control, p<0.001).
Treatment of myotubes for 24 h with gliclazide (8 mM) or glyburide (100 uM) alone or with
insulin added for the final 30 min resulted in a significant increase in glucose uptake above
basal values. No statistically significant differences were observed between the responses of
cells treated with insulin or sulfonylurca alone and those treated with both agents (Figure 3.3).
Thus there was no apparent additivity or potentiation of insulin response when combined with
sulfonylurea and the sulfonylurea actions did not require the presence of insulin. It should be
noted that the cells were cultured and exposed to the sulfonylureas in the presence of 2% (v/v)
FBS which may contain a small amount of insulin. Thus the concentration of insulin in the FBS
employed (Gibco Lot No. 42N7125) was measured by radioimmunoassay and was 30 pM
resulting in a final concentration of 0.6 pM in the medium. Although this concentration of insulin
does not appear to have acute effects on glucose transport or transporters in L6 cells ((220) and
data not shown) it could not be ruled out that this marginal amount of insulin was required to
observe the effects of the sulfonylurca compounds. Thus in scparate experiments L6 cells were
exposed to 4 mM gliclazide or 100 pM glyburide in culture medium in the absence ot FBS for 24
h. The sulfonylureas increased glucose uptake to a similar extent, 153% (gliclazide) and 185%

(glyburide) of control.



Figure 3.3 Effect of sulfonylurea treatment on basal and insulin-stimulated
glucose uptake
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After 24 h treatment with sulfonylureas (as described in the legend to Figure 3.1) the myotubes

were incubated with (shaded bars) or without (open bars) 10-7 M insulin for 30 min followed by
assay of glucose uptake. The results shown are the mean+SE of 6-7 independent experiments
performed in triplicate. *, p<0.05, **, p<0.01, ***, p<0.001 all compared to untreated control.
NS, not significant. Note that there was no additivity or potentiation of insulin response when
combined with sulfonylureas.



3.4.4 Effect of cycloheximide on gliclazide and glyburide-stimulated glucose
uptake

The relatively long incubation required to observe a significant response of the cells o
gliclazide or glyburide (Figure 3.1) suggested that the two agents might induce the synthesis of a
protein relevant for the stimulation ot glucose uptake. To test this hypothesis the effect of the
two agents in the presence of 1 pg/ml cycloheximide (CHX), an inhibitor of protein synthesis
was examined. Cycloheximide alone decreased the basal glucose uptake to a value of 71£15.3%
of control (p=0.143) in 24 h. The stimulation of glucose uptake was 175%17.8% and
179£21.4% of control in the absence of cycloheximide with 8 mM gliclazide and 100 pM
glyburide respectively, and a stimulation of similar magnitude, 15325 % and 157+41% of
control (without CHX) was found in the presence of the drugs co-incubated with 1 pg/ml of
cycloheximide (Figure 3.4). This concentration of cycloheximide has previously been
demonstrated to effectively block protein synthesis over 24 h in L6 cells as measured by 35s-
methionine incorporation into protein (252), which was confirmed in the present study by
measurements of 3H-leucine incorporation (data not shown). Thus, although the basal glucose
uptake was partially inhibited by cycloheximide, the increase in glucose uptake induced by
gliclazide and glyburide was not prevented. These results suggest that the increase in glucose

uptake induced by gliclazide and glyburide is not dependent on protein synthesis.

3.4.6 Effect of gliclazide and glyburide on glucose transporter levels and
distribution

To investigate the mechanism of action of the sulfonylureas the effect of gliclazide and
glyburide on glucose transporter levels and their subcellular distribution was examined. Total
membranes, internal membranes and plasma membranes from control and gliclazide- or
glyburide-treated myotubes were prepared as described in Mcthods. The proteins in each fraction
were separated by SDS-PAGE, transferred to PVDF membranes and examined by
immunoblotting with specific antibodics against the different glucose transporter isoforms. A

representative western blot is shown in Figure 3.5.



Figure 3.4 Effect of cycloheximide (CHX) on basal and gliclazide or
glyburide-stimulated glucose uptake in L6 myotubes
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The cells were incubated with 8 mM gliclazide or 100 uM glyburide with (hatched bars) or
without (open bars) I pg/ml CHX for 24 h. Control cells were also incubated with or without
lpg/ml CHX under exactly the same conditions. The results are the mean+SE of 4-7
independent experiments performed in triplicate. *, p<0.05, compared to untreated control. NS,
not significant. Note that cycloheximide did not affect the response of the cells to sulfonylureas

used.



Figure 3.5 Effect of gliclazide and glyburide on the levels and distribution of
glucose transporters in L6 skeletal muscle cells
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L6 myotubes were cultured and treated as described in the legend to Fig. 3.1 with 4 mM
gliclazide (Gli) or 100 uM glyburide (Gly) for 24 h. At the end of this incubation total membrane
(TM), internal membrane (IM) and plasma membrane fractions from L6 myotubes were
prepared as described in Materials and Methods and immunoblotted using the antibodics against
the different glucose transporter isoforms. Results shown are from a representative of 8 separate
experiments. The relative intensities of the bands were determined by laser densitometry and
corrected for protein. The values are expressed in arbitary units relative to control=1,and
were:GLUT1-PM, Gly 2.9, Gli 3.1; IM, Gly 1.0, Gli 0.7; TM, Gly 2.0, Gli 1.6; GLUT3-PM,
Gly 1.0, Gli 0.8; IM, Gly 0.6, Gli 0.6; T™M, Gly 0.9, Gli 0.6: GLUT4-PM, Gly 1.4, Gii 1.6;
IM, Gly 1.2, Gli 0.6; TM, Gly 2.0, Gli 1.0.
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The results of 8 independent experiments (expressed in arbitrary densitometric unilts,
mean+SE, and normalized for control=1) demonstrated significant increases in total membrane
GLUT! levels with both gliclazide and glyburide treatment (1.66+0.24 and 1.74+0.09 told
respectively compared to control untreated cells (p<0.05)) (Figure 3.6). No significant changes
in the levels of GLUT4 were seen with gliclazide or glyburide treatment in total membranes
while the levels of GLUT3 show a small but significant decrease in this fraction only in
response to gliclazide (Figure 3.6). Gliclazide and glyburide significantly increased the GLUTI
levels in the plasma membrane fraction (1.80+0.33 and 1.81%0.32 fold compared to control
respectively (p<0.01)) (Figure 3.7). No significant changes in the levels of GLUT3 and GLUT4
elucose transporter isoforms were observed in the plasma membrane fraction in response to
sulfonylurea treatment (Figure 3.7). No changes were seen in the internal membrane fraction in
GLUT! transporters but there was an apparent decrease of GLUT3 levels in this fraction in
response to both agents (Table 3.1). There was also a significant decrease in GLUT4 levels in

the internal membrane fraction only after gliclazide exposure (Table 3.1).

3.4.7 Effect of cycloheximide on glyburide-induced increase in plasma
membrane GLUT1

The extent of the specific increase in plasma membrane levels of GLUT! stimulated by
the sulfonylurcas was similar to that of glucose uptake and suggested that this transporter
isoform was responsible for the observed increase in glucose uptake. To further investigate this
correlation the effect of cycloheximide on the glyburide-induced increase in plasma membrane
GLUTI was determined. While 1 pg/ml cycloheximide alone did not significantly alter the
plasma membrane content of GLUT! protein, exposure of cells for 24 h to 100 uM glyburide
resulted in a similar fold increase (expressed in arbitrary densitometric units, mean+SE, and
normalized for control=1) in plasma membrane GLUT] in the absence (2.81 £0.11) and
presence (2.82 % ().23) of cycloheximide (Figure 3.8) (p <0.001 for both compared with

control). Total membrane GLUTI levels were not significantly changed in the presence ol
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Figure 3.6 Effect of gliclazide and glyburide on the total levels of glucose
transporters in L6 skeletal muscle cells
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Total membranes from control (open bars), gliclazide (hatched bars) or glyburide (shaded bars)
treated cells were prepared and immunoblotted using the different anti-glucose transporter
antibodies as described in Methods. The results shown are the mean+SE of 8 independent
experiments. Gliclazide and glyburide caused a significant increase in total membrane levels of
GLUTI, 1.66+0.24 and 1.74+0.09 fold respectively compared to untreated control cells. **,
p<0.01. Note that GLUT 4 levels did not change and that there was a decrease in GLUT 3 levels
with gliclazide only.
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Figure 3.7 Effect of gliclazide and glyburide on the plasma membrane levels
of glucose transporters in L6 skeletal muscle cells
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Plasma membranes (PM) from control (open bars), gliclazide (hatched bars) or glyburide
(shaded bars) treated L6 cells were prepared and immunoblotted using specific anti-glucose
transporter antibodies as described in Methods. The results shown are the mean+SE of 8
independent experiments. *, p<0.05 compared to untreated control. Note that GLUT! levels
were significantly increased with both sulfonylureas while no significant changes were observed
in GLUT3 and GLUT4 levels.



Table 3.1 Effect of gliclazide and glyburide on the internal membrane levels of
glucose transporters in L6 myotubes.

Internal membranes were prepared from control, gliclazide- or glyburide-treated cells and
immunoblotted using the different anti-glucose transporter antibodies as described in Methods.
The results shown are mean + SE of 8 independent experiments. For each experiment values
were normalized with respect to control untreated cells. (NS: not significant, **, p<(0.01[, ***,
p<0.001). Note that there was a significant decrease in GLUT3 levels with both gliclazide and
glyburide and a decrease in GLUT4 levels with gliclazide only while the levels of GLUT1

glucose transporter were not changed with any of the treatments.

Transporter

Isoform Control Gliclazide Glyburide
GLUT! | 0.98 + 0.22 (NS) 0.99 + 0.10 (NS)
GLUT3 l 047 + 0.07 (*¥**) 0.56 + 0.05 (**)

GLUT4 1 0.51 £0.07 (***) 0.83 £ 0.09 (NS)
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Figure 3.8 Effect of cycloheximide (CHX) on basal and glyburide induced
changes in plasma membrane and internal membrane levels of GLUTI.
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Myotubes were treated without (open bar) or with (cross-hatched bar) 1 pg/ml CHX alone, with
100 uM glyburide alone (shaded grey bar) or the combination of CHX and glyburide (shaded
black bar) for 24 h. Plasma membrane and internal membrane fractions were prepared and
immunoblotted with anti-GLUT1 antibody as described in Methods. Results are the mean + SE
of 3 experiments, each performed in duplicate and normalized to control = 1.0. Glyburide
treatment resulted in a significant increase in plasma membrane GLUT1 content in the absence,
2.81 + 0.10, and the presence, 2.82 * 0.23, of CHX. CHX alone did not alter plasma
membrane GLUT1 level and there were no significant changes in internal membrane
GLUT1.¥**, p < 0.001.
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cycloheximide (arbitrary densitometric units: 1.08+0.23 compared to control). Also internal

membrane levels of GLUT1 were not significantly altered by any of these treatments.

3.5 DISCUSSION

The results of the present study show that the sulfonylureas gliclazide and glyburide have
a direct effect to stimulate glucose uptake in cultured L6 skeletal muscle cells. This action is
dose- and time-dependent requiring several hours of exposure to the drugs. Previous jn vitro
studies with sulfonylureas have yielded in general two patterns of response; that is, an insulin-
independent stimulation of glucose uptake (293,294) or a potentiation of insulin-stimulated
glucose uptake with no effect on basal rates (291,300). Thus, in freshly isolated rat adipocytes,
both a potentiation of acute insulin-stimulated glucose uptake by glyburide (301) and an acute
(30 min) insulin-independent stimulation of glucose uptake by tolbutamide and glyburide (299)
have been reported. In cultured 3T3-L1 adipocytes tolbutamide increased basal glucose uptake
after prolonged exposure, similar to the results presented here (297). In cultured BC3H]1
myoblasts (293) and in aligned but not fully differentiated L6 muscle cells (295) glyburide
acutely (30 min) stimulated glucose uptake independently of insulin. Similar to the results
presented here long term incubation with tolbutamide, glipizide and glyburide increased the
basal glucose uptake in BC3HI myoblasts in the abscnce of insulin (294). In fully differentiated
L6 myotubes Wang and colleagues (291) reported that chronic treatment (22 h) with tolazamide
increased only insulin-stimulated glucose uptake with no effect on basal. Thus the variable
effects may depend, at least in part on the tissue type and the culture model system used, as well
as possibly on the specific drug employed.

In this study a new agent, gliclazide, which has a somewhat different structure and has
been suggested to preferentially stimulate the first phase of insulin release (273,276) was
examined. Comparison of its actions in L6 myotubes with glyburide did not reveal any
significant differences other than the concentrations required to stimulate glucose uptake.
Interestingly there was a 16 fold higher concentration necessary to achieve maximum effects with

gliclazide (8 mM versus 500 pM) compared to glyburide consistent with the ratio of the doses



used in vivo to treat human subjects with NIDDM (80 mg tablet of gliclazide versus 5 mg tablet
of glyburide).

The investigations presented here into the mechanism of the stimulatory effect of the
sulfonylureas revealed that the increased glucose uptake was associated with a significant
increase in total and plasma membrane GLUT! protein without a change in the internal
membrane GLUTI levels. Furthermore, there were no substantial changes observed in total or
plasma membrane GLUT4 or GLUT3. It was also found that cycloheximide while it inhibited
protein synthesis did not inhibit these actions, indicating that new protein synthesis was not
required. The results of Tordjman and colleagues of chronic tolbutamide action in 3T3-L1
adipocytes are very similar to these data (297). Chronic sulfonylurea exposure increased glucose
uptake and total GLUT!1 protein expression in these cells but did not alter total GLUT4. In
addition GLUT]1 steady state mRNA levels were increased. This suggested the possibility of
increased gene expression and transcription. However the etfects of protein synthesis inhibitors
or transcriptional inhibitors were not examined. Furthermore in that study membrane
fractionation was not performed and the distribution of glucose transporters was not examined.
In differentiated L6 muscle cells Wang and colleagues reported that the sulfonylurea tolazamide
increased total GLUTT! protein and GLUTI steady state mRNA levels after 22 h (291). Itis not
clear why at the same time basal glucose uptake was not found to be increased in that study. The
fact that the enhanced basal glucose uptake is associated with an effect on GLUT1 may explain
some of the variable results using ditferent models since the expression of GLUTH jn_vivo (e.g.
freshly isolated adipocytes) and in cultured cells may be different (336). The results presented
here are supported by in vivo data obtained in high sucrose and fat diet-induced insulin resistant
rats treated for 10 days with glyburide (331). An improvement in basal muscle glucose uptake
after glyburide treatment was observed without any changes in total membrane GLUT4 content.
Similarly, GLUT4 mRNA and protein levels were not changed in skeletal muscle of NIDDM
patients treated with gliclazide for 8 weeks (337). GLUT1 was not examined in any of these in
vivo studies. Taken together, the correlation of the increase in both glucose uptake and plasma

membrane GLUT1 content and the lack of inhibition of both effects by cycioheximide strongly



support the notion that the sultonylurea-stimulated increase in GLUT | mediates the stimulation
of glucose uptake. However the possibility that small simultaneous changes in glucose
transporter intrinsic activity may have contributed cannot be excluded.

The observations of the present study showing no change in the distribution of GLUT]1
and no inhibitory effect of cycloheximide suggest that the increase in plasma membrane GLUT!
is not due to translocation of transporters from intracellular stores or new protein synthesis. The
increase in the number of glucose transporters may be due to a prolongation of their half-life.
The data suggest that the sulfonylurecas may causc a decrease in GLUT!1 degradation and a
preferential stabilization of the protein at the plasma membrane. In this context Gorray (296)
reported that glyburide inhibits protein degradation in L6 skeletal muscle cells within 2-6 h. The
results presented in this study indicate that there is likely some specificity associated with this
action. It is also possible that the stabilization of GLUT]1 at the plasma membrane may not be
associated with inhibition of degradation. Total GLUT I levels did not change in the presence of
cycloheximide suggesting that GLUT! has a long half life (also supported by studies in 3T3 L1
adipocytes where GLUT! half life was found to be 19h (338)), and that longer incubation with
cycloheximide is required to see a decrease. Therefore, the increase in plasma membrane GLUTI1
levels with sulfonylureas may be due to inhibition of GLUT1 internalization or acceleration of
GLUTI recycling which may or may not be associated with inhibition of degradation. It is also
possible that GLUT1 transporters are recruited to the plasma membrane from another
intracellular storage pool that is not identified in the present study. Further experiments in the
future are needed to be done to determine the contribution of all the above possibilities in the
increased plasma membrane GLUT] levels in response to sulfonylureas (sce section of overall
discussion for future directions).

The acute effect of insulin on glucose uptake after exposure to the sulfonylurcas was
also studied. The relative effect of insulin appeared blunted but the absolute maximum transport
rates were not different. The acute effect of insulin in L6 myotubes is associated with
translocation of all three glucose transporters GLUT1, GLUT3 and GLUT4 from an internal

pool to the plasma membrane (339,340). The already enhanced plasma membrane GLUT1 and



the reduced internal membrane pool of both GLUT3 and GLUT4 may explain in part the poor
response to insulin after chronic exposure to the sulfonylureas. The significance of the decrease
in the internal membrane compartment of GLUT3 and GLUT4 and the small decrease in total
membrane GLUT 3 in response to' gliclazide remains (o be determined.

The mechanism of the peripheral actions of the sulfonylureas is not known. Some
investigators have demonstrated the activation of protein kinase C by glyburide which correlated
best with the more rapid effects observed (293,299). Davidson (295) demonstrated that in
aligned L6 myoblasts glyburide-stimulated glucose uptake was inhibited by both cycloheximide
and H7 and thus appeared to require protein synthesis and to be mediated by the activation of
protein kinase C. In BC3H1 myoblasts PKC activation was also observed in response to the
sulfonylureas (293). In contrast, the long term action of gliclazide or glyburide could not be
inhibited with the protein kinase C inhibitors staurosporine or H7 (data not shown). The reasons
tor these ditferent results are not clear but the present studies were conducted with differentiated
L6 myotubes and under different culture conditions. It is possible that the state of cellular
differentiation will intluence the response to these drugs.

Another possible mechanism is that similar to their well documented eftects in insulin
secreting B-cells (312), the sulfonylureas act via closure of ATP-sensitive K+ channels in
peripheral tissues. However, it has been difficult to document the existence of these channels in
L6 myoblasts (295). Studics using the patch clamp technique suggest that ATP-sensitive K+
channels exist in frog (318), mouse (314,317,319) and human (320) skeletal muscle but have
decreased sensitivity and different binding affinities for the sulfonylureas compared with these
K* channels in B-cells (314) as it is discussed in 2.4.1. In preliminary experiments it was
found that the effects of the sulfonylureas on glucose uptake in L6 myotubes were not blocked
by cromakalim (data not shown), a sulfonylurca antagonist which opens the ATP-sensitive K+
channels (341,342).

Finally the question of the relevance of these peripheral actions of sulfonylureas to in
vivo glucose homeostasis is not yet answered. This study demonstrates that the ratio of drug

concentrations used in vivo is similar to that found to exert these peripheral effects suggesting a



common mechanism. The relatively high concentrations required jn vitro do not rule out jn vivo
relevance since in many tissue culture systems cells are less responsive to drug and hormone
etfects. This was observed in the case of the hypoglycemic agent metformin in L6 cells (343).
For example the concentration of metformin required to see an effect on glucose transport in L6
cells was 0.8 - 2 mM (maximum stimulation of glucose transport was observed at 5 mM) which
is much higher than the concentration of metformin found in the plasma of people treated with
the drug (12-100 uM) (250). Furthermore, it is not known whether sulfonylurea receptors are
present in L6 cells. One possibility which would explain the higher concentrations required to
see an effect in L6 cells might be a lower affinity of the sulfonylurea receptor or an isoform in
these cells. On the other hand it is also possible that the higher concentration indicate a totally
unrelated mechanism of action. Although in vivo studies are difficult to interpret because of
simultaneous changes in either insulin and/or glucose concentrations, Hirshman and Horton
found that several days of administration of glyburide to normal rats resulted in increased basal

and insulin-stimulated glucose disposal under euglycemic clamp conditions (287).

3.6 CONCLUSIONS

From the results presented in this Chapter it is concluded that there is a direct effect of the
sulfonylureas gliclazide and glyburide to enhance glucose uptake in L6 skeletal muscle cells in
vitro independent of insulin, associated with an increased level of total and plasma membrane
GLUT]I. In addition there is no decrease in GLUT! content of internal membranes. Thus, the
mechanism appears (o involve a stabilization of GLUTI protein at the plasma membrane as new
protein synthesis is not required and there is no translocation of GLUT1 from the internal to the
plasma membrane compartment. The data strongly suggest that the increased number of plasma
membrane GLUTI glucose transporters is responsible for the sulfonylurca-stimulated increase in
glucose uptake. Whether this direct effect contributes to the glucose-lowering action of

sulfonylureas jn vivo in NIDDM requires further study.



CHAPTER 4

BACKGROUND ON VANADIUM COMPOUNDS



41 VANADIUM

Vanadium is a common element that occurs in low concentration in the earth’s crust. It is
found in most living systems, and in high concentrations (0.15-1M) in specialized blood cells of
sea squirts where it is thought to play a role in the oxygen carrying capacity, similar to that of the
iron in the heme group of hemoglobin. Vanadium is widely distributed in tissues in mammals as
an ultratrace element (344,345). The total body pool is cstimated to be 100 pg on a daily intake
of 10-60 pg. The serum concentration is 0.26-1.30 ng/ml (10 nM) according to Simonoff et al
(346). Most tissues of higher animals contain intracellular vanadium at concentrations varying

between 0.1-1 uM (347).

4.1.1. Physiological importance

The physiological importance of vanadium is not known. Nechay reported that
vanadium is required ( 50-500 ng/g feed) for optimal growth of chickens and rats (344).
Compounds of vanadium were given therapeutically for a variety of diverse disorders; as
antiseptic, anti-tuberculous and anti-anemic agents, Lo boost resistance to infection and to
improve appetite and general health (348). Its use was given up in 1930’s.

The interest of biologists and biochemists increased when vanadate was discovered to be an
inhibitor of Nat, K+ ATPase found in commercial preparations of ATP from equine and rabbit
skeletal muscle (reviewed in (345,347,349). Subsequently, a new interest in vanadium
compounds emerged when it was demonstrated in 1979 and 1980 that vanadate and vanadyl
sulfate mimic the action of insulin on glucose metabolism in skeletal muscle and adipose tissue in
vitro (350-352). In 1985, Heyliger first reported the successful treatment of streptozotocin-
injected insulin-deficient rats with oral vanadate (353). Blood glucose concentrations were lower
without a change in insulin concentrations substantiating the ability of vanadate to mimic insulin
in vivo. Since then extensive studies exploring vanadium chemistry as well as the biological
effects of vanadium on cells and tissues in vitro and in vivo have been performed. Additionally,

aqueous solutions of peroxides of vanadium (peroxovanadium or pervanadate) (354) have also
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been shown to have strong_in vitro and jn vivo insulin mimetic properties and novel vanadium
and peroxovanadium compounds have been synthesized (355,356), More recently, studies
carried out in human subjects have demonstrated the insulin-mimetic potential of these agents
(357,358). Some of these data will be reviewed in the following sections where a summary of

the chemistry, the in vivo and jn vitro effects and toxicity of vanadium compounds is given.

4.2 CHEMISTRY OF VANADIUM AND PEROXOVANADIUM COMPOUNDS

4.2.1 Vanadate

Vanadium was discovered in 1801 by del Rio who called it erythronium. Later he
retracted his claim becausc mistakenly he thought that it was a form of chromium. Swedish
chemist Nils Sefstrom identified it in 1831 and named it after the Norse goddess of beauty
Vanadis, because its solutions gave bright and different colors upon changes in pH and
concentration. Vanadium has a complex chemistry due to multiple oxidation states (-1 to +5) and
the tendency to polymerization at high concentrations (359). Vanadate is the name commonly
used to describe the form of vanadium that exists in aqueous solution and will be used
throughout this thesis. Vanadate can exist as a monomer (V1), dimer (V2), tetramer (V4) and
pentamer (VS) which are in rapid equilibrium with each other in solution on a millisecond scale
so that none of these species can be isolated and tested separately for aqueous biological studies.
In the monomeric form (VO4 3-) vanadate is structurally (tetrahedral or trigonal bipyramidal) and
clectronically related to phosphate (PO4 3-) (see Figure 4.1). Different species (HVO4 2-,
H2VO4 -, H3VO4) are formed upon protonation of VQO4 3- which are presumed to be analogs
of the corresponding phosphate derivative. The vanadate monomer oligomerizes to a dimer
(V2074'} which can exist in several protonated forms ( HV2073', H2V2072‘. H3V207 )
depending on the pH. After formation of the dimer, vanadate tetramers may form (V40124 -)
which are the major species in concentrated solutions. The x-ray structures of vanadate tctramer
salts have been reported to be cyclical. The pentamer (V501537) is also presumed to be cyclic

even though no structural information is available. Vanadate decamer (V 10) forms between pH 2



Figure 4.1 Similarity of structure and charge among phosphate, vanadate and
peroxovanadate.
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and 6 and is thermodynamically unstable at neutral and basic pH. Vanadate reacts with reducing
agents to form vanadyl ion (VOZ2+), also discussed in literature as vanadyl (IV). This occurs in
the presence of several compounds commonly found in the cell and /or in assay solutions such as
L-ascorbic acid, glutathione (GSH), cysteine and possibly NADH (359,360). Each vanadate
oligomer gives resolved resonances in the Sy NMR spectrum and variable temperature NMR
spectroscopy can be used to measure the rates of interconversion of the vanadate oligomers in
aqueous solution (359,360). In contrast vanadyl complexes have an unpaired electron, are
paramagnetic and thus not suitable for NMR studies. However electron spin resonance (ESR)
can be used for their characterization (361,362).

Vanadate has been shown to interact strongly with organic buffers such as
tricthanolamine, tricine and bicine and therefore these buffers should be avoided in biological
studies with vanadate. Also vanadate interacts with inorganic buffers. It forms a complex with
phosphate and presumably also with carbonate and borate. Thus phosphate buffers are not
recommended for biological studies of vanadate. Other assay components added to protect
against heavy metal ions (EDTA, citrale), to maintain a reducing enviroment and prevent the
oxidation of an enzyme (DTT), to prevent either protein dissociation or association with glass or
plastic containers (glycerol, ethylene glycol, BSA) can interact with vanadate. Although these
assay components (with the exception of EDTA) do not interact as strongly as the organic
buffers tricine and tricthanolamine, they should be maintained at sufficiently low concentrations
so that even if complexes will form in an assay solution they will be negligible and not atfect
enzyme activity. Hepes is the best buffer for studying vanadate chemistry and the effects of
vanadate on enzyme reactions. The choice of bufter, temperature, pH and ionic strength should
be carefully controlled in biological studies.

In biological systcms the +5 (vanadate or V) and the reduced +4 (vanadyl or 1IV)
oxidation states arc the predominant forms. The existence of two major oxidation states may
complicate the interpretation of some biological actions. Electron spin reasonance spectroscopy
showed that vanadate intracellularly exists in the reduced vanadyl VO2+ (+4) form (347).

Vanadyl is complexed with GSH in a [:1 stoichiometry and its oxidation to vanadate which
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could occur at a neutral intracellular pH is prevented. In other studies it was estimated that
intracellularly most vanadyl (only1% is free) is bound to ATP, ADP and phosphocreatine in
muscle and is protected from oxidation to the +5 state (363). It is not clear which of the two
species is responsible for insulin mimetic actions since both vanadate and vanadyl compounds
are used in both jn vivo and jp vitro studies but recent studies (reviewed in (364)) suggest that
vanadate may be the active species (sce below).

Because inorganic vanadiun is poorly absorbed from the gastrointestinal (GI) tract and
Gl disturbances have been reported with the different orally administered vanadium compounds,
a number of organic vanadium compounds have been synthesized. One of the first and best
studied is bis (maltolato) oxovanadium (IV) (355,365). This “organovanadium™ compound
demonstrates increased absorption and apparently, at least in rodents, decreased GI toxicity. The
different vanadium compounds available today are shown in Table 4.1. Among these, sodium
orthovanadate (Na3zVO4), sodium metavanadate (NaVO3) and vanadyl sulfate (VOSO4) have

been the most commeonly used in research.

4.2.2 Pervanadate

In the course of study of insulin mimetic agents (discussed later) it was discovered that
vanadate in combination with H20O? had a synergistic effect to mimic insulin biological effects
and to activate the insulin receptor kinase. Adding catalase an enzyme found in almost ail cells,
that catalyzes the breakdown of H207 prevented synergism between vanadate and H202 while
delaying this addition for 15 min allowed full synergism suggesting that a reaction occured
which resulted in a new species. This was a peroxide of vanadate, named pervanadate (354). In
1893 A. Werner formulated the coordination theory for chemistry for which he received the
Nobel prize in 1913. According to this theory every metal ion has one outer and one inner
coordination spherc and species such as water, ammonia, chloride ion and peroxide ion can
occupy cither sphere. Occupation of the outer sphere does not substantially affect their propertics
but once they enter the inner sphere, these species form covalent bonds with the metal and are

not easily lost. The inner sphere has a well defined gcometry and crystalline matenals are



Table 4.1 Available vanadium salts

Name

Sodium orthovanadate

Sodium metavanadate

Ammonium metavanadate

Vanadyl sulfate

Bis(cysteine, amide N-octyl)

oxovanadium (IV)

Bis (maltolato) oxovanadium (IV)

Bis (maltolato)dioxovanadate (V)

Bis (kojato)oxovanadium (IV)

Chemical formula

Na3VvVQO4

Nav(i

NH4VO3

VOSO4

Naglivan

(BMOV)

(BMO2V)

(BKOV)
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formed. In the reaction of pervanadate formation, it was concluded that the peroxide ion ( 02 2-
) enters the inner coordination sphere of the ion metal of vanadate and is not consumed by
catalase. More recently different peroxovanadium compounds have been synthesized (356) all of
which contain a central vanadium atom, an oxo group, one or two peroxo ligands and an
ancillary ligan'd. From these the most potent PTP inhibitors and insulin mimetics (356) are the
bisperoxo-phenanthroline (bvp (phen)) with the chemical formula K[VO(02)2 phen] 3H20 and
bisperoxo-picolinic acid (bvp(pic)) with the chemical formula K2[VO(02)2 pic] H20.
Peroxovanadium compounds also resemble the phosphate structure but the addition of peroxo
group(s) sequentially increases their potency as protein tyrosine phosphatase inhibitors (see
below) presumably by increasing their abilities to oxidize irreversibly the bound thiols (361).
Vanadate, and peroxovanadate or pervanadate in aqueous solution were used in the
studies presented in this thesis and their structure is shown in Figure 4.1 together with the
structure of phosphate. It should be noted that the obscrved stability of vanadium compounds in
stock solutions does not imply stability after administration and uptake by cells. The stability
under the latter conditions should be examined. Also, it has been shown that the reactivity of
vanadium compounds with cell components will affect the compounds’ insulin-mimetic
properties (359). Therefore a focus exists to explore compounds with increased stability and a
modified reactivity pattern in order to facilitate the development of vanadium compounds for

therapeutic usc as oral insulin substitutes.
4.3 TRANSPORT INTO CELLS

The availability of radioactive vanadium compounds is lacking and therefore studies on
cellular uptake are very limited. It is thought that the cellular uptake of vanadate probably takes

place by an anion transporter with high atfinity for phosphate (366-368).
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4.4 ENZYME INTERACTIONS

Vanadate has been shown to alter the activity of many enzymes in_vitro. It inhibits the
“P” type phosphorylated membrane ATPases such as Nat, K+ ATPase, Cat+ ATPase, Mg*+
ATPase, (366,369,370). This has been demonstrated directly in vitro and involves the formation
of a relative stable vanado-enzyme transition state analog. Subsequenly vanadate was found to
inhibit a number of phosphatases including acid and alkaline phosphatases (371), as well as
protein tyrosine phosphatases (PTPs) (372-375). The latter observation, made during the time
when the importance of tyrosine phosphorylation in cellular function was recognized (376) led to
great interest in using vanadate both as a pharmacological probe as well as a standard ingredient
of cell and tissue isolation buffers to preserve endogenous levels of protein tyrosine
phosphorylation. Furthermore the cloning and sequencing of the insulin receptor and its
recognition as a tyrosine protein kinase (12) strongly supported the concept that PTP inhibition
was relevant to most if not all of the insulin-mimetic actions of vanadate. It should be noted that
vanadate does not inhibit serine/threonine phosphatases. Other enzymes which are inhibited by
vanadate include RNase, dynein ATPase, phosphoglucomutase and glucose-6-phosphatase
(G6Pase) (377,378), (reviewed in (379)). It has been suggested that inhibition of G6P ase may
contribute to the glucose lowering action of vanadate jn vivo ((378), see below)

In contrast to the inhibition of most enzymes with which it interacts vanadatc has been
reported to activate adenylate cyclase. This was first demonstrated in rat adipocyte membranes
(380) and may be an indirect effect mediated by an interaction of GDP-V with GTP binding
proteins to activate the enzyme or mediated by oligomers since high (mM) concentrations are
required (381). Although this action in adipocytes would be expected to stimulate lipolysis,
vanadate treatment of intact adipocytes results in an antilipolytic action (347,382). A vanadyl
sulfate-GSH solution was shown to inhibit purified cAMP dependent protein kinase (383).
Whether or not this latter action is involved in the insulin-like antilipolytic effect of vanadate is
not clear. However this example illustrates that caution is required when extrapolating from in

vitro to in vivo actions.
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4.5 METABOLIC ACTIONS

Almost all of insulin’s etfects on glucose uptake and metabolism have been stimulated
by vanadate in cultured cells and isolated tissues as is shown in Table 4.2 (reviewed in
(347,363)). However, the effects of vanadate on fat and protein metabolism have not been
evaluated in as much detail. In rat adipocytes vanadate effectively inhibits lipolysis and stimulates
lipogenesis (347,382), and also mimics insulin in isolated hepatocytes to inhibit VLDL release
(384).

Pervanadate also mimics many of the actions of insulin in_vitro. In almost all the studies
reported pervanadate has been found to be 100-1000 times more potent than vanadate as an
insulin mimicker and in some cases, where no effect of vanadate can be detected, the action of

pervanadate is clear and significant (385).

4.5.1 Actions opposite to insulin

There are reports suggesting that vanadate has effects opposite to insulin or that it fails to
mimic a certain action of insulin. Bosch et al, found that vanadate inactivated glycogen synthase
and activated glycogen phosphorylase in liver cells isolated from both fasted and fed rats. This
effect was similar to glucagon action in liver cells (386) but was tound at relatively high
concentrations. In rat epitrochlearis muscie, although vanadate stimulated glucose uptake,
glycogen synthesis and glycolysis, unlike insulin it did not stimulate protein synthesis or inhibit
protein degradation (387). Thus the anabolic effect of insulin on protein metabolism in skeletal
muscle is not mimicked by vanadate jn vitro . Stimulation of protein synthesis has been reported
in adipocytes by the more potent peroxovanadium (382) but in contrast to glucose metabolic
effects this was not as effective as insulin. The reasons for this discrepancy is not clear but one
might speculate that this signal transduction pathway involves a PTP. Therefore the net action on

a given signalling pathway will dependent on the relative amounts and activities of the PTPs
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Table 4. 2 Insulin-like effects of vanadium compounds in insulin target
tissues.

I; increase, D; decrease, ND; not determined, NE; no effect observed. IR; insulin receptor,
IRTK; insulin receptor tyrosine kinase, PTP; protein tyrosine phosphatase, *; hepatoma cells.

Some of the differences between vanadate and pervanadate have been outlined in Bevan et al

(Mol. Cell Biochem. 153:49-58, 1995).

Action Skeletal muscle Adipocytes Hepatocytes

glucose transport I I [
glucose oxidation I I ND
glycolysis I I ND
glycogen synthesis I I [
glycogen synthase I I I
lipogenesis ND I I
lipolysis ND D ND
amino acid transport D ND D*
protein synthesis NE I ND
IR phosphorylation ND [ [
IRTK activity NE I [
PTP acuvity D D D
GLUT translocation ND { ND
IGF-II binding ND | ND
Transferin binding ND [ ND
IR downregulation ND I ND
Insulin sensitivity ND I ND
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involved in that pathway and their relative sensitivies to inhibition by vanadate. Variable results
have also been observed in regard to vanadate’s effect on amino acid transport which may be
explained by a similar phenomenon. While some have found stimulation of amino acid uptake in
muscle (388) vanadate inhibits amino acid uptake in intestinal cells (389) and in cultured L6

myotubes (see Chapter 5 of this thesis).

4.6 NONMETABOLIC ACTIONS OF VANADATE

The role of tyrosine phosphorylation in mitogenic signalling is well documented and one
would predict that vanadate, by inhibiting PTPs would increase the level of tyrosine
phosphorylation in cells and therefore may act as a growth stimulator. Indeed many studies of
cultured cells show a stimulation of cell growth in the presence of vanadate alone or an
enhancement of mitogenesis when it is combined with growth factors (390-392) and reviewed in
(393).

However, at the same time a number of reports indicate that vanadate may inhibit cell
proliferation and vanadium compounds have been proposed as potential chemotherapeutic
agents to inhibit tumor cell growth (394,395) and reviewed in (396). Recently, a number of
PTPs such as SHP2/SYP and the dual specificity phosphatase cdc 25 have been described which
are involved in the propagation of cell proliferation (397-399). This combined with the relative
lack of specificity of vanadate as a PTP inhibitor provide a potential mechanism. Thus vanadate
may inhibit cell proliferation by inhibiting the phosphatases that are involved in cell cycle
progression and mitogenesis. Both vanadate (400) and pervanadate (401) interrupted the cell
cycle at the G2/M phase in which the activation of the cyclin dependent kinase (CDK1/cdc2)-
cyclin B complex is dependent on cdc2 dephosphorylation by cdc25. Thus the net effect of
vanadate on cell growth jin _vivo will depend on the stage of the cell cycle, the relative
concentrations of vanadate and specitic PTPs and, in tumor cells, particular mutations which
may render a cell more or less responsive.

Other actions of vanadium compounds may also occur subsequent to PTP inhibition.

Examples include activation of NADH oxidase in neutrophils (402), activation of the JAK-STAT
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(Janus kinase-signal transducers and activators of transcription) pathway (403), a tyrosine
kinase-dependent signalling system utilized by various hormones and cytokines (404) and

alterations of receptor protein tratficking (405).

4.7 IN VIVO EFFECTS OF VANADATE

The insulin-mimetic properties of vanadium compounds in vitro prompted investigators

to examine the possible jn vivo insulin-like effects. Vanadium compounds were therefore tested
in animal models of diabetes mellitus. The most widely used models of type [ diabetes in animals
are:

1) Alloxan and streptozotocin (STZ) induced diabetes: Alloxan or STZ injection of animals
induces a model of type I diabetes mellitus. The animals are hyperglycemic and hypoinsulinemic.
The severity of the diabetic state depends on the dose of the drug used and the degree of
destruction of the pancreatic B-cells.

2) Pancreatectomy: Partial pancreatectomy by removal of aproximately 90 % of the pancreas of
animals produces a hypoinsulinemic model of diabetes mellitus.

3) Strains of animals that are genetically prone to type I diabetes. There are commercially
available strains of rats such as the BB Wistar rats that are genetically prone to the development
of insulin dependent type [ diabetes. BB rats are diabetic due to an autoimmune destruction of the
B cells.

Several animal models of type II diabetes and /or insulin resistance are also available
which are characterized by mild to marked hyperglycemia, hyperinsulinemia, obesity and
glucose intolerance. These models include:

1) ob/ob mice

2) db/db mice

3) fa/fa Zucker rats

4) High sucrose fed rats

5) Spontaneously hypertensive rats (SHR)
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6) Fructose-induced hypertensive rats

Vanadium compounds have been administered to all of the above mentioned models of
diabetes and their abilities to lower blood glucose and/or improve various characteristics of the
insulin resistant state such as hyperlipidemia and hypertension were examined (Table 4.3).
Heyliger et al (353) were the first to demonstrate that vanadate has insulin-mimetic actions in
vivo. Control and STZ-induced diabetic rats were given sodium orthovanadate (Na3VO4) at 0.8
mg/ml in 0.9 % NaCl in the drinking water. [n diabetic vanadate-treated rats plasma glucose
levels were restored to normal without an increase in circulating plasma insulin levels.
Furthermore, in almost all studies of the various diabetic models clevated glucose concentrations
were decreased, hypertriglyceridemia was improved and in the spontancously hypertensive rat
(SHR) the development of hypertension was mitigated (reviewed in (347,406,407)). Although
there has been some variability in success rates in the hands of different investigators, the
effectiveness of these compounds, at least in rodents is established. Many studies also
demonstrated improvement or normalization of physiological and biochemical components of
insulin action. Hepatic glucose output was decreased and peripheral glucose uptake enhanced.
Enzyme activities such as glucose-6-phosphatase, fructose-2,6 bisphosphatase and pyruvate
kinase as well as gene expression were normalized (372),

In some cases of streptozotocin-induced diabetes withdrawal of vanadate did not result in
a return of the diabetic state suggesting that insulin secretory capacity was preserved (408).These
data combined with the observation that vanadate administration lowered insulin requirements but
could not completely replace insulin in the BB (biobreeding) Wistar diabetic rat (406) suggest

that in vivo some insulin is required for vanadate effectiveness.

Recently two short term studies in human subjects with diabetes mellitus have been
completed (357,358). In S paticnts with IDDM (Type 1 diabetes) there was an average 14%
reduction in insulin requirements after 2 wecks of therapy with Na metavanadate (125 mg/d)
(357). Although changes in peripheral glucose uptake and hepatic glucose output were not
observed in IDDM, in NIDDM (Type II diabetes) there was an enhancement of peripheral insulin

sensitivity manifested as an increase in nonoxidative glucose disposal into muscle. In the second



Table 4. 3 Rodent models of diabetes and/or insulin resistance treated with

vanadium compounds.

In all these models vanadium compounds were found to decrease hyperglycemia and bring the

blood glucose levels to normal or near normal levels.

References

Model of diabetes vanadium compound

Streptozotocin- Sodium orthovanadate Heyliger et al, (353)
injected (Na3VvOs4) Brichard et al, (409)
Gil et al, (372)
Sodium metavanadate Meyerovitch, (410)
(NaVO3) Bendayan et al, (411)
Vanadyl Sulfate
(VOSO4) Domingo et al, (412)
Cam ct al, (413)
BMOV Yuen et al, (414)
Naglivan Yuen et al, (414)
Pancreatectomized Vanadyl Sulfate Rossetti et al, (415)
(VOS04) Rossetti et al, (416)
BB wistar rats Vanadyl Sulfate
Battell et al, (417)
Pervanadate Yale et al,(418)
ob/ob mice Na3vVO4 Meyerovitch, (419)
Brichard ct al, (420)
db/db mice Na3VQ4 Meyerovitch, (419)

ta/fa zucker rat

Na3vVQO4

Brichard et al, (421)
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study 3 weeks of treatment of 6 NIDDM subjects with vanadyl sulfate (100 mg/d) resulted in
improvement in metabolic control, no change in fasting or stimulated insulin and an increase in
insulin-stimulated peripheral glucose uptake, particularly enhanced glycogen synthesis, as well
as inhibition of hepatic glucose production (358). These human studies are consistent with those
in rodents (419,422,423) and jn vitro (424,425) which demonstrate not only direct insulin-
mimetic actions but also enhancement of insulin sensitivity. In contrast to NIDDM, 3 weeks of
vanadyl sulfate administration to obese nondiabetic subjects did not alter insulin sensitivity (426).

Although the data obtained from the studies performed in humans and animals are
consistent the effects observed in humans are smaller than those seen in rodents. This may reflect
differences in doses, blood levels and /or the time course of action of vanadium compounds. The
dose of oral vanadate in rodents which has been found to improve blood glucose is about 100
mg/kg/day while in humans the doses used were about 1.5 mg/kg/day. The serum
concentrations of vanadium achieved in rodents was between 10 to 20 uM, while the level in
human studies was between 1 and SuM (357,358). In STZ-diabetic and BB rats vanadate added
to the drinking water lowered blood glucose levels within 3-4 days (353,410,427) while in
ob/ob and db/db mice the same effect required 10-20 days (419,420) demonstrating a ditferent
time course of action in the different models of diabetes. In humans the treatment period in these
initial studies was only 2-3 weeks and therefore studies of longer duration are needed in order to
fully evaluate the potential of vanadium compounds.

It was reported that delaying treatment of STZ-induced diabetic rats with vanadyl sulfate
for 3, 10 or 17 days after STZ injection did not alter the vanadyl sulfate glucose lowering
properties (413) suggesting that the effectiveness of vanadium treatment is the same regardless of
the timing of therapy in relationship to onset of diabetes. Also removal of vanadyl treatment tor
13 weeks after an initial 3 week period of treatment of STZ-diabetic rats showed that plasma
glucose remained normalized (428). The maintenance of improved metabolic control after
withdrawal of vanadium therapy was suggested by the human studies as well since lower blood

glucose concentrations were obscrved two weeks after cessation of therapy (357,358). The
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mechanism of action for the sustained euglycemia observed after withdrawal of vanadium

therapy is not known.

4.8 MECHANISM OF INSULIN MIMETIC ACTION OF VANADATE

4.8.1 Protein Tyrosine Phosphatase (PTP) inhibition.

There are two major classes of PTPs. The large transmembrane receptor like molecules
and the cytoplasmic PTPs (429). There are over 20 PTP genes that have been cloned but the role
of many of these enzymes in normal cell physiology has yet to be defined (430). Vanadate is a
potent inhibitor of cellular PTPs and especially cytosolic ones (374,375,430,431)

As discussed in the background on insulin action, the regulation of tyrosine
phosphorylation of the insulin receptor itself and its substrates and the balance between tyrosine
phosphorylation and dephosphorylation are potential key mechanisms for altering insulin action.
Vanadate via its inhibitory action on PTPs can alter the balance of tyrosine phosphorylation and
dephosphorylation in the cell and therefore modulate or mimic the action of insulin. Most data
support the inhibition of PTPs and resultant indirect stimulation of tyrosine phosphorylation as
the mechanism by which vanadium compounds promote their insulin-like effects (Figure 4.2).

In jin vitro studies where isolated cell systems are used the inhibitory effect of vanadium
compounds on PTPs is casily demonstrated although somewhat higher concentrations are
required than those achieved jn vivo during trcatment of diabetic animals or humans. Swarup et
al were the first to show that sodium orthovanadate at 1-10 uM inhibited strongly and
specifically tyrosine phosphatases present in A 431 cells without affecting serine/threonine
phosphatases (374,375). Pcrvanadate is a more potent inhibitor of PTP activity and in rat
adipocytes (382) and hepatocytes (432) it was demonstrated to be 100 -1000 times more
effective in mimicking insulin compared to vanadate.

The ability of vanadate to inhibit PTPs allows the use of this agent to probe the role of
PTP activity in the physiology of insulin action and resistance. The net hormonal signal will

depend on the balance between receptor tyrosine kinase (RTK) and PTP activities. In the case of



Figure 4.2 Sites of potential protein tyrosine phosphatase (PTP) inhibition by
vanadium compounds.
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All tyrosine phosphorylation steps in the insulin signalling pathway are potentially also regulated
by tyrosine phosphatases. The specific PTPs responsible for dephosphorylation of the IR and
IRS-1 ig vivo are not defined. SHP2 may contribute to IRS-1 dephosphorylation but has been
shown to participate in the mitogenic response to insulin. MAPK activation by vanadate may not
require ras activation but occur indirectly via inhibition of cytosolic (MKP-1) and/or nuclear
(PAC-1) dual specificity phosphatases. Cytosolic tyr kinases are also activated by vanadate
presumably by inhibition of cytosolic (cyt) PTPs. These cyt PTKs may signal similar and or
additional SH2 domain containing protein pathways. In the nucleus inhibition of other dual
specificity phosphatases such as cdc25 may result in disruption of the cell cycle. CDK, cyclin
dependent kinase. The Figure is a modification of the one originating in : Fantus et al 1995
(Mol. Cell. Biochem. 153: 103-11, 1995).
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insulin there are "spare" receptors such that maximum response is achieved at subsaturating
concentrations of hormone (23). The augmentation of RTK activity by vanadate in such a
circumstance has been demonstrated to lead to an apparent increase in sensitivity to insulin as
well as to a prolongation of insulin action (433). Thus, vanadate may render lower

concentrations of endogenous or exogenous insulin more effective.

4.8.2 Effect on insulin receptor and insulin receptor kinase

Early studies focused on the possibility that vanadate stimulates phosphorylation of the
insulin receptor either directly or via its inhibitory effect on phosphotyrosine phosphatase
activity. In rat adipocytes Tamura et al showed that vanadate directly stimulates highly purified
insulin receptor tyrosine phosphorylation in the absence of insulin (434). However these
findings were not confirmed by other studies. Increased insulin receptor tyrosine kinase activity
has been reported by others in isolated rat adipocytes (424,433) and in liver isolated from
vanadate treated diabetic animals (435). Also vanadate treatment of 90% pancreatectomized rats
increased basal activity (no change in insulin-stimulated activity) of the insulin receptor tyrosine
kinasc an effect not observed simply by correcting hyperglycemia with phlorizin (436). These
results could be accounted by indirect activation of the IR by vanadate inhibition of PTPs.
Furthermore in rat adipocytes vanadate was found to increase insulin binding by increasing the
affinity of the receptor for insulin. This was also associated with an increase in insulin
sensitivity (424).

[n contrast to these findings the action of vanadate to activate the insulin receptor Lyrosine
kinase has not been observed in other studies (437-440) and when tissues of vanadate-treated
diabetic animals were examined no increase in cither receptor or substrate phosphorylation was
observed (437). Therefore IR tyrosine phosphorylation is not consistently observed and it has
been reported that inhibition of the IR kinase does not abolish several effects of vanadate on
glucose metabolism (44 1) suggesting that vanadate may act at other sites. While this is the case
for vanadate, there is some cvidence that pervanadate and pV compounds do act predominantly

via the IR (356,442). This may relate to differences in specificity and /or potency as PTP
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inhibitors as well as more rapid entry of pV into tissues. Therefore, in contrast (o vanadate which
had minimal effect, pervanadate produced an activation of the insulin receptor tyrosine kinase as
measured by 32 P incorporation into the insulin receptor B-subunit and a synthetic substrate
(382,443). Furthermore in contrast o the effect seen in cells expressing normal insulin receptors
in cells (HTC-M1030) overexpressing kinase deficient insulin receptors pervanadate compounds
were unable to increase tyrosine phosphorylation of IRS-1 and other proteins and the
association of IRS-1 with p85 of PI-3 kinase was not enhanced (444). Pervanadate complexes
do not activate the insulin receptor kinase following partial purification of the receptor on lectin
columns suggesting that their capacity to activate insulin receptor kinase in intact cells is due to
inhibition of a PTP (356). It has been suggested that pervanadate inhibits PTPs that regulate the
phosphorylation levels of tyrosines 1162 and 1163 of the insulin receptor kinase which then

leads to increased phosphorylation levels of various intracellular proteins (445).

4.8.3 Role of cytosolic tyrosine kinase

Vanadate may promote some insulin-like effects via activation of a 54 kDa cytosolic
tyrosine kinase in rat adipocytes (446). A number of such src-like tyrosine kinases exist and it is
plausible that several similar downstream events are triggered by both the IR and such a tyrosine
kinase or that such a kinase is a normal component of the insulin action pathway. It should be
noted that recently the src-like tyrosine kinase Fyn binds to IRS-1 and may contribute to insulin
signalling (447). Some bioeffects such as lipogenesis appeared to be mediated via a cytosolic
tyrosine kinasc pathway while others, such as glucose transport were not (446). Furthermore
vanadate, although a nonspecific PTP inhibitor, was found to be 10-fold more efficacious in
inhibiting cytosolic PTP activity (20 pM) as compared to that in the particulate fraction (200 uM)
(357). Such an inhibition of cytosolic PTP may result in the activation of a cytosolic protein
tyrosine kinase. Another group of cytosolic tyrosine kinascs, the JAKs, have recently been
found to phosphorylate the major IR substrates, IRS-1 and 2 (93) and may also function to

transmit vanadate actions. Thus, there are likely differences in the signalling pathways utilized
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for the various insulin-like bioeffects and possibly different but overlapping mechanisms for the

various vanadium compounds, particularly vanadate versus peroxovanadium.

4.8.4 Role of insulin signalling molecules
4.8.4.1 Role of PI 3-kinase

Apart from the indirect activation of tyrosine kinases, vanadium compounds may
stimulate signals downstream of the insulin receptor such as PI 3-kinase and MAPK. Injection of
vanadate together with hydrogen peroxide (H207) (pV) to anesthetized rats resulted in increased
phosphorylation of IRS-1 and its association with p85, (the regulatory subunit of PI-3 kinase)
in liver similar to that seen with insulin. However the physiological importance of this event was
not examined (445). Athough PI 3-kinase activation is required for insulin-stimulated glucose
transport (discussed in Chapter 1), it is demonstrated in this thesis (see chapter 6) that vanadate
and pV can stimulate glucose transport in the presence of the PI 3-kinase inhibitor wortmannin.
These data suggest that PI 3-kinase is not required for the increase in glucose transport scen with

vanadate and pervanadate.

4.84.2 Role of MAPK

Vanadate has been shown to activate MAPK in studies in CHO cells overexpressing the
human insulin receptor by a mechanism independent of the insulin receptor tyrosine kinase
(448). Activation of MAPK may occur indirectly by inhibition ot the vanadate sensitive dual
specific MAPK phosphatase (MKP-1) (449). Vanadium salts also activated the 90 kDa
ribosomal S6 kinase (p90"5k) and 70 kDa ribosomal S6 kinase(p?OSﬁk) (450). Chronic
treatment of STZ-diabetic rats with vanadate resulted in normoglycemia and restoration of
MAPK and S6 kinase activity (451). NIDDM and IDDM patients were found to have a decreased
insulin-stimulated MAPK and S6 kinase activity. Treaiment with sodium metavanadate for 2
weeks increased the basal activity of both MAPK and S6 kinase to levels similar to the insulin-

stimulated levels in control subjects. Insulin did not further stimulate these activities (357).
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These data suggest that vanadate enhances the activity of these enzymes possibly by inhibition of

a MAPK-specific phosphatase.

4.8.4.3 Vanadate effect on glucose transporters.

Vanadium compounds may modulate glucose transporters, the downstream etfectors of
glucose transport in the insulin signalling pathway. In 3T3-L1 adipocytes it has been reported
that acute stimulation with vanadate results in increased glucose transport into the cells which
was associated with a translocation of GLUT 4 glucose transporters from an intracellular storage
pool to the plasma membrane (452). This findings suggested that vanadate, similar to insulin,
increases peripheral glucose uptake by modulating the glucose transporter proteins. Chronic
exposure to vanadate increased GLUT 1 protein and mRNA levels in rat fibroblasts (453).
However, the in_vivo effect of vanadate treatment on glucose transporters is not clear. Vanadate
treatment of STZ-induced diabetic rats resulted in an increase in GLUT4 protein levels (187% of
control) and mRNA levels (187%) in skeletal muscle tissue (454). In contrast chronic
administration of vanadate in genetically obese fa/fa insulin resistant Zucker rats resulted in
improved peripheral insulin sensitivity (as seen by an increase in insulin stimulated glucose
uptake determined under hyperinsulinemic cuglycemic clamp) without any changes in GLUT 4
mRNA or protein levels in all heart, skeletal muscle and adipose tissue (455).

It is most likely that acute vanadate treatment of cells causes translocation of GLUTSs.
Vanadate also acutely increased the binding of IGF-II (443,456), transferin and LDL (405) in
cells by causing translocation of the corresponding receptors all of which are examples of

translocation processes similar to that of glucose transporters.

4.8.5. Pancreatic effects of vanadate

The possibility that vanadate reduces blood glucose levels by affecting plasma insulin
levels was examined in various studies. In both STZ-diabetic rats and db/db mice oral

administration of vanadate improved blood glucose levels without increasing serum insulin
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levels (353,410). As well the insulin levels in control animals treated with vanadate were
decreased without any change in plasma glucose values (353). Similar findings have been
reported by others supporting the conclusion that the primary site of vanadate action is on insulin
target tissues. Additionally from the in vivo studies in humans it was observed that sodium
metavanadate treatment of NIDDM patients for 2 weeks did not change the basal, first phase or
second phase insulin and C-peptide secretion while IDDM patients showed a small but
significant decrease in mean daily insulin requirements (357). However some studics suggest
that vanadate also has some effects on the pancreas. Pederson et al found that early treatment of
STZ-diabetic rats with vanadate preserved islet insulin content and insulin secretion although
circulating insulin levels were still subnormal (408). Long term correction of diabetes has been
observed after withdrawal of vanadate treatment raising the possibility that endogenous insulin
secretory capacity is preserved and/or restored (457,458). It is not clear however whether this
is a direct effect on the pancreas or an indirect protective effect due to correction of

hyperglycemia.

4.8.6 Other contributions to glucose-lowering action

Two other effects of vanadate may contribute to its glucose lowering action. First, it was
noted in early studies performed in rodents that oral administration of vanadate decreased food
and fluid intake (353). Indeed body weight gain was significantly reduced in the control animals
receiving vanadate. The same decreased weight gain was observed in control animals treated with
vanadyl sulfate and BMOV. These observations and one study by Malabu et al suggested that the
effects of vanadate to reduce hyperglycemia migh be due entirely to its inhibition of feeding
(459). Furthermore intracerebroventricular administration of vanadate decreased food intake in
rats (437) and insulin crossing the blood-brain barrier has been demonstrated to contribute to
satiety (460). It is unknown whether any form of oral vanadate may access the CNS to exert
insulin-like effects. However in other studies in partially pancreatectomized diabetic rats (415)
and in obese hyperinsulinemic fa/fa rats (421) in which untreated diabetic rats were pair-fed to

match the vanadate treated animals there was a similar improvement in blood glucose levels
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attributable to the vanadate therapy suggesting that the insulin-mimetic actions could not be
attributed to the reduction in food intake. Thus the contribution of decreased food intake to the
improvement of hyperglycemia by vanadate as documented to happen in various models of
diabetes remains controversial (459). It should be mentioned that in short-term studies in humans
no significant changes in food intake were found.

Another effect of oral vanadate treatment of control and STZ-diabetic rats was a reduction
in Na*-dependent glucose transport in the small intestine due to downregulation of the Na*-
dependent glucose transporter raising the possibility that some of the effects of the vanadium
compounds might be related to slower glucose absorption (461). However it is unlikely that at
therapeutic doses, this effect plays a major role. In addition, administration of vanadium
compounds by a route bypassing the intestine such as intraperitoneal or intravenous, results in a
reduction in plasma glucose levels (418,462) establishing that these agents do have insulin-

mimetic effects in vivo independent from the possible effects on food intake or absorption. It

may be noted that consistent with its greater insulin-mimetic potency pV is cffective by
intravenous administration while this is not the case for vanadate which appear also to have a

slower onset of action (418).

4.9 POTENTIAL SIDE EFFECTS AND TOXICITY OF VANADIUM COMPOUNDS

In early studies in rodents decreased fluid and food intake and diarrhea were the major
toxic effects and led to increased morbidity and montality (463). Introduction of the agents at low
doses with a gradual increase to maintenance levels prevents these etfects. In humans both
vanadyl sulfate and Na metavanadate resulted in some nausea which responded to a decrease in
dose. Studies in rodents suggest that modification of the vanadium species with organic ligands
may decrease the GI side effects and enhance absorption resulting in an apparent increased
potency (414). Peroxovanadium compounds are more potent PTP inhibitors but are degraded in
the gastric acidic environment (464).

Long term administration of vanadate and vanadyl sulfate to rats has not been associated

in most studies with any major toxicity (349). At higher doses there have been effects in male
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mice to reduce sperm count (463). Other studies reported decreased hemoglobin levels in rats and
Cohen et al (358) noted a very small drop in hematocrit in treated human subjects which was
maintained for two weeks after discontinuation of treatment. One other important adverse cffect
has been developmental and embryotoxicity in rats and mice (463,465). This has important
clinical implications since one might expect fetal tissues to be more sensitive and these agents
would not likely be considered for use during pregnancy or lactation.

A most important concern in the long term use of any drug is its carcinogenic potential.
While there is no evidence in long term studies in rats or in humans exposed to vanadium of an
increased incidence of neoplasms, the known role of tyrosine kinases in mitogenesis and the
many in vitro studies documenting the ability of vanadate to stimulate growth or potentiate the
effects of growth factors indicates that this issue must be carefully evaluated. It is not known
whether under certain circumstances oral vanadium compounds may promote or enhance tumor
growth.

An additional measure of potential long term toxicity s tissue accumulation. In treated
rats vanadium accumulated mostly in kidney, spleen, testes, liver and bone (463,466).
Presumably some equilibrium is reached in most soft tissucs which do not store vanadium,
however its similarity to phosphate would result in a potential continuous accumulation in bone.

Whether this is of clinical relevance remains to be determined.

4.10 SUMMARY

Vanadium is a trace element and its compounds are an interesting group of chemicals for
which a function in mammals is still unknown. These compounds have been shown to exert a
wide variety of insulin like effects in isolated cell systems and have the ability to lower blood
glucose levels in several experimental models of diabetes mellitus as well as in humans with
diabetes. Although the exact mechanism involved in the hypoglycemic eftects is not clear,
evidence suggest that they predominantly act in peripheral tissues 1o increase glucose uptake. The
ability of vanadium compounds to inhibit protein tyrosine phosphatase activity (Figure 4.2)

appears to be the most relevant for their hypoglycemic action. The pathway by which such an
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action is mediated is not defined and is examined in chapter 6 where it is shown that the
mediator of the insulin-induced increase in glucose transport, PI 3-kinase is not involved. An
increased understanding of the molecular mechanisms by which vanadium compounds exert their
actions is required since the possibility exists that they may be used as therapeutic agents to treat

diabetes.



CHAPTER 5§

THE INSULIN-MIMETIC AGENTS VANADATE AND PERVANADATE
STIMULATE GLUCOSE BUT INHIBIT AMINO ACID UPTAKE IN MUSCLE
CELLS.
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5.1 ABSTRACT

The protein tyrosine phosphatase (PTP) inhibitors vanadate and pervanadate (pV) exert
insulin-like biological effects. To study their actions in muscle, cultured differentiated rat L6
skeletal muscle cells were exposed to these agents and/or insulin and both 2-Dcoxy-D-[3H]-
glucose (2DG) and 14C-methylaminoisobutyric acid (MeAIB) uptake were measured. Vanadate
and pV stimulated 2-DG uptake in a dose and time-dependent manner to a maximum after 90 min
of 171 + 10% and 167 £ 6% at 10 mM and 0.5 mM, respectively. Maximum insulin (10-7M)
stimulation was 167 £ 11% of control and there was no further increase by combining insulin
with vanadate or pV. While 10-7M insulin stimulated McAIB uptake to 143 £ 5%, 10 mM
vanadate and 0.5 mM pV inhibited basal MeAIB uptake by 27 + 3% and 69 + 7%, respectively.
Insulin-stimulated MeAIB uptake was also inhibited in a dose-dependent manner and completely
abolished by 5 mM Van or 0.1 mM pV. Furthermorc vanadate completely blocked insulin-

stimulated MeAIB uptake in rat hepatoma cells. Kinetic analysis revealed that the inhibitory

effect on basal MeAIB uptake was associated with an increase in K, and a small decrease in
Vmax while the insulin-stimulated increase in Vipax was completely inhibited.

Ouabain, an inhibitor of Na+/K+ ATPase, did not inhibit MeAIB uptake and the inhibition by
vanadate or pV was not blocked by cycloheximide. Twelve hours of amino acid deprivation of
L6 cells resulted in stimulation of McAIB uptake to 565 +42% of control in the absence but only
to 209 £ 25% in the presence of 0.5 mM vanadate. In summary, vanadate and pV mimic insulin
to stimulate glucose uptake in L6 cells but inhibit system A amino acid uptake. The relative
inhibitory concentrations of vanadate and pV suggest that the mechanism may involve PTP

inhibition.
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5.2 INTRODUCTION

Skeletal muscle is a major target of insulin action and is the major site of postprandial
glucose disposal (467,468). Insulin increases glucose uptake in muscle by inducing the
translocation of glucose transporters from an intraceilular compartment to the cell surface
(127,139). Apart from its effects on glucose transport insulin also rapidly increases the transport
of amino acids into skeletal muscle by the system A transporter (469). The system A carrier is
membrane bound and transports short polar, straight-chain amino acids such as alanine and
proline as well as the non-metabolizable analog 2-methyl-aminoisobutyric acid (MeAIB) (195).
System A activity is pH sensitive, depends on the Nat electrochemical gradient and is also
regulated by amino acid availability and exercise (470). In contrast to the recent advances in our
knowledge of the mechanism involved in the stimulation of glucose transport by insulin (340)
the mechanism of insulin stimulation of amino acid transport is very limited due in part to lack of
information on the system A transporier at the protein and mRNA level.

The L6 myotubes represent a well-characterized cell culture model of skeletal muscle that
allows the study of hormonal and metabolic regulation of the glucose and amino acid transport
systems as it is discussed in 1.5. In myotubes insulin-stimulated glucose uptake is associated
with a recruitment of glucose transporter proteins from an intracellular pool and their
translocation to the plasma membrane (339). Insulin also stimulates system A amino acid
transport activity (205) in these cells by increasing the maximum transport capacity (Vmqax)
without any change in transporter affinity (Ky) (211) a process that is similar to that observed in
freshly isolated rat skeletal muscle (210).

Vanadium, a trace element which in its +5 oxidation state as vanadate structurally
resembles phosphate, is found in mammalian tissues (345). Its normal physiological role
remains unknown. It has been demonstrated to interact jp_vitro with several cnzymes and to
have biological effects in cultured cells and intact animals. It inhibits the "P" type
phosphorylated ATPases (369,370) and PTPs (374,375). In cultured cells it enhances protein

tyrosine phosphorylation and has been documented to mimic a number of the metabolic actions
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of insulin (347,351-353,421,434,471,472). This has led to its successful use as a therapeutic
agent in various rodent models of diabetes (353,415,419-421,473-475) and recently to short
term clinical studies in human subjects with both insulin-dependent (Type [) and noninsulin-
dependent (Type II) diabetes mellitus (357,358).

It is previously reported that upon mixing hydrogen peroxide with vanadate a novel
compound we termed pervanadate (aqueous peroxovanadium species) was formed (354).
Pervanadate is a more powerful PTP inhibitor and also mimics a number of insulin's biological
effects in target tissues (356,382,385,446,476) . Most in_vitro studies of the action of these PTP
inhibitors have focused on glucose transport and metabolism and/or have been carried out in
adipose tissue. To investigate whether vanadale and pervanadate can mimic other acute metabolic
actions of insulin, particularly in muscle and to determine the potential role of tyrosine
phosphorylation in the signalling of these actions the effects of these compounds on glucose and

amino acid transport were examined in diftferentiated L6 skeletal muscle cells.

5.3 MATERIALS AND METHODS

5.3.1 Materials

Methylaminoisobutyric acid (MeAIB), ouabain and sodium orthovanadate were
purchased from Sigma (St. Louis, MO). af1-14C) MeAIB (48.4 mCi/mmol) was obtained from
Dupont NEN (Boston, MA). All other reagents were obtained as described carlier in section

3.3.1.

5.3.2 Cell Cultures

L6 cells were grown as described in 3.3.2 and were used in the myotube stage. Well
differentiated rat hepatoma cells (H411E) (kindly provided by Dr. D. Granner) were grown in
DMEM in the presence of 10% FBS and [7% v/v antibiotic-antimycotic solution (stock: 10,000

units/ml penicillin, 10 mg/ml streptomycin, 25 mg/ml amphotericin B) in 6-well plates in a
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humidified atmosphere of 5% CO7: 95% air at 37°C and were used at approximately 80%

confluency as judged by morphological criteria.

5.3.3 Drug treatment, glucose and amino acid uptake assay.
Stock solution of 25 mM vanadate was prepared in 50 mM HEPES buffer and
subsequently was diluted using HEPES-buftered saline (HBS) solution (final concentrations:

140 mM NaCl, 5 mM KCl, 20 mM HEPES, 2.5 mM MgSQy4, I mM CaCl,, pH 7.4) containing

5 mM glucose. Pervanadate solutions were prepared in the same butfer by mixing vanadate and
H7O»9 stock solutions as previously described (354). The final concentration of the drugs in the
incubation medium and the time of incubation are indicated in each figure. At the end of the
incubation period the medium was removed, the cells were rinsed twice with HBS solution and
subsequently glucose and MeAIB uptake were measured with 10 uM 2-Deoxy-D-3H glucose
(ImCi/ml) and 10 uM [4C-MeAIB respectively in the same buffer for 10 min at 23°C. To
determine non-carricr mediated glucose and MeAIB transport, cytochalasin B and cold MeAIB
respectively, were added to a final concentration of 10 mM each in parallel wells. The glucose
and amino acid uptake assays were terminated as previously described in section 3.3.3 and cell-
associated radioactivity was measured. Transport was determined as it is described before for
glucose transport by subtraction of the non-specific from the total uptake. The nonspecific
glucose and MeAIB uptlake were less than 3% of total. The transport of both glucose and MeAIB

were linear for at least 30 min under all conditions (data not shown).

5.34 Statistical analysis
The results are presented as means £ SE and the number of experiments is indicated in the
legends to the figures. Statistical significance was assessed using Students paired t-test or

analysis of variance (ANOVA) and differences accepted as significant at p < 0.05.
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5.4 RESULTS

5.4.1 Effect of vanadate and pervanadate on glucose and amino acid uptake.

Exposure of L6 myotubes to vanadate (Fig 5.1A) or pervanadate (pV) (Fig. 5.1B)
resulted in a time-dependent stimulation of 2-deoxyglucose uptake which reached a plateau at 90
min and 30 min respectively. Dose response curves revealed that vanadate stimulated 2-
deoxygiucose uptake at 0.1 mM (116 £ 2.9% of control, p<0.05) reaching levels at 10 mM
(170.7 + 10.4%) which were similar to those seen with maximum insulin (10-7M, 30 min)
treatment (167 £ 11%) (Fig 5.2A). Maximum stimulation by pV was 171.7 £ 12%. The
difference between the dose-response curves of vanadate and pV to mimic insulin in L6 cells is
similar to previous observations in rat adipocytes (382). Thus the concentration required for half
maximum stimulation of glucose uptake was ~ 200 fold lower for pV (5 uM) compared to
vanadate (1.1 mM).

In contrast to the stimulating effect on glucose uptake both vanadate and pV caused a
time- and dose-dependent inhibition of MeAIB uptake. Maximum inhibition was attained after
60 - 90 min (Figure 5.1). Significant inhibition was see¢n with 0.5 mM vanadate and maximum
inhibition 10 73.0 £ 5.5% of basal was reached with [0 mM. Concentrations of pV up to 10 uM
did not significantly alter basal McAIB uptake. However pV concentrations of 50 yM and above
produced inhibition. At 500 uM pV, McAIB uptake was 22.7 + 6.5% of control (Figure 5.2B).
The half maximum concentration of pV required to inhibit basal McAIB uptake was 70 uM while
that for vanadate was not measured dircctly since concentrations above 10 mM were not used to
avoid cell toxicity. From the vanadate dose-response curve an estimate of 15 mM for the ICg()
can be made. Thus the inhibitory effect of pV on McAIB uptake was approximately 200-fold

more efficaceous than that of vanadate.

5.4.2 Effect of vanadate and pervanadate in combination with insulin.
To investigate the effect of vanadate and pV on insulin-stimulated glucose and amino acid
uptake the effect of each agent in combination with insulin was examined. The cells were

incubated with or without 5 mM vanadate or 100 uM pV for a total of 90 min in the absence and
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Effect of vanadate and pervanadate on glucose and amino acid
transport. Time course

Figure 5.1
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Differentiated L6 muscle cells were incubated with S mM vanadate (A) or 100 uM pervanadate
(B) for the indicated periods of time. At the end of the incubation 2-deoxyglucose (open squares)
and MeAIB (closed circles) uptake were measured as described in Methods. The results are the
mean * SE of 3 - 5 experiments performed in duplicate. Basal 2-deoxyglucose uptake was 9.98
+0.65 pmoles/mg/min and McAIB uptake was 28.01 + 3.5 pmoles/mg/min. * p<0.05, **
p<0.01, ***p<0.001 compared with basal. Note the time-dependent stimulation of glucose

transport and the inhibition of amino acid transport .



Figure 5.2 [Effect of vanadate and pervanadate on glucose and amino acid
transport. Dose-response
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Cells were incubated for 90 min with the indicated concentrations of vanadate (closed squares) or
pervanadate (closed circles) followed by measurements ot glucose (A) and MeAIB (B) uptake.
The results shown are the mean * SE of 4 - 9 separate experiments performed in duplicate. *
p<0.05, ** p<0.01, *** p<0.001 compared with basal. Both the stimulation of glucose
transport and the inhibition of amino acid transport are dose-dependent.
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presence of 10-7M insulin during the final 30 min. The maximum responses of 2-deoxyglucose
uptake to stimulation by vanadate and pV in combination with insulin (191.4 + 20% and 209.5
+7.5% of basal) were not different from that achieved after insulin alone (194.8 £ 10%) (Table
S5.1). Similar results were obtained by addition of any concentration of the PTP inhibitors up to
a maximum of 10 mM vanadate or | mM pV (data not shown). The lack of additivity between
insulin at maximum stimulatory concentrations and vanadate or pV suggests that insulin and the
PTP inhibitors mediate their effects via a common pathway or via different pathways which
converge.

Insulin alone stimulated MeAIB uptake to 143 £ 4.7% of basal. In combination with 5
mM vanadate or 100 uM pV insulin was no longer able to stimulate MeAIB uptake which was
reduced to 97.8 + 7.2% and 67.0 £ 14.2% of basal respectively (Table 5.1). Thus these
concentrations of the PTP inhibitors completely abolished the insulin-stimulated component of
amino acid uptake suggesting that insulin-stimulated MeAIB uptake is more sensitive than basal.

A dose-response curve of inhibition of the insulin-stimulated component of McAIB uptake by pV

showed complete inhibition by 50 uM and an IC50 of 10 M, a concentration 7-fold lower than

the ICg) for inhibition of basal uptake (Figure 5.3). This sensitivity is similar to that found for

stimulation of glucose uptake.

5.4.3 Effect of insulin and pervanadate on the kinetics of amino acid
transport.
The decrease in amino acid transport in response to vanadate and pV could be due to a

decrease in the maximum capacity of transport (Vpax). @ decrease in the affinity of the transport

system for the amino acid, that is, an increase in the substrate concentration at which transport is
half maximum (Kg,) or both. To investigate these possibilities the effect of pV on the kinetics of
MeAIB uptake was compared with that of insulin. It has been demonstrated previously that the
rate of McAIB uptake is lincar for at least the first 20 min of incubation of L6 cells with 10-400

UM MeAIB (211). A linear transformation of the uptake data at various concentrations of McAIB
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Table 5.1. Effect of vanadate and pervanadate (pV) on insulin-stimulated
glucose and amino acid transport.

After 60 min treatment with 5 mM vanadate or 100 uM pV, insulin (10-7M) was added and the
incubation of the cells continued for another 30 min in the same buffer. The results are the Mean
+ SE of 6 - 10 separate experiments performed in duplicate. ***p<0.001 compared with basal.
bp<0.001 compared with insulin alone. Note that vanadate and pervanadate combined with
insulin did not stimulate glucose transport over and above the levels seen with insulin alone

while both agents completely inhibited the insulin-stimulated MeAIB uptake.

Treatment 2-Deoxyglucose uptake McAIB uptake
(% of basal) (% of basal)

Insulin 194.8 £ [0*** 143.4% 4.6%**

Insulin + Vanadate 191.4 + 2()*** 97.8 + 7.2b

Insulin + Pervanadate 209.6 + 7.5%** 67.1 £ 14.2b
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Figure 5.3 Dose-dependent inhibition of insulin-stimulated MeAIB uptake by

pervanadate
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L6 cells were incubated with 0 - 100 uM pervanadate for a total of 90 min with the addition of
10-7M insulin for the final 30 min. At the end of the incubation MeAIB uptake was measured as
described in Methods. The results shown are the mean + SE of 3 - 4 experiments performed in
duplicate. Insulin-stimulated MeAIB uptake in the absence of pervanadate was designated as
100%. *p<0.05, ***p<0.001. Note the dose-dependent inhibition of insulin-stimulated amino

acid uptake by pervanadate.
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(10-400 pM) was performed using a Hanes plot to allow a more accurate assessment of Viqax
and Kp,. Insulin significantly increased the Va4 of McAIB transport as reported previously
(211). Pervanadate (100 pM) completely abolished this increase. (Vpax, pmoles/min per mg
protein: control, 271; insulin, 385; pV + insulin, 199) (Figure 5.4). While insulin alone did not

alter Kpy,, in the presence of pV Kp, was increased (K, UM, control, 84; insulin 107; pV +

insulin, 162). Kinetic analysis of MeAIB uptake performed with pV alone showed a small

decrease in Viy4x (245 pmoles/min per mg protein) but more than a doubling of Ky, (186 uM)

compared to control (data not shown).

5.4.4 Effect of ouabain on basal and insulin-stimulated MeAIB uptake

Since vanadate has been reported to inhibit Nat, K¥ ATPase (369,370) we used
ouabain, a widely used inhibitor at concentrations of 2 mM which have been reported to inhibit
the Nat, K+ ATPasc (477). Ouabain did not inhibit McAIB uptake. On the contrary, ouabain
alone stimulated MeAIB uptake (158.0 + 5% of control) and augmented the stimulatory effect of
insulin (insulin alone 143.4 + 4.6% of control, insulin plus ouabain 208.0 + 3.5%) (Figure
5.5). QOuabain had no effect on the basal or insulin-stimulated glucose uptake (data not shown).
These results suggest that vanadate and pV action is not related to inhibition of the Nat, K+

ATPase.

5.4.5 Effect of vanadate on adaptive regulation of amino acid uptake

System A amino acid transport activity is increased in responsc to amino acid deprivation
(205) . This increase is referred to as adaptive regulation, occurs over several hours and appears
to be dependent on protein synthesis. The eftect of vanadate on adaptive regulation of system A
activity was examined. L6 myotubes were deprived of all amino acids for up to 12 h. This
resulted in a time-dependent increase in MeAIB uplake reaching ~5-fold that of control after 9 -
12 h of deprivation (Table 5.2). Vanadate, 500 puM, significantly reduced the increase in MeAIB
uptake in response to amino acid deprivation. Amino acid deprivation for 12 h increased McAIB

uptake to 565.3 £ 42% of control in the absence but to only 237.7 £28.4% (p < 0.02) in the



Figure 5.4 Effect of insulin and pervanadate on the kinetics of amino acid
transport in L6 muscle cells
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In control and pervanadate (100 tM) treated cells for 60 min, insulin (10 -7M) or buffer alone
were added and the incubation continued for a further 30 min. A. MeAIB uptake was measured
as described in Methods in the presence of various concentrations (10 - 400 uM) of MeAIB.
Control (closed circles), insulin (open circle), insulin plus pervanadate (closed triangle). Values
for uptake in the presence of pV alone overlapped substantially with those in the presence of both
pV plus insulin and were omitted for clarity. The results shown are the mean  SE of 3 separate
experiments performed in duplicate. B. Linear Hanes transtormation of the data presented in A.
(see text for numerical values of Km and Vmax).
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Figure 5.5 Effect of ouabain on basal and insulin-stimulated MeAIB uptake
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Cells were treated with 2 mM ouabain for 90 min at 37°C in the absence (open bars) and the
presence (shaded bars) of insulin (10-7M) added during the final 30 min of this incubation.
Values are the mean +SE of 3 separate experiments performed in duplicate. *** p<0.001
compared with untreated control. Note that in contrast to vanadate and pervanadate, ouabain did
not inhibit basal or insulin-stimulated MeAIB uptake (see Figure 5.2 and Table 5.1).



Table 5. 2. Effect of vanadate on adaptive regulation of system A amino acid

transport.

Lo/

Myotubes were incubated for the time indicated in HBS buffer containing 5 mM glucose in the
presence and absence of amino acids and in the presence and absence of 500 uM vanadate. The
results are the Mean * SE of 3 -4 separate experiments performed in triplicate. MeAIB uptake is
expressed as percent of control cells not deprived of amino acids which were assayed in parallel
in the same experiment. Basal MeAIB uptake in the presence of amino acids (Time 0) was
inhibited by vanadate to 88.1 + 4.3 % of that in the absence of vanadate and was designated as
100 % at 0 h for + vanadate. In these experiments insulin stimulated MeAIB uptake to 166.1
12.8% of control. ** p<0.02, *** p<0.01 compared to -vanadate. * p<0.05, b p<0.001

compared to control.

Time MeAIB uptake 2-Deoxyglucose uptake
(h) (% of control) (% of control)

- Vanadate + Vanadate + Vanadate
0 100 100 100
3 164.1 £25.2 1442 + 16.5 152.7 £ 19.6*
6 331.7 £ 18.4b 231.3 £ [5.8%* 192.4 + 13.6b
9 465.4 + 43.4b 274.3 £ 30.5%** 215.7 £ 15.0b
12 565.3 + 42.0b 237.7 + 28.4%* 226.7 + 43.9b
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presence of vanadate. Under these conditions there was no cell toxicity observed by trypan blue

exclusion and vanadate stimulation of 2-deoxyglucose uptake was maintained (Table 5.2).

5.4.6 Effect of cycloheximide on PTP inhibitor action

Since adaptive regulation has been shown to require protein synthesis it was tested
whether the more acute (up to 90 min) actions of vanadate and pV described above require
protein synthesis by using cycloheximide, a protein synthesis inhibitor. Previously it was
demonstrated that 1 mg/ml cycloheximide inhibits protein synthesis in L6 myotubes (478).
Coincubation with cycloheximide had no effect on the ability of insulin, vanadate or pV to either
stimulate glucose or stimulate/inhibit amino acid uptake (Table 5.3) indicating that the

mechanism of action of vanadate and pV is independent of protein synthesis.

5.4.7 Effect of vanadate and pervanadate on MeAIB uptake in hepatoma cells
The L6 muscle cell line was originally derived from rat nconatal tissue (219) and may
represent a unique insulin target cell. To determine whether the inhibitory action of vanadate and
pV on MeAIB uptake was a response confined to L6 muscle cells the effects of the two agents
were examined in the well differentiated cultured hepatoma cell line, HAIIE. Insulin (10-7M for
30 min) stimulated MeAIB uptake to 152.9 £ 12% of control. Vanadate at concentrations of 0.1
to 10 mM did not signiticantly lower basal amino acid uptake although a tendency towards
inhibition was observed at the higher concentrations (data not shown). However insulin-
stimulated MeAIB uptake was completely inhibited by 0.5 mM vanadate (Figure 5.6).
Pervanadate at 500 uM decreased basal McAIB uptake which did not reach statistical significance
but completely abolished insulin-stimulated McAIB uptake (76.8 £9.3% of basal, p < 0.001)
(Figure 5.6). Neither agent affected glucose uptake in hepatoma cells under these conditions

(data not shown).



139

Table 5.3. Effect of cycloheximide on insulin, vanadate and pervanadate
induced changes in glucose and amino acid uptake.

Insulin (10-7M for 30 min), vanadate (10 mM for 60 min) or pervanadate (S00 uM for 60 min)
were used to treat cells in the absence and the presence of 1 pg/ml cycloheximide. The results
shown are from one of 3 experiments with similar results. Note that cycloheximide did not
abolish the responses of the cells to any of the agents used.

Treatment 2-Deoxyglucose uptake McAIB uptake

(% of control) (% of control)
Cycloheximide - + - +
Control 100 105.8 100 923
Insulin 242.5 247.8 158.4 157.1
Vanadate 152.2 150.6 76.9 76.3

Pervanadate 267.0 255.0 39.1 35.6




Figure 5.6 Effect of vanadate and pervanadate on basal and insulin-stimulated
MeAIB uptake in hepatoma cells
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Hepatoma cells (H4IIE) at 80% confluency were incubated with 10 mM vanadate or 500 uM
pervanadate (pV) for 90 min at 37°C in the absence (open bars) and presence (shaded bars) of
10-7M insulin during the final 30 min. MeAIB uptake was assayed as described in Methods for
the L6 myotubes. Uptake was linear for at least 30 min under these conditions. The results
shown are the mean *+ SE of 3 separate experiments performed in duplicate. Inset: dose-
dependent inhibition of insulin-stimulated MeAIB uptake by vanadate. *** p<0.001 compared

with control.
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5.5 DISCUSSION

In the study presented here it was tound that vanadate and pV mimic insulin to stimulate
glucose uptake in cultured differentiated L6 skeletal muscle cells, a cell line which has been used
extensively as an jn_vitro model of a major insulin target tissue. The relative efficacies of
vanadate and pV were similar to those previously found in rat adipocytes (382) and correlate
with their relative potencies to inhibit PTPs (356,382). In contrast to these actions on glucose
uptake and to the action of insulin, both vanadate and pV inhibited MeAIB uptlake. MeAIB is an
amino acid analog which is specifically transported by the insulin-sensitive system A amino acid
carrier. Therefore the data indicate a paradoxical effect of these PTP inhibitors to inhibit this
insulin biological response. Although previous studies in cultured L6 cells have not been
performed, vanadate and peroxovanadium have been demonstrated to have insulin-mimetic
actions in rat skeletal muscle (385,387,476,479). Thus glucose uptake, glycogen synthesis and
lactate production were stimulated, but stimulation of protein synthesis and inhibition of
proteolysis could not be demonstrated (385,387). Amino acid transport was examined in one
study by Munoz et al (388) who found that in freshly isolated rat epitrochlearis muscle MeAIB
uptake was increased by vanadate. An attempt to define the mechanism suggested that the
stimulation was mediated by an alteration of intracellular pH rather than via a stimulation of the
insulin signalling pathway. In view of these different results it was asked whether L6 cells have
a unique response to vanadate. Both vanadate and pV also inhibited insulin-stimulated MeAIB
uptake in H4IIE hepatoma cells. Thus other than the model systems used, there is no
explanation for the different results since even at the high concentrations of vanadate employed
by Munoz et al, no stimulation of MeAIB uptake was observed in the present study.

The mechanism of the insulin-like cffects of vanadate and pV remain controversial.
Vanadate can interact directly with and inhibit a number of enzymes such as P-type
phosphorylated ATPases (366,369,370), glucosc-6-phosphatase (377) and PTPs
(364,374,375). Previous studies suggested that inhibition of Na*, K+ ATPasc is not the

mechanism of action and that this inhibition may not occur in intact living cells exposed to
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vanadate (351,370). Whether the insulin receptor itself or another tyrosine kinase or both are
responsible remains controversial (438,439,446,480). The importance of tyrosine
phosphorylation in the signalling of insulin biological effects is well established (4,29). Insulin-
stimulated receptor tyrosine autophosphorylation and subsequent tyrosine phosphorylation of
IRS-1/IRS-2 are two early events in the signal transduction pathway (2,4,10). Inhibition of PTP
activity by agents such as vanadate and peroxovanadium is thought to be the major mechanism

by which these agents mimic many of the actions of insulin both ip_vitro and in_vivo

(347,356,364,374,375,382,433).

The mechanism of the inhibition of amino acid uptake by vanadate and pV is not known.
Neither protein synthesis nor inhibition of the Na*, K+ ATPase appeared to be required. There
are three findings in this study which suggest that two mechanisms for the inhibitory action may
be involved. First the inhibition of basal as compared with insulin-stimulated MeAIB uptake
manifested different sensitivity to vanadate and pV. The IC5 for inhibition of basal uptake was
70 uM for pV and estimated to be 15 mM for vanadate, both ~ 14-fold greater than the
concentrations required to stimulate glucose uptake. In contrast the insulin-stimulated
component of MeAIB uptake was inhibited at lower concentrations (ICgq) for pV, 10 uM).
Second the inhibitory effect of pV on MeAIB uptake was associated with both a decrease in
Vmax as well as an increase in Km. In the basal state the predominant effect was an increase in
Km while inhibition of insulin-stimulated McAIB uptake by pV was associated with a marked
decrease in Vpax. Finally, MeAIB uptake stimulated by amino acid deprivation was also
inhibited by vanadate suggesting an effect that was independent of the insulin signalling
pathway.

Several actions of insulin have now been found not to be stimulated by vanadate in some
tissues. Bosch et al reported that in isolated rat hepatocytes glycogen synthase was inactivated
and glycogen phosphorylase was stimulated by vanadate (386). However the concentrations
uscd were very high, 8 mM, and Bruck et al demonstrated an inhibition of hepatic glucose output
in perfused rat liver by much lower concentrations (481). In skeletal muscle the concentrations of

vanadate (385,388) and pervanadate (476,482) required to promote insulin biological effects are
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higher than those required in adipocytes (354,433,442). However at the same concentrations that
stimulate glucose uptake and metabolism, the insulin-like effects on protein metabolism are not
mimicked (387). The results from the study presented here showing that glucose uptake is
increased but insulin-stimulated amino acid uptake is inhibited at similar concentrations and that
the relative potencies of vanadate and pV for the two effects are also similar suggest that
inhibition of PTPs may be involved in both actions. A number of recent studies indicate the
importance of PTP activity not only in termination or dampening of growth factor signalling but
also in signal propagation. In the case of insulin the SH2-domain containing PTP,
PTP1D/SYP/SHPTP2, has been found to play a role in the mitogenic response (398,483). Since
vanadate and pV are relatively nonspecific in their PTP inhibitory actions, it is conceivable that
insulin actions requiring PTP activity may be inhibited. Presently little is known about the
regulation of system A amino acid transport and the mechanism by which insulin exerts its
stimulatory effect. Further work is required to determine whether PTP action is required.
Vanadate and its various derivatives have been used successtully in various rodent models of
diabetes mellitus and proposed as potential therapeutic agents in humans (347). Recent studies in

humans ip vivo (357,358) and in human skeletal muscle in_vitro (425) have demonstrated effects

of vanadate on glucose metabolism but effects on amino acid and protein metabolism remain to
be determined.

It should be mentioned that measurements of glucose and amino acid uptake in all the
experiments presented in this section were performed simultaneously. Under exactly the same
conditions where an inhibition of amino acid transport was observed with vanadate and pV the
transport of glucose was increased suggesting that the inhibitory cffect seen was not associated
with cell toxicity. The morphology of the cells, as examined under a light microscope, was not
affected by vanadate and pV treatment as was indicated by the appearance of normal healthy
cells identical to control . Furthermore, cell viability, as measured by trypan blue staining, was
not affected by vanadate and pV treatment. It is possible that muscle cells do not take up
vanadate and pV as other cells do and for this recason high concentrations of the compounds are

required in order to see an effect. It should be kept in mind however that similarly high
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concentrations are also required in isolated muscle preparations for an effect of these compounds
to be observed (385,388)(378,381,469).

In summary, it is shown in the results presented here that although the PTP ihibitors
vanadate and pervanadate increase glucose uptake in L6 myotubes, they inhibit amino acid

uptake in a concentration-dependent manner.

5.6 CONCLUSIONS
It is concluded that the PTP inhibitors vanadate and pervanadate mimic insulin action
with regard to glucose uptake but have actions opposite to insulin with regard to amino acid

uptake in L6 cells.
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MECHANISM OF ACTION OF VANADATE AND PERVANADATE TO
STIMULATE GLUCOSE UPTAKE IN MUSCLE CELLS
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6.1 ABSTRACT

Vanadate and pervanadate (pV) are PTP inhibitors which mimic insulin in stimulating
glucose transport. However, their mechanism of signal transduction is not defined. In this study
the role of PI 3-kinase, known to be required for insulin-stimulated glucose transport, MAPK
kinase (MEK) and PKC in the stimulation of glucose uptake by the two agents was examined.
In L6 myotubes vanadate and pV stimulated glucose transport to levels similar to insulin
(17845.7% of control). The PI 3-kinase inhibitor wortmannin (WM) blocked insulin stimulation
of glucose transport (117.0£12.3 % of basal) but it did not alter significantly the response to
vanadate or pV (152+12.3 % and 240+9.2 % of basal respectively in the presence of WM).
Vanadate and pV induced an increase in PI 3-kinase activity associated with phosphotyrosines to
levels comparable to that of insulin, as detected by anti-phosphotyrosine immunoprecipitations,
and this increase was blocked by wortmannin. Furthermore, pretreatment of myotubes with WM
was cffective in abolishing vanadate, pV and insulin stimulated production of PI(3,4,5)P3 and
PI(3,4)P2, in intact cells. Pretreatment of myotubes with the recently identified inhibitor of
MEK, PD098059, did not alter the vanadate- and pV- stimulation of glucose uptake. Acute
stimulation of L6 cells with phorbol myristate acetate (PMA) resulted in an increase in glucose
transport which was blocked after PKC downregulation by chronic incubation with PMA. In
contrast the stimulation by vanadate and pV was not changed by PKC downregulation nor by
pretreatment of myotubes with the PKC inhibitors calphostin C or bisindolylmaleimide (BIM).
Disassembly of the actin network of myotubes with cytochalasin D (CD) was shown to block the
insulin stimulation of glucose transport. The role of the actin network in the vanadate and pV
stimulation of glucose transport was examined. CD pretreatment of myotubes inhibited glucose
uptake in response to both vanadate and pV suggesting that an intact actin network is required for
the response of the cells to vanadate and pervanadate. These data suggest that in contrast to
insulin, vanadate and pV stimulate glucose transport in L6 skeletal muscle cells by a mechanism
independent of PI 3-kinase activation. PKC and MEK also do not appear to be involved in the

mechanism of action of vanadate and pV. However, similar to insulin, the mechanism of
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regulation of glucose transport by vanadate and pV appears to require the presence of an intact
actin network. In conclusion, vanadate and pV may mimic insulin to stimulate glucose transport

by using an alternate pathway to signal events downstream of PI 3-kinase.

6.2. INTRODUCTION

As it is shown in chapter 5 vanadate and pervanadate stimulated glucose uptake in L6
skeletal muscle cells to levels similar to that of insulin. Insulin increases glucose uptake in
skeletal muscle by inducing the translocation of glucose transporters from an intraceilular
compartment to the cell surface (discussed in 1.3.2.2) The mechanism by which this
translocation of glucose transporters is regulated remains poorly understood. The insulin
signalling cascade is initiated by the activation of the tyrosine kinase of the insulin receptor
leading to tyrosine phosphorylation of intracellular proteins such as insulin receptor substrate 1
(IRS-1), which acts as a docking site for proteins containing SH2 domains (reviewed in 1.2.2).
Phosphatidylinositol 3-kinase (PI 3-kinase) through thc SH2 domain of its p85 regulatory
subunit binds to IRS-1. This results in increased activity of the pl110 catalytic subunit which
phosphorylates inositol phospholipids on the D3 position (4,45,71). Recently (as discussed in
scction 1.3.2.4.1.1) it was demonstrated that the fungal metabolite wortmannin (WM) inhibits
both PI 3- kinase activity and the insulin-induced increase in glucose transport in rat adipocytes
(61), 3T3LI adipocytes (63) as well as in rat skeletal muscle (60) and L6 muscle cells (65). PI 3-
kinase plays an important role in this insulin-signalling pathway. Similarly, overexpression of a
mutant p85 which fails to bind the p! 10 catalytic subunit blocked both insulin stimulated PI 3-
kinase activation and glucose uptake (171). These data strongly support the concept that PI 3-
kinase plays an important role in this insulin signalling pathway. PI 3-kinasc phosphorylates
inositol phospholipids on the D3 position (45). The major in vivo substrate has been determined
to be PI (4,5) P2 and the product PI (3,4,5) P3. A second intracellular product, PI (3,4) P2 may
be derived from dephosphorylation of the former substrate. Additionally, PI (3,4) P2 may be

derived from phosphorylation of PI (4) P by PI 3-kinasc. The biochemical events involved in
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the stimulation of glucose transport by insulin subsequent to PI 3-kinase remain poorly defined.
One downstream requirement appears to be an intact actin network since its disruption by CD
inhibits insulin-stimulated glucose uptake (185). It is demonstrated in chapter S that vanadate
and pervanadate stimulate glucose uptake in L6 cells to a similar extent as insulin. Paquet
demonstrated that the acute stimulation of glucose uptake by vanadate in 3T3 L1 adipocytes was
associated with glucose transporter translocation similar to insulin (452). In the present study the
role of PI 3-kinase was examined and found that the insulin-mimetic agents can stimulate
glucose transport independent of PI 3 kinase. Furthermore, it was found that neither MAPKK
(MEK) nor PKC appear to be involved. Finally, all the stimuli, insulin, vanadate and pV do

require an intact actin network to stimulate glucose uptake.

6.3. MATERIALS AND METHODS

6.3.1. Materials

Phorbol myristate acetate (PMA), wortmannin and cytochalasin D were
purchased trom Sigma (St.Louis, MO). Anti-phosphotyrosine antibody coupled to agarose
beads was purchased from UBI (Lake Placid,NY). 32Pi and y-RP-ATP were obtained from
Amersham (Oakville, ON, Canada). Oxalate treated thin layer chromatography (TLC) plates
were obtained from Analtech (Newark,DL) and purificd L-a-phosphatidylinositol was
purchased from Avanti Polar Lipids (Alabaster, AL). Calphostin C and Bisindolylmaleimide
(BIM) were obtained from Calbiochem (San Diego, CA). PD (098059 was a gift from Dr. A.

Saltiel (Parke Davis, MI). All other reagents were obtained as described in 3.3.1.

6.3.2. Cell cultures

L6 cells were grown as previously described (3.3.2). All experiments were
carried out with fully differentiated myotubes. The cells were grown in 6-well plates for the
transport experiments and in 10 cm-diameter dishes for immunoprecipitations and PI 3-kinase

activity measurements as well as for 32P labeling experiments.
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6.3.3. Drug treatment and glucose uptake assay

Solutions of vanadate and pervanadate were prepared as previously described
(5.3.3). Wortmannin and cytochalasin D stock solutions were prepared in DMSQO. Cells were
exposed to the different agents and to insulin in Hepes buffered saline solution (HBS, see
section 3.3.3) containing S mM glucose. The final concentration of the drugs in the incubation
medium and the time of incubation are indicated in each figure. In the experiments with
wortmannin the cells were exposed to 100 nM wortmannin for the time indicated in cach figure
before the addition of insulin, vanadate or pervanadate and throughout the stimulation period.
For the PKC downregulation experiments the cells were pre-incubated with or without 100 nM
PMA for 24 hours in a-MEM. At the end of this period PMA was removed, the cells were
washed with HBS (containing 5 mM glucose) buffer twice and then incubated with or without
insulin, vanadate, pervanadate or PMA. For the acute stimulation with PMA the cells were
exposed to | uM PMA for | hour. In the experiments where the PKC inhibitors calphostin C
and BIM were used, the cells were incubated with the inhibitors (at concentrations given in each
figure) for 1 hour before the addition of vehicle, insulin, vanadate or pervanadate. The same
volume of diluent (DMSO) was added to cells not treated with wortmannin, calphostin C and
BIM to match the DMSQ concentrations in the cells treated with these inhibitors. At the end of
the incubation period the medium was removed, the cells were rinsed twice with HBS solution
and glucose uptake (2DG uptake) was measured immediately as described in sections 3.3.3. and

5.3.3. for 10 min.

6.3.4. Immunoprecipitations

Myotubes were incubated for 18 h in low serum (0.1 %)-containing medium and then
were treated with the different agents as described above. After the drug treatments the cells were
immediately washed once with ice-cold phosphate butfered saline containing 100 uM Na3zVOy4

and twice with buffer A (20 mM HEPES, 137 mM NaCl, | mM MgCl,, | mM CaCl,, 100 uM
Na,VO,, pH 7.5) and then lysed in | ml of lysis buffer (buffer A containing 10% glycerol, | %
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NP40 and 2 mM PMSF). The cell lysate was spun at 16,000rpm for 10 min at 4 0C and the
supernatants were incubated overnight with anti-phosphotyrosine antibody coupled to agarose
beads (25 ul to 1 ml sample was added) which had been washed twice with PBS and
preincubated with lysis buffer containing 10 % BSA. The immunocomplexes were used for jn

vitro PI 3 -kinase activity.

6.3.5. In _vitro PI3 Kinase activity assay
The immunocomplexes were washed 3 times with solution [ (PBS containing 1 % NP40

and 100 uM Na3VOy4 pH 7.5), 3 times with solution II (0.5 M LiCl, 0.1 M Tris, and 100 uM
Na3VOq4 pH 7.5), 2 times with solution III (10 mM Tris, 100 mM NaCl, | mM EDTA and 100
HM Na3VOy4 pH 7.5) and then were incubated for 5 min with 50 pl of solution II1, 10 pl of
100 mM MgCly and 20 pg of PI resuspended by sonication in 10 pl of 10 mM Tris pH 7.5 and
1 mM EGTA. The reaction was initiated by the addition of 5 pl of 1 mM y-32P-ATP (10
mCi/ml) in 20 mM MgCl3 and terminated after 10 min at 23 OC with the addition of 20 pl of 6 M
HCI. Lipids were extracted with 160 pl of CHCl::MeOH (1:1) followed by centrifugation for
10 min at 16,000 rpm. To separate the lipids 50 pl of the extracted lower phase were applied to
TLC plates that had been prebaked at 110 0C for 1 hour. The lipids were separated with CHCI3:
MeOH: H20O: NH4OH ((ml) 60:47:11.6:2) and detection and quantitation of 32p_PI3P was

determined by densitometry using a Molecular Dynamics Phosphorlmager System.

6.3.6. Determination of PI 3 Kkinase lipid products in intact cells

Myotubes grown in 10 cm-diameter dishes were incubated overnight in media containing
0.1 % FBS followed by incubation for 4 h in phosphate frce medium supplemented with 0.5 %
BSA and containing 32Pi to a final concentration of 250 uCi /ml. The cells were rinsed 3 times
with HBS containing 5 mM glucose and then were stimulated with the concentrations and for the
times indicated with insulin, vanadate and pV in the same buffer. At the end of the incubation the
buffer was rapidly aspirated and 1 ml of ice-cold 2.4 M HCI was added to each dish. The cells

were scraped and transferred to 5 ml polypropylene tubes. Ice-cold chloroform (CHCI3) (1ml)
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was added followed by 1.5 ml of CHCl3/methanol (MeOH) ( 1/2 (v/v)). The samples were
vortexed thoroughly and spun at 1500 rpm at 4 OC for 5 min to separate the organic and aqueous
phase. The lower organic phase was aspirated and the remaining aqueous phase was similarly
extracted twice more and all 3 lipid extracts were pooled and dried under nitrogen (N2). The
dried lipids were redissolved in 50 pul of CHCI3/MeOH (1:1, v/v), and then resolved by thin
layer chromatography. 32P-labeled lipids were visualized by autoradiography, and deacylated
without elution from silica (C). The resulting glycerol phosphoinositol polyphosphate species
were separated by HPLC on a Whatman Partisphere 5 SAX 25 cm column. Quantitation of
eluting [SZP] was performed using a radioisotone flow detector (Beckman model 171). Retention
times have been determined by comparison with 3H standards of glycerol phosphoinositol

polyphosphates and inositol polyphosphates.

6.4. RESULTS

6.4.1. Effect of wortmannin on insulin- vanadate- and pV-stimulated glucose
uptake

As previously demonstrated in chapter 5 (Figures 5.1 and 5.2) vanadate and pV
stimulated glucose transport into L6 myotubes in a time- and dose-dependent manner. In the set
of experiments presented here, maximum stimulation reached levels similar to that achieved with
maximum insulin. (% of basal; Insulin (100 nM), 178+5.8%; vanadate (5 mM), 144+8.5 %; pV
(100 uM) 179+3.9 %) (Figure 6.1).

To determine the role of PI 3-kinase, L6 myotubes were exposed to 100 nM insulin (30
min), SmM vanadate or 100 pM pV (60 min), in the absence and presence of 100 nM
wortmannin which was added for 35 min prior to insulin and 5 min prior to vanadate and pV so
that the duration of wortmannin treatment was identical in all groups. Wortmannin significantly
inhibited basal glucose transport to 58.6+2.0 % of control (p<0.001), as previously reported
(65). Thus the ability of the agents to stimulate glucose uptake in the presence of wortmannin

was expressed as a percent of the basal transport in the presence of wortmannin. Stimulation of
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Figure 6.1 Effect of insulin, vanadate and pV on glucose transport in muscle

cells
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Vanadate and pV increased glucose transport into cells to levels similar to that reached by insulin.

Treatment of cells with vanadate (5§ mM) or pervanadate (100 pM) for 90 min, with insulin (100
nM) for 30 min. The results are the mean+SE of 4-8 experiments performed in duplicate. ***,
p<0.001 compared to untreated control. Basal 2-deoxyglucose uptake was 10.5 £ L.5

pmoles/mg/min,
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glucose transport by insulin was inhibited by wortmannin (117+5.3 %, NS compared to basal),
while stimulation by vanadate (144.4+8.5 %, p<0.05) and pV (240.339.2 %, p<0.01) was not
affected (Figure 6.2). It should be noted that higher concentrations of wortmannin up to 1 uM
also did not result in any inhibition of glucose transport by vanadate or pV (data not shown), nor
did longer incubation time (wortmannin added 30 min instead of 5 min prior to the addition of
vanadate or pV) (data not shown). These results suggested that in contrast to insulin, vanadate

and pV are able to increase glucose transport in L6 muscle cells independent of PI 3-kinase.

6.4.2. Wortmannin blocks in_vitro PI 3-kinase activity
To determine whether vanadate and pV were in fact activating PI 3-kinase in myotubes

and that any activation was blocked by wortmannin, PI 3-kinase activity was measured in vitro

in anti-phosphotyrosine immunoprecipitates. L6 myotubes were treated with 100 nM insulin, 5
mM vanadate or 100 uM pV for IS min following which the cells were solubilized and total
lysates were subjected to immunoprecipitations with anti-phosphotyrosine antibody and PI 3-
kinase activity was measured as described in Methods. Insulin, vanadate and pV increased PI 3-
kinase activity to a similar extent (2-2.5 fold compared to untreated control). pV increased PI 3-
kinasc activity with a time-course similar to that of insulin reaching maximum levels within S min
while activation by vanadate was somewhat slower and maximum levels were reached within 15
min (data not shown). Pretrcatment with 100 nM wortmannin inhibited basal PI 3-kinasc activity
and abolished the increase induced by insulin and pV (Figure 6.3). Wortmannin also abolished

the increase in PI 3 kinase activity in response to vanadate (not shown).

6.4.3. Generation of the PI 3-kinase lipid products in intact cells

To confirm the validity of the results of the Pl 3-kinase assays described above, the
effects of insulin, vanadate and pV on the PI 3-kinase activity jn situ was determined by
measurement of the synthesis of the lipid products. Serum deprived myotubes were labeled with
32p for 4 hours followed by stimulation with insulin, vanadate and pV in the absence and the

presence of 100 nM wortmannin as described above. Insulin, vanadate and pV all increased the
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Figure 6.2 Effect of wortmannin on insulin, vanadate and pV stimulation of
glucose transport in myotubes

$
s 100"
Q-
S o
O‘E * %
S 8
29 501
a2
W
(o}
Q
2
N
0- .
Basal . e
2501 1
[}
X
8 2001
Q k%
3
o= 1
g% 150 NS
3 8 1 -
gqa 100 1
X
o
QO ~
g 50 -
N
0 +

Control Insulin Vanadate pV

Myotubes were incubated without or with 100 nM wortmannin for 35 min followed by the
addition of insulin (10‘7 M) for 30 min, and 5 min with wortmannin followed by addition of
vanadate (5 mM) or pV (100 uM) for 60 min and glucose transport was measured as described
in Methods. The results are the mean+SE of 3-4 experiments performed in duplicate and are
expressed as percent of basal uptake in the presence wortmannin. The effect of wortmannin on
basal glucose transport is shown in the inset (control: shaded bar, wortmannin: open bar). (**,
p<0.01 compared to control in the absence of wortmannin; ***, p<0.001 compared to
wortmannin-treated control). Note that in the presence of wortmannin the response of the cells to
insulin was abolished while their response to vanadate and pV was not affected.
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Figure 6.3 Effect of wortmannin on PI 3-kinase activity stimulated by insulin
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Serum deprived L6 myotubes were incubated without or with 100 nM wortmannin for 15 min

followed by stimulation with insulin (100 nM, 5 min) or pV (100 uM, 15 min). Following,
immunoprecipitations were performed with antiphosphotyrosine-specific antibody and PI 3-
kinase activity was measured as described in Methods. The picture is from a TLC plate of one of
three experiments with similar results.
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levels of PI (3,4)-P3 and PI (3,4,5)-P3 (Figure 6.4). Wortmannin was effective in blocking the
effect of all three agents on the generation of the PI 3-kinase lipid products in intact live cells

(Figure 6.4) consistent with an inhibition of the stimulation of PI3-kinase activity detected in

vitro (Figure 6.3).

6.4.4. Inhibition of MEK does not block glucose transport stimulation

Insulin stimulates the activation of two major signalling pathways, the PI 3-kinase and
the Ras-Raf-MEK-MAPK cascade (discussed in section 1.2.2.3). Although most studies
support the concept that metabolic actions of insulin, particularly glucose uptake are mediated via
the PI-3 kinase pathway as reviewed in Chapter 1, there is some evidence that the Ras pathway
may contribute to stimulation of glucose uptake under certain conditions (170,171). To
investigate the possibility that vanadate or pV may utilize this pathway a MAPK Kinase (MEK)
inhibitor (PD 09805) was used. The myotubes were incubated with 10 uM PD 098059 for | h
before and during stimulation with insulin (100 nM, 30 min) vanadate (SmM, 60 min) or pV
(100 uM, 60 min). PD 098059 did not atfect either basal glucose transport or the stimulation by
insulin, vanadate or pV (Figure 6.5) suggesting that MAPK activation by MEK is not important

in the signalling pathway of any of the agents examined.

6.4.5. Vanadate- and pV-stimulated glucose transport does not involve PKC

It has been previously reported that acute activation of protein kinase C (PKC)
by phorbol myristate acetate (PMA) leads to an increase in glucose uptake (177). To determine
whether the mechanism of action of vanadate and pV to increase glucose transport involves
PKC, the glucose transport response of the cells to insulin, vanadate and pV was examined after
downregulation of PKC or in the presence of PKC inhibitors. Acute exposure of L6 myotubes to
I uM PMA resulted in the stimulation of glucose transport (171+2.7 % of control) to levels
similar to that of insulin (18242.1 % of control) (Figure 6.6). After chronic exposure (24 h) to

100 nM PMA to downregulate PKC (293) the cells were washed and restimulated with [ uM
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Figure 6.4 Effect of wortmannin on insulin, vanadate and pV stimulation of
synthesis of lipid products
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Cells were 32P phospholabelled followed by incubation with (+) or without (-) wortmannin (100
nM) for 15 min and stimulation with insulin (100 nM) for 5 min, vanadatec (5 mM) and
pervanadate (100 uM) for 15 min. Lipids were extracted, separated and determined as described
in the Methods. The results shown are from one of 3 experiments with similar results. Note that
all three stimuli increased the levels of the phospholipids measured and that wortmannin
prevented this increase.
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The MEK inhibitor PD 098059 does not affect insulin-, vanadate-
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Cells were incubated without (open bars) or with (crosshatched bars) the MEK inhibitor PD
098059 (10 uM) for 1 h before their stimulation with insulin (100 nM, 30 min) vanadate (SmM,

60 min) or pV (100 uM, 60 min). The results are the mean+SE of 3 experiments performed in
duplicate. (NS, nonsignificant; *, p<0.05; ***, p<0.001 compared to untreated control). Note

that PD 098059 did not affect the response of the cells to any of the agents used.
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Figure 6.6 Effect of PKC downregulation on insulin and pV action on glucose

transport in myotubes
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Myotubes were incubated in the absence (open bars) or the presence (crosshatched bars) of 100
nM PMA for 24 hours. At the end of this incubation the cells were washed with HBS containing

S5 mM glucose and stimulated with PMA (1 uM) or pV (100 uM) for 60 min or with insulin for
30 min and glucose transport was measured as described in Methods. The results are the
meantSE of 3-4 experiments performed in duplicate. (NS, nonsignificant; ***, p<0.001
compared to untreated control). Note that chronic PMA treatment abolished the acutc PMA
response of the cells while did not affect the response of the cells to insulin or pV.
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PMA. Glucose uptake was no longer stimulated by PMA indicating that PKC activity was
downregulated. In contrast, the responses of the cells to insulin as well as to pV (Figure 6.6) and
vanadate (data not shown) were not significantly altered by PKC downregulation. In a second
approach, L6 myotubes were preincubated with the PKC inhibitors calphostin C (0.2 pM) for 30
min or bisindolylmaleimide (BIM) (1 pM) for 60 min followed by stimulation with insulin,
vanadate or pV for 60 min. The PKC inhibitors did not alter glucose transport simulation by any
of the agents (Table 6.1). These data suggest that PKC does not play a significant role in the

insulin-, vanadate- or pervanadate-induced increase in glucose transport.

6.4.6. Cytochalasin D inhibits insulin-, vanadate- and pV-stimulated glucose
transport

Cytochalasin D (CD), which disrupts the actin network has been documented to inhibit
insulin-stimulated glucose transport in L6 myotubes (185). To examine whether an intact actin
network is also required for glucose uptake stimulated by vanadate and pV, myotubes were
preincubated for | h in the presence of | puM CD followed by stimulation with the different
agents for | h. CD abolished the insulin as well as the vanadate and pV stimulation of glucose
uptake (Figure 6.7) suggesting that the actin network is important for the action of all these

agents.
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Table 6. 1 Effect of PKC inhibitors on insulin, vanadate and pV-stimulated
glucose transport

Treatment of the cells without and with the PKC inhibitors Calphostin C (CC) (0.2 pM) for 30
min or bisindolylmaleimide (BIM) (I uM) for 60 min was followed by addition of insulin (100
nM), vanadate (5 mM), pV (100 uM) or PMA (100 nM) for 60 min betore the glucose uptake
assay. The results are the Mcan * SE of 3 separate experiments performed in duplicate. (NS,
non significant; *, p<0.05; **, p<0.01; ***,  p<0.001; ND, not determined). Note that the
response of the cells to insulin, vanadate and pervanadate was not affected by any of the PKC

inhibitors used while the response to acute PMA treatment was abolished.

Treatment 2-Deoxyglucose uptake (% of control)

+CC +BIM
Basal 100 89.9+0.6 NS 98.1+0.6 NS
Insulin 187.8£11.2%** 181.4£12.5%** [82.8+10.7***
Vanadate 137.6+£2.7* 154.1 £3.8** 134.442.6*
Pervanadate 175.4+7%%* 173.646.3%** 168.2 +5.4***

PMA 17142.7%** ND 103.7+1.8 NS




Figure 6.7 Cytochalasin D inhibits insulin-, vanadate- and pV-stimulated
glucose transport
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Myotubes were incubated in the absence (open bars) or the presence (crosshatched bars) of 1 uM
Cytochalasin D (CD) for 1 hour before they were stimulated with insulin (100 nM), vanadate
(5mM) or pV (100 uM) for 60 min. The results are the mean+SE of 3 experiments performed in

duplicate. (NS, non significant; **, p<0.01; ***, p<0.001 compared to untreated control). Note
that CD treatment abolished the response of the cells to all stimuli used.
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6.5. DISCUSSION

It was shown in the study presented in Chapter 5 and it is contirmed here that vanadate
and pV mimic insulin to stimulate glucose transport in cultured L6 skeletal muscle cells. The
biochemical mechanism of this action was investigated in this chapter based on current
knowledge of insulin signalling mechanisms as well as other known stimuli of glucose transport.
A critical component of glucose transport stimulation by insulin immediately downstream of the
insulin receptor and its substrate IRS-1 is the enzyme PI 3-kinase (see 1.2.2.4). Prior to these
investigations, a study by Hadari et al (484). demonstrated that jn vivo portal vein injection of
pV activated PI 3-kinase in antiphosphotyrosine and anti- IRS-1 immunoprecipitates from liver
homogenates. However, there was no correlation of this activation with any insulin-like
bioeffect. The data of the present study demonstrate that vanadate and pV both activate PI 3-
kinase in L6 myotubes. However, in contrast to insulin, inhibition of this enzymatic activity with
wortmannin did not abrogate the stimulation of glucose transport. This failure of action of
wortmannin could not be attributed to lack of inhibition of PI 3-kinase activity since this activity
in antiphosphotyrosine immunoprecipitates was similarly inhibited after insulin, vanadate and pV
stimulation. Furthermore, the incorporation of 32P in intact cells into the PI 3-kinase lipid
products, PI(3,4,5)P3 and PI(3,4) P2 was also similarly inhibited after stimulation by all of
these agents. The data strongly suggest that PI 3-kinase is not required for the stimulation of
glucose transport by the insulin-mimetic agents vanadate and pV.

In an attempt to define the mechanism of signalling by vanadate and pV, the potential
role of the family of PKC isocnzymes was examined. The diacylglycerol analog, PMA (phorbol
myristate acetate) activates PKC and stimulates glucose uptake in both insulin target tissues fat
and muscle (177,180,181). Furthermore, although phospholipase C (PLC) which can cleave
phosphatidylinositol 4,5 bisphosphate (PIP2) into [P3 and DAG may not be activated by insulin,
PLC v is activated by tyrosine phosphorylation of other growth factor receptors, e.g. PDGF and
EGF. Thus, since PTP inhibition by vanadate and pV is not specific, it is conceivable that

tyrosin¢ phosphorylation of other receptors or even nonreceptor tyrosine kinases (446) may
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result in the generation of DAG and activation of PKC. The data show that depletion of PKC by
chronic preincubation with a high concentration of PMA as well as inhibition of PKCs by two
different pharmacological agents failed to block vanadate and pV stimulated glucose transport. At
the same time PMA stimulation was completely abrogated. Thus, it appears that PKC is not the
alternate signalling mechanism of the PTP inhibitors for stimulation of glucose transport.

Some studies suggest that MAPK does not play an important role in insulin-stimulated
glucose transport (174) while others showed that activation of the Ras-MAPK pathway may lead
to stimulation of glucose transport (171). Thus, it is possible that vanadium compounds may
activate the Ras-MAPK pathway to increase glucose transport. The inability of the MEK
inhibitor PD 098059 to block the vanadate- and pV-stimulation of glucose transport suggested
that signalling events acting upstream and including MEK are probably not involved in the
mechanism of action of these agents. However, in preliminary experiments it was found that
while blocking MAPK tyrosine phosphorylation after insulin stimulation, the MEK inhibitor
does not completely inhibit vanadate and pV stimulation of MAPK tyrosine phosphorylation
(data not shown). This suggests that vanadate and pV may activatc MAPK at least in part via
inhibition of a MAPK specific phosphatase. Thus although MAPK activation by insulin has not
been associated with glucose transport stimulation further studies are required to definitively
exclude a contribution by MAPK to glucose transport stimulation by these agents

Recent studies suggest that the actin network is involved in the process of glucose
transporter recruitment to the plasma membrane (185) which is the mechanism of acute
stimulation of glucosc transport by both insulin (136,138) and vanadate (452). The hypothesis
that glucose transporter movement may rely on relatively close, if not direct, interaction between
actin filaments and the GLUTS also suggests that the site of this interaction is downstream of PI
3-kinase. Indeed, it was shown that the actin-binding protein spectrin is localized on the GLUT4
glucose transporter vesicle (185). The results presented here support this concept. Disruption of
the actin network by cytochalasin D (CD) blocked glucose transport stimulation by insulin as

well as by vanadate and pV.
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A previous study showed that wortmannin partially inhibited (by 60%) vanadate-
stimulated glucose transport in L6 cells (485). However, in that study the effect of wortmannin
on basal glucose transport was not measured or considered. This would result in an
overestimation of the extent of inhibition. The inhibition of basal glucose transport by
wortmannin has been documented (65). While this study was underway another report appeared
which, similar to the data presented here, found that in 3T3-L1 adipocytes wortmannin did not
inhibit pV stimulated glucose transport while Pl 3-kinase activation was blocked (486).
Interestingly, a nonspecific inhibitor of tyrosine kinases combined with wortmannin did block
the pV stimulated glucose transport. Taken together these data suggest that pV stimulates glucose
transport by a tyrosine kinase dependent mechanism which is independent of PI 3-kinase
activity. The fact that insulin stimulation of glucose transport requires PI 3-kinase activity,
strongly suggests that the putative tyrosine kinasc is not the insulin receptor.

Shishcva and Shechter have previously demonstrated the activation of a 54 kDa cytosolic
tyrosine kinase (cyt PTK) in rat adipocytes by vanadate (446). Selective inhibition of this cyt
PTK by staurosporine, resulted in inhibition of several biological effects but these did not
include glucose transport (446). Thus, the tyrosine kinase involved in glucose transport

stimulation by vanadate and pV remains to be identified.

6.4. CONCLUSIONS

[n conclusion, the data presented in this chapter show that a signal transduction
mechanism exists by which vanadate and pV can activate the molecules involved in glucose
transport stimulation downstream of PI 3-kinase. Since these signalling steps leading to the
stimulation of glucose transport remain to be identified, future studies may be designed utilizing
vanadate and pV as probes to investigate this mechanism. Furthermore, the definition of such a
"bypass” pathway is extremely important for our understanding of glucose transport regulation in
disease states. The design of novel therapies to activate such a pathway in the face of insulin

resistance such as in type II diabetes mellitus, should be a worthwhile goal.
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Diabetes is a disease that affects about 5% of the North American population and about
80% of the people affected have Type II or non-insulin-dependent diabetes (NIDDM). Type II
diabetes is a multifactorial disease characterized by both insulin resistance as well as insulin
deficiency. Defects may occur at multiple steps of the insulin signalling pathway such as at the
insulin receptor, IRS-1, PI 3-kinase or the glucose transporters. It is clearly important to identify
the defects, understand their cause and develop therapies that have the capacity to act at multiple
levels and correct the abnormalities. Sulfonylurea drugs have becen used for many years to treat
type II diabetes and more recently the protein tyrosine phosphatase inhibitors vanadate and
pervanadate have been shown to have insulin-like effects to lower blood glucose levels. The goal
of the studies presented here was to understand the mechanism by which these agents exert their
hypoglycemic effects and to determine any other effects that these agents may exert which may
not improve or even oppose metabolic homeostasis.

Skeletal muscle is quantitatively the major insulin-sensitive tissue in the body and
therefore a very important determinant of fuel metabolism. For this reason the studies included in
this thesis were performed entirely with muscle cells in culture which resemble skeletal muscle in
many ways and provide a valuable tool to investigate the mechanisms of insulin action as well as
the action of other hormonal stimuli and pharmacological agents.

The specific objectives of the studies presented here were to examine the effects of the
sulfonylurea drugs and vanadium compounds on muscle cells and investigate their mechanisms

of action.

Regulation of glucose transport and glucose transporters by the sulfonylureas
gliclazide and glyburide.

Although many studies have suggested that sulfonylureas have direct extra-pancreatic
actions, this issue is still controversial. Furthermore, new sulfonylurea compounds used to treat
diabetes patients may have diftcrent or modified properties compared to the existing agents. In

the work presented in Chapter 3, the action of gliclazide, a new sulfonylurea, was examined and
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compared to that of glyburide. It was found that both agents increased glucose uptake into L6
cells to levels similar to those observed with acute insulin stimulation. However, gliclazide and
glyburide required longer (chronic) incubation times (compared with insulin) in order to observe
an effect. Sulfonylurea action to increase glucose uptake in L6 cells was independent of insulin
and was not blocked by the protein synthesis inhibitor cycloheximide suggesting that new
protein synthesis is not required. Examination of the distribution of glucose transporters revealed
that total GLUT]1 glucose transporter content as well as plasma membrane (PM) levels of the
GLUT]1 glucose transporter were increased. The total content and plasma membrane levels of the
GLUT3 and GLUT4 glucose transporters did not increase significantly. Furthermore, the
internal membrane glucose transporter levels were not changed suggesting that the stimulation of
glucose uptake by gliclazide and glyburide is not associated with a redistribution but rather an
increase in total membrane content and PM level of GLUT1 which was independent of protein
synthesis. These data suggest a novel action of sultonylureas to stabilize the GLUTI protein at
the plasma membrane. The stabilization of transporters would indicate an inhibition of GLUTI
degradation. As discussed in section 3.5, other possibilitics such as a decrease of GLUT!
internalization or an increase in its recycling may also play a role in elevation of GLUTT levels
observed with sulfonylureas. Several experimental approaches can be used in the future to
distinguish between these possibilities. The possibility that there is an inhibition of GLUT]
degradation by sulfonylurcas could be directly tested by labeling studies. Pulse-chase
experiments using 33 S-methioaine could be performed in which the cells are incubated first with
35 S-methionine allowing enough time for the radioactivity to be incorporated into proteins and
then chasing with non-radicactive methionine and examining the rate of the disappearance of
radioactivity. This corresponds to the rate of the wrnover of proteins. Specific anti-GLUT!
antibodies could be used for immunoprecipitations to examine the turnover rate of this
transporter. It is interesting that the increase in GLUT1 was observed in the PM but not in IM
fraction. It is not known whether GLUT1 may enter a degradative compartment directly from the
PM (pathway la in Figure 7.1). Thus inhibition of GLUT1 degradation may suggest an action of

sulfonylureas at sites la, 1b or 2 in Figure 7.1. It is possible that GLUT]1 enters the IM
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Figure 7.1 Possible sites of action of sulfonylureas in L6 muscle cells to

effect GLUT1 stabilization at the plasma membrane.
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The different sites of action of sulfonylureas to increase plasma membrane GLUT]I levels are
shown here and discussed in detail in the text.
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compartment first via pathway b and from there is targeted to either a degradative (pathway 2)
or recycling compartment (pathway 3). Since sulfonylurea treatment did not affect IM GLUT1
content an inhibition of degradation would be associated in this circumstance with a
compensatory increase in recycling of the additional GLUT1 to the PM (pathway 3, Figure 7.1).
An inhibition of GLUT! internalization (pathway 4, Figure 7.1) is also possible. This rapid
recycling pathway may not be associated with inhibition of degradation. Measuring the rate of
endocytosis would answer the question of whether inhibition of internalization takes place. Such
measurements could be achieved using specific photoaffinity reagents that only label plasma
membrane glucose transporters. Membrane fractionation and immunoprecipitation with specific
GLUTI1 antibody should be performed to measure the disappearance of labeled GLUTI from
the plasma membrane. To investigate the possibility that an increase in recycling of GLUT1
takes place with sulfonylureas, labeling of plasma membrane GLUT1 should be done. The cells
are then incubated for 60-120 min to allow internalization of the iabeled transporters. This is
followed by trypsinization which removes cell surface proteins including the labeled GLUTI.
The cells are then reincubated to allow labeled GLUT1 from the internal membranes to reappear
on the PM, which can be quantified by cell fractionation and immunoprecipitation of GLUTI.
The time course of reappearance can be compared in the presence and absence of sulfonylureas.
It has been previously reported that chronic insulin treatment of L6 cells results in a
similar increase in basal glucose transport which is also associated with an increase in GLUT1
levels. However, the insulin effect is dependent on protein synthesis (334). Although all these

studies were performed in cultured cells, it is possible that similar events may take place in vivo.

Chronic insulin and sulfonylurea treatment in NIDDM may therefore result in similar effects on
blood glucose levels, that is a reduction and correction of hyperglycemia mediated in part by an
increase in GLUT1 levels by distinct mechanisms. It should be noted that the end result, the
improvement of glucose uptake in muscle would result in the amelioration of the hyperglycemia
in NIDDM. The mechanism by which sulfonylureas stabilize GLUT1 is not known. It is not
clear whether the recently cloned sulfonylurea receptor is expressed in L6 cells. In preliminary

experiments cromakalim, an activator of ATP-sensitive K* channels did not block these effects
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of gliclazide and glyburide suggesting another mechanism of sulfonylurea action. Some studies
have suggested that sulfonylureas may act on peripheral tissues by activation of PKC
(293,295,299). However, (in preliminary experiments) the sulfonylurea effect on glucose uptake
could not be abolished by pharmacological inhibitors of PKC such as staurosporine and H7.
Thus the data suggest that an additional mechanism of sulfonylurea action remains to be
discovered. Clearly, there is further work to be done in this area. Nevertheless, the studies
presented here support the concept that there is a direct peripheral (extrapancreatic) action of

sulfonylureas. It has becn exceedingly difficult to address this issue in_vivo because of the

multiple hormonal and metabolic changes caused by sulfonylureas. Moreover, the lack of
peripheral effects in Type I diabetes does not necessarily indicate an absence of eftect in Type II,
since the latter is characterized by a unique pathophysiology associated with insulin resistance.
A better understanding of the mechanism of action of these agents will contribute to the

development of new and better therapies for NIDDM.

Effects of vanadate and pervanadate in muscle cells that are not similar to those
of insulin.
Vanadium compounds have been extremely useful as probes of enzyme structure and

function and of the role of tyrosine phosphorylation in cellular signalling. The ability of these

agents to mimic insulin and enhance its metabolic actions in vitro and in vivo with relatively few
adverse effects has sparked interest in their potential as pharmacological agents.

The work presented in Chapter 5 shows that the protein tyrosine phosphatase inhibitors
vanadate and peroxide of vanadate (pV), similar to insulin, stimulated glucose transport.
However, while insulin stimulated MeAIB (a nonmetabolizable analog of system A amino acid
transport) uptake vanadate and pV inhibited basal and insulin-stimulated MeAIB uptake.
Furthermore, vanadate completely blocked insulin-stimulated MeAIB uptake in rat hepatoma

cells. Kinctic analysis revcaled that the inhibitory eftect on basal McAIB uptake was associated
with an increase in Ky, and a small decrease in Viypx while the insulin-stimulated increase in

Vmax Wwas completely inhibited. Quabain, an inhibitor of Na*/K* ATPase, did not inhibit
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MeAIB uptake and the inhibition by vanadate and pV was not blocked by cycloheximide. Amino
acid deprivation resulted in stimulation of MeAIB uptake which was also inhibited by vanadate.
These results suggest that the vanadium compounds may have different actions on basal
versus insulin-stimulated amino acid uptake. Thus the difference in sensitivity of basal and
insulin-stimulated MeAIB uptake to the vanadium compounds and the different kinetic
parameters associated with inhibition suggest that two different mechanisms may be responsible.
It is not possible from the data generated in this study to determine the precise mechanism,
however the relative potency of vanadate compared with pervanadate, the lack of requirement of
protein synthesis or inhibition of Na*/K+ ATPase are all consistent with PTP inhibition. The
inhibition of PTPs is a prominent cellular effect of both vanadate and pV and accounts for their
insulin-mimetic actions. Similarly, other biological effects of these agents unrelated to insulin
and even opposite to those of insulin may be mediated by a similar mechanism, e.i. inhibition of
PTPs. The lack of specificity of the compounds as PTP inhibitors and the large number of PTPs
which are involved in different cellular processes make this a likely possibility. Also different
PTPs may have different sensitivities to inhibition by vanadium compounds and therefore the
dosc-response of a certain bioeffect measured will depend on the particular PTPs involved. This
difference in sensitivity of the different PTPs may explain why pervanadate at concentrations
(10 pMjthat stimulated glucose transport did not inhibit amino acid transport. Using these
compounds as probes one cannot be more precise as to the specific PTP involved. Thus, further
work is required to investigate directly the role of a PTP in mediating these actions. An example
of such a research direction could be to investigate the SH2 domain-containing PTP SHP2/SYP
which has been demonstrated to bind to tyrosine phosphorylated IRS-1 and to be activated upon
insulin signalling (397,398). Several studies suggest that SHP2 is required for the mitogenic
action of insulin (398) but no studics to date have investigated its role in amino acid uptake or
protein metabolism. It is of interest that preliminary experiments showed that vanadate and
pervanadate also inhibit insulin’s mitogenic action. Insulin- and FBS-stimulated cell
proliferation, assessed by thymidine incorporation, were all inhibited by vanadate in L6

myoblasts (data not shown). Therefore, apart from amino acid transport thymidine incorporation



173
is also inhibited by vanadate. This is the first observation of an agent that mimics the metabolic
effect of insulin on glucose transport and inhibits its mitogenic effects. Whether this is related to
an inhibition of SHP2 or another phosphatase remains to be determined.

In terms of their potential as therapeutic agents for diabetes clearly these compounds need
to be fully evaluated. In this regard the finding that some biological effects of insulin may be
inhibited is important and further jn vivo studies will be required to determine whether this is

clinically significant.

Mechanism of action of vanadate and pervanadate to increase glucose transport
in muscle cells.

Although both vanadate and pV stimulate glucose uptake into L6 myotubes to an extent
similar to that of insulin their mechanism of signal transduction is not clearly defined. In the
study presented in Chapter 6 the role of PI 3-kinase, a mediator of insulin-stimulated glucose
transport, in the stimulation of glucose uptake by vanadate and pV was examined. Inhibition of
PI 3-kinase with wortmannin blocked insulin stimulation of glucose uptake but not that
stimulated by vanadate or pV. Stimulation of PI3-kinase, detected in anti-phosphotyrosine
immunoprecipitates. was blocked by wortmannin after all three stimuli. Furthermore,
wortmannin blocked the jn_vivo increase of the Pl 3-kinase lipid products PI(3,4,5)P3 and
PI(3,4)P2, in response to insulin, vanadate and pV. Taken together, the data suggest that
vanadate and pV increase glucose uptake in muscle cells by a mechanism that is independent of
PI 3-kinase or that these agents act at a step downstream of PI 3-kinase (Figure 7.2).
Additionally, it is shown in Chapter 6 that PKC downregulation by chronic incubation of the
cells with PMA, as well as inhibition of PKCs by two different pharmacologic agents did not
block the action of vanadate and pV on glucose transport. Therefore, PKC appears not to be
involved in the mechanism of action of these agents.

In the search for targets of action of vanadate and pV novel signalling molecules and

pathways have to be considered. Recently, a serine/threonine kinase has been identified known



Figure 7.2 Stimulation of glucose transport by vanadium compounds

Insulin stimulation of glucose transport is mediated via tyrosine phosphorylation of IRS 1 and/or
IRS-2 and subsequent activation of PI 3-kinase. The events linking PI 3-kinase to insulin
sensitive glucose transporter vesicle translocation to the plasma membrane remain to be defined.
It is proposed that vanadate may stimulate glucose transport via alternate pathways which appear
to require tyrosine phosphorylation but not necessarily that of the IR or IRS-1. In addition
glucose transport stimulation may occur, at least in part, by mechanisms which do not involve PI
3-kinase. The molecular components of the "bypass” pathways a,b, and ¢ remain to be defined.
Insulin resistance caused by defects at sites proximal to the point of convergence (?) may be
overcome by vanadium compounds and novel drugs may be designed to stimulate these
pathways.

45T
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as AkURac/PKB which appears to be activated by insulin through ser/thr phosphorylation (77).
The insulin stimulation of Akt activity is inhibited by PI 3-kinase inhibitors (wortmannin and
LY294002) or by overexpression of a mutant p85 subunit of PI 3 kinase indicating that this
protein kinase is downstream of PI 3-kinase (76-78). A potential mechanism of action of
vanadium compounds could be the activation of Akt by a mechanism bypassing PI-3 kinase.
Although currently there is no available evidence suggesting a role of Akt in the mechanism of
regulation of glucose transport, it is possible that Akt may be involved in this event. Therefore, it
would be interesting to investigate the action of vanadium compounds under conditions where
Akt activity could be abolished, such as overexpression of dominant negative Akt or Akt
antisense.

The role of the Ras-MAPK pathway in mediating the effects of vanadium compounds on
glucose transport needs to be further investigated. As shown in chapter 6 the MEK inhibitor did
not block stimulation of glucose transport by vanadate and pV. It should be noted that the
inhibition is specific for MKK1 (MAPK kinase 1) but only inhibit MKK2 at higher concentration
and does not inhibit the other MKKSs (Park Davis, product information). As discussed in Chapter
6, vanadate and pV may stimulate MAPK activation via inhibition of a MAPK specific
phosphatase. MKP-1 is a dual specificity phosphatase, which is sensitive to vanadate, and was
initially thought to specifically dephosphorylatc MAPK (see 4.8.4.2). However, a novel dual-
specificity phosphatase Pyst 1, has higher specificity for MAPK than MKP-1 (487). It is
therefore possible that vanadate and pV exert a stimulatory effect on glucose transport via
stimulation of MAPK mecdiated by the inhibition of such a phosphatase. Thus, the studies
presented here do not rule out a contribution by MAPK to vanadium compound mediated glucose
transport. One way of investigating this possibility would be to use antisense strategy to knock
out MAPK and then examine the etfects of vanadate and pV.

The MAPK family has been expanded recently with new isoforms which include the
stress activated protein kinases (SAPKSs), also known as c-Jun N-terminal kinases (JNKs), and
the p38/HOG! MAPK (488,489) that are activated in cells in response to cytokines and stress

stimuli such as UV irradiation and hyperosmotic shock. A novel stress- and mitogen-activated
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signalling pathway is currently being clucidated which appears to lead to SAPK/JNK and p38
MAPK activation through the activation of the small GTP binding proteins of the Ras family,
Rac and Cdc42. It has been suggested that Ras stands upstream of Rac and Cdc42 in the growth
factor activated signalling pathways (191,490). In the GTP bound form Rac and Cdc42 activate
a family of serine/threonine kinases known as p21-activated kinases (PAKs) which lead to the
activation of SAPK/INK or p38 MAPK (489,491,492) via specific MKKs (or SEKs).
Specifically, it has been shown very recently that insulin activates a 65 kDa PAK isoform in L6
myotubes in a PI 3-kinase sensitive manner (493). Morcover, the hormone has been shown to
induce JNK and p38 MAPK activation in Rat | fibroblasts overexpressing insulin receptors
(490) and phosphorylation in L6 myotubes (493), respectively. Although the exact role of JINK
and p38 MAPK in the insulin signalling cascade and insulin action is presently not clear, it is
possible that these enzymes may participate in vanadate and pV signalling. Future studics should
address the role of stress-activated kinases in the vanadate-induced metabolic and mitogenic
actions.

Previous studies (185) and the data presented in Chapter 6 show that the cellular actin
network is involved in both the insulin and the vanadate and pV stimulation of glucose transport.
It is possible that the actin network is the point of convergence of various signalling pathways
activated by different stimuli leading to glucose transporter recruitment to the plasma membrane.
Presently, it is not clear whether the actin network facilitates a signalling or a membrane traffic
event in the regulation of glucose transport. Furthermore, it would be interesting to examine in
the future the role of other cytoskeletal elements such as the tubulin network of the cells and/of
other cytoskeletal proteins in the vanadate- and pV-mediated effects.

One question raised from these studies is whether the insulin receptor kinase is involved
in the mechanism of action of vanadate and pV. While there is evidence suggesting that pV acts
through the insulin receptor (382) this is not clear for vanadate. Also it is not known whether the
immediate substrates of the insulin receptor, such as IRS-1/IRS-2 are involved in the mechanism
of action of vanadate and pV. Therefore, future studics should address these questions carefully

and specifically by using cells lacking insulin receptor and/or IRS molecules. Also the
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involvement of tyrosine kinases other than the insulin receptor should be investigated. Although
a 54 kDa cytosolic tyrosine kinase has been shown to be involved in the vanadate induced
lipogenic response of adipocytes, it does not appear to mediate vanadate stimulated glucose
transport.

It is interesting that vanadate and pervanadate can correct the hyperglycemia observed in
NIDDM and this may be achieved by a mechanism that can “bypass” certain steps which are key
elements in insulin signalling (Figure 7.2). Defects in NIDDM may occur at these or other
upstream steps and therefore having agents that can bypass these defects provides a solution to
optimize metabolic control.

An increased understanding of the molecular mechanisms by which vanadate exerts its
actions is required. This will not only better define the potential use of these agents for particular
patients but also elucidate novel signalling pathways to metabolic functions. Physiological
studies of vanadate effects on protein metabolism, an important component of insulin action, are
lacking. Additional studies are also needed to document the putative inhibitory effects on cell
growth and prolifcration jn vivo. Compared with insulin and IGF-1, vanadate could preseat an
augmented ratio of metabolic to mitogenic stimulation. At this point the utility of these agents

appears to be most promising for insulin resistant subjects with forms of Type II diabetes.
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