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Non-insulin-dependent or Type 11 diabetes mellitus (NIDDM) is a disease charactenzed 

by insulin detïciency and insulin resistance. Treatment is direckd at improving either one or both 

of these abnormalities. The most cornmonly used pharmacological agenu to ueat NIDDM are the 

sulfonylurea drugs. A controversial and unanswered question about sulfonylureas is whether 

they possess any direct actions on penpheral insulin mget tissues. The effects of gliclazide and 

glyburide on glucose uptake in L6 skeletal muscle cells, a mode1 of a major insulin target tissue, 

were investigated. These studies dernonstrate that gliclazide and glybunde similarly increase 

glucose transport into L6 cells which is associated with an increase in total cellular and plasma 

membrane GLUTl glucose transporter levels. The mechanism appcllrs t« involve srabilization of 

GLUTl at the plasma membrane. 

Since many patients with NIDDM do not respond to currently availablc oral 

hypoglycemic agents, a great deal of research into understanding insulin action and resistance 

and the development of novcl agents is ongoing. Vanadium compounds are protein tyrosine 

phosphatase inhibitors which have bccn useful probes to study insulin signalhg and have also 

been proposed as potentiai therapeutic agents. Thc effccts of the vanadium compounds sodium 

onhovanadate and pervanadate on glucose and amino acid transport and their mechanism of 

action were investigated. The resulü 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 thc stimulation of glucose 

. . 
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transport by vanadate and pervanadate is mediated by a signalling pathway that diffus from that 

of insulin and importantiy is independent of PI 3-kinase, the enzyme invotved 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 sulfonylurea dmgs and vanadium compounds. 

Taken together the results support the continued use of sulfonyIureas and the potential use of 

vanadium compounds in disease usociated with insulin resistmce. 

i i i  
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CHAPTER 1 

GENERAL BACKGROUND 



1.1 INSULIN ACTION 

1.1.1 PhysiologicaI Roie of insulin 

Insulin is a pancreatic hormone which consisis of two polypeptide chains derived from 

one gene and connccted by two disuIfide bonds (1). It is synthesized, storcd and ~ l e a s e d  by the 

p-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 deteminant of blood gluçosc levels following a meül. 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 dong with neural and incretin (GI 

hormonal factors) results in secretion of insulin from the fbcells of the pancreas. 

Through the circulation, insulin reaches almosi al1 cells in the body. Its most important 

metabolic targets are fat, 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, in~acellular enzymes and the nucleus, the 

exact mechanism whereby rcccptor signalling results in diffcrcnt insulin-mcdiatcd cellular cffects 

is not completdy detined (2). In skelehl and cardiac muscle and fat tissues insulin stimulates 

glucose transport and metaholism while in the liver it inhihits glucox production. by inhibiting 

both glycogen breÿkdown and gluconeogcncsis from amino acids, glyçerol and lactate. Thc net 

result of thcse actions of the hormone is to maintain the hlood glucose levels back to normal 

(Figure 1.1 ). Insulin also promotes in cells anabolic events such as synthrsis of glycogen. lipids 

and proteins. Once inside the muscle cells, ghcose is either catabolised or converted into 

glycogen that c m  be easily broken down or oxidized when it is needed, while in fat cells glucose 

is utilized for Cat synthesis which is used Cor long iem energy storage. When blood glucose 

levels return to normal, insulin secretion decreases to basal levels as does the rate of glucosc 

transport into insulin responsive tissues. 



Figure 1.1 Regulation of blood glucose levels 

Liver 

G.I. tract 

-* Blood * 

Insulin Secretion 

adipose 

pancreas 

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 al1 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. f .2 Diabetes Mellitus 

Deficiency of insulin or a lack of insulin action will result in a disturbance of glucose 

homeostasis. If blood glucose levels nse above a detining Lhreshold ( c g .  7.8 mmoVL in the 

fasting state) the disease called diabetes mellitus is present (3,4). Depending on etiology. 

diabetes is categorized into Type 1 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 

&celis and a severe deficiency of insulin secretion. Therapy in these individuals consists of 

exogenous insulin administration. Type 11 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 reduccd insulin sensitivity or insulin resistance of the 

insulin target tissues as well as reduced insulin secretion. Management o f  the discasc in thesc 

individuals may be achicved with the use of oril hypoglycemic agencï andlor cxogenous insulin 

supplemen tauon. 

1.2.1 The Insulin Receptor 

The action of insulin in its targei çells hegins with the binding of insuiin to its rcceptor 

located at the plasma membrane. The insulin receptor is exprewd in almost al1 mammalian cells 

and consists of two a and two p subunits (Figure 1.2). The a subunits are linked to each other 

and each to a P-subunit by disulfide bonds (5). Thc a and P subunits are products of a single 

gene and are derived by proieolytic cleavage of a single precursor protcin (6). The insulin 

binding site is locaied in the a-subunits (135 kDa. 7 19 amino acids (aa)) which arc cntircly 

extracellular while the transmcrnbrane P-subunits (95 kDa, 620 aa) contain a tyrosinc kinase 

domain in their cytoplasmic portion. Upon binding of insulin to the a-subunit of the recepior, 

conformational changes take placc which result in the activation of the tyrosine kinasc of the P- 
subunit of the receptor (7,8). This results in autophosphorylation o l  tyrosines within the 



Figure 1.2 Structure of the insulin receptor 

The insulin receptor consists of two a-and two P-suhunits. The a-subunits contain the insulin 
binding site and are linked to each other and cach to a P-subunit by disulfide bonds. The 
subunits span the plasma membrane and in their cytoplasrnic portion contain a tyrosine kinase 
(see text for more explanations). 



cytoplasmic juxtarnembrane region. the COOH-terminus and the regulatory region of the kinase 

domain (9). The autophosphorylation reaction is an intramolecular one, in which one B-subunir 

transphosphorylates the other p-subunit. and results in a funher incwase in the tyrosine kinase 

activity leading to tyrosine phosphorylation of a variety of intracellular substrate proteins 

(10,ll). Once autophosphorylation has taken place. particularly of the regulatory tyrosines 

1 146, 1 150. 1 15 1 (numbering according to Ullrich) ( 12) Ihe binding of insulin to the u subunit 

is no longer required for its continued activity and the receptor is inactivated only hy 

dephosphorylation ( 13). Upon insulin stimulation the P subunits are also senne 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 ( 1  1))  were the first to show that the insulin 

receptor is a tyrosine kinase. The insulin receptor tyrosine kinase activity is requircd 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 10 18 

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 becn demonstrated hy point mutation studies. 

Furthemore. muiÿ~ion of thc regulatory tyrosinc 1146. 1150 and/or 1151 also rcsults in 

dccreased tyrosinc kinase activity and insulin action (18). As well cells from insulin rcsistant 

diabetic patients may exhibit a defect in insulin receptor tyrosinc kinasc activation (19.20). nie  

phosphorylatcd tyrosinc residucs not in the regulatory domain also have distinct functions. 

Tyrosine 960 (juxtamembnne) is required for effective substratc phosphorylalion of IRS- I (see 

below). The COOH terminal tyrosines may be involvcd in repulating the growth effccts of 

insulin since a mutant insulin receptor lacking 43 amino acids from the COOH terminal results in 

a loss of insulin metabolic responses and an enhancement of mitogenic responses (2 1.22) . 

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

receptor intemalization (24.25). The role of these evcnts in the signalling of the insulin receptor 
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is not clear but therc is evidence for the presence of enhanced tyrosine kinase activity of the 

intemalized 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 pmteins namely IRS- 1 (insulin receptor 

substmte- I ). IRS-2. Shc ( Src homology and collagen like). Gab 1 (growth k t o r  rcceptor bound 

protein 2 (Grb2) associated binder 1)  (26) and a 60 KDa pmtein (p60) (27). Al1 of these may be 

termed "docking proteins" sincc upon tyrosinc phosphory lation they arc able to bind to other 

signalling molccules (sec below). These signalling molecules then undergo changes in binding 

properties or activity to transmit thc varicty oT different signals of insulin. The linal hiological 

effects such as the cnzymes involved in regulating mctaholism. regulation of gene expression 

and cellular growth are thercby 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 substratc- 1 (IRS- 1 ) is a cytoplasmic protein which is widely cxpressed 

in mammalian tissues and is highly conscrved among species (28). It., molccular weight is 13 L 

kDa but it is highly phosphorylated which rcsults in slowcr electrophoretic mohility during 

polyacrylamide gel electrophoresis (PAGE) alsa refcrred to as gel retardalion (29). It thus 

migrates, depending on the iissuc of origin. in the 160- 190 kDa range. 

IRS- 1 is a direct substrate of the insulin receptor and its phosphorylation is decreascd in 

intact cells expressing kinase-detïcient insulin rcceptor 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) cxist on IRS- 1 (29.3 1 ). At 

least eight of the tyrosine raiducs on IRS- 1 are phosphorylated immediaiely in rcsponsc to 



Figure 1.3 Insulin signalling pathways 

1 effects 1 

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 c m  also be activated by 
binding of GrbZSos to IRS- 1 (see text for more deiails). 



insulin stimulation and these could serve as binding sites for proteins containing Src homology 2 

(SH2) domains. These domains, originaily identified in the oncogene v-Src, m approximately 

100 arnino acids long and bind phosphorylated tyrosine residues. The specificity of interaction is 

determincd by the 3 to 5 amino acids carboxyterminal to the tyrosine (32,33). Well characterized 

examples of such proteins with SH2 domains include the pl35 regulatory subunit of PI 3-kinase 

(34), and GRB2 (35). Additionally. other SH2 domain containing proieins such as the 

cytoplasmic Src-like kinase Fyn, the adaptor protein Nck, and the phosphotyrosint: phospham 

Syp have been reported to bind to IRS- 1 (4). The majority. 9 of 2 1 tyrosine phosphorylated sites 

of IRS-1 have the motif YMXM or YXXM which are spcifically recognized by the p85 subunit 

of PI 3-kinase (see below). 

Apart from the tyrosine phosphorylation sites. IRS- 1 also has 40 sites for potential 

serinelthreonine phosphorylation by protein k inw A (PKA). protein kinase C (PKC) or casein 

kinasc II, whose physiokigical importance has yct ta be detïned (2). Scvcral othcr structural 

motifs exist on IRS- 1 whose functional importmcc is currcnriy being studicd. Two domains are 

located at the NH2 terminus. thc Phosphotyrosine Binding (PTB) domain. which hinds tyrosine 

phosphorylated residucs with specitïc amino acid sequence N-terminal to tyrosine. and the 

pleckstnn homology (PH) domain, a domain tkst identified in Ihc protein plcckstrin. that might 

mediale protcin-protcin interactions. Recent studics (36) suggcst that the PTE3 domain of IRS- 1 

binds phosphotyrosine 960 on the p-subunit of thc insulin reccptor which is in a NPEY motif 

located in the juxtamembrane region of the insulin rcceptor. The hinding of W B  domain to 

specific tyrosine phosphorylated reccptors may confer substrate spccificity on various receptor 

tyrosine kinases. Shc also contains a PTB domain (sce 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 py subunits of thc hctcrotrimcric GTP hinding ( G )  prokins 

(38). 

The importance of IRS-1 in insulin signalling was examincd in vivo in the IRS-1 

knockout mouse. Transgenic mice with targetcd disrupiion of the IRS- 1 gcnc manifestcd 

retarded embryonal and postnatal growth. impaired glucose tolerancc, and a dccrease in 



insulinlInsuIin-like Growth Factor (1GF)- 1-siimulated glucose uptake in vivo and in vitro, but 

did not develop diabetes (39). The residual insulin/IGF- 1 ac lion correlated with the appearance 

of a second highly homologous insuiin receptor substrate (IRS-2) protein (40). which is 

irnmunologically 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 k i n g  elucidated. Studies with transgenic mice with targeted disruption of both LRS-1 

and IRS-2 genes have alrcady been initiated. 

1.2.2.2 Src homology and collagen like (Shc) proteins 

Other known targets of the insulin receptor apari from IRS- 1 include the cytosolic 46. 

52, and 66 kDa Src hornology 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 denved from a distinct uanscript. The three Shc proteins contain a carboxyl- 

terminal SH2 domain, a central glycinelproline-nch region homologous to the a l  chain of 

collagen (41). and like IRS- 1. a PID (for phosphotyrosine-interacting domain) or PTB dornain in 

its aminoterminal region (36). 

Shc acts similarly tci IRS- 1 as a docking molcçulc linking thc insulin and IGF -1  

receptors to downstream signalling pathways. U pon insulin stimulation S hc (p46S hc and 

p52Shc) is rapidly phosphorylated on tyrosine and serine residues (43). The tyrosine 

phosphorylated residues of Shc act as dockin_g sites for the SH2 domainîontaining protein Grb2 

(44). Therefore Shc plays a role linking insulin receptor activation io the Ras-MAPK activation 

(see bclow). Recently it has been shown that Shc interacts with the insulin receptor via a 

mechanism that involves the PTB dornain of Shc and the NPEY motif of the insulin receptor 

(36). 



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

Very recently, using a recombinant GRB2 a complementary DNA called Gab 1 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 similünties with IRS- 1. Similar to IRS- 1 it c m  act as a 

docking protein for several SH2-containing proteins such as Grb-2. PI3-kinase, and PLC-y. 

Overexpression of Gab 1 enhances ceIl growth and results in transformation indicating thai ihis 

protein plays a role in insulin receptor signalling. However its exact functional importance and 

role in metabolic versus mitogenic effccts remains to k clariticd. 

Another molecule that has been iden tiîïed vé-y rccentl y to bc tyrosine phosp horylated 

upon insulin stimulation is the 60 KDa protein p60. Thc p60 molecule associates with the p85 

subunit of PI 3-kinase and with Syp in an IRS-1 independent manner and i t s  role in insulin 

signalling is currently undcr investigation (27). 

1.2.2.4 Phosphatidylinosi tol 3-kinase (PI 3-kinase) 

1.2.2.4.1 Chancterization of the enzyrnc 

The enzyme PI 3-kinasc was initially found t« exist as a heterodirncr consisting of a 

regulatory 85 kDa (p85) and a I I O  kDa (p l  IO)  catalytic subunit (45). Howevcr. a lamily of PI 3- 

kinase isoforms has been identiticd today, somc of which do not form p85-pl10 hcterodimers 

(45). Different cDNAs encoding p85 (a. P and y) have bccn cloned from bovine libraries (45) 

and isoforms of lower molecular weight and other alternative splicing products have becn 

identiîïed (46). The p8S 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 protcins), at least two prolinc nch sequences which can bind SH3 domains of other 

proteins, and a domain with sequence sirnilarity to Bcr, the product of the breakpoint cluster 

gene (2-45). The p85 subunit dots not contain any cnzymaiic activity but instead plays a 

regulatory role. In addition to its association with thc p l  10. it üssociatcs with ri numbcr of 



adaptor molecules and enzymes some of which are the PDGF receptor and insulin receptor, 

E S -  L (34,47), p2 l m  GAP and iis 62 kDa associated protein (48). a 60 KDa (p60) protein (27). 

and the cytosolic tyrosine kinase v-Src (49.50). Binding of the p85 to IRS- 1 results in activation 

of the p l  10 as weil as localization of the active PI 3-kinase to specific intracellular cornpartments 

(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 marnmalian tissues three different isoforms OC the p l  10 catalytic suhunit have bcen 

found (a. P and y). The a and P isoforms associate with p85 subunits while thc y isoforrn is 

thought to function independently of p85 and is not üctivüted by reccptor tyrosinc kinüsc but 

instead by the a or the b-y subunits of heterotrimeric GTP binding protcins (51-53). A 

Succhuromvcrs cerrvisicir isoform of PI 3-kinase of 100 kDa (Vps34) which is rcquired for 

correct targeting of proteins to the vacuole does not associate with a p85 regulatory subunit but 

instead associates with a 160 kDa protein serinelthrconine kinase (Vpsl5). A homologue of the 

Vps34 gene has recently k e n  cloned h m  human cells and is bclicved to function in association 

with a different adaptor molccule of 150 kDa (54). 

The catalytic p l  10 subunit of PI 3-kinase possesses a lipid kinase activity and 

phosphorylates inositol lipids at thc D-3 posi~ion. It acts on phosphatidylinositol (PI). PI-4- 

monophosphate (PI4P) and PI-4.5-hisphosphatc (P14.5P2) and canverb thcm to PI-3- 

monophosphate (P13P). PI-3.4-bisphosphatc (P13,4P2), and PI-3.4.5-triphosphate (P13.4.5P3). 

rcspcctively (45). The different catalytic isoforms are suggcstcd to have distinct suhstrate 

specificity. For example, although the a$. and y isoforms of p 1 10 can phosphorylate al1 thrcc 

substrates. the yeast Vps34 gene product and its human homologuc are able to phosphorylate 

only PI and not PI4P or P14,SPz. The p l  10 subunit is also able to interact specifically with 

certain signalling molecules such as the small GTP bindings proteins ~ 2 1 ' s  (55) and the Rho 

family GTPaxs Rac and Cdc42 (56). It has becn suggcstcd that interaction with p21- protein is 

important to bring the catalytic subunit into proxomity of its substrates (55). Thc Rho family 

GTPases Rac and Cdc42 (56) arc involvcd in the mediation of growth factor-induced actin 



reorganization (57). and p l  10 interacts only with the GTP bound forms of Ras. Rac and Cdc42 

(56) which may suggest ihat PI 3-kinase may serve as  an effector of these signalling molecules. 

initial studies showed that insulin stimulates PI3-kinase activity in anti-phosphotyrosinr 

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 al1 major insulin target tissues, (ie. muscle. fat. and liver) in vivo 

and in cultured cells (47.59-65). After insulin stimulation and tyrosine phosphorylation of IRS-1 

the two SH2 domains of the p85 subunit bind to tyrosine phosphorylated rcsidues of IRS-1 

(Figure 1.4) in domains with the phosphorylated YMXM scquence (29). This in turn increascs 

the activity of the catalytic p l  10 subunit (34.66.67) which then acts on downstrcarn unknown 

targets that mediate the effects of insulin. Recent rcports suggest that the p85 regulatory subunit 

cm also associait: directly with the insulin receptor (68-70). The p 1 10 catalytic subunit of PI 3- 

kinase also possesses protein serine kinase activity towards itself and IRS- 1 (45.7 1). Thc 

importance of this serine kinase activity is not known although it has been suggested that serine 

phosphorylation of pl 10 may be a mechanism to autoregulate its activity (72) while senne 

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-phosphorylatcd phosphoinositides arc prcscnt at low 

concentrations in intact cells but activation of PI 3-kinase increases their concentration rapidly 

and transientiy. These lipid produc~s are not su bstrates for any known phospholi pases, 

suggesting that their biological activities may bc mediated directly (73). It has been reported that 

P13.4P and PI3.4.5P c m  activate some isoforms of protein kinase C (PKC) (74.75). As well the 

sennefthreonine kinase encoded by the AktlRAC protooncogene (also known as PKB) h a  also 

been suggested to be a target of D-3 phosphorylated inositides (76-78) (Figure 1.4). This kinase 

may be involved in the ce11 growth rcsponse mediated by PI 3-kinase activation and most 

recently has k e n  implicated in the rcgulation of glycogcn synthesis. Microinjection of a bacterial 

fusion protein containing the N-terminal SH2 domain of p85 inhibited insulin-stimulated DNA 



Figure 1.4 PI 3-kinase signalling pathway 

Glycogen 
synthesis 

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. 



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 ce11 cycle progression. As well, PKB phosphorylates and inactivaks 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 

rnay play a role in cytoskele ta1 reorganization, secretory responses and pro tein trafficki ng 

(6 l,63,64,8 1 ). 

Wortmannin (82) and 2-(4-morpholiny1)-8-phenyI4H- 1-benzopyrm-4-one (LY294002) 

(83) are two inhibitors of PI 3-kinase that have been used extensively to elucidate the 

involvement of bis 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 p 1 10 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 sevcral other ATP -rcquiring enzymes. A very spccilic hinding site involving thc 

morpholinc and pyran ring of the molecule appeus 10 be required (83). PI 3-kinase activity is 

inhibited in a dose-dependent manner by nanomolar concentrations of wortmannin and 

micrornolar concentrations of LY294002 and the cellular levels of PI 3.4P2 and PI-3.4.5P3 arc 

reduced by more han 95% (6 1,63,64,8 1 ). The insulin-stimulation of glucose uptake and 

recruitment of glucose transporters to the plasma membrane (6 1.63-65). the insulin-stimulation 

of DNA synthesis (79.84). and the insulin-induced reoganization of the actin network (57.8 1 )  

were al1 blocked by the inhibition of PI 3-kinase. These data suggest that PI 3-kinase plays an 

important role in the above physiological evcnts although thc exact mechanism of action is not 

known. PI 3-kinase is also an upstream mediator of the activation of the rihosomal pp70 S6 

kinase (pp70s6K) by insulin (63.85-87) while it is not involved in the insulin stimulation of the 

Ras-MAPK cascade and pp90 S6 kinase. evident [rom studies with the inhibitors of p l  10 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 

senne kinase activity of PI 3-kinase at nanomolar concentrations (89) and therefore this should 

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

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 ce11 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 p2 1" (Ras) 

and initiation of a complex cascade of serinelthreonine kinases which leads to activation of 

Mitogen Acdvated Protein Kinase (MAPK) (44,90). Although not shown in Figure 1.3. there 

arc cvidence for crosstalk between the major insulin signalling pathways. For cxample. under 

certain conditions in somc cclls wortmannin, a PI3-kinase inhibitor was ablc to abolish MAPK 

activation by insulin (9 1 ). 

1.2.2.5.1 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 calkd mSos (homologous to the 

Drosophila protein Son ~f svenless) through its SH3 domains that bind proline rich mquences 

on SOS. Following insulin stimulation GRB-2 associates through its SH2 domain with the 

tyrosine phosphorylated IRS- 1 or Shc (44). The IRS-11GRB-2ImSos or Shc/GRB-3mSos 

complex interacts with Ras which is localized ai the plasma membrane and activates it by 

stimulating the exchangc of thc nuclcotidc bound to Ras from GDP to GTP. Translocation of 

SOS to thc plasma membrane is a major determinant of Ras activation and this activation c m  bc 

mimicked by direct iargcting of SOS to ihc plasma mcmhranc. Sos acis hy siabilizing a 



nucleotide-free intermediate of Ras. Whilc it has been agued 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 cornplex 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/lhreonine protcin kinases lcding to 

MAPK activation (29). Therefore GRB-2 is the adaptor rnolecule connecting the tyrosine kinasc 

cascade to the Ras-MAPK pathway. Unlike PI 3-kinase. GRB-2 has no enzymatic activity (90). 

Both bind sirnultaneously to differcnc tyrosinc phosphorylatcd rcsiducs of IRS- I which allows 

simultaneous propagation of signais through both PI 3-kinase and Ras (29). Howevcr, studies 

suggest that important mitogenic effects mediated by thc Ras-MAPK cascade rely more on the 

interaction of GRB-2 with Shc than with IRS-1 (44.90). 

The ability of the GRB-UmSos complex to maintain Ras in its activated staie appears to 

be controlled by feedback loop mechanisms. Recent studies suggest that sorne yet unidentiticd 

kinase, which is located downstream of Ras in the insulin signalling cascade, is able to 

phosphorylatc mSos and cause its dissociation from GRB-2 lhercby intcmpting Ras activation 

by the activated insulin reccptor (93-95). 

1 L 2 . 5 . 2  Ras 

p2 lmS (Ras) is a 2 1 kDa protein that can bind GTP or GDP. It is active whcn it is in the 

Ras-GTP bound form and can hydrolyze GTP ihrough 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 farnily of mal1 GTP binding proteins known as &he Rus superlamily which 

is believed to play important roles in the signalling of many ce11 surface receptors including the 

insulin receptor. The Ras family GTP binding proteins are involved in the control of ce11 growth. 

metabolism and intraccllular membrane tnffic (2.97). Upon insulin stimulation. the mSos 

rnolecule which promotcs thc exchangc of GDP Tor GTP on Ras and is associatcd with GRB-2. 

is brought into the vicinity of Ras as described abovc thereby activating i t  (44.98). Thc 

activation OC Ras is transicnt, because the protcin itself possesses intrinsic GTPase activity that is 



also stimulated by GTPase activating proteins known as GAPs, which quickly retum Ras to the 

GDP bound state. Furthemore, as mentioned above (see 1.2.2.5.1) Ras activation is also 

controlled through feedback dissociaûon of the GRB-2/mSos cornplex by downstream effectors 

of Ras. 

Microinjection of a dominant negative mutant p21raS protein (N17 Ras) or anti-Ras 

monoclonal antibody into rat fibroblats overexpressing human insulin receptors resulted in 

reduction (75-90%) of insulin-stimulatcd DNA synthesis and c-Ços expression (99). 

Overexpression of normal Ras protein in fibroblüsts increases the expression of thc insulin- 

stimulated transcription genes c-fos and c-jun (100). These results suggest that Ras is an 

important intermediate signalling molecule in the insulin signal iransducrion pathway and is 

required for gene expression and DNA synthesis. 

1.2.2.5.3 The Raf 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 serinelthreonine kinase 

( 1 O 1 ). Ras-GTP binds directly to and localizes Raf to the plasma mem bnne ( 10 1 - 103). Once at 

the plasma membrane Raf becornes activated by a still unknown mechanism which may involve 

phosphorylation by the Src tyrosine kinase, also locatcd in this cornpartment, interaction with 

Iipids and/or interaction with unidentiticd protcins. However, since Ras activation rcquires 

phosphorylation of the protein ( 10 1 ) it is suggested that sornc protcin kinasc activity may hc 

involved in the activation of Raf. The downstream targct of activatcd Raf is the scrinclthreonine 

kinase MAPK kinasc, known as MEK, (MAPKK or ERK (cxuacellular signal regulated kinase) 

kinase) (sec below), which phosphorylates and activatcs the MAPKs ( Erkl and 2 ) (Figure 

1.3). 



1.2.2.5.4 MAPKK or ERK kinase (MEK) and mitogen-activated protein kinase (MAPK) 

MEK is a dual specificity kinase which cm phosphorylate both threonine and tyrosine 

residues. Upon its phosphorylation and activation by Raf, MEK phosphorylates the 

serineithreonine kinases MAPKs on threonine and tyrosine residues, thereby activating their 

enzymatic activity. Two isofoms of MAPK also known as extraceIlular signal regulated kinase 

(Erk) 1 and 2, are about 44 and 42 kDa respectively (43). Both tyrosine and ihreonine 

phosphorylation are requircd for Erk activation (104). The Erk or MAPK family of protein 

serineithrconine kinases regulatcs the so called immcdiate carly gcncs which are suhscqucntly 

involved in the transcriplional regulütion of spccific genes in the nucleus that an: rcsponsihle for 

ce11 growth and proliîëration (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-Ll fibroblasts and insulin in adipocytes to stimulate DNA synthesis. 

These experimcnts also showed that insulin-activation of the 90 kDa ribosornal 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 p 9 ~ ~ k  activation. 

Apart from the effcct of MAPKs on mitogcncsis which is well studied, MAPKs have a 

more widesprcad action. MAPKs are upstream of the serinclthrconine kinase known as p90rsk-. 

Activated p90rsk may contribute to stimulation of glycogcn synthesis in rcsponsc to insulin (2). 

Activated p90ak phosphorylaics and activates the glycogen-associatcd protein phosphatase- 1 

(PPG- 1 ) and also phnsphorylates and inhihits the glycogen synthasc kinase 3 (GSK3) ( 108). 

Activation of PPG l and inhibition of GSK3 hoth rcsult in  decrcase of glycogen synthase 

phosphorylation. Phosphorylation of glycogen synthase inhihits its enzymatic activity and 

therefore inhibition of its phosphorylation results in an increasc of its activity and potcntiation of 

gl ycogen syn thesis. Howcvcr more recent studies suggest that in intact rat skeletal muscle 

activation of MAPK by insulin is neither nccessary not suftïcient for the activation of glycogen 



synthase and that possibly a raparnycin (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 mechmism and regulation of insulin action. Other signalling molecules have 

been identified for which a clear function has not been determined e.g. Nck, SHPZSyp, and 

still others rernain to be identified. In particular the events and molecular componenis 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 Carnilies of proieins that transport glucose into rnammalian cells 

( 1  10). One hmily is that of proteins which couansport Na+ and glucose (the Na+/glucose 

cotransporter) which are prescnt in the intestine and the kidney. These proteins transport glucost: 

and galactose against their concentration gradient, and as Na+ moves into the ceIl due to an 

electrochemical gradient across the plasma membrane glucose is transported as well. The energy 

used for this process (secondary active transport) cornes indirectly from the ATP hydrolysis by 

the Na+/K+ ATPase which works to maintain the NaC gradient. Indirect evidence indicates that 

the Na+ to sugar coupling ratio is 2. The kineiics of the Na+/glucose cotransporter are ordered; 

Le., Na+ binds first to change the conformation of the protein to allow sugar binding (the 

affinity for sugar increases whcn the extemal Na+ is inçrcascd) (revicwed in ( 1  I I ) ) .  Thc other 

family is that of the facilitativc glucose transporters which transport glucose in  an cncgy 

independent manner down its concentration gradient. Glucosc transport through the facilitativc 

glucose transporters was studied in this thesis and thcrcfore this family of transporters will be 

descnbed in more detail in the next section. 



1.3.1 Facilitative glucose transporters 

1.3.1.1 The transporter family 

Facilitative glucose transporters (GLUTs) are a family of transmernbrme proteins. Six 

different genes coding for facilitative glucose transporters and one pseudogene, which does not 

encode a protein, have been identiîïed up to now and are designated GLUTl to GLUï7  

according to the order of their discovery (for reviews see (1 12-1 15)). Although every one of 

these facilitative GLUT isoforms is encoded by a different gene al1 isoforms are structurally 

related. Al1 GLUT proteins are 45-55 kDa and based on the sequence analysis it has been 

proposed (1 16) that the GLUT protein spans the membrane 12 times by a-helical loops, has an 

exofacial loop bearing a single N-linked glycosylation site, and a middle cytoplasmic loop with 

both the NH2- and COOH-terminal domains located intracellularly. The current mode1 of a 

genenc glucose transporter is shown in Figure 1.5. The hydrophobic regions that span thc 

membrane have the highcst sequence homology among the diffcrent isoforms and thesc may 

encode the sugar transport function ( 1  15). The cytoplasmic loop. the amina and the carboxyl 

termini have considerable differences in their scquence arnong the different isoforms and thcsc 

are used for the production of isoform-specific antibodics usually raised against the 1 s t  12 or 

more amino acids of the COOH-terminal domains ( 1 17). 

The cxact glucose binding site on the facilitative glucose transporters has not been 

mapped and thc exact mcchanism by which glucose is transported through the plasma membrane 

is not known. It is thought that the transporters contain a specitïc glucose binding site that can 

exist in two different conformations, one facing outward and the othcr inward (for rcview sec 

( 1  10)). The transporter binds the glucose molecule when it is in the outward facing 

conformation. This binding uiggers a conformational change that causcs the glucose binding site 

to face inward and tïnaily releau: glucose intraccllularly. It should hc mentioned that glucosc 

transport through ihc facilitative glucose transporters (GLUTs) is stcrcosclective. saturable and 

bidirec tional ( 1 1 O). 



Figure 1.5 Structure of the faciiitative glucose transporters 

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 differen t loops 
formed and the arnino- 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 deno ted by a single-letter abbreviation and the amino acids that are cn tical for 
mspor te r  function are noted in black 
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1.3.1.2 Biochemical properties and tissue distri bu tion of glucose transporters 

From the seven different GLUT genes identifïed, GLUT6 is a pseudogene and doas not 

encode a functional protein. The protein products of al1 the other genes have been identified and 

sequenced. 

AIthough facilitative glucose uansporters have large sequence homology and structural 

similarity , they have sevenl functional differences due to their di fferent tissue disui bu tion. 

cellular localization, transport kinetics and sugar specificity. 

The GLUTl glucose transporter isoforrn is abundantly expressed in red blood cells and in 

brain microvessels. It is also expressed at variable levels in almost al1 tissues in mammals and it 

is suggested that it may be responsible for constitutive or basal glucose uptake ( 1 12). The Km of 

GLUTl is about 6-7 mM for 2-deoxyglucose ( 1 10,112) suggcsting that at the physiological 

circulating concentrations of glucose (4-6 mM) GLUTl is not satunted. 

The GLUTZ facilitative glucose transporter is exprcsscd in the basolakral membranes of 

small intestine and kidney ( 1 18). liver and P-ceils of the pancreas ( 1  19). In liver cells GLU72 

transports glucose into the cells when the blood glucose is high such as in the fed statc but whcn 

the blood glucose is low during fasting GLUT2 transports glucosc out of ~ h c  cells ( 1  13). 

GLUTZ has the highest Km value for glucose (12- 16 m M  for 2-deoxyglucose and 42 mM for 3- 

O-Methylglucose) cornparcd to al1 other isoforms ( 1  10). This transporter then is always 

unsaturated under physiological conditions. Because of these kinetic properties of GLUR and 

the fact that glucokinase has a Km for glucose of 6 m M  the rate of glucose metabolism in p-ceils 

is controlled by glucokinasc: (1 13). GLUR and glucokinase arc thought to comprise the glucose 

sensing unit of the P-ce11 because of the similiintics of the Kms and their sequencial sitcs in the 

handling of glucose. 



Screening a human fetal muscle cDNA library rrsulted in cloning of the GLUT3 

facilirative glucose transporter (120). GLUTJ mRNA predominates in the neuronal and glial cells 

of the brain in rodents and is detectable in a variety of human tissues ( 1 12). The GLUT3 protein 

has been detected in rat fetal and regenerating muscle (12 1) 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, ix.. 1-2 m M  for 2-deoxyglucose as 

measured in Xenopus oocytcs microinjected with GLüT.? cDNA. 

The GLUT4 transporter is exprcssed in periphcral tissues that respond to insulin with an 

increase in glucose transport such as cardiac and skeletal muscles and white and brown adiposc 

tissue and thus has been named the "insulin-sensitive" glucose transporter ( 122- 124). The 

reported Km values [or GLUT4 are 5 mM for D-glucose, and 4-5 m M  for 2-dcoxyglucose 

( 1 12,125,126). suggesting that it is only hdf-saturated under euglycemic conditions. In muscle 

and fat cells under basal conditions GLUT4 is localized mainly intracellularIy. Insulin rapidly 

redistributes GLUT4 to the ceIl surface contrihuting to thc increase in glucose transport 

( 1  17,124,127,128). 

GLUTS 

The GLUTS glucox transporter mRNA and protein is hund on thc luminal ( 1  12) and 

basolateral site o f  intestinal epithelial cells suggesting that this transportcr may Cacilitate the 

transport of hexose across the enkrocyte ( 129). In addition. GLUTS mRNA ( 130) and GLUTS 

protein arc found in human skeletal muscle and fat cells ( 13 1,132). It is thought that GLUT5 

may, similar to GLUTI, facilitate basal hexose transport into musclc crlls sincc 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 altercd by insulin matment. 

It is likely that GLUTS transports fructose. Evidcnce supporting this possibility cornes 

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 cytochaiasin B binding (which binds to GLUTs) 

was protected to some depree by D-fructose ( 13 1 ) and human skelctal muscle has k e n  shown to 

iake up fructose (rom the blood ( 134). 

The GLUT6 cDNA was cloned from a human jcjunum library and liwnd to have 80% 

identity to that of GLUT3 ( 130). The GLUT6 mRNA is detected in many hurnan tissues. 

However. the GLUT6 gene cannot encode a functional glucose transporter protcin hccausc of thc 

existence of multipk stop codons and frame s h i k  and therelore it has been designated as a 

pseudogene. 

GLUTI has been isolated from a liver cDNA expression iibrary (135) The CLUT7 

protein is retained in endoplasmic reticulurn via a consensus retention signal present wiihin its 

COOH-terminal tail. However. the exact functional role of this protein is not known. I i  seems 

however that it may mediate release of glucose frorn the endoplasmic rcticulum participating in 

hepatic glucose production as part or the glucose-6-phosphatase complex. Evidencc Tor this 

function corne from siudies whcrc the antibody against G L W  inhihited glucose-6-phosphatasc 

activity (the enzyme involvcd in gluconcogencsis) in iniact livcr micn~somcs and hlocked g1uco.w 

exit from the microsomcs ( 1 35). Additionally . glucose transport across the mem hrane of 

microsornes prepared from cclls uansfected with G L U n  was sustained while phloretin (135) an 

inhibitor of facilitative glucose transporter inhibited it. 



1.3.1.3 Cellular localization of glucose transporters 

Early observations showed that the facilitative glucose transporters werc prcscnt in 

plasma membranes as well as in membranes or 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 iheir inward facing conformation. werc increased 

in the plasma membranes ( 1 36- 1 38). These observations stimulated the intercst of investigators 

and many studies have been performed examining the subcelIular localization of the GLUT 

proteins and more specitically. the insulin responsive isoform GLUT4 (for review sce ( 1  39)). 

Cloning of the different transporter isoforms and development of isoform specilïc antibodies had 

an enormous impact an thex studies. Today, it has k e n  well established that in the basal sute in 

skeletal muscle and fat cells the GLUTl is mainly localizcd at the plasma membrane while the 

insulin-rcsponsive isoform GLUT4 is ltralized mostly in intraccllular compartmcnts ( 1 39.140). 

This localization of the GLUT4 isoform enables it to rcspond to insulin acuicly and contribute to 

the regulation of glucose transport in muscle and fiil. 

1.3.2 Regulation of glucose transport 

Glucose uansport into cells can be regulaied acuteiy and chronically. Acuti: or short term 

regulation takes place by mechanisrns resulting in rapid changes of glucose transporter numbcr 

present at the ce11 surface andfor changes in their intrinsic activity. Chronic or long terni 

regulation involves mechanisms resulting in changes of glucose transporter levels due to 

alterations in transporter synthesis ancilor degradation. 

1.3.2.1 Long term regulation of glucose transport and transporter expression 

Long term rcgulation of glucosc transport can bc achievcd by altering thc amount of 

available facilitative glucose transporters in the ce11 by anècting i )  the rate of synthcsis of 

uansporter proteins via alterations in transcription andfor translation. ii) the rate of their 



degradation which determines their life span. It is important to understand the rnechanisms 

involved in the long term regulation of glucose transporters because they play an important role 

in glucose homeostasis in the body and therrfore they may be involved in the pathophysiology of 

diabetes ( 141-143). 

Cells in culture such as 3T3-Li adipocytes and L6 myotubes, discussed later. are 

particularly well suited for studying chronic regulation of glucose transport as thcy rcmain stable 

for relatively long pcriods of time. In L6 and 3T3-LI cells glucose transport and the glucose 

transporter levels can be regulated by growth factors such as insulin and IGF-1, 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 regulatrd acutely by growth factors 

(i.e. insulin and IGF-I), exercise or contraction, various pharmacological agents (c.g. protein 

tyrosine phosphatase inhihitors(PTPs)) and cnvironmenral fÿctors such as starvation or hypoxia. 

Changes in the rate of glucosc transport can bc brought about rapidly by i)  changes in  thc 

number of glucose transporter proteins preseni at the ce11 surface, seen as changes in V,,,. i i )  

changes in the affinity of transporter proteins for glucose, sccn as changes in Km, and iii) 

changes in the intrinsic activity of transportcrs (i.e. V,, divided by Km) known also as kinetic 

turnover number or transport capacity . 

In skeletal musclc, L6 muscle cells, adipose tissue and 3T3-LI adipocytcs insulin 

stimulates glucosc transport rapidly. This effect of the hormone is achieved through the 

recruitment of glucose transporter proteins Crom an intracellular location to the plasma 

membrane. The translocation of glucose transporters particularly of GLUT4 is a well estahlished 

phenornenon and it has been demonstrated to occur by a nurnhcr of diffcrent techniques. 

Thcrefore, subcellular fractionation combined with cytochalasin B (which hinds to al1 glucose 

transporters) binding ( l27,136,138), immunoblotiing using speci tic antibodies ( 144). elcctron 

microscopy (1 28,145) and photolabclling of thc ceIl surface glucose uansportcrs wih radioactive 



TAB-BMPA, a compound that binds to the ce11 surface glucose transporters only, ( 146,147) al1 

showed an inc~ase  in glucose transporter levels at the ce11 surface in response to insulin. 

GLUT4 is not the only transporter that is translocated (ir recruited) to plasma membrane 

in response to insulin. Apart from GLUT4. the transporters GLUTl and GLUT3, in L6 

myotubes, and GLUT 1 in 3T3-L 1 adipocytes. CHO and BC3H 1 cells are recniitcd in response 

to insulin. The ability of a certain transporter isoform to translocate in response to insulin is not a 

property of the transporter itsclf but nther a charactcristic dctermined hy the tissue in which the 

transporter is expressed ( 148). 

The intrinsic activity of glucose transporters can be examined by measoring both 

glucose transport rates and transporter number in Ihe samc 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 delected by cytochalasin B binding) 

it is suggested that the intrinsic activity of the transporters changes. Althocgh 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 elTeci on the skcletal muscle cc11 surface 

transportm. increasing hoth the glucose transporter numhrr and the transportcr turnover rate 

( 149). Howevcr neither the mechanism of reguiation nor the Cunctional importance o f  g1ucose 

transporter intrinsic activity is known. 

1.3.2.3 Intracellular traffïc of glucose transporters 

The mechanisms involved in the intracellular traftïc of glucose transporters has b e n  the 

focus of many studies. Two proposcd models which are well supported by experimental 

evidence are: i) regulated sccretion; and ii) constant transporter recycling. According to the first 

mode1 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 

neuroendocrinc PC 12 cclls wcre targctcd to the sccrctciry grmules ( 150) and thc Tact that G L U 4  



in adipocytes is found to be colocalized with the vesicle proteins VAMP-2 and cellubrevin which 

are involved in the fusion or these vesicles with the plasma membrane ( 15 1,152)- 

According to the second model glucose transporters move between the plasma membrane 

and endosomal compartments in a way sirnilar 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 subsequentiy, the 

endosome-denved vesiclcs recycle bück to the plasma membrane. Evidencc in suppon OC this 

model comes from studies showing that GLUTJ Fansporters can he detectcd in clathrin coated 

vesicles and carly endosomes of whitc (153) and hrown (154) adipocytcs, usina 

immunocytochemistry techniques. Also disruption o l  thc clathrin coat by low K+ causes 

accumulation of GLUT4 transporters at the ce11 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 cc11 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 he that vesicles Collowing a regulatory 

secrctory pathway arc internalizcd via recycling endosomes. 

1.3.2.4 Cellular components involved in the regulation of glucose transport 

1.3.2.4- 1 Signalling molecules involvcd in insulin-stimulation of glucosc transport 

1 A2.4.l .  1 Rolc of PI 3-kinase 

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 glucosc transporter translocation in muscle ( 160.16 1 ) 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 p l  10 subunit into 3T3 LI adipocytes 

inhibited glucose transport and GLUT 4 translocation induced by insulin while the wild type 



protein had no effect (88.162). c)The effect of insulin on PI 3-kinase is reduced in States of 

insulin resistance associated with defecis in glucose transport. For example in the oblob 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 oblob 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 restorcd it to normal levels 

suggesting an aquired rcvcrsable detçct ( 164). 

Importantly. although PI 3 kinase appcars to lx critical for insulin-stimulated glucose 

transport. other stimuli such ils con~actile activity and hypaxia both increasc glucose transport 

and glucose transporter translocation (160) in muscle. yet thcy do not incrcase thc levels of the 

PI 3-kinase products PI 3,4 P2 and Pl 3.4.5 P3 (60). Morcover the response of muscle to these 

stimuli is not blocked by wortrnannin (60.160) suggesting that PI 3-kinase activity is not 

requircd 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 PI 3-kinase activity (161). In accordance with this 

wortmannin ( 1  PM) did not affect the responsc of muscle to TPA or OA while it abolished the 

responsc to insulin (16 1). In L6 muscle cells the mitochondrial uncouping agent dinitrophend 

(DNP) has similar effects to hypoxia and increases glucosc trünsport. Thc rcsponsc of thc cells is 

also indepcndcnt of PI 3-kinase (8 1 ). Al1 thesc data indicate that at l m t  two signalling pathways 

exist leading to glucose transport activation in muscle wiih difrcrent sensi tivi tics to wortmannin. 

Evidence supporting this concept comc from studics showing that i )  diffcrcnt GLUTS arc 

recruited in rcsponse to difîcrcnt stimuli. ( tg .  insulin and DNP), and i i )  the responsc of cclls to 

DNP does not rcquirc an intact actin network (8 1). A sccond concept to emerge from recent 

studies is that an increasc in PI 3-kinase activity is not sulricicnt 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-depcndent pathway respectively without affecting glucose transport 

(166). However this issue rcmains controversial. Recently. it has been reported that transient 



expression of a constitutively active p 110 of PI 3-kinase into 3T3-L1 adipocytes increases 

GLUT4 glucose transporter translocation (167) suggesting that excess PI 3-kinase activity is 

sufficien t to increase glucose transporter translocation 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 intemal membranes in adipocytes after insulin stimulation. 

l.3.2.4.I .2 Role of Ras 

The role of p21'US protein in thc insulin stimulation of glucose transport hüs bcen 

examined in various studies. Microinjection o l  a constiiutively active p2 l rus protein inio 3T3-L 1 

adipocytes stimulated the expression of GLUT 1 glucosc transporter in the absence of insulin 

(168). Also the insulin-induced expression of GLUT 1 was blocked by a dominant negative 

form of p21"s protein or antibodies directed against p21rus protein. The above suggest that 

p2 iras mediates the insulin-induced GLUTl expression in 3T3-LI adipocytes. However 

introduction of inhibitory or activating f o n  of p 2 P "  into adipocytes had no cffect on 

translocation of GLUT4 glucose transporter indicating that p21rUS protein is not involved in the 

acute translocation or this protein that Ieads to increased glucose transport ( 168). Furthcrmorc 

the observation that othcr stimuli such as growth factors (EGF) and thrombin activatc p2 lrUsC 

with a time course similar to lhat of insulin but do not stimulate glucosc uptake in 3T3L 1 ( 169) 

adipocytes suggcsts that p2 VUS activation alone is not surficient to induce acute insulin-mcdiatcd 

ducosc transpcirt. .= 

The role o f  Ras protein on the ücuic insulin actions on glucosc transport was icstcd in 

another study whcre activatcd mutant (Lys-61) N-Ras was overcxpresscd in rat 3T3-LI 

fibroblasts and adipocytes ( 170). Thcsc cells showed an incxase in basal glucose upiake (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 GLUTl and GLUT4 lcvcls at the plasma membrane 

relative to thc intracellular membranes without any changes in the total levels of the two 

transportcr isofoms suggesting that Ras mimics the action of insulin on membrane trafficking of 



glucose transponers 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-6 1 ) Ras in nt adipocytes ~ s u l t e d  in high levels of ceIl surfacc 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 ce11 surface (171). However wortmannin treatment resuited in only small 

reduction of ceIl surface GLUT4 levels in cells overexpressing active Ras in contrast to the effect 

of wortmannin on insulin-stimulated GLUT4 plasma levels, indicating that Ras recmits GLUT4 

to the ce11 surface by a different mechanism that is probably not involved in the insulin-slimulated 

GLUT4 translocation in physiological target tissues ( 17 1 ). 

Therefore, it is obvious from the abovc mcntioned studies thüt the cxact rolc 01- Ras and 

whether it is involved in the acute action of insulin t« increase glucosc transport is not clcar. 

1.3.2.4.1.3 RoIc of Raf 

The importance of Raf in insulin signalling cascade is evident hy studies where a gene 

encoding an oncogenicaIly activated Raf mutant was introduced into 3T3-L 1 fibrohlasts ( 172). 

Similarly to the studies with p 21ras in these cells basal glucose transport was increased as well 

as G L U 1  transporter levels. This effect was similar to chronic insulin stimulation and rcinforces 

the concept that chronic regulation of GLUTl expression by insulin is mediated via this pathway. 

The expression and cellular distribution of GLUT4 transporter was not affectcd by thc Raf 

mutant indicating that activation of Raf is not sut'ficient Tor GLUT4 imnslocation . 

I.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, glucase transport 

and glycogen synthesis in 3T3Ll adipocytes. Although EGFR activation also results in an 

increase in MAPK activation. the metabolic effects including glycogen synthasc activity ( 173). 
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glucose transport ( 169,174) and GLUT 4 tnnslocatian ( 173) werc not increased suggesting that 

MAPK activation is not involved or is not sufficient for the activation oT these evena. Similarly. 

activation of pp90-ribosornal S6 kinase (pp90 "k) by EGFR signalling dws not lead to 

stimulation of glucose transport and glycogen synthesis supgesting that activation or pp90 "k 

is not sufficient to signal these events ( 174). 

1.3.2.4.2 Protein Kinase C (PKC) 

The PKC family of protein serinelthreonine kinases continues to grow and PKCs are 

involved in many cellular responses. At the present time, twelve different PKC isuforms have 

been identified and are classified based on their sfructural characteristics and regulation of their 

activities by different cofactors (175). The different classes of PKC isoforms include i)  the 

conventional isoforms a, PI, pi1 and y, ii) the novel isoforms 6. E, (L), 0 and p and iii) the 

atypical isoforms c, I and h (Figure 1.6). 

Four conserved regions (C 1-C4) an: ohscrvcd in the conventionül PKCs (Tor rcvicws see 

( 175,176). Cl contains a cystcine rich motif and Toms the diacylglyccrol binding site. C2 is the 

phospholipid recognition domain and also contains the ~ a 2 +  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 thc substrate. The 

structures of the novel and the atypical classes of PKCs differ from that of the conventional 

isoforms. The novcl class of PKCs contains a C2 like domain that does not hind Ca? The 

atypical PKCs lack the C 1 domain and contain only a cystine-rich domain that does not bind 

diacylglyccrol. The C2 domain is also not present in ihcse isoforms. Al1 classcs rnaintain the 

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



Figure 1.6 fsoforms of PKC 

Conventional isoforms: a, f3-1, BII,y 

N + = + @ ~  substrate 
CI C2 C3 C4 

Novel isoforms: 6, E, q(L), 8, p 

substrate 
C4 

Atypical isoforms: c, L, Ic 

Three main different classes of PKCs have k e n  identified with somewhat diferrent structures. 
The structure and the membcrs of each class of PKCs are depicted in this figure. 
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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 ce11 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 al1 

isoforms (175,176). whilc the requirement for ~ a 2 +  and diacylglycerol depends on thc isoform 

of PKC. Conventional PKCs require both DAG and cal+. the novel isoforms are ~ a 2 +  

independent while the atypical ones do not rcquire DAG or cd+. G-protein coupled rcceptors, 

receptor tyrosine kinases and non-receptor tyrosine kinases, al1 can lcad to the production of 

diacylglycerol either npidly by the activation of specilic phospholipase C or more slowly by the 

activation of phospholipast: D (175.176). Also, activation of non-selectivc phospholipax A2 and 

production of cis unsaturatcd fatty acids from phospholipids can activate certain PKC isoforms 

( 176). Many different receptor- and non-receptor-activated signalling cascades therefore can lead 

to the regulation of PKC activity. Phorbol esters which are potent tumor promoiers strongly 

stimulate the activity of PKCs ( the conventional and novel isoforrns) and have been used widely 

to dissect their exact functions ( 175,176). The y resemble structurally and functionally 

diacylglycerol but they have a prolonged action bec au.^ arc more slowly rnetabolizcd. 

It is believcd that unstimulatcd PKC enzymes arc localizcd tci thc cytosol and upon 

activation are rcdistributed to the membrane. Onc of thc bclst studicd mechanisms liir leading to 

activation of PKCs is that involving phospholipase C (PLC). Activated PLC breaks down 

phosphatidylinositol 4.5-biphosphate (PI4.5P2) into diacylglycerol and inositol 1.43- 

triphosphate (IP3). IP3 stimulates the relcase of ~ a * +  h m  intracellular stores and thc ca2+ 

together with the produced diacylglycerol activate the PKCs. Secondly. opening of plasma 

membrane Ca2+ channels by various stimuli which incrcase the intracellular ca2+ lcvels can lead 

to activation of PKCs. The mcchanisms of PKC activation describcd abovc is shown in Figure 

1.7. Diacylglycerol and CaZ+ each one alonc and also syncrgistically c m  inducc membrane 

association of PKC (175). Diacylglycerol incrcaîes the affinity of conventional PKCs for ~ a 2 +  

and therefore PKCs c m  k activated at low (in the micromolar rangc) 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 intraceliular stores by 
the action of IP3 increase the activity of PKC which then can act on downstream cellular 
effec tors. 



(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 thc enzyme. 

Once in the membrane PKCs interact with phosphatidylserine and becorne activard ( 175). 

An autoinhibitory pseudosubstrate sequence is prcsent in al1 classes of PKCs which is 

believed to interact with the catalytic site and inhibit the activity of the enzyme. Binding of C 1 

and C2 ligands to PKC and interaction with the membrane removes the pseudosuhstrate portion 

of the enzyme tiom the catalytic site and thereby potendates iis catalytic activity (175). Novel 

PKCs which have no ~ a 2 +  binding site in their C2-like domain can func~ion in a ~ a 2 +  

independent manner. Diacylglycerol alonc can induce membrane association of these isoforms. 

Additionally, when PKCs arc in the plasma mcmbrane they can be activated in the absence of 

~ a * +  via their interaction with phosphatidylscrine or other phospholipids. It is no[ clear how the 

atypical class of PKCs (which lack both the diacylglycerol and Ca*+ binding domain) hecomcs 

activated but reccnt data (74) suggest that the produca of PI 3-kinase may he able io activate thc 

6 isoform of this clliss. 

1.3.2.4.2.2 Involvemen t of PKC in glucose transport 

Thc question of whcthcr PKC is involved in insulin action and more specifically in the 

mechanism of stimulation of glucose transport hy insulin was raiscd some ycars ago. Even today 

the answer [O this question remains controvcrsiai. A numhcr of studies suggestcd that insulin 

increases diacylglycerol lcvels and activates PKC in skeletal muscle and adipoc yies ( 180.1 8 1 ). 

Also pharmacological inhibitors of PKC inhibitcd insulin stimulation of glucose transport ( 179- 

18 1,183), and it was proposed that PKC may be involved in the mcchanism OC stimulation of 

glucose transport. Howcvcr, in othcr studies an incrcase in PKC activity and plasma mcmbrane 

translocation of PKC in skeletal and cardiac musclc cells wcrc not detected with insulin 

stimulation (177,182) suggesting that PKC is not involvcd in the insuIin signalling 

(177,178,182,184). Although the issue of the inv«lvcment o l  PKC in thc insulin stimulation of 

glucose trznsport is controvcrsial, i t  is wcll acccpicd 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 ce11 types including insulin rarget tissues ( 177- 182). The mechmism 

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 eukaryotic cells plays an important role in ce11 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 appcars not to play an important rolc in this cvcnt ( 185). 

1.3.2.4.3.1 Actin 

Actin is a protein of 42 kDa. There are at least three different actin genes in mamrnals 

encoding for a. p and y actin respectively ( 186). Thcsc genes are highly conservcd in evolution 

and actin molecules from dit'ferent sources çan substitutt: for each other in functional tcsts in 

vitro.( 187). Actin is found in monomeric and !?lamentous hrm. Monomeric or G actin is 

globular and is non-covalently bound to an ATP molecule. Filamentous actin or F actin can be 

fomed by polymerization of G actin, a proccss associated with the hydrolysis of its bound ATP 

to ADP. However, despite the hydrolysis of ATP the polymerization event of actin dws not 

require energy. Jn vitr~,  in media of salt concentrations normally hund in living cells G actin can 

polymcrize spontaneously into !ilaments and toms a viscous gel-likc solution. Thc actin tïlament 

has a helical structure and polarity, which originates in the uniforrn direction of the actin 

monomers inside the filament, and is important for the function of thc filament. The actin 

tïlament also has a fast growing end and a slow growing end. Thc 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 mem b m  of cells while the pointed (minus) end of 

filaments is directed towards the inside of the ce11 (187). It should be mentioncd that actin 

filaments go through a cycle of polymerization and depolymerization and that the actin network 

of cells is a dynamic network which continuously disasscmbles and reorganinx. 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 thern. in this way preventing their growth, and 

also prevent ncw filament formation by binding to actin dirners. This disturhs the 

pol ymenzation-depolymcrization equilibrium leadine to a slow disassemhly of cellular ac tin 

filaments ( 188,189). Cytochalasins have been used widely to disrupt the actin network of cells 

and study its involvement and importance in specitic cellular events and functions. 

Upon growth factor stimulation the actin network of cells is reorganized. Filamentous 

actin can form bundles, also called stress fibers. whiçh run tbroughout the cytoplasm of most 

cells. Thc assembly of iictin stress tïben is regulatcd by the small GTP hinding protcin Rho 

while the reorganization of thc actin nctwork in rcsponsc to growth hciors is rcgulaied by thc 

small GTP binding protein Rac ( 190.19 1). 

1.3.2.4.3.2 Role of actin in glucose transport 

It has been propos4 that the actin tïlaments 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 examincd rccently in L6 myotubes ( 185). Disrupting 

the actin nctwork wiih cytochalasin D rcsultcd in inhibition of insulin stimulation of g1uco.w 

transport without affecting basal transport. Thc level o f  glucosc transportcrs prcsent in thc 



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 GLUTs were decrcased. 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 no[ affected by cytcichalasin D (8 1 ) sugpcsting that thc üctin network 

is not essential for al1 stimuli of glucose uanspomr translocütion. 

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 ncgative ions in 

the blood. After meals the concentration of amino acids in thc hlood increases but the rise is 

small because they are absorkd wirhin 5-10 minutes hy cells throughout the entire body. For 

most amino acids, little is knawn about the role of the transport step through the membrane in the 

rcgulation of their metabolism. Irnmediately after entering cells amino acids are converted to 

proteins so that their intracellular concentmtion always remains low. Muscle is the main storagc 

organ for amino acids in ihc rorm o l  proteins. Whcn plasma amino acid conccntrations dccrease 

below normal levcls, amino acids arc transported out of thc ceIl to rcplenish the supply in the 

plasma. Simultaneously. intracellular proteins are degraded into amino acids. 

There is an upper Iimit to the amount of protein that can accumulate in each particular cell. 

Once this is reached additionai amino acids are degraded. used for enegy. or convcrted to 

glucose and fat (195). The livcr is the major site of amino acid metabolism. and amino acid 

degradation takes place in this tissue. Catabolizing enzymes for thc m i n o  acids arc present in the 

liver. Deamination rcsults in ammonia rclcasc which in livcr lads  ro thc formation of urca. If thc 



liver is removed or diseased, arnmonia accumulates in the blood which is toxic especially to brain 

leading to hepatic coma 

Certain deaminated amino acids are similar to the metabolic products thai result from 

glucose and fatty acid metabolism. For example deaminated alanine is pymvic 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 mamrnalian tissues which differ in 

specificity. These systems are classified based on their biochemical characteristics such as ion- 

dependence, kinetics and subsuate specificity. Depending on the amino acids uansported these 

systems can be categorizcd into neutral, basic and acidic. It should be notcd that although each 

arnino acid transport systcm is distinct then: is an overlapping subsuate specitïcity between the 

different systems. It should also be kept in mind thai most of the studies of amino acid transport 

have becn carried out in cell culture and thereforc the conclusions obtained about their rcgulation 

may not rilways be relevant to the in  vivo system. Table 1.1 includcs somc of thc known amino 

acid transport systcms and their preferred substrates. 

Neutral amino acid transport in mammalian lissucs is mcdiütcd prcdominantly by systems 

A, ASC, L and Nm cach having unique charücteristics but overlapping speciiicity as mentioncd 

above. The overlapping substrate spccificity makes targeted biochemical studies difticult and 

therefore various stratcgies that provide specificity have bccn derived. For example, for the 

measurcmcnt of system A activity N-methylamino-a-isobutyric acid (McAIB) is used as a 

substrate which is uniquely transported by syslcm A. However for the study of systern ASC 

activity radioactive aminoisobutyric acid ( A B )  and cyclolcucinc (a nonmctaboliïühlc analog of 

leucine) arc used in the prcscnce of exccss non radioactive substrates of system A and L, McAIB 

and 2-amino-2-nonbornane carboxylic acid ( B C H ) ,  rcspcctivcly ( 1  96). 



Table 1.1. Amino acid transport systems in mammalian cells 

Some of the most common amino acid trilinsport systems expressed in mammalian cclls are 

s h ~ w n  in this table. Their prefcmd subrtatrs and theu Na+-dependence an: also included. 

Category System 

Neutra1 

A 

ASC 

L 

Nm 

Basic 

Acidic 

Su bstrates 

alanine, proline 

aminoisobu tync acid(A1B ) 

methylAiB (MeAIB) 

alanine, .serine, cysteine 

Icucinc 

glutamine 

lysine. argininc, omirhinc 

argininc. alanine, cystcinc 

XAG - glutamate 



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 cransport of N-methylated amino acids such as the nonmetaboliïablc alanine analog 

MeAIB. System A is present in nearly al1 marnmalian ce11 types. including skeletal muscle and it 

is Na+-dependent. It appears to function as a cotranspmcr. It transports amino acids into cells 

together with Na+, which is actually transported along its concentration gradient and provides 

the dnving force for transport. 

System ASC transports the neutral amino acids alanine. serine and cysteine and it is Na+ 

-dependent. Recently. a cDNA has been cloned liom 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, isoleucinc, phenylaline and tyrosine, and is also largeiy responsible for the transport of 

nutritionally essential neutral arnino acids. It is Na+-indcpendent and is ubiquitously expressed 

in animal cells and tissues. Rccently thc cDNA of a sysiem L transporter hüs hccn cloncd [rom a 

rat kidney library using a xenopous oocyte expression system (198). Thc trünsportcr wiis round 

to have four putative membrane spanning domains and cxhibits many but not al1 of the 

characteristics of L-system transporters, suggcsting that this represenü one of several related L- 

system transportcrs. Cloning of other systems may also revcal that a number of subtypcs or 

isofxms of a certain transporter exist. 

System Nm hnsports the neuual nonessential arnino acid glutaminc. It is Na+ depcndcnt 

and in primary cultures of skeletal muscle insulin incrcascs its activity (by 3040%) by increasing 

the Vmax that is dependent on protein synthesis ( 199). 

Basic system y+ mcdiates the flux of cationic amino acids and has recently been cloned 

and identified as the previously identified receptor for the ecotropic murine leukemia virus 

(200,20 1). It is not Na+-dcpendent and transports amino acids such as lysine, argininc and 

ornithinc and is ubiquitously cxpressed . 



The acidic amino acid system XAG - is referred to as the glutamate receptor. System XAG 

- has widespread distribution and it is Na+-dependent. Systrm bo?+ mediates the transport of 

dibasic and neutral amino acids such as arginine. alanine and cysteine. This system has been 

cloned recently (202). It is Na+-independent and its mRNA has been found in kidney and 

in tes ti ne. 

The neutral amino acid system A is thc best studied in both skeletal muscle tissue and 

skeleial moscle cells in culture. It is regulated by insulin and is the focus of some of ihc siudies 

presented in  this thesis. The reguliition of this systcm is brielly reviewed in the following 

sec iion. 

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 ce11 membrane 

(206,207) and other effector substances such as prostglandins (PGE2) and retinoic acid 

(208,209). 

The major hormone shown to regulatc system A is insulin. Thc cffcct of insulin is acute 

(within 30 min) and is manifestcd as an increase in Vmax without a change in Km, as assessed 

in muscle tissue using thc alanine analog McAIB (2 10). The cf ict  of insulin is not dcpcndcnt on 

protein sysnthesis (sec Table 5.3 and (2 10)). The precise mcchanism hüs not hcen dctined sincc 

the system A transporter has not hecn cloned. Therc mÿy bc a uanslocation phenornenon similür 

to that described for other proteins such as GLUT4 (see above) and/or an increasc in intrinsic 

activity. Furthemarc, recently it  has been shown that PI 3-kinase may be involvcd 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 (2 1 1 ). 

As discussed above a number of amino acid transporters including systcm A arc coupled to a 

Na+ gradient and are thus Na+ and pH depcndcnt (195). Acidilication of thc extracellular 

medium c m  increasc system A bansport activity (2 12). 



Glucagon also acutely increases system A amino acid transport. Arnino 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 drpends on the 

concentration gradient. Thus an increased activity may be beneficial whether amino acids are 

required wiîhin cells for new protein synthesis or for delivery to the circulation and liver for use 

as  an energy source, e.g. dunng starvation. The liver uptake of system A amino acid transport 

substrates can be increascd by insulin to augment protcin synthesis. In addition glucagon or 

increased extracellular amino acid levels following protein ingestion also lead to incrcascd amino 

acid uptake in liver which lead to conversion of amino acids to glucose. Such cvents tükc place 

during starvation or g1uco.w 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 

transportrd by system A downregulates or decreases transport activity while, amino acid 

deprivation augments it (205,213,214). This type of regulation is rcferred to as adaptive 

regulation and it has been found to he dependcnt on RNA and protein synthesis. Inhibitors of 

protein synthcsis. inhibition of total RNA synthesis, polyadenylation, or glycoprotein 

biosynthesis. havc a11 been reported to inhibit the increasc in activity suhsequent to amino acid 

deprivation (2 15). These data suggest that posîibly synthcsis of new transporter proteins andhr 

synthesis of systcm A-associatcd regulatory componcnts takes piacc and mediates adaptive 

rcgulation. 

Systern A transport activity has been rcported to decrcase in response to increased 

extracellular amino acid concentrations. The rcgulatory elemcnts invoived in these events have 

been suggcsted to bc associated with histone mRNAs that typicaily cause repression (216). 

Under such conditions the amino acids present, mainly suhsuates of system A, may enhance the 

transcription of genes encoding proteins that can inactivate system A (2 10). Althought i t was 

thought that only amino acids transported by system A regulaie its activity, recently it has been 

reported that other amino acids that arc not system A substrates may modulate its activity (217). 

Therefore it has been reported that leucine can increase system A transport by a mechanism 
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involving an increase in Vmu without any changes in Km that depends on protein synthcsis and 

is distinct from that involved in the growth factor-stimulated system A activity (2 18). 

Cultured cells and ceIl lines have been used extensively to study hormonal and metabolic 

processes. Ce11 monolayers have many advantages including the fact that the population of cells 

is homogeneous, the intercellular space is limited and al1 cells are exposed equally to metabolic 

substrates and exogenously added agents. Thus, specilic effects of various agents can he 

exarnined in isolation while jn vivo studies are complicated by multiple inputs. Ccll lines in 

general are viable for extended pcriods of time and thcrefore rcpresent cxcellent models in which 

to assess thc spccilk efkcts of both acute and chronic hormonal and nonhomonal stimuli. 

Two insulin-responsive ceIl lines. the rat L6 skeletal muscle cells and 3T3-LI murine 

fatty fibro blasts have becn extensively u tilized to study the mechanisms of insulin action and 

regulation of glucose transport These two ce11 lines an: the only cell lines which differentiate in 

culture and express the insulin-responsive GLUT4 glucose transporter. Furthcrmore. in the 

differentiated state there is an acute response to insulin to increase glucosc transport associated 

with the well documentcd translocation of glucose transporters (sec above). 

The L6 muscle ceIl Iine was denvcd from one day old nt thigh muscle satellite cells and 

retains many morphological, biochemical and rnctaholic propcrtics of skclctal musclc (2 19). 

These cclls grow as mononucleatcd myohlasts and upon confluency. in the prescncc of low 

concentrations of serum, diflerentiate spontancously into elonpted multi-nucleated myotuhes 

(220,22 1 ). Thc morphok~gy of the L6 cclls in thc rnyohlüst and myotuhc stage is shown i n  

Figure 1.8. 

L6 myotubcs express many of the biochemical properties (219), electrical/con~actile 

activity (222), and proteins characteristic of mature skeletal muscle (223). They express 

m yogenin. a muscle-speci fic transcription factor whic h controls the expression of many muscle 

specific gencs during the myogenic proccss (224). Acetylcholine receptor. creatine kinax, 



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

L6 ceiIs 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 fmed in 2.5 % glutaraldehyde and 50% ethanol 
and then were stained with Giemsa and photographs were taken using a photographie camera 
attached in a phase contrast microscope. The photographs are magnified 440 times. 



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 myouibes, insulin receptor number increases 

by 3-fold (227.228) while IGF-1 receptor levels are reduced by about 804 (229). L6 myotubes 

express GLUTl. GLUT4 and GLUTJ glucose transporters (226,230) and the expression of 

GLUT4 increases with differentiation (226). While basal glucose transport decrews, the acute 

and chronic stimulation of glucose transport by insulin increases (220.228). In L6 myotubes. 

although GLUTl and GLUT3 are present in intracellular compartrnents, the majority of these 

transporters are localized ût the plasma membrane and probably account for most of the basal 

glucose uptdce. On thc other hand the majority of the GLUT4 irünsportcr is localized 

intracellularly. L6 myotubes respond to insulin with a rtpid increase in the rate of glucose 

transport that is associated with a recruitment of al1 3 GLUTs; GLUTI. GLUT3, and GLUT4 

proteins to the plasma mcmbrane from intraccllular membrane cornpanmcnts (23 1). L6 myotubes 

also respond to insulin with a rapid increue in system A arnino 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, i i  is 

important to note that they an: not identical. For example GLUT3, originally cloned from a fetal 

human skeletal muscle cDNA Iibrary. is abscnt in adult skeleial muscle ( 120).The actin network 

of L6 myotubes docs not h m  the contractile sarcomeres found in skcletal muscle tibcrs and the 

tissuc culture model docs not replicatc the physiological cell-ce11 interactions and innervation 

round in vivo. Thesc difkrcnces may refiect and givc rise to rcsponses characteristic or a more 

"fetal" or lcss well differentiated phenotype. In tcrms of glucox transport responsc ~o insulin. 

the extent of stimulation is somewhat lower. 2-fold as c(impürcd to 4-5 fold in skclctal muscle 

(232,233). This difference may be due in somewhat higher GLUTl expression, which 

contributes mainly to basal glucosc transpon, and thc lower GLUT4 levels, which cnntributes to 

the insulin-stimulaicd glucose transpon in L6 myoiubcs cornparcd to skelctal muscle. 

Despite these differcnces, the many similarities mentioned above makc L6 cells the best 

tissue culture model of skeletal muscle available today and providc a valuable tool to investigatc 
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the mechanisms of insulin action as wcll as thc action of other agents affecting glucose and/or 

arnino acid uptake and metabolism. 

1.6 TREATMENT OF DIABETES MELLITUS 

As aiready mentioned above. Diabetes Mellitus is the narne given to a group of diseases 

characterized by hyperglycemia. It is classified into two major groups, Insulin Dependent or 

Type 1 diabetes melIitus and Non-insulin-dependent or Type II diabetes mellitus (IDDM and 

NIDDM respectively)(234). Type 1 diabetes is characterized by an earlier age of onset (usually 

<40 years) and insulin dckicncy. There is destruction of the pancreatic islet p-celis by an 

immunological pr(ress which is not completcly undcrstood (3). Replacement of insulin with 

exogenously administcrcd insulin is thc only trcütmcnt at present. Typc II diabctes is 

characterized by both insulin resistance as wcll as insulin deîïciency (4.235). Althoug h hoth 

abnormalities are present in cstablished Typc II diübctcs, there rcmains controvcrsy about the 

initiating lesion. Reccnt studics suggest that Type 11 diabctcs may not be onc but rather a group 

of sevcral diseases, in somc cases the primary defcct hcing insulin dclicicncy and in  others, 

insuIin rcsist;incc (4). 

Tlic majority of pcoplc af'nickd with Typc II diabctes an: obcse and obcsity is associated 

with insulin rcsistance. Furthcrmore long tcrm studies have demonstrateci that the presence of 

insulin resistance in children whose parents both havc diabetes is a major determinant of the 

future devclopment of Type II diahetes (4). It  has also bccn found that tïrst degrcc relatives of 

people wilh Type II  diahctcs with normal glucosc tolerancc arc insulin rcsisiant (236). Thcsc 

data suggcst that insulin rcsistancc is an intcgral componcnt of the pathophysidogy of Typc II  

diabetes being prcscnt hoth in the carly and the latcr süigcs of thc discase 

The causes of the insulin rcsistance appear to be multiple. Studies attcrnpting to Iocalize 

the biochemical abnormalities in thc insulin action pathway have dclïned many dckcts (237). 

Most of thesc appear to be acquired but genetic dcfccts have also bccn Iound in somc cases. Onc 

of the most extcnsively documentcd is the form of diabetes associated with scvcrc insulin 



resisiance caused by genetic defects in the insulin rcceptor (238,239) (240). Although therc has 

been a suggestion of difkrcnces in IRS-1 sequences in a proportion of people with Type II 

diabetes assessed by restriction fragment length polymorphisrn (24 1 ) there are no othcr well- 

defined genetic defects in the insulin signalling pathway causing diabetes. On the other hand a 

number of studies have shown defccls 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) documentcd in Type II diabetes. Since al1 the stcps in insulin 

signal transduction have not k e n  detïned. it is possible that othrr defccts will be Iound. 

In view of the pathophysiology of Type II diabetes. veaunent is directcd ai improving 

either or both insulin deficicncy and insulin resistancc. The first line of thcrapy is dict and 

exercise. A lowering of caloric intakc with weight loss and an increasc in cxcrcisc hoth increasc 

insulin sensitivity and müy rcsult in improvcmcnt in metabolic abnonnalities . 

The most commonly uscd phiumactilogiciil agents to mat Type 11 diabctes iire mcmbcrs 

of the sulfonylurea family which incrcüse insulin sccrction and may havc somc effect on 

peripheral glucose uptake (247.248). A detailcd review of the mechanisms of action of these 

agents is prcsented in Chapter 2. 

A second family of agents are the biguanides of which metformin is thc only member 

currently employed. Metformin does not increase insulin secretion but a m  in insulin target 

tissues. In the liver metformin inhibits gluconeogencsis (249) and in muscle it appears to increase 

glucose uptake (250). Thesc actions on human musclc (25 1) were also demonstratcd in L6 

myotuks (252). anathcr cxample of thc utility of this tissue culturc systcm IO ~ r v c  as a mode1 of 

skeletal muscle. Finally if neither of thesc agcnts alone or in combination arc effective, insutin 

may be uscd. 

A newer class of hypoglycemic agents undcr investigation arc the thiazolidinedione 

derivatives, examples of which are the compounds pioplitazonc and troglitazonc (253). 

Troglitazone has k e n  shown to improvc insulin sensitivity and glucosc tolcrancc i n  NIDDM 



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 sensitizcrs. Their direct action on peripherül glucosc utilization i s  also 

supported by jn vitro studics. For example, in L6 muscle cells it wiw: shown that logn-tcrm (72 

h) troglitazone treatment increased basal glucose uptake in the absence of insulin (256.257). 

These agents do not have any influence on P-ce11 function (254). Their rnechanism of action 

appears to involve binding to the PPARy (peroxisorne prolifentor-activatcd rcccptor y) rcccptor, 

a nuclear reccptor superfamily member  hic is involved in tnncnptional rcgulation of adipose 

ce11 differentiation (258). In one study. howevcr. insulin resistance induccd by high fat diet in 

rats was not prevented hy uoglitazone (259). Thcrcforc the exact rolc of thesc agents in the 

treatment of diabetes is not yct clcar, Further studics OC compounds which can altcr giucosc 

homeostasis andlor the mechanism of insulin action and correct the abnormalitics in Type II  

diabetes are important for thc development of additional effective therapy. One such potcntial 

agent is vanadium. The action and chemistry of vanadium compounds arc reviewcd in Chapter 

4. 



1.7 RATIONALE 

The physiological rolc of glucose uanspon into muscle tissue is well established. Muscle 

is quantitatively the most important tissue accounting for insulin-mediated glucose uptake and in 

diseases characterized by insuün resistance such as Type II diabetes. insulin-stimulatcd muscle 

glucose uptake is severely impaired. The biochemical processes within the muscle cc11 which 

serve to regulate both basal and insulin-stimulatcd glucose uptake are not completely undersiood. 

The localization, function. synthesis and degradaiion of glucose transporters may ail conuibute 

to such regulation by hormones and metabolires. At the samc timc, phannacological agents 

which are used to treat people wiih Type II diabcies, suçh as sulfonylurcas. o r  are bcing 

investigated for such a use, e.g. vanadium compounds. are known to have efkcts on muscle 

glucose uptake. The purpose of the experimcnts presented in this thesis was to document the 

diverse biological effects (insulin-likc and noninsulin-likc) and the mechanism of action of these 

agents. Such studies not only serve to better detine the actions, utility and potential adverse 

effects of a therapeutic agent. but also serve as a probe of cellular mechanisms which rnay 

operate in normal physiological processes to regulatc function. In the first of these studies the 

new sulfonylurea compound gliclazidc was choscn io cxûmine and compare iis efkcts and 

mcchanism of action to glyhuridc, an older well cstahlishcd drug uscd in humans. The Iollowing 

questions werc addresscd in the tkst study: 

1. Do sulfonylureas have any direct extra-pancreüiic clfccts to stimulate glucose upiake in 

muscle? 

2. Are there any unique periphenl cfrects of the novcl sulfonylurea gliclazidc as cornparcd wilh 

the older structurally different sulfonylurea glyhunde on glucose transport in muscle cclls ? 

3. Do sulfonylureas have peripheral actions independent of insulin ? 

4. 1s there an action on glucosc transporter proteins ? 

5. What is the mechanism of this action on glucose transporters ? 

In the studies presented in Chapter 5 and 6 the effecis and the mechanism of action of 

vanadium compounds werc examined. As mentioncd in more deiail in Chapicr 4 thcsc intcrcsting 



compounds are insulin-mimetic and drarnatically 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 undcr active investigation. 

In the studies presentcd in Chapter 5 and 6 of this thesis the following questions were 

addressed: 

1. Do vanadium cornpounds mimic al1 of the actions of insulin in skeletal muscle; spccilïcally 

glucose and arnino acid transport ? 

2. What is the interaction of vanadium compounds with insulin in relation to thcsc hiological 

effects? 

3. What is the mcchanism 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 al1 thesc studies the modcl system used was L6 rat skeletal muscle cells. Their 

charactcristics and thc rationale for thcir US have ken rcvicwcd in Chaptcr 1. As outlincd in thc 

chapters that follow novel observations have been made regarding the actions and cellular effects 

of both these agcnts. 



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 an ti bac terial 

potency of p-arnino-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 sulfonarnides 

lowered blood glucose levels in dogs that had undergone partial but not total pancreatectomy 

(260). In the years that followed, testing of various derivatives led to thc synthesis in Germany 

of carbutamide and tolbutamide the t3st hypoglycemic sulfonylureas. By the mid of 1960's four 

compounds (tolbutamide, tolazarnide. ace tohexamide, and chlorpropamide) wi th somc what 

different potencies, duration of action and meubolism were widely used for the treatmcnt of 

NIDDM. During that tirne. the University Group Diabetes Program study suggcsted that 

tolbutarnide was associatcd with an increased risk ol  cudiovascular martality (26 1 ). Although 

this study was criticized and its resul ts questioncd, the use of sult'ony lureas declined 

considerably. In the late 1970's the use or sulfonylureas regained popularity and in the 1980's 

the sulfonylurcas glipizide and glybunde that had been available in Europe for many years were 

introduced to thc North Amencan market. More recently in 1990, another sulfonylurea 

compound. gliclazide was introduced in Canada. Thus sulfonylureas have contributed for many 

years to the ueatment of Type II (non-insulin dependent) diabetes mellitus and those most 

commonly used arc includcd in Tablc 2.1 

2.2 BIOCHEMICAL CHARACTERISTICS OF SULFONY LUREA COMPOUNIIS 

Al1 sulfonylurea compounds have structural similuities. A similar core structun: is bound 

to different substitutions on its ends that result in pharmacological differenccs. Thc structure of 

some sulfonylurea cornpounds including glyburide and gliclazide is shown in Figure 2.1. The 

central sulfonamide group (shown in the box) is required for their hypoglycemic action. 
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Table 2.1 Oral hypoglycemic agents used in the treatment of Type 11 Diabetes 

Sulfonylureas and biguanines are hypoglycemic agents commonly used in the treatment of 

patients with type 11 diabetes while the thiazolidinediones an: a new class of compunds siill in 

experimental levcl. 

Family of compound 

Sulfonylureas 

(First generation) 

(Second gcneration ) 

Biguanides 

Thiazolidi nediones 

Compound 

tdbubmidc 

acetohexamide 

tolazamide 

chlorpropamide 



Figure 2.1 Structure of sulfonylurea drugs 

METHYL 

GLIPIZIDE 

GLYBURIDE 

1 i GLICLAZIDE 
(DIAMICRON) 

i 
AZA-B ICYCLO-OCTANE 

Note that the area in the box represents the central sulfonamide group comrnon in al1 
sulfonylureas while the side groups are unique to each different cornpound. 



Different groups exist on each side of the sulfonamidc group. c g .  gliclazide has an aza- 

bicyclooctane group, and a methyl group. These sulfonylurea compounds diffcr in potency, 

duration of action, metabolism, side effects and perhaps other properties. 

Al1 sulfonylureas an: highly protein bound, particularly to albumin. Depending on the 

compound 98-998 is bound. For exarnple, tolbutarnide is 98% protein bound at plasma 

concentrations of 6-25 PM, while glipizide is 998  protein bound at plasma concentralions of 4- 

40 nM (262). Also al1 sulfonylureas are highly lipid soluble and cross the capillary walls rapidly. 

Therefore the fm drug concentration at the target cell is similar to the plasma concentration of the 

free dmg. Finally, al1 sulfonylureas are in great part converted hy the liver to inactive or less 

active mctabolites, with thc exception of iicetohcxamidc which is convcned to a more acdvc 

fom. Metabolites and residual quantitics of the puent compounds an: climinated prcdominantly 

in urine. 

Two difftxent genera~ions of sulfonylurea drugs exist. The more rcccntly introduced 

second gencntion agcnk have certain advantagcs. Thcy an: morc potcnt on a weight hasis so that 

smaller doses are required, thcy ~ s u l t  in lus Na+ retcntion and they have fewer intcrüctions with 

other medications becausc of nonpolar protein binding (263). Today. mostly second gcneration 

compounds are used in the treatrnent of NIDDM. 

2.3.1 Pancreatic effects of sulfonylureas 

2.3.1.1 Insulin secretion 

Initial studies by Loubatieres in 1944 showed that injection of p-aminosulfonamidc- 

isopropyl-thiodiazole (RP 2254) into depancreatized or alloxan diabetic dogs did not affect the 

blood glucose levels. However an effect was sccn on blood glucose levels in control treated with 

RP 2254 (260). These findings suggested that the pancreas was essential in order for the dnig [O 



exert an effect on blood glucose levels. The requirement of the pancreas suggested that insulin 

secretion was inc~ased by these agents. The evidence h r  this concept came from experimenü in 

which insulin and C-peptide levels were determincd in the periphcral blood following 

intravenous injection or orril sulfonylurea administration (264-266). Many studies have now 

confmed that acute administration of sulfonylureas to animals or man results in an increase in 

insulin secretion (266,267). Similarly, addition of sulfonylureas to isolated islels, or perfused 

pancreas causes an immediate releasc OC 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 mem plasma insulin levels (270-272). In vitro the release of 

insulin c m  bc observed in the absence of other secretagogues. In vivo however it is suggested 

that the major effect is to increase &ceIl sensitivity to glucose (273). Glucose stimulatcs insulin 

secretion in a biphasic fashion. with a rapid first- phase burst ohscrved within 0-10 min 

tbllowcd by a slower second phase ( 10-60 min). In NIDDM the first phase is lost carly on and 

thc second phase of insulin secrction is subsequently impaircd (274). Most studics have hecn 

unüblc to dcmonstriate any apprcciablc cffcct or sulfonylurcas on Iirst phase insulin secretion in 

NIDDM patients (269,275). However there are reports that gliclazide îreatmcnt of NIDDM 

patients does improve the tirst ph= of insulin secretion (273.276). The second phase of insulin 

release increases linearly with the plasma glucose concentration. Sulfonylureas enhance this P- 
ce11 responsivcness, that is more insulin is rcleased al  cvery glucose lwel and the effcct of 

glucose and sullonylurca on the second phasc insulin secretion is additive (269,275). 

Long term (6- 12 months) trcatment with sulfonylureas in animals and man has been 

rcported to rcsult in na changc or evcn a dccreasc in plasma insulin lcvcls and a signitïcani 

decrcase in glucose-mediated insulin release (27 1,272,277,278). The mechanisms contributing 

to these effects m prescntly unknown but may bc rclatcd to incrcüscd scnsitivity to insulin 

(272.279). This improvement in insulin resistance is duc at least in part to thc improvcd 

metabolic control (280), but may also be related to direct extrapancreatic zffects of the drugs (sce 

below). Other studies suggcst that although the basal insulin secrction rates are not changed with 



sulfonylurea therapy the total amount of insulin sccretcd over 24 h increases (267) suggesting 

that sulfonylureas maintain their insulinotropic action dunng chronic therapy. 

2.3.1.2 Other pancreatic effects 

Some studies suggest that sulfonylureas possibly inhibit the release of glucagon jn vitro 

(28 1.282). In plasma of NIDDM patients treated with sullonylureas for long tcrm a dccrease in 

glucagon levels were obxrved in some (283) but not a11 (284) studies. The mechanisrn 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 hy the isolated 

perfused rat pancreas has been reported to be stimulated by glyburide at low glucosc 

concentrations (285) and the importance of this finding remains uncertain. 

Loubaticrcs ( 1946) found that the sulfonylurea compound RP2254 ct>uld incrcase the 

volume and wcight «f the pancreas and cvcn inducc thc formation of islets of Langcrhans in rats 

treated with the compound. This suggestcd that sul~onylurcas have P-cytotrophic efîkcts. 

However these observations have not been confimed by cithers. 

2.3.2 Extrapancreatic effects of sulfonylureas on fat and muscle cells 

Sulfonylureas do not rcduce plasma glucose levels in animals in which the pcells of the 

pancreas have been destroyed or removed and they are incfkctivc in patients with IDDM who 

lack p-ceil function. Nevertheless, there is evidence that these agents may reduce hypcrglycernia 

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 pnmarily due to an increaw in pancreatic insulin secretion, it has hecn ohscrvcd 

that elevatcd plasma insulin concenuations in sulC~mylurca-treatcd subjccts or rodcn~s rctum to 

prctreatrnent levels after chronic administration whilc hlood glucosc levcls wcrc normalizcd 

suggesting ihat sulfonylureas cnhance glucosc uptakc and mctabolism in periphcral iissucs and 

improvc insulin sensitivity (27 1,272,286,287). Furthermore, i t  has bcen reported that the acute 



response of the pancreas (increase in C-peptide and insulin levels) to glyburide is lost in patients 

chronically treated with sulfonylureas whle the glucose lowenng effect is maintaincd suggesting 

extrapancreatic e ffects of the dmgs (288). 

To test this possibility a number of studies have been performed in ce11 culture rnodels of 

insulin target tissues of skeletal muscle and fat examining the effects of sulfonylureas on glucose 

rransport (summariwd in Table 2.2). In some of the studies the presence of insulin was required 

to observe the sulfonylurea effect (289-292)- whilc in other studics a dircct cffcct of 

sulfonylureas on peripheral insulin target tissues was observed in the absense of insiilin 

(293,294). Thus sulfonylurcas directly stimulate glucose transport in BC3 H 1 and L6 muscle 

cells (293-296). in 3T3-LI adipocytes (297.298) as well as in prirnary 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 thc increase in glycogcn synthesis was due to 

the increase in glucose transport (295). Glycogcn synthase activity was also unchangcd in 

muscle biopsies from Casting NIDDM patients recciving gliclazide thcrapy although in these 

patients insulin stimulation of glycogcn synthasc activity was potentiated (303). It should he 

noted lhat the conccnuations of sulfonylureas rcquired to sce an in vitro effect arc usually highcr 

thün those lound in circulaling bluod of patisnis trcatcd with the drugs. This is probahly due to 

ce11 culture charactcristics, it is also seen with othtor drugs and hormones and dws not cxcludc in 

vivo relevance. 

2.3.3 Effects of Sulfonylureas on liver 

The effect of sulfonylureas on hepaùc glucose production is not clear. In rats chronically 

(6-1 8 days) treated with glyburide, the basal hepatic glucose production was greatcr thün convol 

rats and the sensitivity of the liver to suppression of glucose production by insulin was 

unchanged (287). Also glipizide treatmcnt of normal dogs did not result in any incrcüsc in insulin 

suppression 



Table 2.2 Effect of sulfonylureas on glucose uptake in tissues and ce11 culture 
models of insulin targets. 

In al1 studies glucose uptake was stimulaied by sulfonylureas. DiîXerences were observed in the 

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

for details). 

Tissue 

adipocytes 

3T3L I 

BC3H 1 

L6 cclls 

Compound 

tolazamide 

glyburide 

glyburide 

tol butamide 

tolbutamide 

tolbutarnide 

tolbutamidc 

olipizidc b 

elybunde 
C 

glyburidc 

glybunde 

glyburide 

tolazamidç 

Concentration Time 

of exposure 

20-44h 

30-60 min 

48 h 

30-60 min 

1-3 days 

20 h 

30 min 

20 h 

20 h 

30 min 

4-6 h 

2-6 h 

22h 

Ueferences 
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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 

disposa1 seen with sulfonylurea treatment was not due to a decrease in hepatic glucose 

production but to peripherai glucose uptake. In NIDDM patients however long term sulfonylurea 

therapy resulted in a signiticant reduction of hepatic glucose production (27 1,272,305). 

2.3.4 Effect on glucose transport in the intestine 

Sulfonylureas may reduce the absorption of ingcsted glucose by the small intestine. 

Using an isolated in vitro prcparation of a complete functional intestinal-pancrcatic unit i t  wüs 

found that gliclazide at levels likely to be found in the gastrointcstinal tract (200 pg/ml) reduced 

the transport of glucose across the intestinal lumen in either direction. This was due to an 

increase in the mctabolic utilization of glucose by the intestine (306). However the importance of 

this tïnding is not known and apiirt 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 platelct aggregation and 

adhensivcness is also observed and plasma thrornbotic activity is incrcased. Thc novel 

sulfonylurea gliclazide has becn reportcd to correct the dccrease in plasma ïibrinolytic activity 

(probably via the inhibitor of plasminogen), correct cxccssivc platelet aggregaticin and 

adhesivcncss and reducc the increased thrombotic activity of diabctes (307). Thesc potcntially 

anti-atherogenic properties have been attributed to the unique side Croup of this agent ( set: 

Figure 2.1) since they appcar to be independent of changes in  glucosc concentration (308). 

Although it has been suggested that thex effects may have direct henefit to decreasc the vascular 

complications of diabetes, this remains to be proved. 



2.4 SULFONYLUREA SIGNALLING 

2.4.1 The sulfonylurea receptor 

EarIy 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 specitïc binding 

site for sulfonylureas at the plasma membrane of p-cells was demonstrated initially by using 

radioactive sulConylurea compounds. These sites were characterized in various insulin secreting 

beta ce11 lines such as RIN m5F and HIT cells and isolated pancreatic p-cells using 

[3~]$~buride (3O9,3 10). The binding of the radioactive sulfonylurea compound was satunble 

and competitively inhibited by other sulfonylurcas such as glipizidc, tolbutamide or tolazamidc. 

High and low affinity binding sites wen: identified (31 1). Subscquently it was lound. using 86 

Rb efflux and the patch-clamp technique, both of which permit the study of K+ flux, that 

sulfonylureas inhibit the efflux of K+ ions from B-cclls via channels with the characteristics of 

ATP-dependent K+ channcls (309.3 12). The order of potency of sulfonylurca compounds in 

binding to P-cells correlated well with their potency to inhibit the eftlux of K+ ions and to 

stimulate the releasc of insulin in vivo (309). 

Al1 the above studies indicated thar ATP-sensitive K+ channels and sulfonylurea 

receptors were funciionally linked although it  was nor clear whether these constituted a single 

entity. It was proposed howcver bascd on biochemical studies that the ATP-sensitive K+ channel 

contained a sulfonylurea hinding domain, as well as a hinding sitc Cor K+ channcl opcncrs. 

which includc pharmacological agcnLs uscd in cases o f  cxccssivc insulin sccrction such as in 

insulinomas, and two or morc nuclecitidc binding sites that can discriminatc betwccn ATP and 

ADP. 

In peripherai tissues such as muscle and adipocytes the exisience of sulfonylurea binding 

sites has been difficult to prove probably because their abundance is much l e s  cornparcd to 

cells and /or differences in their affinity for sulfonylurea cnmpnunds. Studies have shown that 

difkrent subtypcs of ATP-sensitive K+ channcls exist with diffcrcnt scnsitivities to inhibition by 

sulfonylurcas (3 13.3 14). Thus in insulinoma cells the kd of sulfonylurea hypoglycemic dmgs 



for half maximal inhibition of [ 3 ~ ] ~ l ~ b u r i d e  binding is 0.1-0.2 nM while in  cardiac cclls it is 2 

nM and, in skeletal muscle cells it is 200 nM (3 14). The presence of sultonylurca binding sites in 

peripheral tissues has k e n  investipied not only with binding studies using [ - î ~ ] ~ l ~ h u r i d e  

(301). but also using the 86 Rb eftlux, and the patch-clamp technique. [3~ jg l~bur ide  was 

found to bind to adipocytc 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 effccis of sulfonylureas (30 1). Similarly high afinity binding sites for 

sulfonylureas were identified in avian and mammatian heart cells (3 15). In cardiac muscle (3 16). 

frog skeletal muscle fibres (3 17.3 18)- mouse skeletal muscle (3 14,3 19). as well as in human 

skeletal muscle (3 14,320) ATP-sensitive K+ channel activity was meÿsured by paich-clamping 

and found to be inhibited by sulfonylureas. 

In  contrast to these studies. Rajan et al could not detect a funetional high affinity 

sulfonylurea receptor in plasma mcmbrancs from rat adipocytcs and 3T3-LI cclls by either 

iodinated glyburide binding or 86 Rh et'flux (32 1 ). 

Glyburide and 5-iodo-2-hydroxy-"glyburide". an iodinated dcrivativc of glyburide. in 

HIT ce11 membranes could be cross-linked by photolabclling to a protein with an apparent 

molecular size of 110 kDa which most likely represented the sulfonylurea receptor (3 1 1 ). Using 

this iodinated derivative of glyburide the sulfonylurea receptor was recently purilied from HIT 

T l5  cells. its amino terminus was sequenced and primers wcrc designed and used to clone the 

sulfonylurea receptor cDNA by scrcening a cDNA library from an a-cell line initially and then 

RINmSF and HIT Tl5 cc11 libraries (322). This cDNA was found to cncodc the rat and hamstcr 

high affinity sulfonylurca receptor. Cells (COSm6) transfected with the rat or hamstcr 

sulfonylurea receptor cDNA were found to express a 140 kDa band thai cornigraicd with native 

sulfonylurea rcceptor [rom HIT cells and specitic photolahdling was specifically inhihited by 

glyburide. The sulfonylurca receptor appears to bc a memher of thc trüffic A T P w  also known 

as the ATP-binding-cassette(ABC) transporter supcrfamily (322). The moleculc has nine . 
membrane spanning regions and two nucleotide binding folds. I t  alsa has 3 potential protcin 

kinase A and 20 potential proiein kinasc C phosphorylation s i r s  consistcnt with the suggestion 



that phosphorylation alters the affinity of the rcceptor for vanous ligands and regulates the 

activity of the ATP-sensitive Kf channel. Preliminary effmts to assay sulfonylurca receptor for 

ATP-sensitive K+ chmnel activity were negative. Microinjection of sulfonylurca reccptor into 

Xenopus oocytes and patch clamping studies did not show any new Kkurrent 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 hc noted that at 

least in one study the mRNA of the sulfonylurea receptor was prescnt in pancreas. heart and 

spleen. but not in skeletal muscle by nortern blotting (322). Further study using PCR will bc 

helpful to determine whether low levels may be present in other tissues. 

Mutations in the sulfonylurea receptor that vuncatc the second nucleotidc binding fold 

cause persistent hyperinsulincmic hypoglycemia of inhncy (323). a discase associütcd with 

unregulated insulin secretion. Bascd on this discovery it was hypothcsized and prcdictcd hy the 

investigators who cloned thc sulfonylurca rcceptor that it is an integral part of the ATP-sensitive 

K+ channel and specifically. it functions as the ATP and ADP sensor (322.323). Howcvcr. 

more recent studies have shown that overexpression of thc sulfonylurca receptor in HEK293 

cells. although incrcascd sulfonylurea binding ([3~]~libenclmide),  did not affect chc magnitude 

of the endogcnous whole-ce11 current measured in whole ceil patch clamp (324). This result 

suggested that the sulfonylurca rcceptor iiself does not forrn an ion channcl. Furthcrmore. it  was 

found that the sulfonylurea receptor can conkr sultonylurea sensi tivity on inwardly-rectifying 

K+ (Kir) channcls without the development of ATP-sensitivity. I t  was concluded that the 

sulfonylurea rcccptor is a rcgulator of multiple Kir channels and the prescncc of sulfonylurca 

sensitivity cannot bc takcn to indicatc spccificaliy ihc prcsence of ATP-sensitive K+ channcls. 

Furthermore ATP-sensitive channels may exist in certain tissues or ce11 types which lack 

sulfonylurea sensitivity since the rcgulator protcin is no[ prcscnt in a11 tissues (322). 

2.4.2 Mechanism of action of sulfonylureas in the pancreas 

The mechanism by which insulin is released from the pancreatic P cells üfter the increw 

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 

su1 fony lurea action 

Pancreatic B-ceil 

w - Insutin 
Granules 

Insulin Secretion 

Glucose is transported into fkells and metabolized increasing the ATPIADP 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 Ca++ 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 wilh the enzyme glucokinasc involved in 

glucose metabolism, sense the high blood glucose levels. Glucosc: is transportcd via GLUT 2 

into the pancreatic &celis 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 P-el1 plasma membrane. Under normal physiological circumstances 

these channels allow the exit of K+ [rom the cytoplasm to thc extracellutar space. The ATP- 

sensitive channels are inhibitcd by ATP. the open state probability of the channels is decreased 

and therefore K+ builds up inside the cells which leads to cell rncmbrane dcpoliuization. The 

change in membrane potential affects the voltage-sensitive Ca++ channels located at thc plasma 

membrane. These Ca++ channels open and Ca++ flows into the cytoplasm from the cxtraccllular 

space. The increased Ca* levcls result in exticytotic cvenls and insulin rclzasc. 

Sulfonylurcas stimula@ insulin xcrction by thc pancrcit,~ via a signalling pathway shown 

in Figure 2.2. Binding of sulfonylurcas to sulfonylurea rcccptor results in modulation of Ihr 

ATP-sensitive Kf channels. The open suie probability of the channel is reduced, and thcrcforc 

the cfflux of K+ ions is inhibited. Thc evcnts that follow arc similar to those describcd above and 

result in insulin secretion. 

Although the mechanism by which sulfonylureas act on p-pancreatic celis has been 

extensively studicd, the mode and mechanism(s) of action of sulfonylurea compounds on 

peripheral tissues are not clear. Several possible mechanisms of periphcral sulibnylurca action 

an: discusscd in h e  toll«wing scction. 

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 Lhat 

sulfonylureas in peripheral tissues act bath at the level of the insulin receptor (263) and at post- 

insulin receptor sites in various tissues (287). 
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There are some reports (279,286,325) showing that sulfonylureas have an cffect on 

insulin receptor number andor affinity in peripheral tissues of NIDDM patients which is 

correlated with the efficacy of these drugs. Howcver, the sarnc irnpravcrnent in insulin binding 

after sulfonylurea treatment is not obsewed in al1 studies (300,326) and its relative importance is 

unclear. In vivo studies in NIDDM patients who were lreated for 3 months with sulfonylureas 

showed no changes in the mean reccptor concentration of either monocytes or erythrocytes 

(327). Muscle biopsies of NIDDM patients treaied with gliclazide for 2 months showed no 

changes in insulin receptor number and no differencc in basal and insulin-stimulated tyrosine 

kinase activity (303,328). Similarly subcutaneous fat biopsies of NIDDM patients trcatcd with 

glyburide for 3 months showed no changes in insulin receptor numhcr (329). 

Contradictory results have also bccn obscrvcd in vitro. In 3T3-L 1 adipocytcs cxposurc to 

tolbuüimide( 1.5 mM) for 2-3 days resulted in an increasc in insulin receptor num ber ( l50-250% 

of control) without any changes in the affinity of the reccptor for insulin (298). Similar exposure 

(20-44h) of nt cpidydimal adipose tissue to tolüzamidc did not affect cithcr insulin rcccpmr 

number or ai'tinity (300). Tolbutamide (3 mM) matment of BC3Hl cells also had no effcct on 

insulin binding (294). Thc reasons for the discrcpancies obscrved both in v ivo  and in vitro 

studies arc not clear and may be due to differenccs in cxperimcnial techniques. variations in the 

doses of the drugs used, differences in the patient populations or in thc tissue culture system 

used. Ovcrall, thesc data suggest that sulfonylurcas in pcriphcral tissues act at a posi binding 

stcp. 

2.4.3.2 Effect on glucose transport and glucose transporters 

Many in vitro studies of insulin target tissues havc shown that sulfonylurcas havc a 

direct effcct to increase glucose transport. The mechanism whereby sulfonylureas stimulate 

glucose transport is uncertain. One potential postrecepior mechanism of action of sulfonylureas 

is an effect on ccllular glucose transporters. In rat adipocytes glyburidc exposure for 48 h 

resulted in a potcntiation of insulin-stimulated glucosc transport which was corrclated with a 



potentiation of insulin-induced recruinent of glucose transporters from an intracellular 

microsomal pool to the plasma membrane as mcasured hy cytochalasin B binding (330). Thc 

total cellular content of GLUTl mRNA and prokin levels was increascd by tolazamidc ucatment 

in L6 cells (291). Similar increases in GLUTl mRNA and protein levels werc also scen in 

3T3Ll 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 frorn insulin 

resistant ( high fat-high sucrose diet induced) rats that had bcen treated with glyburide for 10 

days (33 1). Glimepiride, another sulfonylurea drug has becn shown to directly stimulate glucose 

transport in insulin resistant n t  adipocytes (induccd by high glucose and high insulin) which was 

due to the stimulation of GLUTl and GLUTJ glucose transporter translocation (332). 

Furthemore in that study it was suggested that the molecular site of glimepiride action is related 

to GLUT4 phosphorylation ldephosphorylation as glimepiride rcduced the elcvatcd GLUT4 

phosphorylation observated in resistant adipocytes (332). The sarne group of invcstigators in 

more rccent studics found correlations hctwcen sulfony lurca-induccd stimulation of glucose 

transport and CAMP degradation/pr«tcin kinasc A inhihiiion. and thcy proposed that the 

stimulation OC glucose utilization by sullonylureas is mediatcd by a dccrcase of CAMP-dependcnt 

phosphorylation of GLUT4 (333). In the study prcsented in the follawing chapter it was found 

that gliclazide and glyburide treatment of L6 muscle cclls increases glucose transport by an 

apparently different mcchanism; Le. by increasing the GLUTl transporter lcvels by a 

posttranslational mechanism that possibly involve the stabilization of this transporter at the 

plasma membrane. 

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

There are some reports suggcsting that thc action of su1 fony lurcas to incrcase gl ucosc 

transport in peripheral insulin target tissucs is mcdiated hy the activation of PKC. Evidencc 

cornes [rom studies in which the glucose transport cflects of glyhut-ide and tolazamidc in rat 

adipocytes were blocked by three difrercnt PKC inhibitors (staurosporinc. H-7 and 
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sangivamycin) and by phorbol ester induced-downregulation of PKC (299). In BC3HI and L6 

muscle cells the toibutamide- and glyburide-induced increase in glucose transport was blocked 

by staurosporine and PKC depktion (293.295). 1t is worth noting that in al1 these studies in 

which a PKC-mediated eft'cct of sulfonylureas on glucose transport was obscrvcd thc cffcct of 

sulfonylurea was more acute(4 hours) in contrast to the chronic effect (24-48 hours) of 

sulfonylureas on glucose transpon seen in most studies. 

Sulfonylurea dmgs have represented the backbone of on1 hypoglycemic therapy in 

NIDDM for many years. These dmgs 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 k e n  reported to act directly on peripheral insulin target tissues to 

stimulate the uptake of glucosc (Figure 2.3). Furthemon: additional direct cffecü of 

sulfonylureas which may rcduce diaktic complications have been suggestcd in various studics. 

The mechanism of the pancreatic action of sulfonylurcas involves hinding of thc dmgs to spccitk 

sites on the pcell plasma membrane, identificd as sullimyiurea rcceptors. which lcads to 

inhibition of K+ ion emux through ATP-sensitive K+ channels. membrane depolari7ation and 

initiation of evenis resulting in insulin secretion. The mechanism however mediating ihc 

extnpancreatic action of sulfonylu~as is not clcar, and it is not known whether similu cvcnts 

that take place in P-ce11 also take placc in penpheral tissues. Most likely the action o f  

sulfonylureas in penpheral insulin iarget tissues is not mediatcd at the insulin rcceptor but at 

'4postreceptor" sites. It is expected that progrus in this field will lead to a full understanding of 

the effects and mechanism of action of'sulfonylureas. 



Figure 2.3 Action of sullonylureas in NIDDM 
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Sulfonylureas act on p-ce11 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 



3.1 ABSTRACT 

Many studies suggest that sulfonylureas (SU) have direct extn-pancreatic actions. The 

action of gliclazide, a new SU. was examined and compared to that of glyburide in L6 

myotubes, an i n  vitro mode1 of skeletal muscle. Gliclazide and glyburide increased 2-dcoxy-D- 

glucose (2DG) uptake in a lime and dose-dependent fashion after 24 h to a maximum of 1798 

and 202% of basal levels respectively (p<O.OO 1 ). Acute (30 min) insulin ( 1 O - 7 ~ )  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 fractionakd and total, plasma membrane (PM) and interna1 membrane (IM) 

levels of glucose transporter (GLUT) isoforms were determined by immunoblottinp. Both drugs 

significantly (pe0.05) increased the total content (1 -7 fold) and PM ( 1.8 fold) level of GLUTl 

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 cclls by gliclazide and glybunde is 

not associatcd with a redistribution but rather an incrase in total mernbranc contcnt and PM Ievcl 

of GLUT 1 which is independent of protein synihcsis. Thex data sugpcst a novcl action of 

sulfonylureas to stabilize the GLUTl protein at thc plasma membrane. 



Although evidence exists supporting the extra-pancreatic actions of sulfonylureas this 

issue is still controversial and needs further clarification (247). Furthermore, thc molecular 

mechanism of action of sulfonylurea compounds to incrcase glucose disposal by pcriphcral 

tissues is not known and it is noi clear whether endogenous insulin is required. In jn vitro 

studies, various sulfonylurea compounds; i.e., tolazarnide, tolbutarnide and glyburidc. havc been 

shown to increase glucose uptake in primary ce11 cultures (292,299,300) as well as difkrrnt 

adipocyte (297.298) and muscle ce11 lines (29 1.293-295) as i i  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 phasc: insulin releasc (248,273,276), that 

has not been studied extensively. In order to determine whether gliclazide has any unique and 

direct extra-pancreatic effeci to stimuiate glucose uptake, the effects of both gliclüzide and 

glyburide on glucose uptakc and glucose transporter distribution was cxamincd in L6 skeletal 

musclc cells, an in vitro mode1 of rat skeletal rnu.sclc discussed in section 1 S. 

In this study, i t  is dcmonstratcd that gliclazidc and glyburidc can act in a l i m e  and 

concentration-depcndent manner, indcpendcntly o f  insulin lo stimulate glucose transport in L6 

myotubes. This action wûs associated with an increlise in thc plasma membrane levcls o T  the 

GLUTl glucosc transponcr isororm apparcntly mediatcd hy a postmnslational mechanism. 

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

Alpha-minimum essential medium (a-MEM), fetal bovine serum (FBS) and antibiotics 

were obtained h m  Gibco (Burlington, ON, Canada). HEPES, bovine serum albumin (BSA), 

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

purchased from Sigma (SI. Louis, MO). D-glucose. KCl, NaCl and CaC12 wcrc [rom BDH 

(Toronto, ON, Canada). Dimethyl sulfoxide (DMSO) and MgS04 were from Anachernia 



(Mississauga, ON. Canada). 2 - ~ e o x ~ - [ 3 ~ ] - ~ l u c o s e  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 GLUTI and GLUT4 antibodies were purchased from 

East Acres Biologicals (Southbridge, MA). Rabbit anti-mouse GLUT3 was a kind gift from Dr. 

1. Simpson (NIH, Bethesda, MD). [ 25~]-protein A was purchased from ICN (Costa Mesa, 

CA). 

3.3.2 Ce11 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% (vlv) antibiotic-antimycotic solution (final 

concentrations: 100 unitdm1 penicillin. 100 pgml streptomycin. 250 ngml amphotcricin-B) in a 

humidified atmosphen: of 5% C02:95% air at 3 7 O ~ .  The cells were fed fresh medium every 48 h 

and were allowed to reach confluence. align and fuse into myotubes before king used for 

expcriments. All experimcnts were conducted on cells bdow passage 12. The cells wcrc grown 

in 6 well plates for glucose transport measurements or in 15 cm diameter dishes Tor prepantion 

of membrane fractions fur 7 days. 

In al1 experiments the cclls wcrc incubaled in medium containing 15 mM D-glucosc for a 

total of 48 h before Ihe glucose uptake assay or thc preparütion of the membrane Iiiictions. These 

levels of glucose mimic those commonly found in individuals with poorly controllcd NIDDM 

and it has k e n  shown to lower plasma membrane GLUTI IcveIs in L6 cells (334). 

Gliclazide and glyburide stock solutions were prepared using DMSO and subsequently 

diluted with a-MEM beforc application to the cells. The final concentration of gliclazide or 

glyburide in the incubation medium and the lime of incubation are indicated in each ligure. In the 

untreated, control cclIs the samç voIumc of diluent was addcd to match the DMSO concentrations 

in the dmp-Ueated cclls. To dctenine the acute insulin rcsponsc, the drug-trcütcd and control 

cells wcre incubated with [O-' M insulin for 30 min beforc the glucose uptake assay. 



3.3.3 Glucose uptake (2-deoxyglucose uptake assay). 

At the end of the incubation of the cells with the different stimuli, the medi W â S  

removed, the cells were rinsed twice with HEPES-buffered saline solution (HBS) ( 140 rnM 

NaCl, 5 m M  KCl, 20 m M  HEPES, 2.5 m M  MgS04, 1mM CaC12, pH 7.4) and subsequentiy 

glucose uptake was measured in HBS containing 10 pM 2 - ~ e o x ~ - ~ - [ 3 ~ ] - ~ l u c o s e  (1 pCi/ml) 

for 5 min at 2 2 0 ~ .  It has been previously shown (220) and 1 confirmed in preliminary 

experiments (not shown) that the uptake of glucosc in L6 skclctal muscle cells is linear for at 

least 30 min under basal and insulin-stimula~ed conditions. The glucosc uptakc assay was 

terminated by washing the cells 3 times with 3 ml of ice-cold 0.95'70 saline solution followed by 

solubilization of the cells with 0.05 N NaOH and radioactivity was drlermined hy scintillaiion 

counting. For the non-carrier mediated glucosc transport cytochülasin B (CB). a f u n p l  alkaloid 

that binds to glucose transporters and blocks thcir glucosc transport capacity, at final 

concentration 10 pM was uscd in parüllel wells. Carricr-mcdiatcd glucose uplakc was dekmnined 

after subtraction of the non-specitic (prcsence of CB) from the total (absence of CB) uptakc. AH 

experiments were assayed in triplicate and performed at least 4 times. Basal glucose uptake 

varied somewhat over the course of the cntirc study ranging from 5.3 to 17.2 pmol/mg/rnin. For 

each series of expcriments the control and treatcd cells were assayed in paralle1 and the inwassay 

coefficient of variation was 57.1 %. 

3.3.4 Preparation of membrane Fractions. 

Cells grown in 15 cm diametcr dishcs wcrc incubatcd in medium containing 15 mM 

glucose for 24 h followed hy 24 h incubation in the samc medium with or without 100 pM 

glyhundc or 4 m M  gliclazidc. Afier this incubation pcriod myotubes wcre gcntly scraped in lhcir 

own incubation mcdium with a rubber policeman, centrifugcd (700xg for 8 min) and placed on 

ice. Al1 subsequent steps were done at 4 k .  The cell pcllct was rcsuspended in hornogcnization 

buffer (250 m M  sucrosc. 20 mM HEPES pH 7.4,2 mM EGTA. 3 mM NaN3 and freshly added 

protease inhibitors : 200 pM phenylmethylsul fonyl~r ide  (PMSF), 10 pM trans- 

epoxysuccinyl-L-leucyl amido [4-guanidinolbutane (E-64). 1pM leupeptin, LpM pepstatin A), 



and homogenized with 20 strokes in a 40 ml g l a s  Dounce t y p  A homogcnizcr. The homogcnatc 

was centrifuged at 1,000 x g for 5 min. The pellet (Pl)  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 totd membranes (TM) by centrifugation at 177,000 x g for 

60 min. The remaining supernatant (SN1 and SN2) was centrifuged at 3 1.000 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 3 I,000 x g pellet (P3) was gently rinsed without disturbing 

wilh homogenization buffer and then resuspended in the same buffer to a final volume of 3 ml 

using a Wheaton 5 ml tetlon g l a s  homogenizer. Pellet 3 was placed on a discontinous sucrose . 

gradient o13 ml each of 32%. 40% and 50% (wlw) sucrosc solution in 20 m M  HEPES pH 7.4. 

The membranes banded on top of the 32% sucrosc laycr at the 32%/40% and at the JOW509 

sucrose interfaces were collected and pelletcd. Memhrancs isolatcd atop the 32% sucrosc laycr 

are enriched in plasma membrane markers and therchrc this fraction is denotcd plasma 

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

3.3.5 Immunoblotting. 

Sarnples of total membranes, plasma membrane and intracellular membrane fractions 

were solubilized in electrophoresis sarnple huffcr and sepriratcd by SDS-polyacrylamide gel 

electrophoresis. The samples were subsequen~ly transferred electrophoretically to PVDF 

(poIyvinylidene difluonde. BIORAD) membranes. The membranes werc incubated for 1 h at 

room temperature with 3 4  (wlv) BSA in Tris-buffered saline containing 0.044 NP-40 (buffer 

A) and ihcn incubatcd ovcrnight at 4 OC with anti GLUT4 polyclonal antibody RX20 ( 1 500 

dilution). anti-GLUT 1 polyclonal antibody ( 1: 1000 dilution). or anti-GLUT3 antihody ( 1 :500 

dilution) in ihi: süme buffcr. himary andbodies werc dctccted with 1 pCi/lO ml [ 12511-labelled 

protein A and were visualized by autoradiography using Kodak XAR-5 tilm and quantitïed hy 

laser scanning densitometry. 



Statisticai urtaiysis 

Results are presentcd as mean + SEM. The signiticance of the differenccs bctwcen 

groups was determincd using analysis of variancc (ANOVA). 

3.4.1 Time-dependent effect of gliclazide and glyburide on glucose uptake. 

Incubation of L6 myotubes with 4 m M  gliclazide (Figure 3. LA) or 100 p M  glyburide 

(Figure 3.1.8) resulted in the stimulation of glucose uptake in a time-dependent rnanner. Both 

sulfonylureas increased glucose uptake in L6 cells to significant levels within 12-24 h of 

incubation. Maximum stimulation by both sulfonylunas was obscrved by 24 h and in al1 

subsequent experiments 24 h incubation with thc two agents was used. It should he notcd that 

the non-carrier mediated glucose uptake determincd as cytochalasin B non-inhibitablc uptakc was 

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

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 seen with 4 m M  gliclazide 

( 17.221.2 pmol/mg/min vs control 1 1 .OkO.8 pmoI/rnglmin. pe0.05) and 50 pM glyburide 

( lS.7t 1.1 pmol/mg/min vs control L2.5k0.8 pmoUmg/min. pc0.05). Maximum stimulation by 

gliclazide ( 19.7t 1.5 pmol/mg/min pcO.00 1 ) and glyburide (25.3f2.6 pmol/mg/min (p<O.OO 1 )) c. 

was reached at concentrations of 8 m M  and 500 pM respcctivcly. Higher concentrations. up to 

10 mM gliclazide and 1000 pM glyburide did not rcsult in  any grcater stimulation of gluc»sc 

uptake (data not shown). To determine whethcr thc "hypcglycemic" medium con~ining 15 m M  

glucose influenced this action, the experiments were repcated using 5 mM glucosc containing 

medium. The stimulation of glucose transport above control values induccd by gliclazidc and 

glyburide treatment was of similar magnitude (data not shown) suggesting that glycemia docs 

not intluence 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 m M  glucose and 4 rnM gliclazide (A) or 
100 pM glyburide (B) at 37 OC for the time indicated. At the end of the incubation period. 
glucose uptake was detennined as described in Materials and Methods. The resulis (meankSE) 
are from 4-9 independent experiments each performed in uiplicate. (*. p<0.05, **. pc0.001). 
Note that both sulfonylureas required long incubation tirne to increase glucose upiake. 
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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 sulfmylurea treatment on insulin-stimulated glucose uptake 

To investigate whether sulfonylurea action to increase glucose uptake affects the acute 

insulin-induced increasc: in glucose uptake the interaction between acute insulin exposure and 

sulfonylurea ueatment w u  exarnined (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 

matment was continued in parallel with insulin treatment. Insulin alone at M fi~r 30 min 

resulted in a significanr increase in glucosc uptakc (203+10.43% of control, p~0.00 1 ). 

Treatment of myotubes for 24 h with gliclazide (8 mM) or glyburide (100 FM) alone «r with 

insulin added for the final 30 min resulted in a signilicant increase in glucose uptake above 

basal values. No statistically significant differences were observed between the rcsponscs of 

cells treated with insulin or sulfonylurea alone and those treated with both agents (Figure 3.3). 

Thus there was no apparent additivity or potendation of insulin responx when cornbined with 

sulfonylurea and the sulfonylurea actions did not require thc presencc of insulin. It should be 

noted that the cells wcre cultured and exposcd to the sulfonylureas in the prescnce of 2% (vlv) 

FBS which may contain a small amount of insulin. Thus the concentration of insulin in the FBS 

employcd (Gibcr, Lot No. 42N7125) was mcüsurtxi hy radioimmunoassay and was 30 pM 

resulting in a tinal concentration of 0.6 pM in the medium. Alihough this concentration of insulin 

does not appear to have acute cffcc~s on glucos<: transport or  transporters in L6 cells ((220) and 

data not shown) it could not be ruled out that this marginal amount n l  insulin was rcquired to 

observe the effects of the sulfonylurea compounds. Thus in scpmtc experiments L6 cells were 

exposed to 4 mM gliclazidc or 100 pM glyburide in culture medium in the absencc of FBS for 24 

h. The sulfonylureas increased glucose uptakc to a similar extent. 1539 (gliclazide) and 185% 

(glyburide) of control. 



Figure 3.3 Effect of sulfonylurea treatment on basal and insulin-stimulated 
glucose uptake 

control gliclazide glyburide 

After 24 h treatment with sulfonylureas (as described in the legcnd to Figure 3.1 ) the myotubes 
werc incubated with (shaded bars) or without (open bars) 10-7 M insulin for 30 min foilowed by 
assay of glucose uptake. The results shown are thc mean+SE of 6-7 independent cxpenments 
performed in triplicate. *, pd.05,  **, p<O.O 1. ***, pcO.00 1 al1 cornparcd to untrcatcd control. 
NS, not significant. Note that there was no additivity or potentiation of insulin rcsponsc when 
corn bined with sulfonylureas. 



3.4.4 Effect of cycloheximide on gliclazide and gly buride-s timulated glucose 

uptake 

The ~latively long incubation requircd to observe a signiticant rcsponsc of thc cells tu 

gliclazide or glyburide (Figure 3.1) suggcsted that the two agents might induce the synthcsis of a 

protein relevant for the stimulation of glucose uptake. To test [his hypothesis the effcct of the 

two agents in the presence of 1 pgml cycloheximide (CHX), an inhibitor of protein synthesis 

was examined. Cyclohexirnide alone decreased the basal glucose uptakc to a value of 7 I f  15.3% 

of control (p=0.143) in 24 h. The stimulation of glucose uptake was l75f 17.8% and 

179f21.41c of control in thc absence of cycloheximidc with 8 m M  gliclazide and 100 pM 

glyburide respectively, and a stimulation of sirnilar magnitude, 153f25 % and 157k41% of 

control (without CHX) was found in the presence of the drugs CO-incubated with 1 pg/mI 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 3%- 

mcthionine incorporation into protcin (252), which was confirmcd in the prcscnt study by 

measurements of 3~-leucine incurporation (data not shown). Thus, although the basal glucose 

uptake was partially inhibitcd by cycloheximide. the increase in glucosc uptake induccd by 

gliclazide and glyburide was not prevented. Thcsc rcsults suggcst that thc incrcüsr: in glucosc 

uptake induced by gliclazide and glyburide is not dcpcndent on protein synlhesis. 

3.4.6 Effect of gliclazide and glyburide on glucose transporter levels and 

distribution 

To investigate thc mcchanism of action of the sulfonylureas the effect of gliclazidc and 

glyburide on glucose transporter levels and iheir subcellular distribution was examined. Total 

membrancs, interna1 membranes and plasma membranes from control and gliclazide- or 

glyburide-treated myotubes wcrc preparcd as describcd in Mcthods. The proteins in each fraction 

were separated by SDS-PAGE. transferred to PVDF membranes and examincd by 

immunoblotting with spccific antibadics against the diffcrent glucosc transporter isoforms. A 

representative western blot is shown in Figure 3.5. 



Figure 3.4 Effect of cycloheximide (CHX) on basal and gliclazide o r  

glyburide-stimulated glucose uptake in L6 myotubes 

control gliclazide glyburide 

The cells were incubated with 8 m M  gliclazide or 100 PM glybunde with (hatched bars) or 
without (open bars) 1 pg/rnl CHX for 24 h. Control cells were also incubated with or without 
lpg/mI CHX under exactly the same conditions. The results are the meankSE of 4-7 
independent experiments performed in triplicate. *, pc0.05, 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 LL skeletal muscle cells 
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L6 myotubes were cultured and treated as descnbed in the legend to Fig. 3.1 with 4 m M  
gliclazide (Gli) or 100 pM glyburide (Gly) for 24 h. At the end of this incubation total membrane 
(TM), interna1 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 wcre determined by laser densitometry and 
corrected for protein. The values are expressed in arbitary units relative to control=l,and 
were:GLUTl-PM, Gly 2.9, Gli 3.1; IM, Gly 1 .O, Gli 0.7; TM, Gly 2.0, Gli 1.6; GLUT3-PM. 
Gly 1 .O, Gli 0.8; IM, Gly 0.6, Gli 0.6; TM, Gly 0.9, Gli 0.6: GLUT4-PM, Gly 1.4, Gli 1.6; 
IM, Gly 1.2, Gli 0.6; TM, Gly 2.0, Gli 1 .O. 



The results of 8 independent experiments (expressed in arbitrary dcnsitomctric units, 

meankSE, and normalized for confrol=l ) dernonswmxi significant increasrs in total mcmbrane 

GLUTl levels with both gliclazide and glyburide treatmcnt ( 1.66~0.24 and 1.74~0.09 fold 

respectively compared to control unueated cells (pc0.05)) (Figure 3.6). No signilicant changes 

in the levels of GLUT4 were seen with gliclazide or glybunde 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). Gliclazidc and glybunde significantly increûscd the GLUTl 

levels in the plasma membrane fraction ( 1.80M.33 and 1.8 150.32 fold cornparcd to control 

respectively (pc0.O 1)) (Figure 3.7). No signiticant changes in the levels of GLUT3 and GLUT4 

glucose transporter isoforms were observed in the plasma membrane fraction in response to 

sulfonylurea treatment (Figure 3.7). No changes were scen in the internal membrane fraction in 

GLUTl transporters but ihcre was an apparent dccreasc of GLUT3 levels in this rraction in 

responsc to both agents (T~ihle 3.1 ). Thcrc was also a signitican~ dccrcasc in GLUT4 lcvcls in 

the internal membranc fraction only alier gliclazide cxposurc (Tahlc 3. i ). 

3.4.7 Effect of cycloheximide on glyburide-induced increase in plasma 

membrane GLUTl 

The extent of the spccitic incrcax: in plasma mcmbrane lcvcls of GLUTl stimulatcd by 

the sulfonylureu was similar to that of glucose uptakc and suggestcd that this uanspoiter 

isoform was rcsponsible for the observed increase in glucose uptake. To further investigaie this 

cornlalion the effcct of cycloheximide on the glyburide-induced increasc in plasma membrane 

GLUTl was dctermincd. While 1 pgml cycloheximidc alane did not signiticantly alter the 

plasma membrane contcnt of GLUTl protein. cxposurc of cells for 24 h to 100 pM glybunde 

resulted in a similar hld i n c ~ a s c  (cxpressed in arbitrary dcnsitometric uni&. rnean+SE, and 

normalized for control= 1 ) in plasma mcm branc GLUT 1 in the ahscncc (2.8 1 f 0.1 1 ) and 

prcsence (2.82 f 0.23) of cycloheximidc (Figure 3.8) (p ~ 0 . 0 0  1 for boih cornparcd with 

control). Total membrane GLUT l levels were no t signilicand y changcd in the prcsence oC 



Figure 3.6 Effect of gliclazide and glyburide on the total levels of glucose 
transporters in L6 skeletal muscle cells 

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 gly buride caused a signiticant incrcasc in total mem branc levels of 
GLUT 1, 1 A6fl.24 and 1.74&O.O9 fold respectively compared to untreatcd control cells. **, 
p<0.01. Note that GLUT 4 levels did not change and that thcn: was a decreasc in GLUT 3 lcvels 
with gliclazide only. 



Figure 3.7 Effect of gliclazide and glyburide on the plasma membrane levels 
of glucose transporters in L6 skeletal muscle cells 

Plasma membranes (PM) from control (open bars), gliclazide (hatched bars) or glyburide 
(shaded bars) treated L6 cells were prepared and immunoblotted using specific anti-g lucose 
transporter antibodies as described in Methods. The results shown are the mcankSE of 8 
independent experiments. *, pe0.05 com pared to untreated control. Noie chat GLUT 1 levels 
were significantly increased with both sulfonylureas whilc no significant changes were obsewed 
in GLUT3 and GLUT4 levels. 



Table 3.1 Effect of gliclazide and glyburide on the internai membrane levels of 

glucose transporters in L6 myotubes. 

Interna1 membranes were prepared from control. gliclazide- or glybunde-treatcd cslls and 

immunoblotted using the difkrent anti-glucose transporter antihodies as describeci in Methods. 

The results shown are mean + SE of 8 independent experimcnts. For each cxperimcni values 

were normalized with respect to control untreatcd cells. (NS: not significant. **. pd1.O 1. ***, 
p<O.OOl). Note that there was a significant decrease in GLUT3 levels with both gliclrizidi: md 

glyburide and a decrease in GLUT4 lcvels with gliclazide only while the lcvels of GLUTl 

glucose transporter were not changed with any of the matmenis. 

Transporter 
Isoform Control Gliclazide Glyburide 

GLUT 1 0.98 + 0.22 (NS) 0.99 & 0.10 (NS) 

0.47 + 0.07 (***) 0.56 2 0.05 (**) 

0.5 1 + 0.07 (***) 0.83 2 0.09 (NS) 



Figure 3.8 Effect of cycloheximide (CHX) on basal and glyburide induced 
changes in plasma membrane and internal membrane levels of GLUTl. 

Myotubes were treated without (open bar) or with (cross-haiched bar) 1 Wrnl CHX alona. with 
100 pM glybunde 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-GLUTl antibody as descnbed in Methods. Results are the mean I SE 
of 3 experiments, each perfoned in duplicate and normalizcd io control = 1.0. Glyburide 
treatment resulted in a significant increase in plasma membrane GLUT 1 content in the absence, 
2.81 + 0.10, and the presence. 2.82 f 0.23. of CHX. CHX alone did not alter plasma 
membrane GLUTl level and there were no significant changes in interna1 membrane 
GLUTl.***. p c 0.001. 



cycloheximide (arbitrary densitometric units: 1.08fl.23 compared to control). Also interna1 

membrane levels of GLüTl 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 lime-dependent requiring several hours of exposure to the dmgs. Previous in  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 (30 1 ) and an acute 

(30 min) insulin-independent stimulation of glucose uptake by tolbutamide and glyburide (299) 

have been reported. In cultured 3T3-L 1 adipocyies tolbumide increased basal glucosc upiake 

after prolonged exposure, sirnilar to the results presented here (297). In cultured BC3H 1 

myoblasts (293) and in aligned but not fully differentiated L6 muscle cells (295) glybunde 

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 BC3H 1 myoblasts in the absence of insulin (294). In fully diffcrentiatcd 

L6 myotubes Wang and colleagues (29 1 ) reported that chronic treatment (22 h )  with tolazamide 

increased only insulin-stimulaied glucose uptake wiih no effect on basal. Thus thc variahlc 

effecfs may depend. at least in part on the tissue type and the culture mode1 system used. as well 

as possibly on the specific drug ernployed. 

In this study a new agent. gliclazide, which has a somewhat diffcrent structure and has 

k e n  suggested to prefercntially stimulate the first phase of insulin release (273.276) was 

examined. Cornparison of its actions in L6 myotubes with glyburide did not revcal any 

significant differences other than the concent,rations required to stimulate glucose uptakc. 

Interestingly there was a 16 fold higher concentration nccessary to achieve maximum effects with 

gliclazide (8 m M  vcrsus 500 PM) cornpared to glyburide consistent with the ratio of the doses 



used an vivo to mat  human subjects with NIDDM (80 mg tablet of gliclazide versus 5 mg tablet 

of glybunde). 

The investigations presented hen: 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 GLUTl protein without a change in the interna1 

membrane GLUTl levels. Furthermore. there were no substantial changes observed in total or 

plasma membrane GLUT4 or GLUT3. It was also hund that cyclohcximide while it inhibitcd 

protcin synthesis did not inhibit these actions. indicating that new protein synthcsis was not 

required. The results of Tordjman and colleagues of chronic tolbutamide action in 3T3-LI 

adipocytes are very similar to these data (297). Chronic sulfimylurca cxposurc increawd glucose 

uptake and total GLUTi protcin expression in these cells but did not alter total GLUT4. In 

addition GLUTl steady state mRNA levels were increased. This suggested the possibility of 

increased gcne expression and transcriptiori. However the efîëcts of protein synthesis inhibitors 

or transcriptional inhibitors were not examincd. Furthermore in that study membrane 

fractiomtion was not performed and the distribution of glucose transporters was not examined. 

In differentiated L6 muscle cells Wang and colleagues repartcd that the sulfonylurea tola~amide 

increased total GLUTI protein and GLUT1 steady state mRNA levels aftcr 22 h (29 1). It is not 

clear why ai the sarne time basal glucose uptake was not found to k increased in that study. The 

tâct that the enhanced basal glucose uptake is associated with an effcct on GLUTl müy explain 

somc of the variable rcsults using different modcls since thc cxprcssion of GLUTI jn vivo (e.g. 

freshly isolated adipocytes) and in culturcd cclls may he dilfcrcnt (336). Thc results prcscntcd 

hcre are supportcd by in vivo data ohtaincd in high sucrose and fat dict-induccd insulin rcsistant 

rats treatcd for I O  days with glyburidc (33 1). An improvement in basal muscle glucose uptake 

after glyburide treatment was observcd without any changes in total membrane GLUT4 content. 

Similarly. GLUT4 mRNA and protsin levels were no1 changed in skelctal musclc of NIDDM 

patients treated with gliclazide for 8 wceks (337). GLUTI was not examincd in any of thesc 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 cyclohcximidc suongly 



support the notion that the sulfonylurea-stimulated increase in GLUTl mediaks 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 die present study showing no change in the distribution of GLUTl 

and no inhibitory effect of cycloheximide suggrst that the increase in plasma membrane GLUTl 

is not due to translocation of transporters from intracellular stores or new protein synthesis. The 

increase in the number of glucose transporters rnay be due to a prolongation of their half-lik. 

The data suggest that the suIfonylure= may causc a decrcase in GLUTl 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 GLUT1 at the plasma mcmbranc may not bc 

associated with inhibition of degradation. Total GLUT 1 levels did not change in the presence of 

cycloheximide suggesting that GLUTl has a long half lik (also supportcd by studies in 3T3 L1 

adipocytes where GLUTl half life was hund to be 19h (338)), and that longer incubation with 

cycloheximide is required to see a decrease. Therefore, the increase in plasma mcmhrane GLUTl 

levels with sulfonylureas rnay be due to inhibition of GLUTl internaiization or acccleration of 

GLUTI recycling which may or may not be associated with inhibition of degradation. It is also 

possible that GLUTl transporters are rccruited io thc plasma mcmhranc from another 

intracellular storage pool that is not identified in the prescnt study. Further cxpcnmcn~s in the 

future an: needed to be done to determine the contribution of a11 thc ahovc possihilities in the 

increased plasma membrane GLUTl levels in  rcsponse to sulfonylurcas (sec section of ovcrall 

discussion for hturc directions). 

The acute effect of insulin on glucose uptake after exposurc to the sulfonylurcas was 

also studied. The relative effect of insulin appeared bluntcd but the absolute maximum transport 

rates were not different. The acute effect of insulin in L6 myotuhes is associated with 

translocation of all three glucose transporters GLUT 1, GLUT3 and GLUT4 from an interna1 

pool to the plasma membrane (339,340). The already enhanced plasma membrane GLUTl and 
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the reduced intemal membrane pool of both GLUT3 and GLUT4 may explain in part the poor 

response to insulin alter chronic exposure to the sulfonylureas. The significance of the decrease 

in the intemal membrane cornpartment of GLUT3 and GLUT4 and the small decrease in total 

membrane GLUT 3 in response to'gliclazide remains to be determined. 

The mechanism or the peripheral actions of the sulfonylureas is not known. Some 

investigators have demonstrated the activation or proein kinase C by glybunde which correlated 

best with the more rapid effects observed (293.299). Davidson (295) demonstratcd that in 

aligned L6 myoblasls glyburide-stimulated glucose uptake was inhibitcd by both cyclohcximide 

and H7 and thus appeared to require protein synthesis and to hc mediated by the activation of 

protein kinase C. In BCÎH 1 rnyoblasts PKC activation was also observcd in responsc to the 

sulfonylureas (293). In  contrast. the long tcrm action of gliclazidc or glyburïdc could not be 

inhibited with the protein kinase C inhibitors staurosporine cir H7 (data not shown). Thc reüsons 

for these diffcrcnt rcsults are not clear but the prcscnt studics wcrc conductcd with difkrentiated 

L6 myotubcs and under diffcrent culture conditions. it is possihlc that the statc of cellular 

dit'lerentiation will influence the response to these drugs. 

Another possible mec hanism is that similar to their wcll documentcd effccts in insulin 

secreting B-cells (3 12). the sulfonylureas act via closure of ATP-sensitive K+ channels in 

peripheral tissues. Howcvcr, it has bccn difticult to document the existence of thcsc channcls in 

L6 rnyoblasts (295). Studies using the patch clamp technique suggest that ATP-sensitive K+ 

channels exist in frog (3 1 R) ,  mouse (3 14.3 l7,3 19) and human (320) skclctai muscle but have 

decreased scnsitivity and diffcrcnt binding afîïnitics for the sulfonylureas comparcd with these 

K+ channels in B-cells (314) as it is discusscd in 2.4.1. In preliminary cxpcnmcnts it was 

Cound that the eftécis of thc sulfonylureas on glucosc uptake in  L6 myotuhcs wcrc not blt~kcd 

by cromakalim (data not shown), a sulhnylurca antagonist which opens the ATP-sensitive K+ 

chariners (34 1,342). 

Finally the question of the relevance of thesc pcripheral actions of sulhnylurcas to 

glucose homeostasis is not yet answered. This study demonstrates that thc ratio of dmg 

concentrations used in vivo is similar to that found to exert thcsc pcriphcral effects sugpesting a 



common mechanism. The relatively high concenuations rquired in vitro_ do not nile out in vivo 

relevance since in many tissue culture systems cells an: less responsive to dnig and hormone 

effects. This was observed in the case of the hypoglycemic agent metformin in L6 cells (343). 

For exarnple the concentration of metformin required tu see an effect on glucose transport in L6 

cells was 0.8 - 2 m M  (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 dmg (12- 100 PM) (250). Furthemore, it is not known whether sulfonylurea receptors are 

present in L6 cells. One possibility which would explain the higher concentrations required to 

sec 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 jn vivo studics are difficult to interprct hcçausc of 

simultaneous changes in either insulin and/«r glucose concentrations, Hirshman and Horton 

found that several days of administration of glyhutidc ta normal ra& resultcd in incrcascd basal 

and insulin-stimulated glucose disposal under euglyccmic c lmp conditions (287). 

From the results presented in this Chapter it is cancluded lhat there is a direct effcct of the 

sulfonylureas gliclazide and glyburidc to enhance glucose upüike in L6 skeletal muscle cells 

vitro independent of insulin. associated with an increased level of total and plasma membrane 

GLUTl. In addition there is no decrease in GLUTl content of interna1 membranes. Thus, the 

mechanism appears to involve a stabilization of GLUTl protcin at the plasma membrane as new 

protein synthesis is not requircd and there is no ~mslcxation of GLUTI from thc intcrnal to the 

plasma membrane compartmcnc The data strongly suggcst that the incrcased numbcr of plasma 

membrane GLUT 1 glucose transporters is responsi hle for thc sulhnylurea-stimulatcd incrcasc in 

glucose uptakc. Whethcr ihis direct eflcct contributcs to thc glucosc-lowcring action of 

sulfonylureas jn vivo in NIDDM rcquircs furthcr siudy. 



CHAPTER 4 

BACKGROUND ON VANADIUM COMPOUNDS 



Vanadium is a cornmon element that occurs in Iow concentration in the earth's crust. It is 

found in most living systems. and in high concentrations (0.15- 1 M) in specialized blood cells of 

sea squirts where it is thought to play a role in the oxypn 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 totai body pool is estimated to be 100 pg on a daily inlake 

of 10-60 pg. Thc scrum concentration is 0.26- 1.30 @ml (10 nM) according to Simonoff et al 

(346). Most tissues of higher animals contain intracellular vanadium at concentrations varying 

between 0.1- 1 pM (347). 

4.1.1. Ph ysiological importance 

The physiological importance of vanadium is not known. Nechay reponed that 

vanadium is required ( 50-500 ng/g fecd) 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, to 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 increascd whcn vanadate was discovcrcd to bc an 

inhibitor of Na+, K+ ATPase found in commercial prcparations of ATP from equinc and rabhit 

skelctal muscle (rcviewcd in (345.347.349). Subsequcntly. a new intcrest in vanadium 

compounds emerged when it was demonstrated in 1979 and 1980 that vanadate and vanadyl 

sulfate mimic the action of insulin on plucosc mctabolism in skcletd muscle and adiposc tissue 

vitro (350-352). In 1985, Heyliger tïrst reportcd thc succcssful 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 explorhg vanadium chemistry as well as the hiological 

effects of vanadium on cells and tissues in vitro and jn vivo have been performed. Additionally, 

aqueous solutions OC peroxidcs of vanadium (peroxovanadium or pcrvanadate) (354) have also 



been shown to have strong in v i ~ o  and jn vivo insuiin 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 dau will be reviewed in the following sections where a surnmary of 

the chemistry. the in vivo and jn v i ~ o  effects and toxicity of vanadium compounds is given. 

4.2 CHEMISTRY OF VANADIUM AND PEROXOVANADIUM COMPOUNDS 

4.2.1 Vanadate 

Vanadium was discovcred in 1801 by del Rio who called i t  erythronium. Latcr hc 

retracted his claim becausc mistakenly he thought that it  was a form of chrornium. Swcdish 

chemist Nils Sefstrom identified it in 1831 and named it after the Norse goddess of bcauty 

Vanadis. because its solutions gave bright and different colors upon changes in pH and 

concentration. Vanadium has a complex chemistry due to multiple oxidation staics (- I 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 aqueaus solution and will he used 

throughout this thcsis. Vanadatc can exist as a monomcr (VI), dimer (V2), tetramer (V4) and 

pcntamer (V5) which are in rapid equilibrium with each other in solution on a miIlisecond scale 

so that none of these species can be isolated and tested separately Tor aqueous biological studies. 

In the monomeric form (VO4 3-) vanadate is stnicturally (ruahcdrai or trigona1 hipyrmidal) and 

clectronically rclated to phosphate (PO4 3-)  (sec Figure 4.1 ). Diffcrent specics (HV04 2-, 

H2VO4 -. H3V04) are formcd upon proionation of V04 3- which arc presumed ~o k analogs 

of the corresponding phosphate derivativc. The vanadate monomer oligomerims to a dirner 

( ~ 2 0 7 ~ - )  which can exist in several protonated forms ( H V ~ O ~ ~ - .  ~ 2 ~ 2 0 7 ~ ' .  H3V207 - ) 

depending on the pH. After formation of the dimer, vanadate tetramers may b r m  (V4O1 24 - ) 
which are the major species in concentrated solutions. The x-ray structures of vanadatc tcinmcr 

salts have bcen rcported to be cyclical. The pentamcr (V50 539 is also presurncd to bc cyclic 

even though no structural information is availahle. Vanadaie decamer (V 1 O) forms hctween pH 2 



Fipre 4.1 Similarity of structure and charge among phosphate, vanadate and 
peroxovanadate. 

peroxovanadate 

* 

Source of Figure: A. Shaver et al. (Moi. Cell. Biochem. 153: 5- 15, 1995). 



and 6 and is thermodynamically unstable ai neutrai and basic pH. Vanadate reacts with reducing 

agents to forrn vanadyl ion (vo~+ ). also discussed in litcratun: as vanadyl (IV). This occurs in 

the presence of several compounds commonly found in the cc11 and /or in assay si~lutions such as 

L-ascorbic acid. glutathione (GSH). cysieinc and possibly NADH (359,360). Eüch vanadate 

oligomer gives resolved resonances in the 5 1 ~  NMR spectrum and variable temperature NMR 

specuoscopy c m  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) 

c m  be used for their characterization (36 1,362). 

Vanadate has becn shown to interact strongly with organic buffcrs such as 

triethanolamine, tricine and bicine and therefore thex buffers should be avoided in hiological 

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. Othcr assay components addcd to protcct 

against heavy rnctal ions (EDTA. citmie). to maintain a reducing enviroment and prcvcnt thc 

oxidation of an enzyme (DTT), to prcvcnt eithcr protein dissociation or association with glus or 

plastic containers (glycerol, ethylene glycol, BSA) can intcract with vanadatc. Although these 

assay componcnts (with the exception of EDTA) do not interact as strongly as the organic 

buffers tricine and triethanolamine. they should be rnaintained at sufficiently low concentrations 

so that even if complexes will form in an assay solution thcy will be negligiblc and not affect 

enzyme activity. Hepes is the best buffer for studying vanadatc chemistry and the effccts of 

vanadate on enzyme reactions. The choice of buffcr, kmpcraturc, pH and ionic strength should 

be carefully conuoiled in biological studies. 

In biological systems the +5 (vanadate nr V) and the reduced +4 (vanadyl or IV) 

oxidation states are the predorninant forms. The existence of two major oxidation states müy 

complicate the interprctation of some hiological actions. Electron spin reasonancc spcctroscopy 

showed that vanadate intracellularly exis~s in thc rcduced vanadyl V& (+4) Corm (347). 

Vanadyl is complexed with GSH in a 1:l stoichiomctry and its oxidation to vanadate which 



could occur at a neutral intracellular pH is prevented. In other studies it was estimated that 

intracellularly most vanadyl (only18 is free) is bound to ATP, ADP and phosphocrcatine in 

muscle and is protected from oxidation to the +5 sutc (363). It  is not clear which of the two 

species is responsible for insulin mirnetic actions since both vanadate and vanadyl cornpounds 

are used in both jn vivo and in  vitro studies but recent studies (reviewed in (364)) suggest that 

vanadate may be the active species (sce below). 

Because inorganic vanadiun is poorly absorhcd h m  thc gastrointcstinal (GI) tract and 

GI disturbances have been rcported with the different orally administercd vanadium compounds. 

a number of oganic vanadium compounds have bccn synthesized. One of the tïrst and best 

studied is bis (maltolato) oxovanadium (IV) (355.365). This "organovanadium" compound 

demonstrates increased absorption and apparently, at les t  in rodents. decreased GI toxicity. The 

different vanadium compounds available today are shown in Table 4.1. Among these. sodium 

orthovanadate (Na3V04). sodium metavanridatc (NaV03) and vanadyl sulfate (VOS04) have 

k e n  thc most commonly uscd in rescarch. 

4.2.2 Pervanadate 

In the course of study of insulin mimetic agents (discussed later) it was discovered thüt 

vanadate in combination with H202 had a synegistic efkct to mimic insulin biological effects 

and to activate the insulin receptor kinasc. Adding catalase an enzyme found in almost d l  cclls. 

that catalyzes the breakdown of H202 prevented syncrgism between vanadate and H202 while 

delaying this addition for 15 min allowed ruIl synergisrn 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 19 13. According to this theory every rncial ion has one outer and one inner 

coordination spherc and spccies such as watcr, ammonia, chloride ion and pcrcixidc ion can 

occupy cither spherc. Occupation of the ou ter sphcn: does not suhstantiûll y affect their propcrtics 

but oncc thcy enter the inner sphere. thesc spccies form covalent bonds with thc mctül and are 

not easily lost. The inner sphere has a well defincd gcometry and crystalline makrials an: 



Table 4.1 Available vanadium salts 

- - 

Name Chernical formula 

Sodium orthovanadate 

Sodium me tavanadate 

Ammonium metavanadate 

Vanadyl sulfate 

Bis(cysteine, amide N-octyl) 

oxovanadium (IV) 

Bis (maltoIato) oxovanadium (IV) 

Bis (mdtolato)dioxovanadatc (V) 

Bis (kojato)oxovanadium (IV) 

Nag livan 

(BMOV) 

(BMO2V) 

(BKOV) 



formed. In the reaction of pervanadate formation, it was concluded that the peroxidc ion ( 0 2  2- 

) enters the inner coordination sphere of the ion mctal of vanadate and is not consumed by 

catalase. More recentiy different peroxovanadium compounds have been synthesizcd (356) ali of 

which contain a central vanadium atom, an 0x0 group, one o r  two peroxo ligands and an 

ancillary liganb. From these the rnost potent PTP inhibitors and insulin mirnetics (356) are the 

bisperoxo-phenanthroline (bvp (phen)) with the chemical formula K[V0(02)2 phen ] 3 H 2 0  and 

bisperoxo-picolinic acid (bvp(pic)) with the chemical formula K2[V0(02)2  pic] H 2 0 .  

Peroxovanadium compounds also resemble the phosphate structure but the addition of peroxo 

group(s) sequentially increascs their potency as protcin tyrosine phosphatase inhibitors (sec 

below) presurnably by increasing their abilities to oxidiïe irrevcrsibly the bound thiols (36 1 ). 

Vanadate. and peroxovanadatc or pervanadate in aqueous solution wcrc used in the 

studies presented in this thesis and their structurc is shown in Figure 4.1 togethcr with thc 

stmcture of phosphate. It should he noted that the obscrved stability of vanadium compounds in 

stock solutions does not imply stability after administration and uptake by cells. The stahiiity 

under the latter conditions should be examined. Also, it has been shown that the reactivity of 

vanadium compounds with ceIl components wil1 affcct the compounds' insulin-mimetic 

properties (359). Therefore a focus exists to cxplore compounds with incrcased stability and a 

modified reactivity pattern in order to facilitate the development o r  vanadium compounds for 

therapeutic usc as oral insulin substitutes. 

4.3 TRANSPORT INTO CELLS 

The availability of radioactive vanadium compounds is lacking and thercfore studies on 

cellular uptake are very limitcd. It is Lhought that thc cellular uplakc of vanadate probably takes 

place by an anion transporter with high affinity for phosphate (366-368). 



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 Na+. K+ ATPase, Ca* ATPase, Mg++ 

ATPase. (366,369,370). This has been demonstnted directiy 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 usine vanadate both as a pharmacological prohe as wcll as a standard ingredicnt 

of ce11 and tissue isolation buffers to prcserve cndogcnous levels of pmtein tyrosinc 

phosphorylation. Furthermore the cloning and scqucncing of thc insulin reccptor and its 

recognition as  a tyrosine protein kinase (12) strongly suppor~ed the concept that PTP inhibition 

was relevant to rnost if not al1 of the insuIin-mimetic actions of vanadatc. It should be noted that 

vanadate does not inhibit scrinclthreonine phosphatases. Othcr enzymes which are inhibited by 

vanadate include RNase, dynein ATPase, phosphoglucomutasc and glucosc-6-phosphatase 

(GoPase) (377,378). (reviewed in (379)). 1t has becn suggcstsd that inhibition of  G6P me may 

contributc to the glucose lowcring action of vanadatc jn vivo ((378). sec bclow) 

In conuast to the inhibition of most enzymes with which it interacts vanadatc has been 

reported to activate adenylate cyclase. This was tirst dernonstrated in rat adipocyte membranes 

(380) and may hc an indircct effect mediated hy an intcriiction of GDP-V with GTP binding 

proteins to activate the enzyme or mediated hy oligomers since high (mM) concentrations are 

required (381). Although this action in adipocytcs would he expcctcd to stimulate lipolysis. 

vanadate treatrnent of intact adipocytes rcsulis in an antilipolytic action (347.382). A vanadyl 

sulfate-GSH solution was shown to inhibit purilïed CAMP dcpendcnt protein kinase (383). 

Whether or not this latter action is involved in the insulin-like antilipolytic effcct of vanadatc is 

not clear. However this example illustrates that caution is required when extrapolating from 

vitro io in vivo actions. 



4.5 METABOLIC ACTIONS 

Almost ail of insulin's effects on glucose uptake and rnetabolism have hecn 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 rnetabolism have not been 

evaluated in as much detail. In rat adipocytes vanadate effectively inhibits lipolysis and stimulales 

lipogenesis (347.382). and also mimics insulin in isolated hepatocytes to inhibit VLDL releasc 

(384). 

Pervanadatc also mimics many of the actions of insulin in v i ~ o .  In almost al1 the studies 

reported pervanadate has k e n  found to be 100-1000 times more potent than vanadate as an 

insulin mimicker and in somc cases, whcre no cffcct of vanadate can hc detcctcd, the action of 

pervanadatc is clear and significant (385). 

4.5.1 Actions opposite to insulin 

There are reports suggesting that vanadatc h a  cf'fccts opposite to insulin or that it fails tci 

mimic a certain action of insulin. Bosch et al. Cound that vanadatc inactivated glycogen synthase 

and activated glycogen phosphorylase in liver cells isolated from both fasied and (cd rats. This 

effect was similar to glucagon action in liver cclls (386) but was found at rciativcly high 

concenuations. In rat epitrochlearis muscle. although vanadate stirnulated glucose uptake. 

glycogen synthesis and glycolysis, unlike insulin it  did not stirnulak protein synthesis or inhihit 

protein degradation (387). Thus the anabolic cffect of insulin on protein mctaholism in skelctal 

muscle is not rnimicked by vanadatc jn V ~ Q .  Stimulation of protein synthesis has hccn rcportcd 

in adipocytes by the more potcnt pcroxovanadium (382) but in contrasi to glucosc mctabolic 

effects this was not as effective as insulin. nie  rcasons for bis  discrepancy is no1 clcar but one 

might speculaie ihat this signal transduction pathway involves a PTP. Thcrcfore the nct action on 

a given signalling pathway will dcpcndent on thc rclütive amounts and activitics of thc mPs  



Table 4. 2 Insulin-like effects of vanadium compounds in insulin target 

tissues. 

1; increase, D; decrease, ND; not determined, NE; no effect observed. IR; insulin receptor. 

IRTK; insulin receptor tyrosine kinase, PTP; prolein tyrosine phosphatase. *; hepatoma cells. 

Some of the difkrences hetwcen vamdaie and pcrvanadate have k e n  oullined in Bcvan ct al 

(Mol. Ce11 Biochem. 153:49-58, 1995). 

Action Skeletal muscle Adipocy tes Hepatocytes 

glucose transport 

glucose oxidation 

gl ycolysis 

dycogen syndiesis 
C 

glycogcn synthm 

lipogenesis 

lipolysis 

amino acid transport 

protein synthesis 

IR phosphorylation 

IRTK activity 

PTP activity 

GLUT translocation 

IGF-II binding 

Tram ferin binding 

IR downregulation 

Insulin scnsitivity ND 1 ND 



involved in that pathway and their relative sensitivies to inhibition by vanadate. Variable results 

have dso been observed in regard to vanadate's effect on amino acid transport which may be 

explained by a similar phenornenon. 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 documentcd and one 

would predict that vanadate, by inhibiting PTPs would increase the levc1 O C  tyrosine 

phosphorylation in cells and therefore may act as a growth stimulator. Indeed many studies of 

cultured cells show a stimulation of ce11 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 oC reports indicate that vanadate may inhibit ce11 

proliferation and vanadium compounds have heen proposed as potential chemotherapeutic 

agents to inhibit tumor ce11 growth (394,395) and rcvicwed in  (396). Recently, a number of 

PTPs such as SHP2lSYP and the dual speciticity phosphatase cdc 25 have ken dcscrihcd which 

an: involved in Lhc propagation of cc11 proliferaiion (397-399). This combined with the relativc 

lack of specificity of vanadatc as a PTP inhibitor provide a patcntial mcchanism. Thus vanadütc 

may inhibit ce11 proliferation by inhihiting thc phosphatascs thai are involvcd in ccll cyclc 

progression and mitogenesis. Both vanadate (400) and pervanadatc (40 1 1 intcrrupted thc cc11 

cycle at the GZM phase in which the activation of thc cyclin dependent kinase (CDKllcdc2)- 

cyclin B complex is dependeni on cdc2 dephosphorylation by cdc25. Thus thc nct cffect of 

vanadate on ce11 growth in vivo will depend on thc stage of thc cc11 cyclc. the relative 

concentrations of vanadate and specitic PTPs and, in tumx cells, particular mutations which 

may render a ce11 more or less responsive. 

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

Examplcs includc activation of NADH oxidasc in ncu~ophils (402). activation o f  thc 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 recep tor protein tralfic king (405). 

4.7 IN V N O  EFFECTS OF VANADATE 

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

to examine the possible jn vivo insulin-like cffecis. Vanadium compounds were therefore tesred 

in animal models of diabcics mellitus. The most widely uscd models of typc 1 diabetes in animals 

m: 

1)  Ailoxan and streptozotocin (STZ) induced diabctes: Alloxan or STZ injection of animals 

induces a mode1 of type 1 diabetes mellitus. The animals an: hyperglycemic and hypoinsulinemic. 

The severity of thc diabetic state dcpcnds on thc dose oC the drug uscd and the degrce of 

destruction of thc pancreatic bcells. 

2) Pancreatectomy: Partial pancreatectomy hy rcmoval of aproxirnately 90 Ir of the pancreas of 

animals produces a hypoinsulinemic modcl of diabetes meIlitus. 

3) Strains of animals that are gcnctically pronc to type 1 diabetes. Therc are commcrcially 

available strains of rats such as the BB Wistar rats that are genctically prone to thc devclopment 

of insulin dcpendcnt type I diabctes. BB rats are diabetic duc to an autoimmune destruction o f  the 

B cclls. 

Several animal modcls of type II diahctcs and hir insulin resistancc arc alsa availahlc 

which are characterizcd by mild to markcd hyperglyccmia, hypcrinsulincrnia, ohesity and 

~lucose in tolerance. These models include: 
C 

1 ) oblob micc 

2) dbldb mice 

3) fdfa Zucker rats 

4) High sucrose fed rats 

5 )  Spontaneously hypertensive rats (SHR) 



6) Fructose-induced hypertensive rats 

Vanadium compounds have been administercd to al1 of the above mentioned models of 

diabetes and their abilities to lowcr 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 rirst to demonstrate that vanadate has insulin-mimetic actions in 

vivo. Control and STZ-induced diabetic rats were given sodium orthovanadate (Na3V04) at 0.8 

mdml in 0.9 % NaCl in the drinking water. In diabetic vanadate-treated rats plasma glucose 

levels were restored to normal without an increase in circulating plasma insulin levels. 

Furthemore, in almost al1 studies of the various diabetic models elevatcd glucose concentrations 

wcre decreased, hypertriglyceridemia was irnproved and in the sponianeously hypcrtcnsivc rat 

(SHR) the development of hypcrtcnsion was mitigaicd (rcvicwed in (347.406.407)). Although 

there has been some variability in succcss rates in thc hands of diîTcrcnt investigators. thc 

effectiveness of these compounds, at least in  rodenu is estahlished. Many studies also 

demonstratcd improvement or normalization of physiological and biochernical componcnts of 

insulin action. Hepatic glucose output was dec~ased and peripheral glucose uptrikc enhanccd. 

Enzyme activities such as  glucose-6-phosphatasc. fructose-2,6 bisphosphatase and pyruvate 

kinase as well as gene expression were nonnalized (372). 

In somc cascs of strcptozotocin-induced diabctcs withdrawal of vanadatc did not rcsult in 

a return of the diabetic state suggesting that insulin secretory capacity was preserved (40X).These 

data combined with the obwrvation that vanadate adminisurition lowcred insulin requirements but 

could not compleiely replace insulin in the BB (hiohrecding) Wistar diabctic rat (406) suggcst 

that in vivo somc insulin is required for vanadaie c1'Tectivcncss. 

Recently two short tcrm studics in hurnan subjccts with diahetes mellitus have bccn 

completed (357.358). In 5 patients with IDDM (Typc I diabctcs) there was an average 144 

reduction in insulin requirements alicr 2 weeks of thcrapy with Na metavanadate (125 mgd) 

(357). Although changes in peripheral glucose uptake and hepatic giucose output were not 

observed in IDDM, in NIDDM (Type II diabetes) then: waî an enhancement of peripheral insulin 

sensitivity manifestcd as an increase in nonoxidativc glucose disposa1 into muscle. In the second 



Table 4. 3 Rodent models of diabetes andlor insulin resistance treated with 

vanadium compounds. 

In al1 fhese models vanadium compounds were found tu decrease hyperglycemia and bring the 

blood glucose levels to normal or near normal levels. 

- - - - 

Mode1 of diabetes vanadium compound References 

S fre p tozotocin- Sodium orthovanadate 

injected (Na3vo4) 

Sodium metavanadaie 

(NaV03) 

Vanadyl Sulfatt: 

(VOS04) 

Pancrcatectomizcd 

BB wistar rats 

dbldb mice 

fdfa zucker rat 

BMOV 

Nag livan 

Vanadyl Sulfate 

(VOSW) 

Vanadyl Sulfate 

Heyligcr et al. (353) 

Brichard et al, (409) 

Gil et al, (372) 

Meyerovitch, (4 10) 

Bendayan et al, (41 1 ) 

Domingo et al, (4 1 2) 

Cam ct al, (413) 

Yucn et ai, (414) 

Yucn et ai, (413) 

Rossetti ct al, (415) 

Rossetti et al, (416) 
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study 3 weeks of treatment of 6 NIDDM subjecis with vanadyl sulfate (100 mgd) msulted in 

improvement in metabolic conuol, no change in fasting or stimulated insulin and an increase in 

insulin-stimulated peripheral glucose uptake, particularly enhanced glycogen synihesis, as well 

as inhibition of hepatic glucose production (358). Thcse human studies are consistent with those 

in rodents (4 19,422,423) and jn vitro (424.425) whic h demonstratc not on1 y dircc t insulin- 

mimetic actions but also enhancement of insulin scnsitivity. In contrast to NIDDM, 3 wceks of 

vanadyl sulfate administration to obese nondiabetic subject'; did not altcr insulin znsitivity (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 rime coursc of action of vanadium compounds. The 

dose of oral vanadate in rodents which has been found to improve blood glucose is about 100 

mgkglday while in humans the doses used wcre about 1.5 mglkglday. Thc serum 

concentrations of vanadium achieved in rodcnis was betwecn 10 to 20 PM. whilc the lcvel in 

hurnan studies was between 1 and 5pM (357,358). in STZ-diabetic and BB rats vanadate added 

to the drinking water lowercd blood glucose lcvels within 3-4 days (353,4 10,427) while in 

ob/ob and db/db micc the same elfect rcquired 10-20 days (419.420) dcmonstrating a diffcrcnt 

time course of' action in the diffcrent models of diahcks. In humans ihc trcatmcnt pcriod in thcsc 

initial studies w u  only 2-3 wccks and therek~rc audics of longer durdtion an: nccded in order to 

fully evaluatc the potcntial of vanadium compounds. 

It was reported that delaying treatment of STZ-induced diabetic rats with vanadyl sulfatc 

for 3. 10 or 17 days after STZ injcction did no[ alter the vanadyl sulfate glucosc lowering 

properties (413) suggesting that the ef'feciiveness of vanadium trcatment is the samc regardless of 

the timing of thcrapy in rclationship to onset of diabcies. Also rcmoval of vanadyl treatmcnt for 

13 weeks after an initial 3 wcck period of treaimcnt of STZ-diabctic rats showed that plasma 

glucose rernained normalized (428). The maintenance of improved mctabolic control after 

withdrawal of vanadium therüpy was suggestcd by the human studies as well since lowcr blood 

glucose concentrations were observcd two wccks aftcr cessation of therapy (357,358). Thc 



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) inhi bition. 

There are two major classes of PTPs. The large transmembrane receptor like molecules 

and the cytoplasrnic PTPs (429). There are over 20 PTP genes that have been cloned but the role 

of many of these enzymes in normal ce11 physiology has yet to be defined (430). Vanadate is a 

potent inhibitor of cellular PTPs and especially cytosolic ones (374,375,430.43 1) 

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 dephosphorylatian are potential key rnechanisms for altenng insulin action. 

Vanadate via its inhibitory action on PTPs can alter the balance of tyrosine phosphorylation and 

dephosphorylation in the cc11 and ihcrefore modulate or rnimic the action of insulin. Most daia 

support the inhibition of PTPs and rcsultant indirect stimulation of tyrosine phosphorylation as 

the mechanism hy which vanadium cornpounds promote theu insulin-like effects (Figure 4.2). 

In in vitro studies where isolated ce11 systems an: u x d  the inhibitory cffect of vanadium 

compounds on PTPs is easily demonstrated although somcwhat higher concentrations an: 

required than those achieved jn vivo during trcatment of diabetic animals or humans. Swamp et 

al were thc tïrst to show that sodium orthovanadate at 1 - 10 pM inhibited suongly and 

spccifically tyrosine phosphairises prcsent in A 43 1 çclls withoui dfecting scrinc/thrconine 

phosphatiiscs (374.375). Pervanadatc is a more potcnt inhibitor of PTP activity and in rit 

adipocytes (382) and hepatucytes (432) it was demonstratcd to be 100 - 1000 times more 

effective in mimicking insulin compmd to vanadatc. 

The ability of vanadate ici inhibit PTPs allows the use of this agent to probe the role of 

PTP activity in the physiology of insulin action and rcsistance. The nct hormonal signal will 

depend on the balance bctween 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. 

Nucleus 

AU tyrosine phosphorylation steps in the insulin signalling pathway are potentially also regulated 
by srrosine phosphatases. The specific PTPs responsible for dephosphorylation of the IR and 
IRS- 1 in v i v ~  are not defmed. SHP2 may contribute to IRS- 1 dephosphorylation but has been 
show to participate in the mitogenic response to insuiin. MAPK activation b y vanadate may not 
require ras activation but occur indirectly via inhibition of cytosolic (MKP- 1) andor nuclear 
(PAC- 1) dual specificity phosphatases. Cytosolic tyr kinases are also activated by vanadate 
presurnably by inhibition of cytosolic (cyt) P P s .  These cyt PTKs rnay signal similar and or 
additional SH2 domain containhg protein pathways. In the nucleus inhibition of other dual 
specificity phosphatases such as cdc25 may result in disruption of the ceii cycle. CDK, c y c h  
dependent kinase. The Figure is a modification of the one originalhg in : Fantus et al 1995 
(Mol. CeU. Biochern. 153: 103-1 1, 1995). 



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 demonsuated to lead to an apparent increase in sensitivity to insulin as 

well as to a prolongation of insulin action (433). Thus. vanadate müy rendcr lowcr 

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 inhihitory effect on phosphotyrosinc phosphatase 

activity. In rat adipocytcs Tarnura et al showcd that vanadate directly stimulates highly purificd 

insulin receptor tyrosine phosphorylalion in thc absence of insulin (434). Howcver these 

tïndings were not confimed by other studies. Increased insulin receptor tyrosine kinase activity 

has been reported by others in isolated rat adipocytes (424,433) and in livcr isolated from 

vanadatc trcated diabetic animals (435). Also vanadate trcatmcnt of 90% pancreatectorni~cd rats 

increased basal activity (no change in insulin-stimulalcd activity) of the insulin rcceptor tyrosine 

kinasc an effect not obscrvcd simply by correcting hyperglyccmia with phlorizin (436). Thesc 

results could he accounted by indircct activation of the IR by vanadatc inhibition of PTPs. 

Furthemore in rat adipocytes vanadate was found to increase insulin binding by incrcasing the 

affinity of the rcccptor for insulin. This was also associated with an increasc in insulin 

sensitivity (424). 

In contrast to thes  findings thc action of vanadatc to activatc the insulin rcccptor ~yrosinc 

kinase has not bcçn observai in othcr studics (437-440) and whcn tissues of vanadatc-treatttd 

diabetic animals were examincd no incrcast: in cither reccptor or substrzite phr,sphorylalion was 

observed (437). Therefore IR tyrosine phosphorylation is not consistently observed and it has 

been rcportcd that inhibition of the IR kinase does not abolish sevcral effects of vanadate on 

glucose metabolism (44 1) suggcsting that vanadate may act at other sites. While this is the case 

for vanadaie, there is some evidencc that pervanadate and pV compounds do açt predominantly 

via the IR (356.442). This may relate to diffcrences in specificity and /or potency as PTP 



inhibitors as well as more rapid cntry of pV into tissues. ThercCore, in contrat to vanadatc which 

had minimal effect, pervanadate produced an activation of thc insulin receptor tyrosinc kinase as 

measured by 32 P incorporation into the insulin rcceptor P-subunit and a synthetic subs~ate  

(382,443). Furthemore in convast to the effect seen in cells expressing normal insulin receptors 

in cells (HTC-M 1030) overexpressing kinase deticient 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 reccptor kinase following partial purification of the reccptor on lectin 

coIumns suggesting that their capacity to activate insulin receptor kinase in intact cclIs 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 Il63 of the insulin receptor kinase which thcn 

leads to increased phosphorylation Ievels of various intracc1Iula.r proteins (445). 

4.8.3 Role of cytosolic tyrosine kinase 

Vanadate may promote some insulin-like cffects 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 downstrearn events an: triggcrcd by both the IR and such a tyrosine 

kinase or that such a kinase is a normal componcnt 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 lipogcnesis appearcd to bc mediated via a cytosolic 

tyrosine kinase pathway while others, such as glucose transport wcrc no! (446). Furlhcrmore 

vanadate. although a nonspccific PTP inhihitor. was found to be 10-fold morc eCficaciaus in 

inhibiting cytosolic PTP activity (20 PM) as cornpucd to that in the particulütc fraction (200 PM) 

(357). Such an inhibition of cytosolic PTP may rcsult in the activation of a cytosolic protcin 

tyrosine kinase. Another group of c ytosolic tyrosine kinascs, the JAKs, have rccently bcen 

found to phosphorylate the major IR substrates. IRS-1 and 2 (93) and may also function to 

kansmit vanadatc actions. Thus. therc are likely di fferences in the signalling pathways utili7rd 
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for the various insulin-like bioeffects and possibly diffe~nt  but overlapping mechanisms for the 

various vanadium compounds, particularly vanadau: vcrsus 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 (H202) (pV) to aneslhetized rats resulted in increased 

phosphorylation of IRS-1 and iü association with p85, (the regulatory subunit of PI-3 kinase) 

in liver similar to bat 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 

uanspon (discussed in Chapter 1). it is demonstrated in this thcsis (sec chapter 6) that vanadate 

and pV can stimulate glucosc transport in thc prcscncc of the PI 3-kinase inhibitor wortmannin. 

These data suggest that PI 3-kinase is not requircd for thc increasc in glucosc transport scen with 

vanadate and pcrvanadaie. 

4.8.4.2 Role of MAPK 

Vanadate has been shown to activate MAPK in studics in CHO cells overcxpressing the 

human insulin receptor by a mechanism independent of the insulin receptor tyrosine kinase 

(448). Activation of MAPK may occur indirectly by inhibition of the vanadate sensitive dual 

specific MAPK phosphatase (MKP-1) (449). Vanadium salts also activated the 90 kDa 

nbosomal S6 kinase (p90rsk) and 70 kDa ribosomal S6 kinase(p70~6k) (450). Chronic 

ueatment of STZ-diabetic rats with vanadate resulted in normoglycemia and restoration of 

MAPK and S6 kinase activity (45 1). NIDDM and IDDM patients wcre found to have a dccrcased 

insulin-stimulated MAPK and S6 kinasc activity. Treatmcnt with sodium metrivanadatc for 2 

weeks inc~ased 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). 



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 glucosc trünsponcrs. the downstream efkctrm of 

glucose transport in the insulin signalling pathway. In 3T3-LI adipocytes it has bccn 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 tïbroblasts (453). 

However, the jn vivo effect of vanadate trcatmcnt on glucose transporters is not clear. Vandate 

treaunent of STZ-induced diabetic rats resulted in an increase in GLUT4 protein levcls ( 187% of 

controI) and mRNA levcls ( 187%) in skelctal muscle tissue (454). In contrast chronic 

administration of vanadatc in genetically obcsc Wfa insulin resistant Zuckcr rats rcsultèd in 

improved pcriphcrdl insulin sensitivity (as seen hy an increase in  insulin stimulated glucose 

uptake determincd under hypcrinsulincmic euglyccrnic clamp) without any changes in GLUT 4 

mRNA or protcin lcvcls in a11 hcart, skeletai muscle and adipose tissuc (455). 

It is most tikely that acute vanadatc treatmcnt of ceIIs causes translocation of GLUTs. 

Vanadate also acutely increased the binding of IGF-II (443,456). transferin and LDL (405) in 

cells by causing translocation of the corresponding receptors al1 of which arc cxamples of 

translocation processes similar to that of glucose uansponers. 

4.8.5. Pancreatic effects of vanadate 

The possibility that vanadate rcduces blood glucose levels by affecting plasma insulin 

levels was examined in various studics. In hoth STZ-diabçtic rats and db/db mice oral 

administration of vanadate improved blood glucosc levcls without increasing scrum insulin 
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leve1s (353,410). As wcll the insulin levels in control animals treated with vanadate were 

decreased withoui any change in plasma glucose values (353). Similar findings have been 

reported by others supporting the conclusion that the primary site of vandate action is on insulin 

target tissues. Additionally from the jn vivo studies in humans it was observed that sodium 

metavanadate treatment of NIDDM patients for 2 wceks did not change the basal. first phase or 

second phase insulin and C-peptide secrction while IDDM patients showed a srnall but 

significant decrease in mean daily insulin requircments (357). Howevcr some studies suggcst 

that vanadate also has some effects on the panmas. Pederson et al found that early treatmcnt oC 

STZ-diabetic rats with vanadate prcsewed islct insulin content and insulin secretion although 

circulating insulin levels werc still subnormal (408). Long term correction of diabctu has been 

observed aftcr withdrawal of vanadate ueatment raising thc possibility that endogcnous insulin 

secretory capacity is prescwed and/or restored (457,458). It is not clear howevcr whcthcr this 

is a direct effect on the pancreas or an indirect protcctive cffcct due to correction of 

hyperglycemia 

4.8.6 Other contributions to glucose-lowering action 

Two other effects of vanadate may contribute to ik glucose lowcring action. First. it  was 

noted in early studies perlormed in rodents that ord administration of viuiadatc dccrciised food 

and fluid intake (353). lndeed body weight gain was significantly reduccd in the conuol animals 

receiving vanadate. n ie  sarnc decreased weight gain wüs observcd in control animals trcated with 

vandyl sulfate and BMOV. These observations and one study hy Malabu et al suggested that the 

effects of vanadate to reduce hyperglycemia migh he duc entirely to its inhibition of fecding 

(459). Furtherrnore intracercbroventricular administration of vanadate decreascd food intake in 

rats (437) and insulin crossing the hlood-brain barrier has been dcmonstrated to contribute to 

satiety (460). It is unknown whether any form of oral vanadate may access the CNS to exert 

insulin-like effects. Howevcr in other studies in partially pancreatectomizcd diabctic rats (415) 

and in obese hyperinsulinemic falfa rab (42 1 ) in which untreaicd diabetic rats were pair-fcd to 

match the vanadate treatcd animals thcrc was a similar improvcment in blood glucose levels 



attributable to the vanadate therapy sugpsting 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 documentrd to hüppen in various models of 

diabetes remains controversial(459). It should bc mentioned that in short-krrn studies in humans 

no significant changes in food intake were found. 

Another effect of oral vanadate treatrnent 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 effccts of the vanadium 

compounds might be related to slower glucose absorption (46 1 ). However it is unlikel y that at 

therapeutic doses, this effcct plays a major role. In addition, administration of vanadium 

compounds by a route bypassing the intestine such as invaperitoneal or intravenous, resulis in a 

reduction in plasma glucose levels (418,462) establishing that these agents do have insulin- 

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

may be noted that consistent with its greater insulin-mimetic potency pV is effective by 

intravenous administration while this is not the case for vanadate which appear also to have a 

slower onset of action (4 18). 

4.9 POTENTIAL SIDE EFFECTS AND TOXICITY OF VANADIUM COhIPOUN1)S 

In early studies in rodent!! decreased tluid and food intake and diarrhca werc thc major 

toxic effects and lrd to increased morbidity and mortality (463).  Inuoduction of the agcnts at low 

doses with a gradua1 incrcase to maintenance levels prevenü these effecis. In humans both 

vanadyl sulfate and Na metavanadate resulted in some nausea which responded to a decrcasc in 

dose. Studies in rodents suggest that moditïcation of the vanadium species with oqanic ligands 

may decrease the GI side effects and enhance absorption resulting in an apparent increased 

potency (414). Peroxovanadium compounds arc more potcnt PTP inhibitors but arc degradcd in 

the gastric acidic environment (464). 

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

in most studies with any major toxicity (349). At higher doses there have bcen erfects in male 



mice to reduce sperm count (463). Other studies reportcd decreased hemoglobin lcvcls in rats and 

Cohen et al (358) noted a very small drop in hematocrit in treated human subjects which was 

maintained for two weeks aftcr discontinuation of treatment. One other important adverse cffect 

has been developmentai and embryotoxicity in rats and mice (463.465). This has important 

clinical implications since one might expect feu1 tissues to be mon: sensitive and these agents 

would not likely be considered for use dunng pregnancy or lactation. 

A most important concem in the long term use of any dru5 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 ncoplasms. ihe known rolc of tyrosine kinases in rnitogcncsis and ihc 

many in vitro studics documenting the ability of vanadatc to stimulatc grnwth or potcntiate thc 

effects of growth factors indicates that this issue must bc carefully evaluatcd. It  is not known 

whether under certain circumstances oral vanadium compounds rnay prornote or enhance tumor 

growth. 

An additional measure of potcntial long term toxicity is tissue accumulaiinn. In treated 

rats vanadium accumulated mostly in kidney. spleen, testes, liver and bone (463,466). 

Presumably some equilihrium is reached in most sort tissues which do not storc vanadium. 

however its sirnilarity to phosphate would result in a potential continuous accumulation in bone. 

Whether this is of clinical relevance remains to k dctermined. 

Vanadium is a trace elemcnt and ih compounds are an intcresting group ol chcrnicals for 

which a function in mammals is still unknown. These compounds have becn shown to cxert a 

wide variety of insulin like effects in isolated ce11 systcms and have the ability to Iowcr blood 

glucose levels in sevenl experimental models of diabctes mellitus as well as in humans with 

diabetes. Although the exact mechanism involved in the  hypog lycemic effects is no t clcar, 

evidencc suggest bat they predominantly act in periphcral tissues to increase glucosc upilikc. The 

ability of vanadium compounds to inhibit protein tyrosine phosphatase üctivity (Figure 4.2) 

appears to be the most relevant for their hypoglyccmic 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 hy which vanadium compounds cxcn their 

actions is required since the possibility exists that they may bc uscd as iherapeulic agents to lrcat 

diabetes. 



CHAPTER 5 

THE= INSUILIN-MIMETIC AGENTS VANADATE AND PERVANADATE 

STIMULATE GLUCOSE BUT INHIBIT AMIN0 ACID UPTAKE IN MUSCLE 

CELLS. 



5.1 ABSTRACT 

The protein tyrosine phosphatase (PTP) inhibitors vanadate and pervanadate (pV) exert 

insulin-like biological effects. To study their actions in muscle, cuitured diffemntiated rat L6 

skeletal muscle cells were exposed to these agents and/or insulin and both 2-DeoxY-D-[3~]- 

glucose (2DG) and 14~-methylaminoisobutyric acid (MeAIB) uptake were measured. Vanadate 

and pV stimulated 2-DG uptake in a dose and time-dependent manner to a maximum afier 90 min 

of 171 + IO% and 167 f 6% at 10 m M  and 0.5 mM, respectively. Maximum insulin ( 1 0 - 7 ~ )  

stimulation was 167 I 1 1 9  of control and thcrc was no further incrcase by comhining insulin 

wirh vanadate or pV. Whilc I O - 7 ~  insulin stimulaied McAIB uptake to 143 f 5%, 10 mM 

vanadate and 0.5 m M  pV inhibitcd basal MeAIB uptake by 27 f 3% and 69 f 7%. rcspcctivcly. 

Insulin-stimulated MeAlB uptake was also inhibitcd in a dose-dependent manner and complctely 

abolished by 5 mM Van or O. 1 mM pV. Furthemore vanadate completely blocked insulin- 

stimulated MeAIB up take in rat hepatorna cells. Kinetic analysis revcaled thai the inhibitory 

effect on basal MeAIB uptake was associated with an increase in Km and a small decrease in 

Vrn, while Ihe insulin-stirnulated incrcaw in Vm, was curnpletely inhibited. 

Ouabain, an inhibitor of Na+/K+ ATPasc, did no[ inhihit MeAIB uptake and the inhibition hy 

vanadate or pV was not blocked by cycloheximide. Twelve hours of amino acid deprivation of 

L6 cells rcsulted in stimulation of McAIB uptake to 565 M2% of control in the absence but only 

to 209 f 25% in the prescnce of 0.5 mM vanadatc. In summary. vanadatc and pV mimic insulin 

to stimulate glucosc uptake in  L6 cells but inhihit sysicm A amino acid uptakc. Thc rclative 

inhibitory concen~ations o f  vanadate and pV suggcst that the mcchanism may involvc PTP 

inhibition. 



5.2 INTRODUCTION 

Skeletal muscle is a major targct of insulin action and is the major site of postprandial 

glucose disposal (467,468). Insulin increüses glucose uptake in musclc by inducing the 

translocation of glucose transporters from an intraceilular compartmcnt to the cc11 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-mctabolizable analog 2-methyl-arninoisobutyric acid (MeAIB) ( 195). 

System A activity is pH sensitive, depcnds on the Na+ cleçtrochemical gradicnt and is also 

regulatcd by arnino acid avüilability and cxcrcisc (470). In contrit to the reccnt advanccs in our 

knowledge of the mcchanism involved in the stimulation of glucose transport by insulin (340) 

the mechanism of insulin stimulation of amino acid transport is very limitcd duc in part to lack of 

information on the system A transporter at the protein and mRNA level. 

Thc L6 myotubcs rcprescnt a wcll-characterixd ce11 culturc modcl of skelctal musclc that 

allows the study of hormonal and rnctabolic rcgulation of thc glucosc and amino acid transport 

systems as it is discussed in 1.5. In myotubes insulin-stimulatcd glucose uptakc is associated 

with a recruitment of glucose transporter proteins from an intracellular pool and their 

translocation to the plasma mernhranc (339). Insulin also stimulates system A amino acid 

transport activity (205) in these cells hy increasing the maximum transport capacity (V,,,) 

without any change in transporter aftïnity (Km) (2 1 1 ) a proccss that is similar to that ohscrvcd in 

frcshIy isolatcd rat skelctal muscle (2 1 O). 

Vanadium, a trace elemcnt which in its +5 oxidation statc as vanadatc structurally 

resemblcs phosphate, is found in rnarnmalian tissues (345). Its normal physiological role 

remains unknown. It h a  been demonstrated to intenct jn vitro with several cnzymes and to 

have biological effects in cultured cells and intact anirnals. I t  inhibits the "Pu type 

phosphorylated ATPases (369,370) and PTPs (374,375). In  cultured cells it enhances protein 

tyrosine phosphorylation and has k e n  docurnented io mimic a number of the metabolic actions 
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of insulin (347-35 1-353.42 1,434,47 1.472). This has led to its successful use as a therapeutic 

agent in various rodent modcls of diabetes (353.415.419-421.473-475) and recently to short 

term ciinical studics in human subjects wi th both insulin-dependent (Type 1) and noninsulin- 

dependent (Type II) diabetes mellitus (357.3511). 

It is previously reported that upon mixing hydrogen peroxide with vanadate a novel 

cornpound 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 rnetilbolism andlor have been canied out in 

adipose tissue. To investigatc whcther vanadatc and pervanadate cm 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 eCfects of these compounds on glucose and 

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

5.3 MATERIALS AND METHODS 

5.3.1 Materials 

Methylaminoisobutyric acid (MeAIB), ouabain and sodium orthovanadate werc 

purchased from Sigma (SC. Louis, MO). a(1-l4c) MeAIB (48.4 mCi/mmol) was obtained from 

Dupont NEN (Boston, MA). Al1 othcr reagcnts were obtiiined as described earlicr 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 myotubc stage. Wcll 

differentiated rat hepaiorna cclls (H411E) (kindly provided by Dr. D. Granncr) wcrc grown in 

DMEM in the presence of 10% FBS and 1% vlv antihiotic-antimycotic solution (siock: 10.000 

unitdm1 penicillin. 10 mglml streptomycin, 25 mglrnl amphotericin B) in 6-wcll platcs in a 



humidified atmosphere of 5% CO2: 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 m M  vanadate was prcpared in 50 mM HEPES buffcr and 

subsequently was dilutcd using HEPES-buffered saline (HBS) solution (final concentrations: 

140 m M  NaCl. 5 mM KCl. 20 rnM HEPES, 2.5 mM MgS04. 1 m M  CaC12, pH 7.4) containing 

5 m M  glucose. Pervmadate solutions werc prepared in the same buffer by mixing vanadate and 

Hz02 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 ligure. At the end of the 

incubation period the medium was removcd. the cells werc nnsed twice with HBS solution and 

subsequently glucose and MeAIB uptake werc measured with 10 PM ~ - D ~ O X ~ - D - ~ H  glucose 

(ImCilml) and 10 pM 1 4 c - A 4 e ~ 1 ~  respectively in the same buffer for 10 min at 23'C. To 

detcrminc non-carrier mediated plucosc and MeAIB transport, cytochalasin B and cold MeAIB 

respectively. werc added to a final conceniration OC 1 O mM each in pmllcl wclls. Thc glucosc 

and arnino acid uptake assays were tcrrninatcd as p~viously descnbcd in section 3.3.3 and cell- 

associated radioactivity was measured. Transport was dctermined as it is dcscribcd bcforc for 

glucose transport by suhtraction of the non-spccilïc [rom thc total uptake. Thc nonspccitic 

glucose and MeAIB uptake wcre Icss than 3% of total. Thc trünsport of both g1uco.w and MeAIB 

were lincar for at least 30 min under al1 conditions (data not shown). 

5.3.4 Statistical analysis 

The results are presented as means t SE and the numher of experiments is indicated in the 

legends to the tïgures. Statistical signiticance was assessed using Students paired t-test or 

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



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 . l A )  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 rcvealed that vanadate stimulated 2- 

deoxyglucose uptake at 0.1 mM ( 1 16 f 2.9% of conuol, p4.05) reaching lcvels ai 10 mM 

(170.7 f 10.4%) which were similar to thosc seen with maximum insulin ( 1 0 - 7 ~ ,  30 min) 

treatment (167 t i 1%) (Fig 5.2A). Maximum stimulation by pV was 171.7 t 12%. The 

difference between the dose-response curves of vanadate and pV to mimic insulin in L6 cells is 

similar to previous observaiions in rat adipocytes (382). Thus the concentration required for half 

maximum stimulation of glucose uptake was - 200 fold lower Cor pV (5 PM) compared to 

vanadate ( 1. i 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). Signitïcant inhibition was seen with 0.5 mM vanadatc and maximum 

inhibition to 73.0 f 5.5% of basal was rcached with 10 mM. Concentrations of pV up to 10 p M  

did not significantly alter basal McAIB uptake. However pV concentrations of 50 MM and abovc 

produced inhibition. At 500 pM pV. McAIB uptake w u  22.7 f 6.54 of control (Figure 5.2B). 

The half maximum concentration of pV requircd io inhibit h w l  McAIB uptakc wÿs 70 p M  whilc 

that for vanadate was not measured direclly since concentrations above 10 mM werc not used to 

avoid ceII toxicity. Frorn the vanadate dose-response curve an estimatc of 15 mM for the IC50 

can be made. Thus the inhibitory effect of pV on MeAIB uptake was approxirnately 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-stimulatcd glucose and amino acid 

uptake the effect of each agent in combination with insulin was examined. Thc cclls were 

incubated with or without 5 mM vanadate or IO pM pV Tor a total of 90 min in the ahscncc and 
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Figure 5.1 Effect of vanadate and pewanadate on glucose and amino acid 
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tiated L6 muscle cells were incubated with 5 m M  vanadate (A) or 100 1 Differen ate 
(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. Thc rcsults are the 
mean i SE of 3 - 5 expiments performed in duplicate. Basal 2-deoxyglucose uptake was 9.98 
M.65 pmoledmglmin and McAIB uptake was 28.01 f 3.5 pmoles/mg/min. * p<0.05, ** 
p<0.0 1, ***pc0.00 1 compared with basal. Note the tirne-dependent stimulation of glucose 
transport and the inhibition of amino acid transport. 



Figure 5.2 Effect of vanadate and 
transport. 
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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 of glucose (A) and MeAIB (B) uptake. 
The results shown are the rnean I SE of 4 - 9 separate expenments performed in duplicate. * 
pc0.05, ** 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. 



presence of 1 0 - 7 ~  insulin during the final 30 min. The maximum responses of 2-deoxyglucose 

uptake to stimulation by vanadate and pV in combination with insulin ( 19 1.4 f 20% and 209.5 

*7.5% of basal) were not different from that achievcd aticr insulin ülone (194.8 4 10%) (Table 

5.1). Similar results were obtained by addition of any concentraiion of the PTP inhibitors up to 

a maximum of 10 m M  vanadate or 1 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 thcir effects via a common püthway or via diffcrcni pathways which 

converge. 

Insulin alone stimulated MeAIB uptakc to 143 + 4.7% of basal. In combinaticin with 5 

m M  vanadate or 100 pM 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 respectivcly (Table 5.1 ). Thus these 

concentrations of the PTP inhibitors completely abolished the insulin-stimulated component of 

amino acid uptake sugpesting that insulin-stimulated MeAIB uptake is more scnsitive than basal. 

A dose-response curve of inhibition of the insulin-stimulatcd cornponent of MeAIB uptiike by pV 

showed cornpletc inhibition by 50 pM and an IC50 of 10 PM, a conccnlration 7-lold lower than 

the IC50 for inhibition of basai uptake (Figure 5.3). This scnsitivity is similar io rhat found for 

stimulation of glucose uptakc. 

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 bc due to a 

decrease in the maximum capücity of transport (VmU), a decrease in the aftlnity of the transport 

system for the amino acid, that is. an increase in the substrate concentration at which transport is 

half maximum (Km) or both. To investipate ihese possibilities the effect of pV on the kinetics of 

MeAIB uptake was compared with that of insulin. It has bccn dcmonstrated previously that the 

rate of MeAIB uptake is lincar for at least the first 20 min of incubation of L6 cells with 10-400 

pM MeAlB (21 1). A linear transformation of thc uptakc dab at various concentrations of McAIB 



Table 5.1. Effect of vanadate and pervanadate (pV) on insulin-stimulated 
glucose and amino acid transport. 

After 60 min matment  with 5 m M  vanadate or 100 pM pV. insulin ( 1 0 - 7 ~ )  was added and the 

incubation of the cells continued for another 30 min in the same buffer. The results are the Mean 

t SE of 6 - 10 separate experiments performed in duplicate. ***p<O.OO 1 compiired with basal. 

bp<O.OO1 compared with insulin alone. Note that vanadate and pervanadate combincd with 

insulin did not stimulate glucose transport over and above the levels seen with insulin alone 

whilc both agents complcrly inhibitcd the insulin-stimula~d MeAIB uptake. 

2-Deoxygluc»sc upiiike McAIB upiake 

(54- of basal) (5% of basal) 

Insulin 

Insulin + Vanadate 

Insulin + Pervanadak 



Figure 5.3 Dose-dependent inhibition of insulin-stimulated MeAIB uptake by 

pervanadate 

[Pervanadate] (uM) 

L6 cells were incubated with O - 100 pM pervanadate for a total of 90 min with the addition of 
10-TM insuiin 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 f SE of 3 - 4 expenments perforrnrd in 
duplicate. Insulin-stimulated Me AIB u ptake in the absence of pervanadate was desig nated as 
100%. *p<0.05, ***p<0.00 1. Note the dose-dependent inhibition of insulin-stimulatcd amino 
acid uptake by pervanadate. 



(10-400 PM) was performed using a Hanes plot to allow a mon: accurate assessrnent of Vma, 

and Km. Insulin significantly increased the V,,, of MeAIB transport as reported previously 

(21 1). Pervanadate (100 PM) complctely abolished this increase. (V,,,, pmoledmin per mg 

protein: control, 271; insulin, 385; pV + insulin. 199) (Figure 5.4). While insulin alone did not 

alter Km, in the presence of pV Km was increased (Km. PM, control. 84; insulin 107; pV + 

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

decrease in V,,, (245 prnoles/min per mg protein) but more than a doubling of Km (1  86 PM) 

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 Na+, K+ ATPase (369,370) we used 

ouabain, a widely used inhibitor at concentrations of 2 mM which have been reparted io inhibit 

the Na+. K+ ATPase (477). Ouabain did not inhihii McAlB uptakc. On the conlrary. ouabain 

alone stimulated MeAIB uptake ( 158.0 f 5% of control) and augmentcd the stimulatory cfkct of 

insulin (insulin alane 143.4 f 4.6% of control. insulin plus ouabain 208.0 + 3.5%) (Figure 

5.5). Ouabain had no effect on the basal or insulin-stirnulatcd glucose uptakc (data not shown). 

These results suggcst that vanadate and pV action is not rclated io inhihilion o f  the Naf. K+ 

ATPasc. 

5.4.5 Effect of vanadate on adaptive regulation of amino acid uptake 

Syslem A arnino acid uansport activity is increased in response to amino acid deprivation 

(205) . This increase is referred to as adaptivc regulation, occurs over several hours and appears 

to be dependent on protein synthcsis. The effect of vanadate on adaptive rcgulation of systern A 

activity was examined. L6 myotubcs wen: dcpnvcd of al1 amino acids for up to 12 h. This 

resulted in a time-dependcnt increase in MeAIB uptake rcaching -5-Sold that of control afier 9 - 

12 h of deprivation (Table 5.2). Vanadatc. 500 PM. signilïcantly rcduccd thc incrcasc in MeAIB 

uptake in response to amino acid deprivation. Arnino acid dcprivation Sor 12 h incrcascd McAIB 

uptake to 565.3 i 42% of control in the absence but io only 237.7 f 28.4% (p c 0.02) in the 
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Figure 5.4 Effect of insulin and pervanadate on the kinetics of amino acid 
transport in L6 muscle cells 

In control and pervanadate (100 pM) treated ceiis for 60 min, insulin (10 - 7 ~ )  or buffer alone 
were added and the incubation continued for a further 30 min. A. MeAiB uptake was rneasured 
as described in Merhods in the presence of various concentrations (10 - 400 pM) of MeAIB. 
Control (closed circles), insulin (open circle), insulin plus pervanadate (closed triangIe). Values 
for uptake in the presence of pV alone overlapped subskntidly with thoie in the presënce of both 
pV plus insulin and were omitted for cla&y. The results shown are the mean f SE of 3 separate 
experiments performed in duplicate. B. ~ h e a r  Hanes transformation of the data presented in A. 
(see text for numerical values of Km and Vrnax). 
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Figure 5.5 Effect of ouabain on basal and insulin-stimulated MeAIB uptake 

Control Ouabain 

Cells were treated with 2 m M  ouabain for 90 min at 37°C in the absence (open bars) and the 
presence (shaded bars) o f  insulin ( 1 0 - 7 ~ )  added during the final 30 min o f  this incubation. 
Values are the mean ISE of 3 separate expenments 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 regulatïon of system A arnino acid 

transport. 
Myotubes were incubated for the time indiçated in HBS huffer containing 5 m M  glucose in the 

presence and absence of arnino acids and in the presence and absence of 500 pM vanadate. The 

results are the Mean t SE of 3 -4 separate experiments performed in tripkate. MeAlB upc;lke 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 prcsence of amino acids (Tirne 0) was 

inhibited by vanadate to 88.1 k 4.3 % of that in the absence of vanadate and was designated as 

100 % at O h for + vanadate. In these experiments insulin stimulated MeAIB uptake to 166.1 + 
12.88 of control. ** pc0.02, *** pc0.0 1 compared to -vanadate. * pc0.05. b px0.00 1 

compared to control. 

MeAiB uptakc 

(% of control) 

2-Deoxyglucose uptake 

(% of control) 



presence of vanadate. Under these conditions there was no ce11 toxicity observed by trypan blue 

exclusion and vanadate stimulation of 2-deox yglucose upiake was maintained (Table 5.2). 

5.4.6 Effect of cycloheximide on PTP inhibitor action 

Since adaptive regulation has been shown to require protein synihesis ii was testcd 

whether the more acute (up to 90 min) actions of vanadate and pV described above requirc 

protein synthesis by using cyclohcximide, a protcin synthesis inhibitor. Previously it was 

demonsuated that 1 rnglml cycloheximide inhibits protein synthesis in L6 myotubes (478). 

Coincubation with cycloheximide had no efftxt on the ability of insulin, vanadate or pV to either 

stimulate glucose or stimulatehnhibit amino acid uptakc (Table 5.3) indicating that the 

mechmism of action of vanadate and pV is independent OC protein synthesis. 

5.4.7 Effect of vanadate and pewanadate on MeAIB uptake in hepatoma cells 

The L6 muscle ceIl Iine was originally dcrived from rat neonatal tissue (2 19) and may 

represcnt a unique insulin targct cell. To detenninc whcther the inhihitory action of vanüdatc and 

pV on MeAIB uptake was a rcsponse conlincd to L6 musclc cells the effects o f  the two agents 

were examined in the wcll differcntiatcd cultured hepatoma ce11 linc. H4IIE. Insulin ( I O - ~ M  for 

30 min) stimulated MeAIB uptake to 152.9 f 12% of control. Vanadatc at conccn~ations of O. 1 

to 10 m M  did not signiricantly lower basal amino acid uptake althouph a tendency towards 

inhibition was observed üt the highcr concentrütions (data not shown). Howcvcr insulin- 

stimulated MeAIB uptakc was completely inhibitcd by 0.5 m M  vanadate (Figure 5.6). 

Pervanadate ai 500 pM decreascd basal MeAIB uptake which did not reach statisticÿl signilicance 

but completely abolished insulin-stimulated McAIB uptake (76.8 k9.396 of basal. p c 0.001) 

(Figure 5.6). Neither agent affected glucose uptake in hepatoma cells under thcse conditions 

(data not shown). 



Table 5.3. Effect of cycloheximide on insulin, vanadate and pewanadate 

induced changes in glucose and amino acid uptake. 
insulin ( I O - 7 ~  for 30 min), vanadate ( IO mM for 60 min) or pervanadate (500 pM for 50 min) 
were used to ueat cells in the absence and the presence of 1 pgml cycloheximide. The results 

shown are from one of 3 experiments with similar resuits. Note thüt cycloheximide did  not 
abolish the responses of the cells to any of the agents used. 

Tmtment 2-Deoxyglucose uptake 

(% of control) 

Cycioheximide + 

Control 100 105.8 

Insulin 242.5 247.8 

Vanadate 152.2 150.6 

Pervanadate 267 .O 255.0 



Figure 5.6 Effect of vanadate and pervanadate on basal and insulin-stimulated 
MeAIB uptake in hepatoma cells 

Control 

[vanadate] MeAlB uptake 
mM (% of control) 

Vanadate 

Hepatoma cells (H4tIE) at 80% confluency were incubated with 10 mM vanadate or 500 p M  
pervanadate (pV) for 90 min at 37°C in the absence (open bars) and presencc (shaded bars) of 
1 0 - 7 ~  insulin during the final 30 min. MeAIB uplake 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 f SE of 3 separate experirnents pertormed in duplicate. Inset: dose- 
dependent inhibition of insulin-stimulated MeAIB uptake by vanadate. *** p<O.OO I compared 
with control. 



5.5 DISCUSSION 

In the study presented hcn: i t  was found that vanadate and pV mimic insulin to stimulate 

glucose uptake in cultured differentiated L6 skcletal muscle cells, a ceIl linc which has  k e n  used 

extensively as an jn vitro model of a major insulin iarget tissue. The relative efficacics 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 uptake. MeAIB is an 

amino acid analog which is specitically transportcd by the insulin-sensitive system A amino acid 

carrier. Therefore the data indicatc a paradoxical effcct of thesr: 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 skelctal muscle (385,387.476.479). Thus glucose uptake, glycogen synthcsis and 

lactate production were stimulated, but  stimulation of protcin synthcsis and inhibition of 

proteolysis could not be demonstratcd (385.387). Amino acid was cxamincd in onc 

study by Munoz et al (388) who h u n d  that in kshly isolatcd rat epitrochlcaris muscle MeAIB 

uptake was increased by vanadate. An attcmpt to define the mechanism suggcsted that the 

stimulation was rnediated by an alteration of intracellular pH rather than via a stimulation of the 

insulin signalling pathway. In view of these differcnt rcsults it was askcd whethcr L6 cells have 

a unique rcsponse to vanadatc. Both vanadate and pV also inhibited insulin-stimulatcd MeAIB 

uptake in H41IE hepatoma cells. Thus othcr 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 ohscrved in the present study. 

The mechanism of the insulin-like cftëcts of vanadatc and pV remain controvcrsial. 

Vanadate can interact directly with and inhibit a numhcr of enzymes such as P-type 

phosphorylated ATPascs (366,369,370). glucosc-6-phosphatüse (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 cxposcd to 



vanadate (35 1,370). Whether the insuiin receptor itself or another tyrosine kinase or both are 

responsible remains con troversial (438.439,446,480). The importance of tyrosine 

phosphorylation in the signalling of insulin biological effccw is wcll establishcd (4.29). Insuiin- 

stimulated receptor tyrosine autophosphorylation and subsequent tyrosine phosphorylation of 

IRS- llIRS-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 bc the major mcchanism 

by which thcse agents mirnic many of the actions of insulin both in vitro and in vivo 

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

The rnechmism of the inhibition of arnino acid uptake by vanadatc and pV is not known. 

Neither protein synthesis nor inhibition of the Naf, K+ ATPase appeared to be required. Therc 

are three lïndings in this study which suggcst that two mechanisms for the inhibitory action may 

be involved. First the inhibition of basal as cornparcd with insulin-stimulated MeAIB uptake 

manifestcd different sensitivity to vanadatc and pV. The TC50 for inhibition of basal uptake was 

70 pM for pV and estimaicd to he 15 rnM for vanadate, both - 14-hld greater than thc 

conccntrations required LO stimulütc glucose upiake. In contrast thc insulin-stimulatcd 

component of MeAIB uptake was inhibited ai lowcr concentrations (Kg) Cor pV, 10 PM). 

Second the inhibitory effect of pV on McAIB uptakc wiis associütcd with hoth a dccrcüse in 

Vm, as well as an increasc in Km. In the basal statc the predominant effcfcct was an incrcase in 

Km while inhibition of insulin-stimulatcd McAIB upüike by pV was associated with a marked 

decrease in V,,,. Finally, MeAiB uptake stimulated by amino acid deprivation was also 

inhibitcd by vanadate sugpcsting an effect that was independent of the insulin signalling 

pathway. 

Several actions of insulin have now bccn found not to te stimulated by vanadaie in some 

tissues. Bosch ct al rcportcd that in isolatcd rat hcpatocytes glycogcn synthasc was inüctivated 

and glycogcn phosphorylase was stimulatcd hy vanadatc (386). Howevcr the concentrations 

uscd were vcry high, 8 mM, and Bnick et al dem«nstraud an inhibition of hcpatic glucosc output 

in perfused rat liver by much lowcr conccntrations (48 1 ). In skelctal muscle thc conccntrations of 

vanadate (385,388) and pervanadate (476,482) required to promote insulin hiologicül cfkcts arc 



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 uptakc is inhibited at sirnilar 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 acdcins. A number of reccnt studics indicate the 

importance of PTP activity not only in termination or darnpening of growth factor signalling but 

also in signal propagation. In the case of insulin the SH2-domain containing PTP. 

PTP 1 DISYPISHPTPZ, has been found to play a role in the mitogenic rcsponse (398.483). Sincc 

vanadate and pV are relatively nonspecific in their PTP inhibitory actions, it is conceivable that 

insulin actions requiring PTP activity may be inhibitcd. Presently little is known about the 

regulation of system A amino acid transport and the mechanism by which insulin excrts its 

stimulatory effect. Further work is required to dctermine whether PTP action is required. 

Vanadate and its various derivatives have been used successfully in various rodent models of 

diabctes mellitus and proposcd as potential therapcutic agents in hurnans (347). Recent studics in 

humans in vivo (357,358) and in human skeletal muscle in vitro (425) havc dcmonstratcd effects 

of vanadate on glucose mctaholisrn but cffec~s on amino acid and protcin metaholisrn rcmain to 

k dctemined. 

It should be mentioncd that measurernents of glucose and amino acid uptake in al1 the 

experirnents presented in this section were perforrned simultaneously. Under exactly the same 

conditions whcre an inhibition of amino acid transport was obscrved with vanadate and pV the 

transport of glucosc was incrcased suggcsting that thc inhibitory cffect seen was no[ associatcd 

with ce11 toxicity. The rnorphology of the cells, as examined undcr a ligh t microscope, was not 

affected by vanadate and pV treatment as was indicated by the appearance of normal healthy 

cells identical to control . Furthemore, ce11 viability. as measured by uypan 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 reason high concentrations of the compounds are 

required in ordcr to see an et'fcct. It should bc kcpi in mind howcvcr that similarly high 



concentrations are also ~ q u i r e d  in isolated muscle prcparations for an elTect or these compounds 

to k observed (385,388)(378,38 1,469). 

In summary. it  is shown in the results prcsented here that although the PTP ihibitors 

vanadate and pervanadate increase glucose uptake in L6 rnyotubes, they inhihit amino acid 

uptake in a concentration-depcndent manner. 

5.6 CONCLUSIONS 

It is conclucied that the PTP inhibitors vanadate and pcrvanadatc mirnic insulin action 

wilh regard to glucose uptake but have actions oppositc to insulin with regard to ümino ücid 

uptake in L6 cells. 



CMAPTER 6 

MIECHANISM OF ACTION OF VANADATE AND PERVANADATE TO 

STIMULATE GLUCOSE UPTAKE IN MUSCLE CELLS 



Vanadate and pervanadate (pV) are FTP inhibitors which mimic insulin in stimulating 

glucose transport. However, their mechanism of signal transduction is not dctined. 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 

(178&5.7% of control). The PI 3-kinase inhibitor wortmannin (WM) blocked insulin stimulation 

of glucose transport (1  17.0k12.3 % of basal) but it did not alter significantly the rcsponse to 

vanadate or pV (152k12.3 8 and 24029.2 % of basal rcspectively in the prcsence 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 immunoprccipitations. 

and this increase was blocked by wonmannin. Furthemore. pretreatment of myotubcs with WM 

was effective in abolishing vanadate, pV and insulin stimulatcd production of P1(3.4.5)P3 and 

P1(3,4)P2, in intact cells. Pretreatment of myoiu bes with the rccen tly idcntitïcd inhi hitor of 

MEK. PD098059. did not alter the vanadatc- and pV- stimulation of glucose uptake. Acute 

stimulation of L6 cclls with phorbol rnyristatc acctatc (PMA) resultcd in an incrcüu: in glucose 

transport which was blockcd alter PKC downrcgulütion hy chronic incubation with PMA. In 

contrast thc stimulation by vanüdatc and pV was not changed by PKC downregulation nor by 

pretreatment of myotubes with the PKC inhibitors calphostin C or bisindolylmalcimide (BIM). 

Disassernbly of the actin nciwork 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 examincd. CD prctreatment of myotubes inhibitcd glucose 

uptake in response to both vanadate and pV suggesting that an intact actin nctwork is rcquired for 

the response of the cells to vanadate and pcwanadatc. Thcsc data suggcst that in  contrast to 

insulin, vanadate and pV stimulate glucosc transport in L6 skeletal rnusclc cclls hy ü mcchanism 

independent of PI 3-kinase activation. PKC and MEK also do not appear to be involvcd in thc 

mechanism of action of vanadate and pV. Howevcr, similar to insulin, the mechanism of 
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regulation of glucose transport by vanadate and pV appars to requin: the presence of an intact 

actin network. In conclusion, vanadate and pV may mimic insulin to stimulate glucose transport 

by using an altemate pathway to signai events downstrearn of PI 3-kinase. 

As it is shown in chapter 5 vanadatc and pervanadatc stimulated glucosc uptake in L6 

skcletal muscle cells to levels sirnilar to that of insulin. Insulin incrcascs glucose uptake in 

skeletal muscle by inducing the translocation of glucose transporters from an inuacellular 

cornpartment to the ce11 surface (discussed in 1.3.2.2) The mechanism by which this 

translocation of glucose transporters is regulated remains poorly undcrstood. The insulin 

signalling cascade is initiatcd by the activation of the tyrosine kinase of the insulin receptor 

leading to tyrosine phosphorylation of intracellular protcins such as insulin reccptor substratc 1 

(IRS- 1 ). which acts as a docking site for proteins containing SH2 domains (revicwed in 1.2.2). 

Phosphatidylinositol 3-kinase (PI 3-kinase) throug h the SH2 domain of its p85 rcgulatory 

subunit binds to IRS- 1. This rcsults in  incrcascd activity of thc p 1 10 critalytic subunit which 

phosphorylaies inositol phospholipids on thc D3 position (4.45.7 1 ). Reccntly (as discusscd in 

scction 1 .KU. 1.1) it was dcmmstratcd thlit thc fungal mctaholitc wortmannin (WM) inhibits 

both PI 3- kinase activity and the insulin-induccd incrcasc in glucose transport in rat adipocytcs 

(6 1). 3T3Ll adipocytes (63) as well as in rat skclcial muscle (60) and L6 muscle cclls (65). PI 3- 

kinase plays an important role in this insulin-signalling pathway. Similarly. overcxpression of a 

mutant p85 which hils to hind the pl I O  catalytic subunit blocked both insulin stimulated PI 3- 

kinase activation and glucose uptake ( 1  7 1 ). Thesc data strongly support the concept that PI 3- 

kinase plays an important rolc in this insulin signalling pathway. PI 3-kinase phosphorylatcs 

inositol phospholipids on the D3 position (45). The major in vivo substrate has been dctermined 

to be PI (4.5) P2 and the product PI (3.4.5) P3. A second intracellular product, PI (3.4) 4 may 

bc derivcd frorn dephosphorylation of the Sormcr substratc. Additionally. PI (3.4) P2 rnay bc 

derived from phosphorylation of PI (4) P by PI 1-kinase. Thc biochcmical cvcnts involvcd in 



the stimulation of glucose uanspon by insulin subsequent to PI 3-kinase remain poorly defined. 

One downstream requirement appcars to be an intact actin network since its disruption by CD 

inhibits insulin-stimulated glucose uptake ( 185). It is demonstrated in chapter 5 that vanadate 

and pervanadate stimulate glucose uptake in L6 cells to a similar extent as insulin. Paquet 

demonstrated that the acutc 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 exmined and round that thc insulin-mimctic agents can siimulatc 

glucose transport independent of PI 3 kinase. Furthcrmore, it was found that neither MAPKK 

(MEK) nor PKC appear to be involved. Finally. al1 the stimuli. insulin, vanadatc and pV do 

require an intact actin network to stimulate glucose uptrikc. 

6.3. MATERIALS AND MGTHoDs 

6.3.1. Materials 

Phorbol myristate acetate (PMA), wortmannin and cytochalasin D were 

purchased from Sigma (St.Louis. MO). Anti-phosphotyrosine anribody cou pled to agarosc 
32 

beads was purchased frorn UBI (Lake Placid.NY ). Pi and y - J ' ~ - ~ ~ ~  were obtaincd h m  

Amersharn (Oakvillc, ON. Canada). Oxalatc trcatcd thin layer chromatograph y (TLC) platcs 

were obtained from Analiech (Newark,DL) and purified L-a-phosphatidylinosito1 was 

purchased lrom Avanti Polar Lipids (Alabastcr. AL). Calphosiin C and Bisindolylmaleimidc 

(BIM) were obtaincd frorn Calbiochcm (San Dicgo. CA). PD O98059 wüs a gifi from Dr. A. 

Saltiel (Parke Davis, MI). All othcr rcagents werc ohtaincd as descrihed in 3.3.1. 

6.3.2. Cell cultures 

L6 cells were grown as previously describcd (3.3.2). Al1 experimcnts were 

camed out with fully differcntiated myotuks. The cells were grown in  6-well plates for the 

transport cxperiments and in 10 cm-diamcter dishes for immunoprecipitations and PI 3-kinase 

activity mcasurernents as wcll as for 3 2 ~  lakling expcrimcnts. 



6.3.3. Drug treatment and glucose uptake assay 

Solutions of vanadatc and pervanadate were prepared as previously described 

(5.3.3). Woxtmannin and cytochalasin D stock solutions were prepared in DMSO. Cells were 

exposed to the different agents and to insulin in Hepes buffered saline solution (HBS, see 

section 3.3.3) containing 5 mM glucose. The thal concentration of the dmgs in the incubation 

medium and the time of incubation are indicated in each figure. In the experiments with 

wortmannin the cclls wen: cxposed to 100 nM wortmmnin for the time indicüted in cach figure 

before the addition of insulin, vanadatc or pervanadütc and throughou t the stimulation pcriod. 

For the PKC downregulation cxperimcnts the cells wcrc pre-incubated with or without 100 nM 

PMA for 24 hours in a-MEM. At the end of this period PMA was removed. the cclls wcre 

washed with HBS (containing 5 m M  glucose) bufkr twice and then incubated with or without 

insulin. vanadate, pervanadate or PMA. For the acute stimulation with PMA thc cells were 

exposed to 1 p M  PMA for 1 hour. In the expenments whcrc the PKC inhibitors calphostin C 

and BtM were used, the cells were incubated with the inhibitors (al concentrations given in each 

figure) for 1 hour before the addition of vehiclc. insulin. vanadaic or pervanadatc. The same 

volume of diluent (DMSO) was added to cells not treated with wortmannin, calphostin C and 

BIM to match the DMSO concentrations in the ceIls trcated with these inhibitors. At the end of 

the incubation pcriod the mcdium was removcd. thc cells were rinscd iwicc with HBS solution 

and glucose uptake (2DG uptake) was measured immcdiaiely as describcd in sections 3.3.3. and 

5.3.3. for I O  min. 

6.3.4. Immunoprecipitations 

Myotubes were incuhated for 18 h in low serum (0.1 %)-containing medium and then 

were trcated with the different agents as descnbed above. After the drug treatments the cells were 

immediately washed once with iceîold phosphak buffered saline coniriining LOO FM Na3V04 

and twice with buffer A (20 mM HEPES. 137 mM NaCl, 1 mM MgCL, 1 mM CaC12, 100 p M  

N%VO,. pH 7.5) and tlien lysed in 1 ml of lysis buffer (buffer A containing 10% glycerol. 1 ih 



O 
NP40 and 2 mM PMSF). The ce11 lysate was spun rt 16,000rpm for 10 min at 4 C and the 

supernatants were incubrted ovemight with anti-phosphotyrosinc antibody couplcd to agarose 

beads (25 pl to 1 ml samplc was added) which had been washed twicc with PBS and 

preincubated with lysis buffer containing 10 5% BSA. The immunocomplexes were used for in 

vitro Pt 3 -kinase activity. 

6.3.5. In vitro PI3 Kinase activity assay 

The immunocomplexes wcre washed 3 times with solution 1 (PBS containing 1 C7o NP40 

and 100 pM NagV04 pH 7.5). 3 times with solution 11 (0.5 M LiCl, 0.1 M Tris, and 100 pM 

Na3V04 pH 7.5). 2 timcs with solution III (10 m M  Tris, 100 mM NaCl. 1 mM EDTA and 100 

pM Na3V04 pH 7.5) and then were incubatcd for 5 min with 50 pl of solution 111, 10 pl of 

100 mM MgCl2 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 - 3 2 ~ - ~ ~ ~  (10 

mCi/ml) in 20 mM MgCl2 and terminatcd alter 10 min at 23 OC with the addition of 20 pl or6 M 

HCl. Lipids werc exuacted with 160 pl of CHC13:MeOH ( 1 : 1 ) followed by centrifugation for 

10 min at 16,000 rpm. To separate the lipids 50 pl of the cxtracted lower phase wcre applied to 
O 

TLC plates that had been prebaked at 110 C for 1 hour. The lipids were separated with CHC13: 

MeOH: HzO: NH40H ((ml) 60:47: 1 1.6:2) and detection and quan titation of ~ ~ P - P I ~ P  was 

determincd by densitometry using a Molecular Dynamics PhosphorIrnager System. 

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

Myotubcs Brown in 10 cm-diarncter dishcs wcre incubatcd ovemight in media containing 

0.1 5% FBS followcd by incubation for 4 h in phosphate frec medium supplementcd with 0.5 % 
32 

BSA and containing Pi to a final conccntration of 250 pCi /ml. The cells wcrc rinsed 3 times 

with HBS containing 5 mM glucose and thcn wcre stimulated with the concentrations and for the 

limes indicated with insulin, vanadate and pV in the same huffer. At the end of the incubation the 

buffer was rapidly aspiratcd and 1 ml of ice-cold 2.4 M HCI was addcd io each dish. Thc cells 

were scraped and transferred to 5 ml polypropylene tubes. Ice-cold chlorofom (CHC13) ( lml) 



was added followed by 1.5 ml of CHC13/methanol (MeOH) ( 1/2 (vlv)). The sarnples were 

vortexed thoroughly and spun at 1500 rpm ai 4 OC for 5 min to separaie the oqanic and aqueous 

phase. The lower oganic phase was aspirated and the rcmaining aqueous phase was similarly 

extracted twice more and al1 3 lipid extracts were poaled and dried under nitrogen (N2). The 

dried Iipids were redissolved in 50 pl of CHC13/MeOH (1: 1. vlv), and then resolved by rhin 
32 

layer chromatography. P-labeled lipids were visualized by autoradiography, and dcacylated 

without elution from silica (C). The resulting glycerol phosphoinositol polyphosphatc species 

were separated by HPLC on a Whatman Partisphere 5 SAX 25 cm coIumn. Quantitation of 

rluting [I'P] was perfonned using a radioisotope flow detcctor (Beckrnan mode1 17 1 ). Retention 
3 

times have heen determined by cornparison with H standards of glycerol phosphoinositol 

polyphosphates and inositol polyphosphatcs. 

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 dos-dependent rnanner. In the set 

of experirncnts presented hhere, maximum stimulation rcached levels similar a lhat achicved with 

maximum insulin. (% of basal; lnsulin (100 nM), 178k5.892; vanadate (5 mM), 144k8.5 8; pV 

(100 yM) 17923.9 %) (Figure 6.1). 

To determine the role of PI 3-kinase, L6 myotuhes were exposed to 100 nM insulin (30 

min). 5mM vanadate or 100 pM pV (60 min). in the absence and prcsencc of 100 nM 

wortmannin which was added for 35 min pior to insulin and 5 min prior to vanadatc and pV so 

lhat the duration of wortmannin treatrnent was identical in al1 groups. Wortmannin significantly 

inhibited basal glucose transport to 58.6k2.0 B of control (p<0.00 1). as previously rcported 

(65). Thus the ability of the agents to stimulate glucose uptake in the prescnce of wortmannin 

was expressed as a percent of the basal transport in the pwsence of wortmannin. Stimulation of 



Figure 6.1 Effect of insulin, vanadate and pV on glucose transport in muscle 
cells 

Control Insulin Vanadate 

Vanadate and pV increased glucose transport into cells to levels similar io that reachcd hy insulin. 
Treatment of cells with vanadate (5 mM) or pervanadate ( 100 PM) for 90 min. with insulin (100 
nM) for 30 min. The resulu are the meanSE of 4-8 experiments perforrned in duplicate. ***. 
pc0.001 compared to untreated control. Basal 2-deoxyglucose uptake was 10.5 + 1.5 
pmoles/mg/min. 



glucose transport by insulin was inhibited by wortmannin (1 1725.3 95, NS compared to basal), 

while stimulation by vanadate ( 144.428.5 8. pcO.05) and pV (240.3B.2 %, pcO.0 1)  was not 

affected (Figure 6.2). It should be noted that higher concen~ations of wortmannin up to 1 pM 

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 rcsults suegested that in contrast to insulin, vanadate 

and pV are able to increase glucosc Uansport in L6 mux1c cclls independcnt of PI 3-kinasc. 

6.4.2. Wortmannin blocks in vitro PI 3-kinase activity 

To determine whethcr vanadate and pV wcrc in fact activating PI Il-kinase in myotubes 

and that any activation was blockcd by wortmannin, PI 3-kinase activity was measurcd in vitro 

in anti-phosphotyrosine immunoprecipitates. L6 myotubcs were trcated with 100 nM insulin, 5 

m M  vanadate or 100 pM pV for 15 min following which the cells were solubilized and total 

lysates were subjected to immunoprecipitations with anti-phosphotyrosine antibody and PI 3- 

kinase activity was mcasured as described in Mcthods. Insulin, vanadate and pV increüsed PI 3- 

kinase activity to a similar extent (2-2.5 fold compared to untrcatcd control). pV increüsed PI 3- 

kinase activity with a timc-coursc simiiar to ha& of insulin rcaching maximum lcvels within 5 min 

while activation by vanadatc was somewhat slowcr and maximum lcvcls wert: reachcd within 15 

min (data not shown). Preucatment with 100 nM wortmannin inhibiicd basal PI 3-kinasc activity 

and abolished the increase induccd by insulin and pV (Figurc 6.3). Wonmannin also abolished 

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

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

To confirm the validity of the results of the PI 3-kinase assays descrihed ahove, the 

effects of insulin. vanadate and pV on the PI 3-kinase activity jn situ was determincd by 

measurement of the synthesis of the lipid products. Serum deprived myotubes were labeled with 

3 2 ~  for 4 hours followed by stimulation with insulin, vanadate and pV in the absence and the 

presence of 100 nM wortmannin as  descrihcd ahove. Insulin, vanadatc and pV ail incrcascd ihc 
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Figure 6.2 Effect of wortmannin on iosulin, vanadate and pV stimulation of 
glucose transport in myotubes 

Basal 

Control lnsulin Vanadate 

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 pM) for 60 min and glucose transport was measured as described 
in Methods. The results are the meankSE of 3-4 experiments perfonned 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). (**. 
~ ~ 0 . 0 1  compared to control in the absence of wortmannin; ***, pe0.001 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. 



Figure 6.3 Effect of wortmannin on PI 3-kinase activity stimulated by insulin 
and pV 

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 PM, 15 min). Following, 
immunoprecipitations were performed with antiphosphotyrosine-spccilic antibody and PI 3- 
kinase activity was measured as descnbed in Methods. The piciure is from a TLC plaie of one of 
three experiments with similar results. 



levels of PI (3.4)-P2 and PI (3.4.5)-P3 (Figure 6.4). Wortmannin was effective in blocking the 

effect of al1 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 detccted 

v i t r ~  (Figure 6.3). 

6.4.4. Inhibition of MEK does not block glucose transport stimulation 

Insulin stimulates the activation of two major signalling püthways. the PI 3-kinase and 

the Ras-Raf-MEK-MAPK cascade (discussed in scction 1.2.2.3). Although most studies 

support the concept that metabolic actions of insulin. particularly glucose uptake an: mcdiated 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. Thc myotuhcs wcrc incubated with 10 pM PD 098059 for 1 h 

before and during stimulation with insulin (100 nM. 30 min) vanadate (5mM. 60 min) or pV 

(100 PM. 60 min). PD 098059 did not affect eithcr basal glucose transport or chc stimulation by 

insulin, vanadate or pV (Figure 6.5) suggesting that MAPK activation hy MEK is mit important 

in the signailing pafhway of any of the agents cxamined. 

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

I t  has been previously reported that acute activation of protein kinasc C (PKC) 

by phorbol myristate acetate (PMA) leads to an increasc in glucose uptake ( 1  77). To detenninc 

whether the mechanism of action of vanadate and pV to incrcase glucose transport involves 

PKC, the glucose transport rcsponse of the cells to insulin. vanadate and pV was examined after 

downregulalion of PKC or in the presence of PKC inhibitors. Acute exposure of L6 myotubes to 

1 pM PMA resulted in the stimulation of glucose transport (17 122.7 % of control) to levels 

similar to that of insulin ( l82k2.l 8 of control) (Figure 6.6). After chronic exposure (24 h )  to 

100 nM PMA to downregulate PKC (293) the cells werc washed and restirnulatcd with 1 PM 



Figure 6.4 Effect of wortmannin on insulin, vanadrte and pV stimulation of 
synthesis of lipid products 

wortmannin 

Basal 

lnsulin 

Vanadate 

a Pervanad ate 

Cells were 3'P phospholabelled followed by incubation with (+) or without (-) wortmannin (100 
nM) for 15 min and stimulation with insulin (IO0 nM) for 5 min, vanadatc (5 mM)  and 
pervanadate (100 PM) for 15 min. Lipids were extracted, separated and determined as described 
in the Methods. The resulis shown are from one of 3 experiments with similar results. Note that 
al1 three stimuli increased the levels of the phospholipids measured and that wortmannin 
prevented this increase. 



Figure 6.5 The MEK inhibitor PD 098059 does not affect insulin-, vanadate- 
or pV-stimulated glucose transport 

Control lnsulin Vanadate pV 

Cells were incubated without (open bars) or with (crosshatched bars) the MEK inhibitor PD 
098059 (10 ph4) for 1 h before their stimulation with insulin (100 nM, 30 min) vanadate (5mM, 
60 min) or pV (LOO PM, 60 min). The results are die mean+SE of 3 experiments performed in 
duplicate. (NS, nonsignificant; *, p<0.05; ***, p<O.OOl compared to unueated 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 

BI- 
Control lnsulin PMA 

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 Ihe cells were washed with HBS containing 
5 m M  glucose and stimulated with PMA ( 1  PM) or pV (100 PM) for 60 min or with insulin for 
30 min and glucose transport was measured as described in Methods. The results are the 
mean+SE of 3-4 experiments performed in duplicate. (NS, nonsignificant; ***, pc0.001 
compared to untreated conuol). Note that chronic PMA treatrnent abolished the acute PMA 
response of the cells while did not affect the rcsponse 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 contrat, the responscs of the cells to insulin as well as to pV (Figurc 6.6) and 

vanadatc (data not shown) werc not significantly altercd by PKC downregulation. In a second 

approach, L6 myotubes werc preincubated with the PKC inhibitors calphostin C (0.2 PM) for 30 

min or bisindolylmaleimide (BIM) ( 1  PM) for 60 min followcd by stimulation with insulin. 

vanadate or pV for 60 min. The PKC inhibitors did not dter glucose transport stimulation by any 

of the agents (Table 6.1). These data suggest that PKC does not play a significant rolc 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 nctwork has bren documented to inhibit 

insulin-stimulated glucose transport in L6 myotubcs ( 185). To examine whether an intact actin 

network is also required for glucose uptake stimulated by vanadate and pV. myotubcs were 

preincubated for 1 h in thc prescncc of 1 pM CD followcd by stimulation with the different 

agents for 1 h. CD abolished the insulin as wclI as the vanadate and pV stirnufütion of glucosc 

uptake (Figure 6.7) suggesting that the aciin network is important for the action of al1 ihese 

agents. 



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

glucose transport 

Treatrnent of the cells without and with the PKC inhibitors Calphostin C (CC) (0.2 PM) for 30 

min or bisindolylmaleimide (BIM) ( 1 PM) for 60 min was followed by addition of insulin ( 100 

nM), vanadate (5 mM), pV (100 PM) or PMA (100 nM) for 60 min before the glucose up-e 

assay. The results are the Mcan I SE of 3 separaie expcrirnents performed in  duplicü~c. (NS. 

non significant; *. pc0.05; **. pe0.01; ***. p 4 . 0 0  1; ND. not detennined). Notc that the 

response of the cells to insulin. vanadate and pervanadate was not affected by any of ihc PKC 

inhibiton used while the rcsponse to acute PMA treatment was abolished. 

Insulin 187.8kI 1.2*** 18 1.4212.5*** 182.8+1 0,7*** 

Vanadate 137.6+2.7* 154.1 +3.8** 134.4&2.6* 

Pervanada te 175.4+7*** 173.6&6.3*** 168.2 &5.4*** 

PMA 17 1+2.7*** ND 103.7+1.8 NS 
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Figure 6.7 Cytochalasin D inhibits insulin-, vanadate- and pV-stimulated 
glucose transport 

Control lnsulin Van 

Myotubes were incubated in the absence (open bars) or the prcsencc (crosshatched bars) of 1 pM 
Cytochalasin D (CD) for 1 hour before they were stimulated with insulin (100 nM). vanadate 
(5mM) or pV (100 PM) for 60 min. The results are the meankSE of 3 experimenls perfomed in 
duplicate. (NS, non signifiant; **, pc0.01; ***, pcO.001 compared to untreated conuol). Note 
that CD ueatrnent abolished the response of the cells to al1 stimuli used. 



It was shown in the study presented in Chapier 5 and it is confirmed here that vanadate 

and pV mimic insulin to stimulate glucose transport in cultured L6 skeletal muscle cells. The 

biochemical mechanism of this action was investigatcd in this chapter based on current 

knowledge of insulin signalling rnechanisms as well as other known stimuli of glucose transport. 

A cntical component of glucose transport stimulation by insulin immediately downsueam of the 

insulin receptor and its subsuate IRS- 1 is the enzyme PI 3-kinase (see 1.2.2.4). Pnor to these 

investigations. a study by Hadari et al (484). demonsuated that in vivo portal vein injection of 

pV activated PI 3-kinase in antiphosphotyrosine and anti- IRS-1 immunoprecipitates h m  liver 

homogenates. Howcvcr, thcre was no corrclation of this activation with any insulin-like 

biwffect. The data of the prcscnt study demonstrate that vanadate and pV both activate PI 3- 

kinase in L6 myotubes. Howcver, in contrast to insulin, inhibition of this enzymatic üctivity with 

wortrnannin did not abrogate the stimulation of glucose transport. This failure of action of 

wortrnannin could not be atuihuted to lack of  inhibition of PI 3-kinase activity sincc this activity 

in antiphosphotyrosine immunoprecipitates was similarl y inhibi ted aftrr insulin. vanadak and pV 

stimulation. Furthcrmore, the incorporation of 32P in intact cclls into the PI 3-kinase lipid 

products. PI(3.4.5)P3 and PI(3.4) P2 was also sirnilarly inhibited after stimulation hy al1 of 

these agents. The data strongly suggest that PI 3-kinase is not required for the stimulation of 

glucose transport by the insulin-mimctic agents vanadate and pV. 

In an attempt to define the mcchanisrn of signalling by vanadate and pV, the potentiai 

role of the family of PKC is(wnzymes was examined. Ths diacylglycerol analog. PMA (phorhol 

myrislate acetate) activates PKC and stimulates glucose uptake in bath insulin targct tissues kt 

and muscle (177.180.18 1). Furthemore. alihough phospholipase C (PLC) which cm çlcave 

phosphntidylinositol4.5 bisphosphate (PIP2) into IP3 and DAG may not be activatcd hy insulin. 

PLC y is activated by tyrosine phosphorylation of othcr growth factor receptors, e.g. PDGF and 

EGF. Thus, since PTP inhibition by vanadate and pV is not specitïc. it  is conccivable that 

tyrosinc phosphorylation of other receptors or even nonreceptor tyrosine kinases (446) may 



result in the generation of DAG and activation of PKC. The data show that depletion of PKC by 

chronic preincubation with a high concentration or PMA as well as inhibition of PKCs hy two 

different pharmacological agents failed to block vrinzidatc and pV stimulatcd glucose transport. Ar 

the same time PMA stimulation was completely abrogated. Thus, it appears that PKC is not the 

altemate signalling rnechanism 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 Lhat activation of the Ras-MAPK pathway may lead 

to stimulation of glucose transport ( 17 1). Thus. it is possible that vanadium compounds may 

activate the Ras-MAPK pathway to incrcase glucose transport. The inability of the MEK 

inhibitor PD 098059 io block the vanadate- and pV-stimulation of glucose transport suggcsted 

that signalling events acting upstream and including MEK are probably not involvcd in the 

mechanisrn of action of thesc agents. However, in preliminary experiments it was Iound that 

while blocking MAPK tyrosine phosphorylaiion a k r  insulin stimulation. the MEK inhibitor 

does not completely inhibit vanadate and pV stimulation of MAPK iyrosinc phosphorylaiion 

(data not shown). This suggests that vanadatc and pV may activatc MAPK at lcast in part via 

inhibition of a MAPK specific phosphatase. Thus although MAPK activation by insulin has not 

been associatcd with glucose transport stimulation funhcr studies are required to dcfinitively 

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 vansport by hoth insulin ( 136.138) and vanadate (452). Thc hypothcsis 

that glucose transporter movement may rely on rclativcly close, if not direct, interaction ktween 

aciin filaments and the GLUTs aalo suggcsis that the site of this interaction is downstream of PI 

3-kinase. Indeed, it WLS shown that the actin-hinding protein spccuin is localized on the GLUT4 

glucose transporter vesicle (185). The resul~s prcscntcd hcre suppon this concept. Disrupiion of 

the actin nctwork by cytochalasin D (CD) blocked glucose transport stimulation by insulin as 

well as by vanadate and pV. 



A previous study showed that wortmannin partially inhibited (by 6 0 4 )  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 rcsult in an 

overestimation of the extent of inhibition. The inhibition of basal glucose transport by 

wortmannin has been documentcd (65). While this study was underway another report appeared 

which, similar to the data presented hcre, found lhat in 3T3-LI adipocytes wortmannin did not 

inhibit pV stimulated glucose transport whilc PI 3-kinase activation was blockcd (486). 

Interestingly, a nonspecific inhibitor of tyrosine kinases combined with wortmannin did bla-k 

the pV stirnulated 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 recepior. 

Shishcva and Shcchtcr have prcviously dcmonsuatcd the activation of a 54 kDa cytosolic 

tyrosine kinasc (cyt PTK) in rat adipocytcs hy vanadate (446). Seleclivc inhibition of this cyt 

PTK by staurosporine, resulted in inhibition of several biological cffccts but these did not 

include glucose transport (446). Thus. thc tyrosine kinasc involved in  glucose transport 

stimulation by vanadatc and pV rcmains to he identitied. 

6.4. CONCLUSIONS 

In conclusion, the data prescnted in this chapter show that a signal transduction 

mechanism exists by which vanadaie and pV can activaie the molecules involvcd in glucose 

transport stim ulation downsiream of PI 3-kinase. Since these sipnalling ste ps Ieading to the 

stimulation of glucox transport rcmain to be idcntified, future studies may be designed utilizing 

vanadate and pV as probes io invcstigate this mcchanism. Funhennorc, the detïnition of  such a 

"bypass" pathway is extrcmcly important for our understanding of glucose transport regulation in 

disease States. The design of novel therapies to activate such a pathway in the race of insulin 

resistance such as in  type II diahetes mellitus. should k a worihwhile goal. 



CHAPTER 7 

OVERALL DISCUSSION 



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 mulriple 

levels and correct the abnormalities. Sulfonylurer drugs have becn used for many ycÿrs to trcat 

type II diabetes and more rcccntly the protein tyrosine phosphatase inhibitors vanüdütc and 

pervanadate have been shown to have insulin-like effects to lower blood glucose lcvcls. Thc goal 

of the studies presented here was to understand thc mechanism by which thesc agents exert thcir 

hypoglycemic effects and to determine any other effects that these agents may excrt 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 lhis 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 thc mechanisms of insulin action as well as 

the action of other hormonal stimuli and pharmacolqical agents. 

The specific objectives of the studies prcscntcd hcre were to examine the effccts of the 

sulfonylurca dmgs and vanadium compounds on musclc cclls and invcstigatc thcir mcchünisms 

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-pancrcatic 

actions. this issue is still controversiûl. Furthemore. new sulfonylurea compounds used to treat 

diabetes patients may have different or modificd properties compared to the existing agents. In 

the work presented in Chapter 3. the action of gliclazide, a new sulfonylurea, was examincd and 



compared to that of glyburide. It was found that both agents increaxd glucose uptake into L6 

cells to levels similar to those observed with acute insulin stimulation. However, gliclazide and 

gly buride required longer (c hronic) incubation times (compared wi th insulin) in order to observe 

an effect. Sulfonylurea action to increase glucose upoke 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 revcaled 

that total GLUTl glucose transporter content as well as plasma membrane (PM) levels of the 

GLUTl glucose transporter were increased. The total content and plasma membrane levels of the 

GLUT3 and GLUT4 glucose transporters did noi incrcase significantly. Furthermore, the 

intemal membrane glucosc trmspomr levels wcn: not changed suggesting that thc stimulation of 

glucose uptake by gliclazide and glyburide is not associaicd with a redistribution but rather an 

increase in total membrane content and PM level of GLUT 1 which was indcpcndent of protcin 

synthesis. Thesc data suggest a novel action of sulfonylureas io stabilizc ihe GLUTl protcin a[ 

the plasma mcmbrane. Thc stahili7ation of transporters would indicate an inhibition of GLUTl 

degradation. As discussed in  section 3.5, other possibilities such as a decrease of GLUTl 

intcmalization or an increase in its rccycling may also play a role in elevation OC GLUTl levcls 

observed with sulfonylurcas. Scveral expimental approaches c m  be used in the future to 

distinguish between these possibilities. The possibility that there is an inhibition of GLUTl 

degradation by sulfonylurcas could be dircctly icstcd by labeling studies. Pulse-chase 

experiments using 35 S-methionine could be performcd in which the cells arc incuhated first with 

35 S-methionine allowing cnough time for the radioactivity to be incorporated inta protcins and 

then chasing with non-radioactive mcthioninc and examining thc rate of the disappcarancc of 

radioactivity. This corresponds to the rate or the turnover OC proteins. Specific anti-GLUT1 

antibodies could be used for immunaprecipitations to examine thc turnover rate of this 

transporter. It is intercsting that the increase in GLUTl was observed in thc PM but not in  IM 

fraction. It is not known whether GLUTI may enter a dgndative cornpartment directly from thc 

PM (pathway la in Figure 7.1 ). Thus inhibition of GLUTl degradation may suggest an action of 

sulfonylureas at sites la, I b or 2 in Figure 7.1. It is possible that GLUTl cnters thc IM 



Figure 7.1 Possible sites of action of sulfonylureas in L6 muscle cells to 

effect GL UT1 stabilization at the plasma membrane. 

GLUT 1 
glucose transporters 

- potentiation 

, inhibition 

The differeni sites of action of sulfonylureas to increas plasma membrane GLUTl levels are 
shown here and discussed in dctail in the text. 



compartment frst via pathway lb and from there is targeted to either a degradative (pathway 2) 

or recycling compartment (pathway 3). Since sulfonylurea treatment did not affect IM GLUT 1 

content an inhibition of degradation would be associated in this circumstance with a 

cornpensatory increase in recycling of the additional GLUTl to the PM (pathway 3, Figure 7.1). 

An inhibition of GLUTl 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 intemalùation takes place. Such 

measurements could be achieved using specific photoaffmity reagents that only label plasma 

membrane glucose transporters. Membrane fractionation and irnmunoprecipitation with specific 

GLUTl 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 GLUTl 

takes place with sulfonylureas, labeling of plasma membrane GLUT1 should be done. The cells 

are then incubated for 60-120 min to allow intemalization of the iabeled transporters. This is 

followed by trypsinization which removes ce11 surface proteins including the labeled GLUT 1. 

The ceIls are then reincubated to allow labeled GLUTl from the interna1 membranes to reappear 

on the PM, which can be quantified by ce11 fractionation and irnmunoprecipitation of GLUT1. 

Thc 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 

sirnilar increase in basal glucose transport which is also associated with an increase in GLUTL 

levels. However, the insulin effect is dependent on protein synthesis (334). AIthough al1 these 

studies were performed in cultured cells, it is possible that similar events rnay 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 GLUTZ 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 GLUTl is not known. It is not 

clear whether the recently cloned sulfonylurea receptor is expressed in L6 cells. In prelirninary 

expenments cromakalim, an activator of ATP-sensitive K+ channels did not block these effects 



of gliclazide and glybunde suggesting anothcr mechanism of sulfonylurea action. Some studies 

have suggested that sulfonylureas may act on peripheral tissues hy activation of PKC 

(293,295,299). However, (in preliminary experiments) the sulConylurea effect on glucose uptakc 

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 bc donc in this area. Nevenhelcss. the siudics 

presented here support the concept that thcre is a direct peripheral (extrapancrcatic) action of 

sulfonylureas. It  has becn cxcecdingly difficult to addrcss this issue in vivo bccause of the 

multiple hormonal and mctabolic changes causcd by sulfonylureas. Moreovcr. thc lack of 

peripheral effects in Type I diabetes does not nccessarily indicate an absence of cffect in Type II. 

since the latter is chanc terized by a unique pathophysiolog y associated wi th insulin resistance. 

A better understanding of the mcchanism of action of these agents will contribute to the 

development of ncw and betkr thenpies for NIDDM. 

Effecîs of vanadate and pervanadate in muscle cells that are not similar to those 

of insulin. 

Vanadium compounds have bccn extrcmcly uscful a s  probes of  enzyme suucture and 

function and of the role of tyrosine phosphorylation in ccllular signalling. Thc ahility of these 

agents ta mimic insulin and enhance its mctabolic actions jn vitro and in vivo with relatively k w  

adverse effects has sparked in~rcs t  in thcir potcntial as pharmücological agents. 

The work presented in Chapter 5 shows that the protcin tyrosine phosphaiüsc inhibitors 

vanadate and peroxide of vanadate (pV). similar to insulin. stimulatcd glucose transport. 

However. while insulin stimulatcd MeAlB (a nonmetabolizable analog of system A amino acid 

transport) up take vanadate and pV inhibited basal and insulin-stimulated Me AIB u ptake. 

Furthermore. vanadate complctely hlocked insulin-stimulated MeAIB uptake in rat hepatoma 

cells. Kinetic analysis revcülcd that thc inhihitory effcct on basal McAIB up takc was assaciatcd 

with an increase in Km and a small dccrcasc in Vm,, whilc the insulin-stimulatcd increase in  

V,,, was completely inhibited. Ouahain, an inhibitor of Na+/K+ ATPase, did not inhibit 



MeAIB uptake and the inhibition &y vanadate and pV was not blocked by cyclohexirnide. Amino 

acid deprivation resulted in stimulation of MeAIB uptake which was aiso 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 mechanisrns may k responsible. 

It is not possible from the data generated in ihis study to determine the precise mechanism. 

however the relative potency of vanadate cornpared with pervanadak. the lack of rcquirement of 

protein synthesis or inhibition of Na+/K+ ATPase are al1 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 cffects of these agents unrelatcd to insulin 

and even opposite to those of insulin may be mediated by a similar mechanism. e.i. inhibition or 

PTPs. The lack of speciiïcity of the compounds as PTP inhibitors and the large numher of PTPs 

which are involved in different cellular processes make this a likely possibility. Also diflérent 

PTPs may have different sensitivities to inhibition hy vanadium compounds and therefore the 

dosc-rcsponse of a certain hioerfcct measurcd will dcpcnd on the panicular PTPs involved. This 

difference in  sensitivity of thc different PTPs may cxplain why pcrvanadate at concrnbations 

(10 pM)that stimulated glucose transport did not inhihit  amino ücid transport. Using these 

compounds as prohcs one cannot bc more precisc as to thc specitic PTP involved. Thus. Curther 

work is requircd io investigate directiy the role of a PTP in mediating thcse actions. An example 

of such a research direction could be to investigate the SH2 domain-containing PTP S H P Z Y P  

which has been demonstratcd to bind to tyrosine phosphorylated IRS- 1 and to bc activatcd upon 

insulin signalling (397.398). Several studies suggest that SHP2 is requircd for  the mitogenic 

action of insulin (398) but no studics to date have investigated its rolc in amino acid uptake or 

protein metabolism. It is of interest that preliminary experiments showed that vanadatc and 

pervanadate also in hibit insulin's mitogenic ac tion. Insulin- and FBS-stirnulated ce11 

proliferation. asscsscd by thymidine incorporation. were al1 inhibited by vanadatc in L6 

myoblasts (data nat shown). Thcrcforc. apart from amino acid transport thymidine incorporation 
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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 anothcr 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 studics will he requircd to dctermine 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 extcnt 

similar to that of insulin their mechanism of signal transduction is not clearly detincd. 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 noi chat 

stimulated by vanadate or pV. Stimulation of PI3-kinase. detected in anti-phosphotyrosinc 

immunoprecipitates. was hlocked by wortmannin alter al1 thrcc stimuli. Furthermorc. 

wortmannin blocked thc jn vivo incrcasc of thc PI 3-kinase lipid products P1(3,4,5)P3 and 

PI(3.4)P2. in response to insulin, vanadate and pV. Taken topether. the data suggest that 

vanadate and pV increase glucose uptakc in muscle cells by a mechanism that is indepcndcnt 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 downrcgulation by chronic incubation of thc 

cells with PMA, as well as inhibition of PKCs by two different pharmacologie agents did not 

block the action of vanadatc and pV on glucosc transport. Therclim. PKC appcars not to he 

involved in the mechanism of action of these agents. 

In the scarch for targcls of action of vanadate and pV novel signalling molecules and 

pathways have to bc considercd. Recently. a scrine/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 andfor 
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 defmed. 
It is proposed that vanadate may stimulate glucose transport via altemate 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 rnechanisrns which do not involve PI 
3-kinase. The moiecuiar components of the "bypass" pathways a,b. and c remain to be defmed. 
Insulin resistance caused by defects at sites proximal to the point of convergence (?) may be 
overcome by vanadium compounds and novel dmgs may be designed to stimulate these 
pathways. 



as AktlRaclPKB which appears to be activated by insulin through serlthr 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 ihis 

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. Thercfore, 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 

antixnse. 

The role of the Ras-MAPK pathway in mediating the effects o f  vanadium cornpounds on 

glucose transport needs to be further investigatcd. As shown in chapter 6 Ihe MEK inhihitor did 

not block stimulation of glucose transport hy vanadate and pV. I t  should he notcd that the 

inhibition is specitïc for MKK 1 (MAPK kinase I ) but only inhibit MKK2 at higher concenualion 

and does not inhibit the othcr MKKs (Park Davis. product information). As discussed in  Chapter 

6, vanadate and pV may stimulate MAPK activation via inhibition of a MAPK specilïc 

phosphatase. MKP- 1 is a dual specifici ty phosphatasc, which is sensi tive to vanadatc, and waî 

initially thought to specifically dephosphorylatc MAPK (sec 4.8.4.2). Howcvcr, a novcl dual- 

specificity phosphatase Pyst 1, has highcr spccificity for MAPK than MKP-1 (487). It is 

therefore possible that vanadatc and pV exen a stimulatory effect on glucose transport via 

stimulation of MAPK mcdiatcd by the inhibition of such a phosphatase. Thus, thc studies 

prescntcd here do not nile out a contribution hy MAPK to vanadium compound mcdiatcd glucose 

uansport. One way of investigating this possihility would bc to usc antiscnsc stratepy to knock 

out MAPK and then examine the ef'rects of vanadatc and pV. 

The MAPK family has been expanded rcccntly with ncw isoforms which includc the 

stress activated protein kinases (SAPKs). aiso known as c-Jun N-terminal kinases (JNKs), and 

the p38/HOG1 MAPK (488,489) that arc activated in cells in  response to cytokines and stress 

stimuli such as UV irradiation and hypcrosmotic shock. A novel sücss- and mitogcn-activated 



signalling pathway is currently k ing  elucidatcd which appears to lead to SAPWJNK and p38 

MAPK activation through the activation of the srnaIl GTP binding proteins of the Ras lamily. 

Rac and Cdc42. It has ken  suggested that Ras stands upstream of Rac and Cdc42 in the growth 

factor activated signalling pathways (19 1,490). In the GTP bound form Rac and Cdc42 activate 

a farnily of serinelthreonine kinases known as p2 1-activated kinases (PAKs) which lead to the 

activation of SAPK/JNK 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 hecn shown to 

induce JNK and p38 MAPK activation in Rat 1 fibroblasis overcxpressing insulin receptors 

(490) and phosphorylation in L6 myotubes (493). respectively. Although the exact role of JNK 

and p38 MAPK in the insulin signalling cascade and insulin action is presently not clcar, it is 

possible that these enzymes rnay participatc in vanadak and pV signalling. Future studics should 

address the role of stress-activated kinases in the vanadatc-induced rnetabolic and mitogcnic 

actions. 

Previous studies (185) and thc data prcwnted in Chapter 6 show that the cellular actin 

network is involved in both the insulin and the vanadaie and pV stimulütion of glucose transport. 

It is possible that the actin network is the point of convergence of various signalling pathways 

activated by diffcrent stimuli leading to glucose ûansportcr recruicment to the plasma membrane. 

Presently, it is not clear whether the actin nctwork facilitates a signalling or a mcmbrane uaffic 

cvcnt in the regulation of glucose transport. Furthermore, it would be interesting to examine in 

the future the role of other cytoskeletal elements such a s  the tubulin nctwork of the cells andof 

other cytoskeletal proteins in the vanadate- and pV-mediated eflects. 

One question raiscd from thesc studics is whcther the insulin rcceptor kinase is involved 

in the mechanism of action of vanadate and pV. Whilc there is evidcncc suggcsting that pV acts 

through the insulin receptor (382) this is not clcar for vanadate. Also it is not known whcthcr the 

immediate substrates of the insulin receptor, such as IRS-l/IRS-2 an: involved in the mcchanism 

of action of vanadate and pV. Therefore, future siudies should address thcsc questions carefully 

and specifically by using cells lacking insulin receptor andlor IRS molecules. Also the 



involvement of tyrosine kinases odier than the insulin receptor should be investigated. Allhough 

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 pervanadatc cm correct the hyperglycemia observed in 

MDDM and this may be achieved by a rnechanism that can "bypass" certain steps which an: key 

elements in insulin signülling (Figurc 7.2). Delèc~s in NIDDM may occur at thcsc or ather 

upstream steps and therefon: having agents thüt clin hypass these defccts providcs a solution to 

optimize metabolic control. 

An increaîed understanding of the molecular mechanisms by which vanadate exerts its 

actions is required. This will not only betkr define the potcntial use of these agents for particular 

patients but also e lucidate novel signalling pathways to metabolic func tions. Ph ysiological 

studies of vanadate effects on protein metabolism, an important component of insulin action, an: 

lacking. Additional studies are also needcd to document the putative inhihitory effects on ce11 

growth and prolikration jn vivo. Cornparcd with insulin and IGF- 1, vanadate could prcsent an 

augmented ratio of metabolic to mitogcnic stimulation. At ihis point the utility of thcse agents 

appears to be most promising for insulin rcsistant subjccts with foms of Type II diabetes. 
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