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ABSTRACT 

Although the activation of muscle glycogen synthase by insulin was 

recognized 40 years ago (Villar-Palasi and Larner 1960), the molecular 

mechanisms of this insulin effect are still unclear. In the present study, we 

examined the in vivo effects of insulin and vanadium treatment on glycogen 

synthase (GS) activation in two animal models of diabetes. Wistar rats with 

streptozotocin (STZ)-induced (60 mgfkg i. v.) diabetes were used as an animal 

model of poorly controlled type 1 diabetes, while Zucker fatty rats were used as a 

model of the prediabetic state of type 2 diabetes. 

The GS fractional activity (GSFA). as well as the activity of its two 

proposed upstream regulating enzymes in the insulin-signaling cascade. 

glycogen synthase kinase-3 (GSK-3) and protein phosphatase-1 (PPI), were 

determined in control and STZ-diabetic rats with either short-term (4-week) or 

long-term (7- or 9-week) diabetes following vanadium treatment, which started 

one week after STZ-injection . Treated Wistar rats received either 

bis(maltolato)oxovanadiurn (IV) (BMOV) or bis(ethylmaltolato)oxovanadium (IV) 

(BEOV) at a final dose of 0.3-0.4 rnrnol/kg/day administered in drinking water. 

The Zucker rats were treated with the same dose of BMOV for 3 or 1 G weeks. 

Treated animals were euglycemic at the time of termination. The skeletal 

muscle, Iiver and heart were removed quickly either before or following an insulin 

injection (5 Ufkg i. v.). freeze-clamped, powdered using liquid nitrogen and 

homogenized. Neither diabetes, nor vanadium or insulin in vivo treatment 
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affected GSK-3P activity in STZ-diabetic rats skeletal muscle, liver, and hem, nor 

in the Zucker fatty rat muscle as compared to controls. 

In skeletal muscle no difference in basal GSFA between either short- or 

long-terni STZ-diabetic rats and their age-matched controls was shown. 

Foilowing insulin stimulation in the short-term STZ-diabetic rats muscle GSFA 

was increased, while in the long-term diabetic rats it rernained unchanged. 

Taken together with plasma glucose Levels, these data suggest that STZ-diabetic 

rats become refractory to the effects of insulin on GS activity after a longer 

duration of diabetes. PP1 activity in skeletal muscle was increased by diabetes 

and returned to normal by vanadium treatment. However, this treatment did not 

stimulate GSFA in the skeletal muscle of STZ-diabetic animals. Interestingly, in 

the liver from long-term STZ-diabetic rats, the activities of both total and active 

GS were decreased compared to controls, and then restored by vanadium 

treatment, suggesting a tissue specific regulation of glycogen synthesis. 

Importantly, in the Zucker fatty rats vanadium treatment improved insulin 

sensitivity and mimicked insulin effects on GSFA and PP1 activity in skeletal 

muscle of fatty rats. Furthemore, insulin-stimulated PP1 activity in skeletal 

muscle of fatty rats was restored by vanadium treatment. 

In conclusion, the observed glucoregulatory effect of vanadium treatment 

in STZ-diabetic rats may be related, at least in part, to the regulation of hepatic 

glycogen synthesis. The discordance between GS and PP1 activity in skeletal 

muscle of two different animal models of diabetes may imply the involvernent of 

alternative signaling pathways in the regulation of glycogen synthesis. 
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1. INTRODUCTION 

i .l. PHYSIOLOGICAL FUNCTIONS OF INSULIN 

In rnammals, insulin is the principal hormone controlling biood glucose 

levels by stimulating glucose influx and metabolism in muscles and adipocytes, 

and by inhibiting gluconeogenesis in the liver (Kahn and Weir 1994, Moule and 

Denton 1997). lnsulin is synthesized, stored and secreted by the fbcells of the 

pancreatic islets in a highly regulated manner. Skeletal and cardiac muscle, liver 

and fat are the most important target tissues for the metabolic effects of insulin. 

In addition to its primary effects on glucose homeostasis, insulin influences other 

cellular events including regulation of ion and amino acid transport, lipid 

metabolism, glycogen synthesis, gene transcription, protein synthesis and 

degradation, and DNA synthesis (Kahn and Weir 1994). lnsulin has an important 

role in the regulation of the translation process in protein synthesis and several 

initiation and elongation factors are regulated by this hormone (Moule and 

Denton 1997). Furthermore, insulin inhibits catabolic processes evoked by 

counterregulatory hormones including the breakdown of glycogen, protein and 

triglycerides, as well as fatty acid oxidation and ketone body formation. 

Generally, these physiological effects of insulin are regulated by combination of 

acute and long-term mechanisms. The rapid mechanisms occur within minutes 

and involve the translocation of glucose transporters to the plasma membrane 

and modulation of the activity of key metabolic enzymes by 

phosphorylation/dephosphorylation. The long-term mechanisms include 



alterations in the expression of various genes that encode the metabolic 

enzymes and transporten, as well as DNA synthesis, cell proliferation and ceil 

differentiation, which can take hours after insulin stimulation (Denton and Tavare 

1992). Therefore, insulin plays a key role in the normal storage of ingested fuels 

and in normal cellular growth and differentiation. The main focus of this study is 

the regulation of glycogen metabolism by insulin and this wiIl be described in 

more detail later in this chapter. 

1.2. INSULIN RECEPTOR AND POST-RECEPTOR SIGNALING 

PATHWAYS 

Changes in cell physiology are al1 initiated when insulin binds to and 

activates its cell surface receptor. Only a small number of receptors (less than 

10% of the total amount) are occupied when insulin expresses its maximum 

effects. The insulin receptor belongs to a class of catalytic cell surface receptors 

which are transmembrane proteins with intrinsic tyrosine kinase activity. The 

insulin receptor was among the first peptide receptors to be identified by ligand 

binding and its subunit structure was described early in modern receptor biology 

(Massague et al. 1980). This receptor is a heterotetrarneric glycoprotein cornplex 

(350,000 MW) consisting of two a- and two P-subunits linked by disulfide bonds. 

The a-subunit is entirely located extracellularly and contains the insulin-binding 

site. The f3-subunit is a transmembrane protein (Van Obberghen et al. 1981) and 

its intracellular portion possesses tyrosine protein kinase activity (Kasuga et al. 

1983). When insulin binds to the receptor, the P-subunit tyrosine kinase is 



activated, resulting in autophosphorylation of tyrosine residues in several regions 

of the intracellular P-subunit and activation of intracellular signaling. Following 

interaction with insulin, the receptors aggregate into clusters and subsequently 

the insulin-receptor complexes are rapidly internalized in vesicles. Several 

mechanisms operate in the endosomal system to modulate and deactivate the 

internalized insulin receptor, including degradation of internalized insulin by a 

specific endosomal protease (termed endosomal acidic insulinase) (Authier et al. 

1996), deactivation of the insulin receptor secondary to a pH-dependent 

conformational change in the cc-subunit, and dephosphorylation and inactivation 

of the activated receptor by its associated phosphotyrosine phosphatase (PTP) 

(Drake and Posner 1998). Recently, a role of internalized insulin in the 

cytoplasrn where it may affect nuclear processes, including gene expression, has 

been reviewed (Smith et al- 1997). 

Explication of the linkage between activation of the receptor tyrosine 

kinase and regulation of the activities of the threoninekerine kinases and 

phosphatases that control the final targets of insulin action is crucial for the 

understanding of the mechanisms of the insulin action (Scheme 1). After 

activation of receptor tyrosine kinase, the receptor catalyzes phosphorylation of 

intracellular substrate proteins. Insulin receptor substrate-1 (IRS-1) was the first 

docking protein identified whi te et al. 1985), and is phosphorylated on multiple 

tyrosine sites following insulin stimulation (Sun et al. 1993). Since discovery of 

IRS-1, five other proteins from the insulin receptor substrate family have been 
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Scheme 1. The major insulin signaling pathways involved in the regulation of 

glucose transport, glycogen synthesis, mitogenesis, and protein synthesis by insulin. 



identified, including IRS-2 (Sun et al. i995), IRS-3 (Lavan et al. 1997b, Srnith- 

Hall et al. 1997), IRS4 (Lavan et al. 1997a), Grb2-associated binder-1 (Gab-1) 

(Holgado-Madruga et al. 1996), and ~ 6 2 ~ ' ~  (Yamanashi and Baltimore 1997). 

Gab-1 is intensively phosphorylated by the epidermal growth factor receptor, but 

poorly by the insulin receptor (Holgado-Madruga et al. 1996). The rote of ~ 6 2 ~ ' ~  

in insulin signaling is still not defined and, since it does not have any putative PI- 

3 kinase binding sites, it is probably not involved in the metabolic effects of 

insulin (Virkamaki et al. 1999). 

Although no enzymatic activity has been found associated with the IRS- 

proteins, their primary structure is unique for multiple sites capable of interaction 

with other proteins. Two dornains, a phosphotyrosine-binding (PTB) and 

probably NH2-terminal pleckstrin homology (PH) dornain, are responsible for 

IRS coupling to the insulin receptor (Myers et al. 1995). The PTB dornain is a 

recently identified protein module composed of about 150 amino acids which 

binds to phosphotyrosine, as indicated by its name (Kavanaugh and Williams 

1994, Blaikie et al. 1994). The PH domain is an independent protein module of 

-120 amino acids that is homologous to two regions of pleckstrin, the major 

protein kinase C (PKC) substrate in platelets (Haslam et al. 1993, Mayer et al. 

1993). Interestingly, about 1 10 different proteins involved in signaling and 

cytoskeletal organization contain PH domain and al1 proteins containing this 

domain have a functional requirement for membrane association (Lemmon et al. 

1996). Multiple phosphorylation sites that are located in the C-terminal region of 

IRS-proteins lie within motifs that bind adaptor proteins possessing Src 



homology-2 (SH2) domains. The SH2 domain functions as phosphotyrosine 

binding module (Pawson 1995) and it has been discovered recently that proteins 

can also bind directly to the autophosphorylated insulin receptor through their 

SHI domains, opening new areas for investigation (Liu and Roth 1998). Other 

important characteristics of the IRS proteins are the existence of proline-rich 

sequences that bind SH3 domains, and the presence of serinelthreonine-rich 

regions (White 1998). 

Src homologyla-collagen protein (Shc), which has three isoforms (Pelicci 

et al. 1992), represents an additional substrate for the insulin receptor tyrosine 

kinase (Kovacina and Roth 1993). Similar to IRS docking proteins, Shc proteins 

lack any known catalytic activity and interact with SH2 domain-containing 

proteins through their tyrosine phosphorylation sites. Shc and IRS-proteins 

compete for the same binding site in the intracellular juxtamembrane domain of 

the insulin receptor (Kaburagi et al. 1995, lsakoff et al. 1995). However, 

compared with other growth factor stimuli, insulin is a weak stimulator of Shc 

tyrosine phosphorylation Wirkamaki et al. 1999). It is now believed that Shc has 

a role in activation of a RaslMAPK pathway and stimulation of the mitogenic 

signaling pathway (Pelicci et al. 1992). 

Recently, one more SH2 domain protein, terrned Grb-IR, has been 

discovered. Grb-IR may translocate from the cytosol to the plasma membrane 

and bind directly to the tyrosine-phosphorylated insulin receptor (Liu and Roth 

1995). The function of this protein is stitl not clear and it is not known whether it 



acts solely as an inhibitor of insutin receptor or whether its interaction with the 

insulin receptor has distinct cellular effects (Virkamaki et al. 1999). 

One of the SH2 dornain-containing proteins that docks with IRS is a small 

cytosolic adapter protein, terrned growth factor receptor binding protein-2 (Grb- 

2). Grb-2 also contains an SH3 binding motif and via interaction with proline-rich 

domains binds SOS protein (rnarnmalian homologue of the Drosophila son-of- 

sevenless protein), a guanosine diphosphate/guanosine triphosphate (GDPIGTP) 

exchange factor, resulting in activation of the rat sarcoma protein (Ras) regulated 

signaling pathway. SOS facilitates GTP activation of Ras, which then complexes 

with and activates Raf-1 kinase, leading to phosphorylation of one or more 

protein kinases activating a cascade of serinelthreonine kinases and 

phosphatases (Hunter and Garvey 1998). 

One of the protein kinases that is activated by Raf-1 is mitogen-activated 

protein kinase (MAPK). Phosphorylation and activation of MAPK pathway results 

in the phosphorylation of p90 ribosomal S6 kinase (p90 rsk), phospholipase A2 

(PLA2), and many transcription factors including the ternary cornplex factor 

~ 6 2 ~ ' ~  (Fingar and Birnbaum 1994, Gille et al. 1992). The MAP kinase pathway 

is not involved in the stimulation of glucose transport (Hausdorff et al. 1994) and 

the role of this pathway in the metabolic responses of insulin is not considered as 

crucial. This pathway is now believed to be rnainly responsible for the regulation 

of mitogenic and growth-promoting effects of insulin (Hunter and Garvey 1998). 

The insulin signaling mechanism that has been shown to mediate the final 

metabolic effects of insulin starts with the activation of the phosphatidylinositide-3 



kinase (PI-3K). Many cellular effects of insulin, induding glucose uptake, 

antilipolysis, stimulation of fatty acid synthesis, activation of acetyl CoA- 

carboxylase, glycogen synthase, protein kinase B (PKB), inhibition of glycogen 

synthase kinase-3 (GSK-3), and stimulation of protein and DNA synthesis, 

involve activation of PI-3K (Alessi and Downes 1998). Gene-targeting studies 

support an essential role of PI-3K in glucose transport and glucose homeostasis 

in vivo (Terauchi et al. 1998). PI-3 kinase catalyzes the phosphorylation of 

phosphoinositides at the D3 position of the inositol ring. This enzyme is a 

heterodimer consisting of a p85 regulatory subunit and a p l  10 catalytic subunit 

and its activation represents one of the earliest steps in the insulin signal 

transduction cascade. IRS docking proteins strongly interact via the SH2 domain 

with the p85 regulatory subunit of PI-3K, resulting in activation of its catalytic 

subunit and an increase in the levels of phosphoinositides, PI-3-P, PI-3,4-Pz. and 

PI-3,4,5-P3, in plasma membrane glycolipids. Phospholipase C (PLC) may also 

participate in the release of the PI-moiety and may be activated through an IRS- 

independent mechanism (Stralfors 1997). The proximal targets for the D3 

phosphoinositides involve 3-phosphoinositide-dependent kinases, PDKl and 

PDKL which are able to phosphorylate threonine 308 (T308) and serine 473 

(S473) in PKB, respectively, representing the most critical sites for full activation 

of PUB (Kandel and Hay 1999). When PKB was s h o w  to be a direct 

downstream effector of Pl-3K (Burgering and Coffer 1995, Franke et al. 1995) 

and GSK-3 was identified as a PKB target (Cross et al. 1995), the current mode1 

for insulin signaling in which PKB plays the key role was established. 



Several enzymes, other than PKB, appear to also carry the signal initiated 

by PI-3K activation, including the ribosomal p70 S6 kinase and atypical PKCs, 

which have been implicated in various insulin responses. It was shown that the 

carboxy-terminus reg ion of PKC-retated kinase (PRK2) interacts with PDKl 

(termed PDKI-interacting fragment), resulting in conversion of PDK1 into an 

enzyme that can phosphorylate both T308 and S473 residues in PKB (Balendran 

et al. 1999). Furthemore, an SHrcontaining inositol 5-phosphatase (SHIP), 

which converts PI-3,4,5-P3 to PI-3,4-Pz, has been recently characterized as a 

potent inhibitor of PKB activity in vivo and implicated in the regulation of PI-3 

kinase activity (Aman et al. 1998, Liu et al. 1999). Since SHIP dephosphorylates 

PIP,, which is produced by the action of PI-3K on PI4.5-P2, SHIP hydrolysis of 

PIP3 apparently serves to counteract PI-3K function (Brauweiler et al. 2000). 

Another important SHI domain containing phosphatase is intracellular protein 

tyrosine phosphatase 2 (SH-PTPI) which modulates the level of tyrosine 

phosphorylation and appears to be necessary for insulin activation of the 

RaslMAP-kinase pathway (Xiao et al. 1994, Noguchi et al. 1994, Pawson 1995). 

Besides the above mentioned phosphatases, this group of SH2 enzymes also 

include several kinases, such as Fyn, c-Cbl, and C-terminal Src kinase (Csk), 

whose physiological roles are not yet completely understood. 

Recently, another adaptor protein, c-Cbl-associated protein (CAP), that is 

specifically expressed in insulin-responsive cell types and associates with both 

proto-oncogene product c-Cbl and the insulin receptor, has been identified 

(Ribon et al. 1998b). Interestingly, the expression of CAP is high in muscle and 



adipose tissue, and is upregulated in response to insulin sensitizers such as 

thiazolidinediones (Ribon et al. 1998a). A novel insulin signaling pathway, 

suggested recently by Baumann et al, involves the recruitment of CAP to the 

activated insulin receptor, which in turn recruits c-Cbl to bind the caveolar protein 

flotilin, resulting in the formation of small invaginations of the plasma membrane, 

called caveolae (Baumann et al. 2000). The localization of the c-Cbl-CAP 

complex to a lipid raft subdomain of the plasma membrane seems to be crucial in 

the regulation of glucose uptake. This pathway rnay hence, represent an 

additional pathway (besides the PI-3 kinase mediated pathway) which may be 

required for optimal GLUT4 regulation and glucose uptake by insulin (Czech 

2000). 

Therefore, the signaling pathways leading to insulin's primary effects on 

glucose homeostasis are very cornplex and still not defined. Although insulin 

was discovered almost 80 years ago. its puuling molecular transduction 

pathways are still an intriguing focus for scientists worldwide and its molecular 

mechanism of action is yet to be established. A clear illustration of how 

important signal transduction is to normal cellular events is the evidence that 

20% of the human genome encodes signal transduction proteins or enzymes 

(Edwards and Scott 2000). Many of these genes have been identified and the 

main challenge is now to detenine how these enzymes interact with each other 

to orchestrate intracellular events, including those regulated by insulin. The 

complex intracellular insulin signaling pathway also represents a potential target 

for an additional drug therapy of diabetes, inciuding insulin-mimicking and 



enhancing agents such as vanadium, opening another interesting avenue of 

investigation. 

1.3. REGULATION OF GLYCOGEN METABOLISM 

The general mechanism of glycogen synthesis and breakdown is the 

same in al1 tissues (Smythe and Cohen 1991, Bollen and Staimans 1995, Alonso 

et al. 1995). Upon entering the cell, glucose is converted to glucose-6-phosphate 

(G6P) by the enzyme hexokinase. Phosphoglucomutase catalyses conversion of 

G6P to glucose-1-phosphate (GIP), which is then combined with uridine 

phosphate to form uridine diphosphate-glucose (U DP-glucose), an important 

glycosyl carrier. The starting point for synthesis of glycogen (scheme 2) is the 

autocatalytic attachment of glucose from the UDP-glucose to a single tyrosine 

residue of the priming protein glycogenin, which possesses glucosyltransferase 

activity. Subsequently, glycogenin autocatalytically extends the glucan chain by 

six to seven a-1 ,Clinked glucose residues. This "primed" glycogenin is further 

and similarly elongated by highly regulated enzyme glycogen synthase (GS). 

which is initially complexed to glycogenin, but dissociates during the elongation 

process. Finally, a glycogen-branching enzyme, amylo-1,4+1,6- 

transglycosylase, catalyses transfer of a terminal oligosacharide fragment of six 

or seven glycosyl residues from an elongated external chain to C-1 or C-6 of the 

same or another chain, thus creating a new branch and a characteristic bush-like 

glycogen structure. This branching creates a glycogen molecule with more 
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nonreducing ends, making it more soluble and more exposed to the action of 

glycogen synthase and glycogen phosphorylase. 

Glycogen breakdown is regulated by the harmonious action of glycogen 

phosphorylase (GP) and the bifunctional debranching enzyme (Scheme 2). 

Glycogen phosphorylase is converted from the inactive 6-fom into the active a- 

form throug h phosphorylation by p hosphorylase kinase. Activated GP. in the 

presence of phosphate, removes the terminal glycosyl residue of an external 

chain as GIP until four glucose units are left in the external chains. The 

debranching enzyme possess the a-1.6- a-1.4-glucan0tran~fera~e and a-1,6- 

glucosidase activity. This enzyme is also capable of hydrolyzing in vitro the 

glucose-tyrosine bond in glycogenin (Alonso et al. 1995). The transferase 

activity of debranching enzyme releases a maltotriose unit from the a-1,6-linked 

stub and attaches it through an a-1.4-g lu~0~id i~  bond to the free C-4 of the main 

chain. The a-glucosidase activity of debranching enzyme releases the single 

remaining a-l,6-linked glucose residue as a glucose. Finally, additional a-1,4- 

linked glucose units become available for phosphorylase. Glycogen 

phosphorylase and debranching enzyme can also "unprime" glycogenin by 

phosphorolysis of the last 1.4-linked glucose units and hydrolysis of the a- 

glucosidic glucose-glycogen bond, respectively (Bollen et al. 1998). 

Glycogenin is a protein identified in 1986, when its role as the 

autocatalytic initiator of glycogen synthesis was demonstrated (Whelan 1986). 

There are two glycogenin genes and from one of these genes (glycogenin-2) 

various isoforms of glycogenin can be generated (Mu et al. 1997). Glycogenin-1 



(37 kDa) has a broad tissue distribution, whereas glycogenin-2 is mainly present 

in liver, pancreas, and heart. Both of these foms of glycogenin are M~' ' /M~~+- 

dependent glucosyltransferases and they are present in the muscle and liver only 

as a glycogen-bound f o m  (Lomako et al. 1990, Ercan et al. 1994). A potential 

role of glycogenin to limit glycogen accumulation, has been recently suggested 

(Alonso et ai. 1995). However, the control of expression of glycogenin genes 

and regulation of glycogenin activity is still not known. The possibility that the 

amount of glycogenin varies in different physiological states may explain aberrant 

rates and extents of glycogen synthesis in disease states such as diabetes 

mellitus (Alonso et al. 1995). 

Glycogen synthesis in skeletal muscle typically accounts for the majority of 

insulin-stimulated glucose disposal (DeFronzo et al. 1981, Yki-Jarvinen et al. 

1987b, Shulman et a/. 1990). In addition, glucose can be also stored in muscle 

as fat, undergo oxidation or, by glycolysis be released as lactate or pyruvate. 

Muscle glucose transport occurs by facilitative diffusion mainly via two isoforms 

of the glucose transporter family, GLUT4 and GLUT1 (Douen et al. 1990). 

GLUT4 is predorninant and located intracellularly. By the action of insulin it is 

translocated to the plasma membrane, while the GLUTI isoform appears to 

reside primarily in plasma membrane and probably plays a role in basal, non- 

insulin-stimulated glucose transport (Douen et al. 1990, Ren et al. 1993). lnsulin 

thus, promotes the transport of glucose by inducing the translocation of the 

GLUT4 transporter to the cellular membrane (Garvey 1992). Furthermore, 

insulin also stimulates glucose deposition into glycogen (non-oxidative glucose 



metabolism) through the activation of glycogen synthase. It appears that both an 

effective intracellular GLUT 4 pool and activation of GS are essential for insulin- 

mediated glycogen storage (Kahn and Cushman 1985, Manchester et al. 1996). 

In a study involving transgenic mice with an activated mutant form of GS, the 

authors reported an increase in skeletal muscle GS protein level and total GS 

activity with an associated increased level of muscle glycogen and no change or 

even a decrease in the GLUT 4 protein level (Manchester et al. 1996). 

Furthermore, results of a study, using transgenic mice with an increased capacity 

for glucose transport due to overexpresion of GLUT 4, did not show increased 

GS activity in skeletal muscle (Brozinick et al. 1996). These data suggest that 

glycogen synthesis is not regulated only by glucose transport and that GS 

activation is an important rate-limiting step in regulation of glycogen levels in 

skeletal muscle. 

Glycogen itself also plays a crucial role in the regulation of giycogen 

synthesis. A study by Munger et al has shown a negative feed-back rnechanism 

of glycogen concentration on GS activity and a positive feed-back rnechanism on 

activity of glycogen phosphorylase in skeletal muscle (Munger et al. 1993). 

Furthermore, it seerns that glycogen might also control the plasma membrane 

GLUT4 protein concentration (Ivy and Kuo 1998) and the presence of an 

intracellular contraction-sensitive pool of GLUT4 protein associated with 

glycogen was suggested (Coderre et al. 1995). 

Liver, in addition to muscle, is considered as another major organ for 

insulin-stimulated glycogen synthesis, where glycogen is stored as a reserve of 



glucose for extrahepatic tissues. Some studies suggested that liver GS is not 

activated by insulin but rather by the concentration of glucose and other 

monosacharides (Groop and Orho 1998). The glucose actually serves as the 

prime effector of hepatic glycogen storage, blocks glycogenolysis, and promotes 

glycogen synthesis. The bidirectional flux of glucose across the plasma 

membrane of hepatocytes is accomplished by facilitative diffusion mediated by 

the GLUT-2 transporter (Mueckler 1994). This glucose transporter is not 

controlled by insulin and its transport capacity is not rate-lirniting for the hepatic 

uptake or release of glucose. A recent study done by Burcelin et al  

demonstrated that in mice lacking GLUT-2 the G6P levels were not decreased 

during a fasting period, suggesting that the control of hepatic glucose metabolism 

by intracellular glucose metabolites is dominant over that by circulating hormones 

levels (Burcelin et al. 2000). Furthermore, since glucose can still be released 

efficiently in the absence of GLUT-2 and hence in the absence of facilitated 

diffusion of glucose across the plasma membrane, these data suggest that 

glucose is released by a membrane traffic-based pathway (Burcelin et al. 2000). 

The precise mechanism by which insulin stimulates glycogen synthesis in the 

liver is still not defined. A recent in vitro study using rat hepatoma cells 

suggested that insulin-stimulated glycogen synthesis is mediated mainly by the 

PI-3 kinase-dependent pathway (Sung et al. 1998). Furthermore, it was 

demonstrated that the expression of glucokinase (Printz et al. 1993) and of the 

G-subunit of PPIG in the liver (Doherty et al. 1998) require insulin, explaining at 

least partially, why insulin-dependent diabetic anirnals lose their capability to 



synthesize hepatic glycogen (Bollen and Stalmans 1992, Doherty et al. 1998). 

However, the intracellular mechanism responsible for the regulation of hepatic 

glycogen synthesis by insulin is still not completely understood. 

In addition to insulin, several other hormones and growth factors regulate 

glycogen synthesis and corresponding signaling pathways. Adrenaline and 

glucagon stimulate breakdown of glycogen in both muscle and liver. by regulating 

the ratio of the active to inactive forms of GS and GP (Nakielny et al. 1991, 

Bollen et al. 1998). Adrenaline interacts with both a- and P-adrenergic receptors. 

Binding to the P-adrenergic receptors results in a generation of CAMP, which 

initiates a signaling cascade leading consecutively to the activation of protein 

kinase A (PKA), phosphorylase kinase, glycogen phosphorylase and thus, an 

increase in glycogenolysis (Bollen et al. 1998). Glycogen phosphorylase a (GPa) 

also antagonizes glycogen synthesis by inhibiting PPIG, whereas both PKA and 

phosphorylase kinase phosphorylate and inactivate GS. The a-adrenergic 

receptor is coupled to phospholipase C via an activating Gh-protein (Baek et al. 

1993), resulting in production of inositol triphosphate (lns-1,4,5-P3) and 

diacylglycerol (DAG). Protein kinase C is subsequently activated by DAG and 

this seems to have an important, but not very well understood role in the 

glycogenolysis induced by a-adrenergic agonists (Urcelay et al. 1993). Binding 

of inositol triphosphate to its receptor in the endoplasmic reticulum results in a 

rapid ca2'-release from intracellular stores. ca2+-mobilizing agents stimulates 

phosphorylase kinase, which in turn increases the amount of glycogen 

phosphorylase a (active form). Interestingly, it has been reported that 



physiological concentrations of ca2+ inhibited PPI G in liver (Mvurnbi et al. 1985). 

Other studies suggested that ca2+-dependent inactivation of GS in the liver is 

indirect and rnediated by allosteric inhibition of PPIG by GP a (Strickland et ai. 

1983). However, in muscle, the regulation of muscle glycogen synthase is purely 

a p-adrenergic effect mediated by an elevation of cAMP and activation of PKA 

(Dietz et ai. 1980, Picton et ai. 1982). A study done by Nakielny et al indicated 

that PKA may act on GS regulation indirectly, via inhibition of PPlG (Nakielny et 

al. 1991). Therefore, in both muscle and liver inhibition of PPIG seems to 

rnediate adrenaline-induced GS inactivation by increasing its phosphorylation. 

Glucagon is a CAMP-rnediated agent, whose receptor is coupled to 

adenylate cyclase via stimulatory G,-protein and also to a cAMP 

phosphodiesterase via an inhibitory Gi-protein (Brechler et al. 1992, Robles- 

Flores et al. 1995). Furthermore, glucagon also decreases the expression of 

glucokinase and GLUT-2 (Printz et ai. 1993, Rencurel et al. 1997). 

Administration of glucocorticoids in vivo causes an inactivation of glycogen 

phosphorylase and activation of glycogen synthase (Stalmans and Laloux 1979, 

Laloux et al. 1983). Glucocorticoids also induce the synthesis of GS and PP-1G 

(Vanstapel et al. 1980) and therefore, their overall effect is to promote glycogen 

synthesis. 

Epidemial growth factor (EGF) is another hormone that stimulates both 

glycogen synthesis and GS in human muscle cells (Halse et al. 1999), while in 

the liver it antagonizes the stimulatory effect of insulin on hepatic glycogen 

synthesis (Peak and Agius 1994), causes glycogenolysis (Quintana et al. 1995), 



stimulates a cAMP phosphodiesterase and hence prevents cAMP increase 

(Tanaka et al. 1992). 

Thyroid hormones affect the concentration or activity of various glycogen 

metabolizing enzymes, and some of these effects are opposite to what might be 

expected from an glycogenolytic hormone (Bollen et al. 1998). Furthermore. 

thyroid hormones may also act indirectly by increasing the cytosolic ca2+ in 

response to a-adrenergic agents (Daza et al. 1997). 

1.3.1. Glycogen synthase 

The rate-limiting enzyme for glycogen synthesis, glycogen synthase (GS), 

catalyses the transfer of glycosyl units from uridine diphosphate glucose (UDP- 

glucose) to the glycogen molecule. Mammals have two glycogen synthase 

genes, GYSl and GYSP. that are expressed in muscle and liver, respectively 

(Browner et al. 1989, Nuttall et al. 1994) encoding two distinct isoenzymes, the 

skeletal muscle- and liver-type enzyme. Human muscle GS has only 69% 

homology to human liver GS, but has similar N and C terminal regions of the 

molecule which are implicated in regulation by phosphorylation/ 

dephosphorylation (Nuttall et al. 1994). 

Glycogen synthase is a 85 kDa protein which is regulated by both covalent 

phosphorylationldephosphorylation and allosteric modifications (Cohen 1986). 

Phosphorylation (inactivation) of GS is catalyzed in vivo by a minimum of six 

different protein kinases acting on nine serine residues (Poulter et al. 1988, 

Nakielny et al. 1 WI), while the reverse reaction (activation) is catalyzed by a 



glycogen-associated form of protein phosphatase-1 (PPIG) (Dent et al. 1990). 

Evidence for at least five regulatory inputs involving specific kinase inhibition and 

phosphatase activation to explain insulin-stimulated GS dephosphorylation was 

reported (Lawrence and Roach 1997, Brady et al. 1998). First, several studies 

initially demonstrated insulin regulated CAMP-kinase (PKA) inhibition in sensitive 

tissues including muscle, Iiver, and fat, potentially explaining the 

dephosphorylation of sites 1, 2A and 28 (Walkenbach et al. 1978, Guinovart et 

al. 1978, Gabbay and Lardy 1984, Gabbay and Lardy 1987). In addition, PKA is 

involved in the phosphorylation and activation of phosphorylase kinase (PhK), 

which in turn phosphorylates and converts an inactive glycogen phosphorylase b 

(GPb) to an active GPa (Newgard et al. 1989), resulting in an increased glycogen 

breakdown. Second ly, in hibition of GSK-3 via phosphorylation by PKB with 

upstream phosphorylation by PDK activated by Pl-3K was recently 

demonstrated, potentially explaining dephosphorylation of sites 3A, B. and C in 

the GS molecule (Cohen et al. 1997). Protein phosphatase 1 (PPI) and most 

recently PP2C have been both shown to be activated by insulin in adipocytes 

(Brady et al. 1998, Ragolia and Begum 1998) and liver (Ortmeyer 1998). 

Therefore, insulin acts by reducing and increasing the activities of a specific 

kinase and phosphatase, respectively (Dent et al. 1990). Finally, the regulation 

of GS in the absence of glucose and in its presence was described as involving 

two separate mechanisms (Larner et al. 1979, Larner et al. 1988). In the 

presence of glucose, the phosphorylation of glucose on the 6 position is required 

for the GS activation by insulin and the actions of resultant glucose-6-phosphate 



(G6P) have been reviewed recently (Villar-Palasi and Guinovart 1997). G6P 

allosterically activates a less active phosphorylated form of GS (G6P-dependent 

form). In this way G6P, by activating GS and inhibiting glycogen phosphorylase 

(Newgard et al. 1989), regulates one of the major pathways of its disposai. 

1 .M. Glycogen synthase kinase-3 

Glycogen synthase kinase-3 (GSK-3) was identified 20 years ago when it 

was demonstrated that this enzyme phosphorylates and inactivates glycogen 

synthase (Ernbi et al. 1980). Molecular cloning revealed the existence in 

mammals of two highly related proteins termed GSK-3a (the first one purified) 

and GSK-3P (Woodgett 1991). These proteins, of 51 kDa and 46 kDa 

respectively, are similar in their cataiytic properties. Multiple isoforms of GSK-3 

have been identified in yeast, insect, plants and mammals (Woodgett 1990, 

Dailey et al. 1990, Siegfried et al. 1992, Puziss et al. 1994, Bianchi et al. 1994). 

The enzyme was originally purified from skeletal muscle but has since been 

detected in al1 tissues examined (Woodgett 1991). This wide species and tissue 

distribution of GSK-3 indicates an important role for this family of kinases in the 

control of cellular processes. 

Activation of the tyrosine kinase of the insulin receptor, as described 

earlier, might be the initial step for activating glycogen synthase (Chou et al. 

1987, Yamamoto-Honda et al. 1990). Most of the phosphate released from 

glycogen synthase in response to insulin stimulation is removed from two serine 

residues, sites 3a and 3b (Parker et al. 1983). The protein kinase which is most 



active in phosphorylating these serine residues in GS is GSK-3 (Ernbi et al. 1980, 

Wang and Roach 1993), resulting in inhibition of GS. Wang et al. demonstrated 

that GSK-3 is a dual specificity protein kinase in the sense that it 

autophosphorylates on tyrosine and serinelthreonine residues (Wang et al. 

1994). Beside GS, the enzyme phosphorylates another important target of 

insulin action, IRS-1 (Eldar-Finkelman and Krebs 1997), which results in 

impairment of insulin signaling in intact cells (Eldar-Finkelman et al. 1996, Eldar- 

Finkelman and Krebs 1997). GSK-3 is constituitively active in unstimulated cells 

and results from several groups suggest that GSK-3 activity is repressed upon 

cell stimulation with insulin (Ramakrishna and Benjamin 1988, Welsh and Proud 

1993, Cross et al. 1995, Murai et al. 1996). Initially, this direct regulation of GSK- 

3 by insulin went undetected, due to the fact that it only causes about a 40% 

reduction in GSK-3 activity (Cross et al. 1995, Cross et al. 1997). Since GSK-3 

phosphorylates and inactivates glycogen synthase, its down-regulation by insulin 

will lead to glycogen synthase activation and increased glycogen synthesis. 

The precise mechanism by which insulin inhibits GSK-3 activity is 

unknown. Two kinase cascades are implicated as upstream mediators of GSK- 

3, including the classical mitogen activated protein (MAP) kinase cascade and 

the PI-3WPKB pathway. Recently, it was demonstrated that neither p90 S6 nor 

p70 S6 kinase were rate limiting for the inhibition of GSK-3 by insulin and that, 

therefore, the MAP kinase pathway is not a critical one for the regulation of GSK- 

3 activity (Cross et al. 1995). It seems likely, however, that PKB is a protein 

kinase able to phosphorylate and hence decrease the activity of GSK-3 (Cross et 



al. 1995, van Weeren et al- 1998). However, many of the studies on GSK-3 were 

performed in vitro and relatively little is known about the physiological regulation 

of this enzyme in the intact animal in vivo, where numerous influences that are 

not readily reproducible in vitro may be brought to bear on the insulin receptor. 

The first study on GSK-3 activity following insulin stimulation in vivo was 

performed recently, and it has been shown that insulin decreases GSK-3 activity 

by approximately 40% in Wistar rat skeletal muscle (Cross et al. 1997). 

Apart from GS, GSK-3 phosphorylates a number of other proteins, at least 

in vitro (Woodgett 1991, Plyte et al. 1992) and inactivates their regulatory 

function in corresponding biochemical pathways. These include the 

phosphorylation of the transcriptional factors, namely proto-oncogene c-jun 

(Boyle et al. 1991) and p-catenin (Yost et al. 1996, Ikeda et al. 1998), eukaryotic 

protein synthesis initiation factor-2B (el F-2B) (Welsh and Proud 1 993), reg ulatory 

subunit of the protein phosphatase-1 (inhibitor-2) (Hemmings et al. 1981) and 

ATP-citrate lyase (Hughes et al. 1992). Since elF-2B mediates an essential 

regulatory step in peptide-chain initiation, GSK-3 may play a key role in 

regulating several intracellular pathways, including glycogen synthesis, 

transcription and translocation, by phosphorylating regulatory proteins in each of 

these processes. These observations also indicate an important role of GSK-3 in 

controlling anabolic processes, al1 of which are stirnulated by insulin. 



1.3.3. Protein phosphatase-l 

Type 1 protein phosphatase (PPI) is a major serinelthreonine 

p hosphatase in al1 eukaryotic cells that reg ulates numerous cellular processes 

such as protein synthesis, carbohydrate metabolism, muscle contraction, 

transcription and neuronal signaling, and cell-cycle progression (Shenolikar and 

Nairn 1991). Although PP1 is a relatively nonspecific phosphatase and 

dephosphorylates multiple substrates (Pinna and Donelia-Deana 1994), its action 

is regulated by complex formation with variety of regulatory subunits such as 

inhibitor-1, inhibitor-2, and dopamine- and CAMP-regulated phosphoprotein 

(DARPP-32) (Cohen 1989). Furthermore, PP1 activity is also mediated by its 

interaction with targeting protein subunits which serve to direct PP1 catalytic 

subunit close to particular substrates and also reduce its activity towards other 

potential substrates (Feng et al. 1991. Stuart et al. 1994). Almost 30 specific 

mammalian proteins which serve as PP1 targeting subunits have been identified, 

suggesting a complex PP1 regulation (Aggen et al. 2000). Glycogen targeting 

subunits (G-subunits) have very important role in localization of PP1 in proximity 

of glycogen by formation of the PPlG holoenzyme. To date, four structurally 

related mammalian G-subunits of PP1 have bee identified. The first member of 

this family, known as GM or PPPIR3, was identified in skeletal and cardiac 

muscle as 124 kDa protein (Stralfors et al. 1985), which increases 

dephosphorylation of GS and activates glycogenesis. A second isoform, GL or 

PPP? R4, is primarily expressed in liver as 33 kDa protein and is the only isoform 

that contains an inhibitory allosteric site for GPa (Doherty et al. 1995) leading to 
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inhibition of glycogen synthase and glycogen phosphorylase phosphatase 

activities of PP1 (Doherty et al. 1995, Armstrong et al. 1998). Recently, a PP1 

binding protein (36 kDa) named protein targeting to glycogen (PTG) or PPPIRS, 

has been identified and was shown to play an important role in activating 

glycogen synthase, probably by acting as a molecular scaffold to facilitate the 

removal of phosphates and thus activation of GS (Printen et al. 1997). Finally, 

an isoform termed PPPlR6 has been recently discovered, which is Iike PTG 

present in many tissues (Armstrong et al- 1997). 

More than ten years ago it was demonstrated that insulin 

dephosphorylated and activated GS via PPI (Alemany et al. 1986), which is 

capable of dephosphorylating al1 serine residues in glycogen synthase (Lawrence 

et al. 1997). In addition to GS, PPI is also able to inhibit glycogen 

p hosp horylase and phosphorylase kinase activities by dephosphorylation of 

these enzymes and hence coordinate glycogen synthesis and degradation 

(Alemany et al. 1986). PP1 activity has been shown to be stimulated by insulin 

in skeletal muscle in vitro (Dent et al. 1990, Ragolia and Begum 1998). 

Furthermore, it was demonstrated that insulin-stimulated activation of muscle 

PPI can occur over short periods of time (Kida et al. 1992). Recently, the 

activation of PP1 by insulin in vitro in rat adipocytes, another insulin-dependent 

tissue, was also reported (Srinivasan and Patel 1998). In addition, Ortrneyer 

(Ortmeyer 1998) found an increase in liver PPl  activity following insulin in vivo 

administration. However, the role of PPI in the regulation of glycogen synthesis 



by insulin has not been yet investigated in vivo in skeletal muscle of animal 

models of diabetes. 

Despite extensive study, the exact signaling pathways Iinking the 

activation of PP1 to the insulin receptor are not well understood. The insulin- 

stimulated activation of PPlG in skeletai muscle has been attributed to 

phosphorylation of the GM-subunit at Ser48 by MAPK-activated protein kinase 1 

(MAPKAP-KI) (Dent et al. 1990). However, the role of the regulatory G-subunit 

( R ~ G M )  in insulin signaling has been recently challenged by the observation that 

RGIGM knockout mice have normal insulin stimulation of GS (DePaoli-Roach et 

al. 1999). Furthermore, the role of Ras-MAP kinase complex in the proximal 

insulin çignaling pathway in the activation of PP1 is still not clear and the 

involvement of other signaling mechanisms is possible. 

Diabetes mellitus is a chronic metabolic disorder characterized by 

hyperglycemia and an absolute or relative deficiency of insulin and insulin 

resistance. This chronic disorder currently afflicts 1.5 million Canadians and 

approxirnately 140 million people throughout the world (Cohen 1999). It is 

predicted that this number will double during the next 10 years. Diabetes is also 

associated with a various complications that include coronary artery disease, 

stroke, blindness, renal failure, and amputations, increasing the costs of 

healthcare worldwide (DeFronzo 1999). 



Effective treatrnent for diabetes mellitus became available with the 

introduction of insulin therapy in the 1920s. However, the inconvenient daily 

injections and the complications associated with insulin administration represent 

a significant problern. Therefore, it would be very useful to develop oral 

treatments of diabetes, which will irnprove the life style of diabetic patients as 

well as their compIiance with the therapy and glucose control. The role of 

vanadium as an oral therapy for treatment of diabetes rnellitus is currently under 

active investigation. 

1 -4.1. Type 1 and type 2 diabetes 

Although the World Health Organization recognizes diabetes as a wide 

group of clinical syndromes, rnost diabetics can be divided into two major types 

based principally upon clinical syrnptorns. Type 1 diabetes is associated with 

insulin deficiency (insulin-dependent diabetes rnellitus, IDDM) and affects 

approxirnately 5-10% of al1 cases. This type of diabetes is characterized by 

complete loss of pancreatic p-cells. The most common cause of type 1 diabetes 

appears to be autoimmune destruction of p-cells, although some other initiating 

factors may also include viruses and chernical toxins (Yoon et al. 1979). 

Type 2 diabetes (noninsulin-dependant, NIDDM) is associated with insulin 

resistance, and represents 90-95% of the diabetic population. The rnajority of 

patients with this type of diabetes have a history of obesity (Polonsky et al. 

1996), which promotes both insulin resistance and hyperinsulinemia (Reaven et 

al. 1993). Although type 2 diabetics are not dependent upon exogenous insulin 



to maintain life, many of these patients require insulin to achieve acceptable 

levels of glycemic control. The idea that type 2 diabetes is a "mild" form of the 

disease has been modified during last I O  years based on numerous studies 

demonstrating that inadequate glycemic control is very ctosely related to the 

development of microvascular complications (DeFronzo 1999). Despite the fact 

that defects in insulin secretion, muscle sensitivity to insulin, hepatic glucose 

production, and abnomalities in adipose tissue metabolism have been 

established in type 2 diabetic patients, the primary causes of this common 

metabolic disorder have not been yet identified at the molecular level (DeFronzo 

1999). The hyperglycemia observed in type 2 diabetes is caused by impaired 

peripheral glucose disposal and by inappropriate hepatic glucose production, 

resulting from insulin resistance and inadequate p-cell insulin secretion which 

does not cornpletely compensate for the insulin resistance (relative insulin 

deficiency) (DeFronzo 1988, Kahn 1994). Since most of the type 2 diabetic 

patients are insulin-resistant and insulin resistance may precede the 

manifestation of the disease by decades (Beck-Nielsen and Groop 1994), an 

important role of decreased affinity of the receptors for insulin andhr a defect in 

post-receptor insulin signaling cascade is indicated in the development of this 

type of diabetes. 

Current evidence demonstrated that the defects in insulin signal 

transduction, leading to insulin resistance of the target cells, are also 

demonstrated in type 1 diabetes metlitus. In contrast to type 2 diabetes, insulin 

resistance in type 1 seems to be a secondary phenornenon associated with 



chronic hyperglycemia (Yki-Jarvinen and Koivisto 1986, Yki-Jarvinen et al. 1990). 

The resultant hyperglycemia worsens insulin resistance in muscle and 

adipocytes and impairs pancreatic secretion of insulin (Yki-Jarvinen et al. 1987a, 

Rossetti et al. 1 990). 

1.4.2. Insulin resistance 

lnsulin resistance is defined as an impaired metabolic response to either 

exogenous or endogenous insulin (American Diabetes Association 1998). The 

concept of insulin resistance has been applied to variouç insulin actions, 

including its effects on glucose, lipid and protein metabolism, vascular endothelial 

function, and gene expression (American Diabetes Association 1998). 

lndividuals rnay maintain normal sensitivity to one or more of insulin's effects 

while displaying resistance to others. 

lnsulin resistance is the rnost prominent and earliest rnetabolic defect in 

the prediabetic state and confers high risk for subsequent development of an 

overt diabetes (Warram et al. 1990, Lillioja et al. 1993). The mechanisms 

mediating the development of insulin resistance are not completely understood. 

Abnormalities leading to insulin resistance may occur at several levels, including 

prereceptor (defective insulin), receptor (decreased number or affinity of insulin 

receptors) and postreceptor (abnormal signal transduction and phosphorylation) 

(DagogoJack and Santiago 1997). Prereceptor causes of insulin resistance 

have been suggested in patients treated with exogenous insulin. Anti-insulin 

antibodies can complex with insulin and reduce the amount of circulating insulin 



to target its receptors (Davidson and DeBra 1978), although this is now less likely 

to occur due to the widespread use of recombinant human insulin. 

i be also a rare cause of Subcutaneous degradation of exogenous insulin can 

insulin resistance (Paulsen et al. 1 979). 

Following insulin synthesis and secretion, the hormone circulates in the 

blood and reaches its site of action by crossing capillary endothelium and 

interstitial fluid. Processes that limit the delivery of insulin and glucose to target 

cells could also cause insulin resistance. These processes could involve a 

reduced vasodilatory effect of insulin (Laakso et al. 1990), decreased capillary 

density in skeletal muscle (Lillioja et al. 1987). and impaired transcapillary 

transport of insulin (Yang et al. 1989). but their role in insulin resistant states is 

controversial. 

The main physiologicai determinants of insulin resistance including 

chronically elevated insulin levels and decreased concentration of insulin 

receptors on target cells, were demonstrated in animal models of insulin 

resistance such as the oblob mouse (Soll et al. 1975) or in obese patients with or 

without type 2 diabetes (Bar et al. 1976, De Meyts 1993). In respect to these 

observations a concept of receptor down-regulation by excess ligand has been 

developed and can explain the generation of insulin resistance. An increase in 

insulin secretion due to hyperphagia in animals or men predisposed to obesity 

and subsequent hyperglycemia, results in hyperinsulinemia which down- 

regulates insulin receptors, generates insulin resistance, and leads to further 

compensatory hyperinsulinemia (Lamothe et al. 1998). Consequently, chronic 



hyperinsulinema has been proposed to be a major physiological factor in insulin 

resistance, but this issue has been controversial (De Meyts 1993) and it is very 

difficult in this vicious cycle to distinguish primary changes from their 

consequences. Application of the transgenic and gene-targeting approaches 

which has brought a number of novel insights in the investigation of insulin 

action, established that primary hyperinsulinemia (resulting from increasing the 

insulin gene copy in the fi-cell) or hyperglycemia secondary to a decrease in free 

insuiin (due to production of a secreted soluble circulating form of insulin 

receptor) can cause insulin resistance (Marban et al. 1989, Schaefer et al. 1994). 

Obesity, particularly abdominal obesity, is also frequently associated with 

insulin resistance. It has been suggested that increased release of free fatty 

acids (FFA) into the portal circulation by intra-abdominal fat cells contributes to 

insulin resistance (O'Doherty et al. 1997). Previous studies demonstrated that an 

increase in FFA levels inhibited giucose oxidation and eventually glucose uptake 

and storage as well (Boden et al. 1994). The link between elevated FFA and 

developrnent of insulin-resistance is still not completely defined (McCarty 1995). 

Several factors, other than FFA, that are released from adipocytes have also 

been implicated as mediators of insulin resistance. Tumor necrosis factor alpha 

(TNFa) is a multifunctionai cytokine which can directly alter glucose homeostasis 

and lipid metabolism and plays an important role in the development of insulin 

resistance (Sethi and Hotarnisligil 1999). Elevated levels of TNFa have been 

postulated to induce obesity-linked insulin resistance (Uysal et al. 1998; Uysal et 

al. 1997; Ventre et al. 1997). These studies also demonstrate that 



TNFa influences insulin sensitivity through its action on multiple targets involved 

in insulin action including glucose transport, leptin production, insulin receptor 

signaling, and improved lipid metabolism. Leptin is another cytokine that has 

been shown to inhibit insulin secretion and have anti-insulin effects on liver and 

adipose tissue (Girard 1997). In addition, Ieptin increases glucose and fatty acid 

metabolism in skeletal muscle. Leptin and insulin have opposite effects on Iipid 

metabolism, with leptin favoring lipid oxidation and insulin favoring lipid storage 

as triglycerides. It was suggested that this lipopenic effect of leptin may protect 

animals from the development of insulin resistance and diabetes (Ceddia et al. 

2001). Recently, a new hormone produced by adipocytes have been identified 

and termed resistin (Steppan et al. 2001a). This circulating protein and a family 

of resistin-like molecules (RELMs) represent a class of tissue-specific signaling 

molecules which have been identified in rodents and humans (Steppan et al. 

2001 6). Resistin has actions that antagonize insulin action and potentially links 

obesity to diabetes (Steppan et al. 2001 a). 

Although significant progress has been made in defining the molecular 

mechanisms of insulin, we still do not know the molecular and genetic 

mechanisms underlying the fundamental pathogenesis of type 2 diabetes 

associated with insulin resistance. Postreceptor defects are associated with 

development of insulin resistance at the level of the target cell, but they are not 

well defined. Studies in various cell types, including skeletal muscle, liver and 

adipocytes, demonstrated a decrease in the intrinsic tyrosine kinase activity of 

the receptor in an insulin resistant state (Caro et al. 1989). Results from in vivo 



studies also demonstrated a decrease in the intrinsic receptor tyrosine kinase 

activity as well as an impairment of insulin-stimulated PI-3 kinase activity in the 

muscle from insulin-resistant obese mice (Heydrick et al. 1993). An impaired 

activation of PI-3K in response to insulin has been reported in various insulin- 

resistant animal models (Sherman et ai. 1988, Slieker et al. 1990, Saad et al. 

1992. Bonini et al. 1995). Recently, downregulation of lRSl and IRS2 was 

demonstrated in skeletal muscle and liver of Zucker fatty rats, resulting in 

decreased tyrosine phosphorylation and impaired PI-3K activation (Anai et al. 

1998). How serinelthreonine phosphorylation of insulin signaling mediators 

changes in the insulin resistant state and how these aIterations lead to the 

irnpaired nonoxidative glucose metabolism (glycogen synthesis) in skeletal 

muscle, which represents a key characteristic of type 2 diabetes and is observed 

early in the prediabetic state (Eriksson et al. 1989), is still not completely defined. 

With an enormous increase in information on insulin signaling pathways and 

constant improvements in gene and protein analysis, the role of intracellular 

mediators of insulin action should soon be defined and analyzed for their 

contribution to the development of insulin resistance. 

1.4.3. Animal models of type 1 and type 2 diabetes 

1 A.3.I. The streptozotocin (STZ)-diabetic rat 

Streptozotocin (STZ) [2-deoxy-2(3-methyl-3 nitrosourea) 1 -D 

glucopyranose] is a broad spectrum antibiotic which is produced from 

Streptomyces achromogenes. Rakieten et al were the first to demonstrate that 



B-cell necrosis and the consequent diabetic state were produced after a single 

intravenous dose of STZ in rats and dogs (Rakieten et al. 1963). A glucose 

molecule with a highly reactive nitrosourea chain in the chernical structure of STZ 

directs this agent to the pancreatic B-ce11 and initiates its cytotoxic action 

(Johanson and Tjalve 1978). Many mechanisms have been considered over the 

last 40 years for the specific p-cell toxicity of STZ. Generation of free radicals, 

DNA strand breaks, activation of the enzyme poly (ADP-ribose) polymerase 

(PARP), and depletion of intracellular nicotinamide adenine dinucleotide (NAD) 

appear to be common factors in P-cell death by STZ (Gale 1996). A model of 

STZ-cytotoxic effect was proposed (Yamamoto et al. 1981, Uchigata et al. 1982, 

Okamoto 1985) and it has been increasingly accepted (Renold 1988). Central to 

this model is that the fragmentation of nuclear DNA of pancreatic p-cells results 

from the accumulation of superoxide and hydroxyl radicals. Therefore, the 

deleterious effect of STZ probably results from H202 generation and DNA 

fragmentation (Takasu et al. 1991). Recent studies suggested that f3-cell 

damage is mediated by the synergistic toxic effect of interleukin-1 (IL-l), tumor 

necrosis factor, and interferon produced by these cells (Gale 1996). An 

increased production of IL-1 stimulates inducible nitric oxide synthase (iNOS) in 

p-cells, resulting in generation of nitric oxide (NO) and oxygen radicals and direct 

damage to intracellular DNA. Furthermore, NO also nitrosylates an Fe-S group 

in a key enzyme in the Krebs cycle, aconitase, causing inhibition of its activity, 

impaired glucose oxidation and decreased ATP production (Shibata et al. 1988). 

It was demonstrated, recently, that toxicity and cell death caused by oxygen 



radicals, NO, and streptozotocin was mediated by similar pathways involving fast 

appearance of DNA strand breaks and subsequent intracellular NAD depletion 

(Heller et al. 1995, Gale 1996). The free radical generation cause DNA breaks 

by alkylating DNA bases at various positions, resulting in activation of the nuclear 

enzyme PARP as part of the cell repair mechanism (Uchigata et al. 1982). 

Inhibition of PARP by nicotinamide is known to protect f3-cells from NAD 

depletion and cell death after STZ exposure (Wilson et ai. 1984, Gale 1996). 

Furthermore, a beneficial effect of nicotinamide on pancreatic p-ceIl function can 

be also related to the inhibition of iNOS and consequent decreased production of 

NO by these cells (Cetkovic-Cvrlje et al. 1993). 

A dose of about 45-75 mglkg STZ, either intravenously ( V )  or 

intraperitoneally (i.p.) is the most cornmonly used model of STZ-induced 

diabetes. Stable hyperglycemia develops within 24-48 hours and remains higher 

than nomal in concert with -50% reduction in plasma insulin levels (Junod et al. 

1969). Although these animals are insulin-deficient, they do not require insulin 

supplementation for survival and do not develop ketonuria. In chronic STZ- 

diabetes there are several endocrine abnormalities, inctuding high circulating 

levels of glucagon, somatostatin, vasopressin, corticosterone, and reâuced levels 

of renin, aldosterone, and thyroid hormones, T4 and TL which in addition to 

hypoinsulinemia and hyperglycernia, contribute to the complex metabolic and 

physiological characteristics of this disorder (Tomlinson et al. 1 992). 



1.4.3.2. The Zucker fatty rat 

Obesity in the (fa/fa) Zucker rat is inherited as a recessive gene mutation, 

which has been identified as a single transversion of the leptin receptor gene, 

which results in a change of glutamine-269 to proline in the extracellular domain 

of the encoded protein (Phillips et al. 1996, Chua et al. 1996). This alteration is 

responsible for the obese phenotype in this animal rnodel. It has been 

hypothesized that the central defect leading to obesity in the (fa/fa) Zucker rat 

could be a blunted regulation of hypothalamic neuropeptide Y activity by leptin, 

due to the expression of a mutated defective leptin receptor in hypothalarnic 

nudei (Friedman and Halaas 1998, White and Martin 1997). 

The Zucker fatty rat presents an animal model of insulin resistance 

characterized by hyperinsulinemia with normoglycemia or mild hyperglycemia, 

glucose intolerance, obesity, and hyperlipidemia (Bray 1977, lonescu et al. 1985, 

Shafrir 1992). The peripheral insulin resistance observed in these animals 

resuits largely from an impairment of insulin-stimulated glucose disposal (Crettaz 

et al. 1980, Kemmer et al. 1979). Although islet hypertrophy and hyperplasia 

contribute to hyperinsulinemia, it was suggested that Zucker fatty rats have an 

exaggerated insulin response to hypoglycemic stimuli, possibly as a result of a 

defect in ability of pancreatic p-cells to properly sense circulating glucose levels 

(Kuffert et al. 1988, Chan et a/. 1993). Therefore, since these rats develop 

hyperinsulinemia, but do not develop significant hyperglycemia, they more 

closely resemble a pre-diabetic state of type 2 diabetes (Bray 1977, Chan et al. 

1984). 



Lean littermates (FalFa or Faffa) are phenotypically normal, have normal 

insulin levels and normal or slightly increased glucose levels (Chan et al. 1993, 

Curry and Stern 1985). The heterozygous lean (Falfaj rats have been shown to 

exhibit some degree of impaired glucose and fat rnetabolism (Unger 1998). 

1.5. GLYCOGEN METABOLISM IN DIABETES AND INSULIN-RESISTANCE 

Current evidence indicates that irnpaired insulin-stirnulated glycogen 

synthesis is a generaiized abnorrnality behind the impaired insulin regulated 

glucose rnetabolism in skeletal muscle of diabetic patients. In these patients the 

rate of muscle glycogen synthesis is only about 50% of normal (Shulrnan et al. 

1990). Decreased insulin-stimulated muscle glycogen synthesis was observed in 

poorly controlled type 1 diabetes (Cline et al. 1997), type 2 diabetes (Rothman et 

al. 1992), and obesity (Petersen et al. 1998). Furthermore, previous studies 

have shown both decreased (Bak et al. 1989) and normal (Vestergaard et al. 

1994) total GS activity in muscle tissue from type 1 diabetic patients, while 

fractional GS activity (representing an active form) seerns decreased in these 

patients (Vestergaard et al. 1994). 

Several conflicting abnormalities in the activation of GS in muscle from 

patients with type 2 diabetes have been reported. Although some studies 

reported decreased total GS activity in muscle from type 2 diabetic patients 

(Vestergaard et al. 1991, Thorburn et a/. 1991), others did not detect such a 

difference (Damsbo et al. l991, Bak et al. 1992; Vaag et a/. 1992, Lofman et al. 

1995). Fractional GS activity was either normal (Vestergaard et al. 1991, Bak et 



al. 1992, Lofman et al- 1995) or decreased (Thorburn et al. 1991, Damsbo et al. 

1991, Kim et al. 1999) in type 2 diabetic patients. Furthermore, previous studies 

reported either normal Waag et al. 1992, Zierath et al. 1994) or decreased 

(Shulman et al- 1990, Thorburn et al. 1991) total muscle glycogen content in 

individuals with type 2 diabetes during low fasting plasma insulin levels. 

Interestingly, the muscle glycogen content (Vaag et al. 1992) and glycogen 

synthesis (Rothman et al. 1995, Perseghin et al. 1996) in response to a 

physiological insulin infusion were decreased in type 2 diabetic patients. 

Therefore, based on the current evidence, it is still not clear whether a defect in 

the insulin signaling pathway of muscle glycogen synthesis and GS activation 

represents a key metabolic abnormality leading to development of the insulin 

resistant state such as type 2 diabetes. Defects in activating glycogen synthase 

that have been observed in insulin resistance in type 2 diabetes mellitus, 

implicate the defects in the insulin signaling mediators upstream to the enzyme 

(Kahn 1 994, Kida et al. 1990), including glycogen synthase kinase-3 and protein 

phosphatase-1 . 

1.6. VANADIUM 

1.6.1. Biology of vanadium 

Vanadium is a group V transition elernent (rnolecular weight 50.9) which 

exists in several oxidation states (-3,-1,0,+1 to +5). Inspired by the palette of 

colors that this element generates in solution, Sefstrom and Berzelius in 1830 

named it "vanadium" in honor of Vanadis, the Norse goddess of beauty (Water 



1977, Shaver et al. 1995). This trace, ubiquitous metal is widely distributed in 

nature and can be found in the earth's crust (about 0.02%), in peroxidases of 

marine algae, in specialized blood cells of sea squirts (up to 0.15 M), and in 

mammalian tissues (at levels ranging from 0.014-7.2 PM) (Water 1977, Chasteen 

1983, Shaver et al. 1995). The total body pool of vanadium in humans has been 

estimated to be about 100-200 pg (Byrne and Kosta 1978). In biological systems 

vanadium is found predominantly as the pentavalent vanadate (+5) (usually as 

the divalent cation vo2+) and tetravalent vanadyl (+4) (mainly as VOg anion) 

form. In plasma, vanadium exists in both oxidation states and approximately 

90% is bound to proteins (primarily transferrin and albumin) (Nechay 1984). 

Most ingested vanadium is converted in the stomach to V O ~ *  and remains in this 

form as it passes through the duodenum. In the cytosol, vanadate (Vo2') is 

reduced nonenzymatically by glutathione (GSH) to the vanadyl ion (Macara et al. 

1980) and less than 1% of intracellular vanadate is estirnated to be present as 

the free ion (Nechay et al. 4 986). Most intracellular vanadate is probably present 

as complexes with various cellular proteins, predominantly glutathione, and in 

this form vanadium most likely demonstrates its in vivo effects (Cam et al. 2000). 

Following chronic vanadium treatment, vanadium levels in muscle and liver are 

around 10" to  IO-^ M (Mongold et al. 1990), with a range of free intracellular 

vanadium between 10"-1 M or 100 times the estimated physiological levels in 

untreated animals (Nechay et al. 1986). The main storage depot of vanadium is 

the bone, although it has been shown following i-p. injection that vanadium is 

stored in kidney and liver as well (Talvite and Wagner 1954). 



1.6.2. Insulin-mimetic and enhancing effects of vanadium 

The first report showing an anti-diabetic effect of vanadium was published 

more than 100 years ago, in which an oral daily treatment with vanadium resulted 

in reduced glycosuria in diabetic patients (Lyonnet et al. 1899). After this early 

study, interest in vanadium research expanded when Tolrnan et al reported that 

vanadium mirnicked insulin in vitro (Tolman et al- 1979). Following this study, the 

insulin-like effects of vanadium were confirmed in severaI in vitro systems 

(Shechter 1990). Vanadate stimulates hexose transport in rat adipocytes 

(Shechter and Karlish 1980) and mouse skeletal muscle (Dlouha et al. 1981), 

stimulates glucose oxidation (Shechter and Karlish 1980). glycogen synthase 

activity (Tamura et al. 1983), and Iipogenesis (Shechter and Ron 1986), and 

inhibits Iipolysis in rat adipocytes (Degani et al. 1981). A revolutionary discovery 

in vanadium research was demonstrated by our laboratory in 1985, when oral 

treatment with vanadium salts to streptozotocin (STZ)-induced diabetic rats 

resulted in normalization of elevated blood glucose levels (Heyliger et al. 1985). 

Over the past 15 years, considerable evidence has accumulated to show that 

vanadium has insulin-mimetic and anti-diabetic properties in both type 1 and type 

2 diabetes mellitus (Brichard et al. 1989, Pugazhenthi and Khandelwal 1990, 

Battell 1992, Yuen et al. 1996). Oral vanadium treatment normalized blood 

glucose level in the animal models of both types of diabetes (Meyerovitch et al. 

1987, Brichard et al. 1989, Meyerovitch et al. 1991). The improvement in insulin- 

stimulated glucose uptake appears to be mediated primarily through increased 



nonoxidative glucose disposal (Goldfine et al. 1995) and increased glycogen 

synthesis (Rossetti and Lauglin 1989, Cohen et al. 1995). 

Recent clinical trials in humans have shown that both type 1 and type 2 

diabetic patients treated with vanadium had reduced requirements for exogenous 

insulin, suggesting improvement in insulin sensitivity and considering vanadium 

as potentially useful for treating both types of diabetes (Cohen et al. 1995, 

Goldfine et al. 2000). Interestingly, vanadium treatment did not affect C-peptide 

levels in the type 1 diabetics indicating that increased secretion of insulin by 

pancreas was not responsible for decreased requirements for exogenous insulin 

(Goldfine et ai. 1995). Similarly, reduced insulin requirements were also reported 

in vanadium treated STZ-diabetic rats (Cam et ai. 1993a) and in spontaneously 

diabetic BB rats (Battell 1992). Eriksson et al demonstrated that vanadium 

rapidly and markedly increases cell surface insulin binding capacity in normal rat 

adipocytes and also in insulin-resistant cells (Eriksson et al. 1992). These 

findings suggest that vanadium treatment modifies insulin requirements of 

peripheral tissues by enhancing tissue sensitivity. 

1.6.3. Mechanisms of insulin-mimetic effects of vanadium 

The molecular mechanism of the vanadium effect on insulin signaling 

rernains uncertain, and several potential sites for the insulin-mimickinglenhancing 

effect have been proposed. Vanadate, which structurally resembles phosphate, 

has been dernonstrated to interact with several enzymes in vitro and to have 

biological effects in cultured cells and animals in vivo. Since inhibitory effects of 



vanadium on protein tyrosine p hosp hatases (PTPs) were recog nized almost 20 

years ago (Swarup et al. 1982), it has been commonly accepted that most of its 

biological actions are accornplished through regulation of tyrosine 

phosphorylation of cellular proteins (Chao et al. 1993, Fantus and Tsiani 2 998, 

Heffetz and Zick 1989). Vanadium has been shown to be a potent inhibitor of at 

least two PTPs, leukocyte cornrnon antigen related (LAR) phosphatase and 

protein tyrosine phosphatase-1 B (PTP-1 B) (Nxumalo et al. 1998). Although 

previous studies demonstrated that PTP-1 B act as a negative regulator of insulin 

action primarily by dephosphorylating the insulin receptor (Kenner et al. 1996), 

identification of al1 the intracellular substrates of PTP-1B remains a major 

obstacle to complete understanding of its physiological functions. A recent study 

done by Elchebly et al demonstrated increased insulin sensitivity and resistance 

to weight gain in mice lacking PTP-1 B gene, therefore establishing this 

phosphatase as a potential target for the treatment of type 2 diabetes and obesity 

(Elchebly et al. 1999). Initially, it appeared that vanadium exerts its insulin- 

rnimicking effects via the insulin receptor and previous studies demonstrated 

vanadium induction of autophosphorylation of solubilized insulin receptor in an 

insulin resembling fashion (Ueno et al. 1987, Gherzi et al. l988), with stimulation 

of the tyrosine kinase activity of the insulin receptor P-subunit (Smith and Sale 

1988). However, consequent studies demonstrated that vanadium may also 

stimulate a soluble cytosolic tyrosine kinase, thus bypassing the need for 

activation of the insulin receptor itself (Shisheva and Shechter 1993). Recentiy, 

a second 55-60 kDa tyrosine kinase, which is membrane associated and 



activated by vanadate, has been suggested to be invoived in the stimulation of 

glucose uptake and the antilipolytic activity of vanadium (Elberg et al. 1997). A 

lack of change of insulin receptor kinase activity was also reported in other 

studies in which either glucose-lowering effects or the incorporation of glucose 

into glycogen after vanadium treatment were shown (Mooney et al. 1989, Strout 

et al. 1989). Furthermore, a loss of 60% of insulin receptors did not affect 

stimulation of glucose transport by vanadium in rat adipocytes (Green 1986). 

These findings strongly suggest post-receptor effects of vanadium further 

downstream in the insulin signaling cascade. 

1.6.4. Vanadium compounds 

Extensive studies have demonstrated the insulin-mimetic properties of 

inorganic vanadium salts, both in vitro and in vivo, in a various animal rnodels of 

diabetes mellitus, with sodium orthovanadate(V) usually being the modifier of 

choice (Shechter I W O ) .  However, treatrnent with this vanadium compound at 

the dose required to produce insulin-mimetic effects has been associated with 

dehydration and diarrhea, which resulted in the death of some animals (Heyliger 

et al. 1985, Dorningo et al. 1991). Since vanadyl sulfate was reported to be 6-1 0 

times less toxic than vanadate (Hudson 1964), this form of vanadium was also 

extensively investigated and demonstrated similar glucose-lowering and anti- 

diabetic effects (Ramanadham et al. 1989, Pederson et al. 1989, Venkatesan et 

al. 1991). In addition, peroxovanadium compounds have been synthesized and 

treatment with this form of vanadium has been shown to markedly reduce 



hyperglycemia within 30 min in STZ-diabetic and BioBreeder (BB) rats (Yale et 

al. 1995). However, peroxovanadates are prone to decomposition in aqueous 

solutions and consequent radical formation, which may increase intracellular 

oxidative stress (Krejsa et a/. 1997) and limit their biomedical utility (Djordjevic et 

a/. 1995). 

In order to improve the poor absorption of vanadate and vanadyl from the 

gastrointestinal tract, increase potency, and reduce toxicity, Our laboratory and 

others have synthesized various organic vanadium compounds. 

Bis(maltolato)oxovanadium (IV) (BMOV) is an example of compound designed to 

be administered orally and absorbed in gastrointestinal tract by passive diffusion. 

Its water-solubility and neutral charge contribute to its high oral bioavailability 

(Thornpson et al. 1999, Setyawati et al. 1998). The effects of BMOV on 

hyperglycernia have been demonstrated at a dose of 0.4 mmollkglday (McNeill et 

al. 1992), that is two to three times lower than those required by either vanadate 

or vanadyl administration (Yuen et al. 1993, Yuen et al. 1995). In addition to 

increased potency, BMOV appeared to have a rapid onset of action, was better 

tolerated and did not express any overt sign of toxicity (Yuen et al. 1993). A 

similar organic vanadium compound, bis(ethylmaltolato)oxovanadium (IV) 

(BEOV) was recently synthesized and represents an ethyl derivative of BMOV. 

Chronic treatment with BEOV exhibited similar effects on the diabetic state 

compared to BMOV when studied in STZ-diabetic Wistar rats (Semiz and McNeill 

2000). 



1.7. RESEARCH ST RATEGY 

1.7.1. Rationale and objectives 

This study is important to further our knowledge on how insulin works at 

the cellular level and how the biochemical pathways regulated by insulin are 

altered in the diabetic state. The objective of this çtudy was to elucidate the 

signaling pathways involved in the regulation of the final cellular effects of insulin, 

such as glycogen synthesis, which seems to be impaired in individuals with 

family history of diabetes. 

The specific kinases/phosphatases involved in insulin signaling pathways 

may be potential targets for the drug therapy. Previous studies with oral 

vanadium treatment demonstrated that improved insulin sensitivity was largely 

mediated through increased nonoxidative glucose disposal (glycogen synthesis) 

(Goldfine et al. 1995). Ott-ter results from our laboratory have also demonstrated 

the insuiin enhancing properties of vanadium and therefore, it was pertinent to 

study the mechanisms underlying its action and how the insulin 

phosphorylation1dephosphorylation signaling cascade was altered following 

vanad iurn treatment. 

To gain a better understanding of the regulation of glycogen synthesis, in 

the present study we assessed in vivo activation of glycogen synthase by insulin 

and vanadium in animal models of type 1 and type 2 diabetes mellitus. We 

measured the activities of GS and its two proposed upstream enzymes, GSK-3 

and PP1, in rat skeletal muscle before and following treatment with insulin and 

vanadium in vivo. Since the results from our studies performed on Wistar STZ- 



diabetic rats dernonstrated development of insulin resistance in long-term 

diabetes, it was also interesting for us to study how the duration of diabetes 

affects the activities of these three enzymes in rat skeletal muscle. The activities 

of GS and GSK-3 were also studied in other insulin-sensitive tissues, liver and 

heart, of STZ-diabetic rats. 

11.7.2. Hypothesis 

We hypothesized that either inhibition of GSK-3 andfor activation of PP-1 

may be the key mechanism(s) by which insulin enhances glycogen synthesis in 

vivo. Accordingly, GSK-3 activity should be elevated and PP1 activity decreased 

in type 1 and type 2 diabetes, resulting in an impaired skeletal muscle GS 

activity. Oral treatment with vanadium will improve insulin sensitivity in diabetic 

animals, resulting in normalization of GSK-3 andlor PP-1 activity through an 

insulin-like signaling pathway and consequent increase in glycogen synthase 

activity. Therefore, an improvement in glycogen synthesis may be the underlying 

mechanism by which in vivo vanadium treatrnent lowers blood glucose levels in 

diabetic animals. 



2. MATERIAL AND METHODS 

2.1. Materials 

Materials were obtained from the following sources: regular beef/pork 

insulin (Iletin) from Eli Lilly; biç(maltolato)oxovanadiurn(lv) (BMOV) from Dr. 

Chris Orvig, Department of Chem istry, University of British Columbia, Vancouver, 

B.C.; bis(ethylmaltolato)oxovanadium(lv) (BEOV) from Kinetek Phanaceuticals 

Inc., Vancouver, B.C.; protein G-Sepharose and ECL detection system from 

Amersham Pharmacia Biotech; phospho-GSK3 substrate peptide from 

Department of Biochernistry and Microbiology, University of Victoria, Victoria, 

B.C.; glycogen synthase peptide 2 (Ala 21) from Upstate Biotechnology inc. 

(Lake Placid,NY); anti-GSK-3p antibodies from Transduction Laboratories 

(Lexington, KY); goat anti-mouse IgG conjugated with horse radish peroxidase, 

acrylamide, bis-acrylamide, sodium dodecyl sulphate (SDS), glycine, ammonium 

persulfate, prestained low-molecular range standard, nitrocellulose membrane, 

and dye reagent for protein assay from Bio-Rad; bovine serum albumin (BSA), 

tricine, EDTA, EGTA, NaF, KF, Mg-acetate, MgC12, MnC12, dithiothreitol (DTT), B- 

mercaptoethanol, glycogen, glucose-6-phosphate (G6P). Tris-HCI, MOPS, 

HEPES, P-glycerophosphate, P-methyl-aspartic acid, Brij 35, Tween 20, Ponceau 

S, phenylmethylsulfonyl fluoride (PMSF), benzamidine, leupeptin, pepstatin A, 

aprotinin, antipain, and tiypsin inhibitor from Sigma-Aldrich Canada Ltd. 

(Oakville, Ontario); uridine 5'-diphosphate (UDP)-[u-'~c] glucose and [ y - 3 2 ~ ] ~ ~ ~  

from NEN Life Science Products, Inc. (Boston, MA); nonidet P40 from BDH Inc; 



okadaic acid from Calbiochem (La Jolia, CA). All other chemicals and reagents 

were of the highest grade cornrnercially available. 

2.2. Research design and experimental procedures 

2.2.1. Treatment and maintenance of the animals 

Rats were housed on an alternating 12-h Iight and dark cycle and were 

allowed free access to food (Lab Diet 5001), water and treatrnent solution. 

Treated rats received either bis(maltolato)oxovanadium(lv) (BMOV) or 

bis(ethylmaltolato)oxovanadium(lV) (BEOV) in drinking water. Body weight and 

food and fluid intake were measured daily in al1 anirnals. The dose of vanadium 

was calculated on the basis of concentration of the compound in treatment 

solution, amount of consumed fluid, and body weight. 

The blood was coile&ci from the tail vein once every week following a 

period of 5-h fasiing and centrifuged (Beckman Allegra 21 R) at 20000 x g for 20 

min at 4°C. The plasma was stored at -70°C until analyzed for plasma glucose 

and insulin levels. 

2.2.2. Studies in the STZ-diabetic Wistar rats 

2.2.2.1. Time-course studies 

The time-course study on GSK-3P activity was performed using skeletal 

muscle from 24 control and 24 STZ-diabetic Wistar rats (Animal Care Centre, 

South Campus, the University of British Columbia, Vancouver, B.C.). Rats were 

made diabetic with a single tail vein injection of STZ (60 mglkg). Skeletal muscle 



was collected at 1, 2, 5, and 15 min after insulin injection (5 IU/kg). In this study 

STZ-diabetic rats were terminated at 4 weeks after induction of diabetes. During 

anesthesia, skeletal muscle was quickly removed from hind legs, and then the 

muscle tissue was freeze-clarnped and powdered under liquid nitrogen. The 

powdered tissue was stored at -70°C for further analysis. Liver and heart 

sarnples were also collected from these animals and processed using the same 

proced u res. 

Following this, another similar time-course study on GSK-3P was 

perfonned using skeletal muscle extracts from Wistar control and STZ-7 weeks- 

diabetic rats (described later) collected at 2, 5, and 15 min following an insulin 

injection (5 IU/kg). The tirne-dependent activation of muscle glycogen synthase 

by insulin was also determined. The skeletal muscle and liver samples were 

collected from these rats and processed using the same procedures as 

described in a previous time-course study. 

2.2.2.2. Study in the short-term STZ-diabetic Wistar rats 

Eighty-eight male Wistar rats, weighing 190-220 g, were obtained from the 

Animal Care Centre, South Campus, the University of British Columbia, 

Vancouver, B.C. The rats were divided into two groups. One group received a 

single tail vein injection of STZ (60 mglkg) and served as the diabetic group. The 

other group was injected with 0.9% sodium chloride and served as age-matched 

controls. Diabetes was confirmed by glucose analysis in the blood by Glucose 

Analyzer 2 (Beckman Instruments Inc., Galway, Ireland) at 72 h after STZ 



injection. Only rats with a plasma glucose level > 13 mM were considered as 

diabetic. Diabetes was successfully induced with this rnethod in 100% of rats 

used. 

The control and diabetic groups were then further subdivided into 

untreated control (C, n=22), control-treated (CT, n= 22). untreated diabetic 

(n=22), and diabetic-treated (DT, n=22) groups. Treatment was started 7 days 

post-STZ injection. Treated animals received BMOV for 3 weeks at a final dose 

of 0.3-0.4 mmol/kg/day administered in drinking water. 

At the end of three weeks of treatment, animals were fasted overnight (16 

h) and then anesthetized with 100 mglkg pentobarbital (65 mg1mL) administered 

by intraperitoneal injection. During anesthesia, in each group of animals 7 rats 

were not treated with insulin (saline injection), 8 rats were injected with insulin (5 

Ulkg) into the tail vein at 5 minutes, and 7 rats were treated with the same dose 

of insulin at 15 minutes prior to muscle extraction. The heart was then excised 

and the skeletal muscle was removed from hind legs as quickly as possible. The 

muscle tissue was freeze-clamped and powdered under liquid nitrogen using a 

mortar and pestle cooled in liquid nitrogen. The powdered tissue was stored at - 

70°C before further processing. 

2.2.2.3. Studies in the long-terni STZ-diabetic Wistar rats 

For the initial long-term (7-week) diabetes study, 142 male Wistar rats, 

weighing 190-220 g, were obtained from the Animal Care Centre, South 

Campus, the University of British Columbia, Vancouver, B.C. The rats were 



divided into two groups. One group received a single tail vein injection of 

streptozotocin (STZ) (60 mglkg) and sewed as the diabetic group. The other 

group was injected with 0.9% sodium chloride and served as age-matched 

controls. Diabetes was confirmed with a blood glucose analysis (>13 rnM) using 

a Glucose Analyzer 2 (Beckman Instruments Inc., Galway, Ireland) at 72 h after 

STZ injection. 

The control and diabetic groups were then further subdivided into 

untreated control (C, n=32), control-treated (CT, n= 32), untreated diabetic 

(n=38), and diabetic-treated (DT, n=40) groups. Treatment was started 7 days 

post-STZ injection. Treated animals received BEOV for 6 weeks at a final dose 

of 0.3-0.4 mmollkglday administered in drin king water. Animals were then fasted 

overnight (16 h) and then anesthetized with 100 mglkg pentobarbital (65 mglmL) 

administered by intraperitoneal injection. In each group of animals 8-10 rats 

were not treated with insulin (saline injection), and 8-10 rats were euthanized at 

2, 5 or 15 min following an insulin injection (5 Ulkg) into the tail vein. After the 

induction of unconsciousness, the heart was excised, and the skeletal muscle 

was removed from hind legs as quickly as possible. The muscle tissue was 

freeze-clamped and powdered under liquid nitrogen using a mortar and pestle 

cooled in liquid nitrogen. The powdered tissue was stored at -70°C until 

analyzed. 

For the second long-term (9-week) diabetes study (Mono S 

chromatography study), 60 male Wistar rats (Charles River, Montreal, Quebec), 

weighing 190-220 g, were used. In thirty rats diabetes was induced by 



intravenous injection of streptozotocin (STZ) (60 mgkg) via the tail vein under 

halothane anesthesia. STZ was freshly dissolved in 0.9% saline immediately 

before use. Thirty age matched control rats were injected with an equivaient 

volume of 0.9% saline. Diabetes was confirmed by a blood glucose level higher 

than 14 mM, seven days after STZ injection, using Glucostix reagent strips read 

in a Glucorneter II (Ames, Miles Lab., Elkhart, IN, USA). The rats were then 

randomly divided into four groups of 15 animals: control (C), control vanadium- 

treated (CT), diabetic (D), and diabetic vanadium-treated (DT). A week after STZ 

injection, the treated groups received BMOV in the drinking water at a final dose 

of 0.3-0.4 mmollkg/day for 8 weeks. At the end of treatment, the rats were fasted 

overnight. Each group of 15 rats was divided into 3 subgroups of 5 animals 

which were injected with O (saline), 5 or 10 Ulkg insulin through the tail vein. 

Skeletal muscle was removed quickly from hind legs at 15 min after insulin 

injection. Muscle extracts were prepared as described previously (Hei et al. 

1993). Briefly, the muscle tissue was immediately homogenized in a 25 mmoVL 

MOPS buffer (pH 7.2) containing 2 mmol/L EDTA, 5 mmoVL EGTA, 75 mmollL P- 

glycerophosphate, l mmolIL sodium o-vanadate, 2 mmolIL dithiothreitol, and a 

mixture of protease inhibitors (1 mmol/L phenylmethylsulfonyl fluoride, 3 mmollL 

benzamidine, 10 pmollL leupeptin, 5 pmolIL pepstatin A, 10 pgIL aprotinin, and 

100 pg/L soybean trypsin inhibitor). The homogenate was centrifuged at 10,000 

x g for 25 min, and then the resultant supernatant was centrifuged again at 

100,000 x g for 60 min. The final supernatant was quickly frozen in liquid 

nitrogen and stored at -70" C until further Mono S chrornatographic analysis. 



2.2.3. Studies in the Zucker fatty rats 

2.2.3.1. Time-course study 

Thirteen maie Zucker fatty and thirteen lean rats were obtained at 17-18 

weeks of age from the breeding colony in the Department of Physiology at the 

University of British Columbia, Vancouver, B.C. During anesthesia, skeletal 

muscle was quickly rernoved from hind legs at 2, 5, and 15 min after insulin 

injection (5 IUIkg), and then the muscle tissue was freeze-clamped and 

powdered under liquid nitrogen. The powdered tissue was stored at -70°C for 

further analysis. In this study the time-dependent activation of both glycogen 

synthase and GSK-3 by insulin was determined. 

2.2.3.2. Study in the Zucker fatty rats using Mono S chromatography 

Twenty-one Zucker fatty (faifa) (8 male and 13 female) and 20 lean (Fa/-) 

male rats were obtained at 12-14 weeks of age from the breeding colony in the 

Department of Physiology at the University of British Columbia, Vancouver, B.C. 

The rats were randomly divided into treated and untreated groups: Lean (L, 

n=10), Lean Treated (LT, n=1 O), Fatty (F, n=7), and Fatty Treated (FT, n=14). 

Treated animals received BMOV for 10 weeks at a final dose of 0.2 mmollkgfday 

administered in drinking water. 

At the end of the ten weeks of treatment, animals were fasted overnight 

(16 h) and then anesthetized with 100 mgfkg pentobarbital (65 mglmL) 

administered by intraperitoneal injection. During anesthesia. half of the number 



of animals in each group were not treated with insulin (saline injection), while the 

other half were injected with insulin (5 U k g )  into the tail vein at 15 minutes prior 

to muscle extraction. The skeletal muscle was then removed frorn hind legs as 

quickly as possible. freeze-clamped and powdered under liquid nitrogen using a 

mortar and pestle. The powdered tissue was then stored at -70°C prior to further 

homogenization and Mono S chromatographie analysis. 

2.2.3.3. Study in the Zucker fatty rats muscle extracts 

Fifty male Zucker rats were obtained at 12-13 weeks of age from the 

breeding colony in the Department of Physiology at the University of British 

Columbia, Vancouver, B.C. Twenty-five fatty (faffa) and 25 lean (Fal-) littermates 

were randomly divided into treated and untreated groups: Lean (LI n=12), Lean 

Treated (LT, n=13), Fatty (FI n=12), and Fatty Treated (FT, n=13). Treated 

animals received BMOV for 3 weeks at a final dose of 0.2 mmollkglday 

administered in drinking water. 

At the end of treatment period, anirnals were fasted overnight (16 h) and 

then anesthetized with 100 mg/kg pentobarbital (65 rng1mL) administered by 

intraperitoneal injection. In each of four group of animals, 4 rats were not treated 

with insulin (saline injection), while the remainder of the rats were injected with 

insulin (5 Ulkg) into the tail vein at 5 or 15 minutes prior to muscle extraction. 

During anesthesia, the skeletal muscle was removed from hind legs as quickly as 

possible, freeze-clamped and powdered under liquid nitrogen using a mortar and 



pestle. The powdered tissue was then stored at -70°C prior to further 

preparation of the muscle extracts. 

2.3. Methodology 

2.3.1. Determination of protein concentration 

Protein concentration in muscle hornogenates was determined by the 

Bradford method using reagents purchased from Bio-Rad (Hercules, CA). This 

assay involves the addition of an acidic dye to protein solution, and subsequent 

measurement at 595 nm with a microplate reader (Model EL 309, Bio-Tek 

Instruments Inc., Winooski, Vermont). Bovine serum albumin (BSA) was used as 

a standard and hence, provided a relative measurement of protein concentration 

in a sampIe. 

2.3.2. Mono S chromatography 

Chromatographic fractionation of crude muscle extracts was performed by 

a fast protein liquid chromatography (FPLC), following a modified rnethod 

described previously (Van Lint et al. 1993). Cation exchange chromatography 

was carried out systern at 4OC on a Mono S HR 515 using a Pharmacia LKB 

Biotechnology FPLC. The muscle extracts containing 10 mg of protein were 

applied at a flow rate of 1 mllmin to Mono S column, equilibrated with a buffer A 

(pH 7.0) containing 20 mM HEPES and 1 mM dithiothreitol (DIT). After a 10-mL 

wash, elution was performed with a 18-mL gradient from O to 800 mM NaCl in 



buffer A. Fractions (0.25 ml)  were collected and stored at -70°C for subsequent 

assays. 

2.3.3. Electrophoresis and irnrnunoblotting 

For further identification of GSK-3P in Mono S column profiles, column 

fraction immunoblotting was performed as described previously (Hei et al. 1993). 

Aliquots of Mono S column fractions were subjected to SDS polyacrylamide gel 

electrophoresis (with 10% slab gels) as described by Laemmli (Laernmli 1970). 

Gel eIectrophoresis was performed at 1 O rnA/gel overnight and the proteins were 

then transferred ont0 a nitrocellulose membrane at 300 mA for 3 hours. 

Following the transfer completion, the membrane was stained with 1% Ponceau 

S solution in 5% acetic acid, in order to demonstrate the abundance of the 

proteins on the membrane. After the Ponceau S staining, a 2-hour blocking with 

5% skim milk in Tris-buffered saline (TBS) (100 mM Tris, pH 7.50, 1.25 M NaCI) 

was performed. The membrane was then incubated with the primary antibodies 

(mouse IgG monoclonal anti GSK-3p) overnight at 4°C. Following this, the 

membrane was washed with TBS containing Tween 20 (TBST) and incubated 

with the secondary antibodies (goat anti-mouse IgG conjugated with horse radish 

peroxidase) for another hour at room temperature. The membrane was washed 

again with TBST. Enhanced chemiluminescence (ECL) was used as the 

detection procedure following manufacturer's instructions. 



2.3.4. Detemination of glycogen synthase activity 

The frozen muscle powder was homogenized in a buffer (4.2% wt/vol) 

(pH=7.5, 4°C) containing 50 mM tricine, 10 mM EDTA, 100 mM NaF, 0.5 mM 

dithiothreitol (DTT), 0.1 % P-mercaptoethanol, and 0.5 rnM phenylmethylsulfonyl 

fluoride (PMSF). The homogenate was centrifuged at 8800 x g for 10 minutes at 

4°C (Beckrnan J2-21) and the resultant supernatant was stored at -70°C until 

further analysis. 

Glycogen synthase activity was determined using a modified method 

described previously (Ortmeyer et al. 1993). This assay is based on the 

incorporation of uridine 5'-diphosphate (UDP)-[u-'~c] glucose into glycogen and 

enzyme activities are expressed as nM of glucose incorporated into glycogen per 

minute per mg of protein. Briefiy, the total and glucose-6-phosphate independent 

(G6Pi) activity of glycogen synthase were measured after mixing 40 pL of muscle 

sample with 60 pL of reaction mixture (pH=7.4) containing 50 rnM Tris, 20 mM 

EDTA, 87.5 mM KF, 0.2 mM uridine-5'-diphosphoglucoçe (UDPG), 5000 counts 

per minute per nM UDPG-'~C, 1% glycogen, and either 15 mM G6P (for total GS 

activity) or no G6P (for GGP-independent GS activity). The enzymatic reaction 

was allowed to proceed for 6 min at 30°C, after which it was terminated by 

spotting 60 PL of sample reaction mixture ont0 P81 Whatman paper squares. 

The papers were washed 3 times with 66% ethanol, left overnight for ethanol to 

dry out, and then were counted for radioactivity. Glycogen synthase activity is 



expressed as a fractional activity (%FA) and represents a percentage of G6Pi 

(active) GS to total GS activity. 

2.3.5. Determination of GSK-3p activity by specific immunoprecipitation 

assay 

The procedure described previously (Gregory et al. 1989, Pelech and 

Krebs 1987) was rnodified and used to prepare skeletal muscle extracts. The 

frozen muscle powder was homogenized in ice-cold MOPS buffer (25 mM, 

pH=7.2) containing 2 mM EDTA, 5 mM EGTA, 75 mM P-glycerophosphate, 5 PM 

P-methyl-aspartic acid, 1 mM DTT and various protease inhibitors (AmM PMSF, 

3 mM benzamidine, 10 p M  leupeptin, 5 pM pepstatin A, 200 pg/mL trypsin 

inhibitor, and 10 pglmL aprotinin). The homogenate was centrifuged at 100,000 

x g for 60 min (Beckman LE-80) and the clear supernatant was used for GSK-3P 

immunoprecipitation assay. For this assay, volume of the muscle extract 

containing 1 mg of protein was incubated in total of 350 pL 6% NETF buffer (50 

rnM Tris-HCI pH=7.4, 100 mM NaCI, 5 mM EDTA, 50 mM NaF, and 6% Nonidet 

P40) with 35 pL of protein G-Sepharose beads, and 5 pL of the anti GSK3P 

antibod ies. The highiy specific monoclonal anti-GSK-3p antibodies 

(Transduction Laboratories, Lexington, KY) were used in this assay. After a 2.5 

h incubation period at 4OC, the beads were pelleted by centrifugation (Beckman 

Allegra 21R) at 14000 x g for 2 min at 4°C. The beads were washed twice with 

6% NETF, twice with 100 mM Tris (pH=7.4) and then once with 10 mM Tris. 



The kinase assay was perforrned using pelleted beads or Mono S 

fractions (10 PL) and adding 5 pL phospho-GSK-3 substrate peptide (125 PM) or 

the GSK-3 (AIa-21) control peptide, 30 pL buffer (8 mM MOPS pH=7.4, 0.2 mM 

EDTA, and 10 mM Mg-acetate), and 50 pM [ y - 3 Z ~ ] ~ ~ ~  (specific activity -2000 

cpmfprnol). The GSK-3 substrate phosphopeptide contains serine residues at 

sites 3b, 3c, and phosphorylated site 4 from skeletal muscle glycogen synthase, 

and is a specific substrate for GSK-3. Glycogen synthase peptide-2 (Ala 21) in 

which the priming serine at the site 4 had been replaced by alanine was used as 

a negative control. This control peptide, hence, is not a substrate for GSK-3, 

since GSK-3 requires a pre- phosphorylated serine at site 4 in order to optimally 

phosphorylate sites 3b and 3c in glycogen synthase. The kinase reaction was 

allowed to proceed for 30 min at 30°C after which it was stopped by spotting 25 

pL of the reaction mixture ont0 P81 Whatrnan paper squares. The papers were 

washed I O  times with 1 % orthophosphoric acid, once with acetone, and then 

counted for radioactivity. 

2.3.6. Determination of protein phosphatase-l activity 

Skeletal muscle extracts were prepared as described previously (Foulkes 

and Jefferson 1984). Briefly, the frozen muscle powder was homogenized with 

a polytron (PT 3100, Kinematica, Littau, Switzerland), two 30-s bursts in 3 vol of 

homogenizing buffer (pH=8.3, 4°C) containing 20 mM Tris-HCI, 250 mM sucrose, 

4 mM EDTA, 30 mM P-mercaptoethanol, and various protease inhibitors (100 p M  

PMSF, 1 rnM benzamidine, and 10 pg/mL of aprotinin, leupeptin, antipain, trypsin 



inhibitor and pepstatin-A). The homogenates were centrifuged at 12000 x g for 

15 min. The clear supernatants were then filtered on Sephadex G-50 fine 

columns (Amersham Pharmacia Biotech, Uppsala. Sweden) with eluting buffer 

containing 50 mM Tris-HCI. 0.1 mM EDTA. 0.1% Brij 35. 30 mM p- 

mercaptoethanol, and various protease inhibitors (100 pM PMSF. l mM 

benzamidine, and 10 pglmL of aprotinin, leupeptin, antipain, trypsin inhibitor and 

pepstatin-A). A fraction containing protein (3.5 mL) was collected and stored at - 

70°C before further analysis. The void volume of the column (3.5 rnL) was 

determined by elution of the color marker (Blue Dextran, 2000 kD, Amersham 

Pharmacia Biotech) through the column. 

Protein phosphatase-1 activity was detemined using serinelthreonine 

phosphatase assay kits (Upstate Biotechnology, Lake Placid. NY). This assay 

systern determines the amount of free phosphate generated from the specific 

substrate by measuring the absorbance of a malachite greenlphosphate complex 

at 620 nm with a microplate reader (EAR 400 AT, SLT-Labinstruments, Austria). 

Assay conditions and procedures were followed according to the 

recommendation of the manufacturer. In brief, 10 pL of muscle sample was 

incubated with 250 pM phosphopeptide substrate for 15 minutes at room 

temperature in 25 pL (final volume) of assay dilution buffer which consisted of 20 

mM MOPS (pH 7.5), 2 mM EGTA, 60 mM P-mercaptoethanol. 150 mM NaCl, 0.1 

mM MnCI2, 1 rnM MgCI2, 10 % glycerol and 0.01 rnglmL BSA. PP1 activity was 

measured in the presence of 3 nM okadaic acid, since this compound at low 

concentration is a potent and selective inhibitor of PP2A (Cohen et al. 1989). 



2.3.7. Measurement of plasma insulin 

Plasma insulin was determined by radioimmunoassay kit (Linco Research 

Inc., St. Charles, Missouri). This assay utilizes 1251-labeled insulin and a rat 

insulin antiserum to determine the level of plasma insulin by the double/PEG 

(poiyethylene glycol) technique. 

2.3.8. Measurement of plasma glucose 

Plasma glucose was deterrnined using a Beckman Glucose Analyzer 2 

and a glucose oxidase kit (Beckman Instruments Inc., Galway, Ireland). In this 

glucose oxidase assay glucose is oxidized into gluconic acid and then the rate of 

oxygen consumption, which is directly proportional to the concentration of 

glucose in the sample, is determined by a Beckman oxygen electrode. 

2.3.9. Oral glucose tolerance test 

Before the start and at the termination of the treatment period, rats were 

fasted overnight ( i 6  h) and an oral glucose tolerance test (OGTT) was 

performed. A glucose load of Igkg  was administered to the conscious animais 

by oral gavage. The blood was collected from the tail vein before and at 10, 20, 

30, and 60 minutes following glucose administration into heparinized capillary 

tubes to be assayed for plasma glucose and insulin levels. 



2.3.1 0. Calculation of insulin sensitivity 

Whole-body insulin sensitivity represents a composite of hepatic and 

peripheral tissue sensitivity to insulin. Some type 2 diabetics have a predominant 

defect in hepatic insulin sensitivity and have a excessive basal rate of hepatic 

glucose production, whereas others have a more profound disturbance in 

peripheral (primarily muscle) sensitivity to insulin resulting in postmeal glucose 

intolerance. 

In Our studies with Zucker fatty rats we used an index of insulin sensitivity 

which represents the combined effect of insulin to stimulate peripheral glucose 

uptake and to suppress endogenous (primarily hepatic) glucose production. This 

index of insulin sensitivity was calculated using the formula (100f square root of 

[fasting plasma glucose x fasting plasma insulin] x [mean glucose x mean insulin 

during OGTq) recently developed by Matsuda and DeFronzo (Matsuda and 

DeFronzo 1999). This novel estimate is simple to calculate and provides a 

reasonable approximation of whole-body insulin sensitivity from oral glucose 

tolerance testing. The advantage of this new index is that it considers insulin 

sensitivity in the basal state (fasting plasma glucose x fasting plasma insulin) and 

after the ingestion of a glucose load (mean insulin x mean glucose). In addition, 

it is highly correlated with the rate of insulin-stimulated glucose disposal during 

the euglycemic insulin clamp (Matsuda and DeFronzo 1999), which is considered 

to be one of the most precise methods available for assessing in vivo insulin 

action. 



2.4. Statistical analysis 

All results are expressed as means I SEM. The data were analyzed 

using Repeated Measures ANOVA followed by the Newman Keuls test, with 

p 4 . 0 5  considered as the Ievel of statistical significance. 



3. RESULTS 

3.1. Studies in the STZ-diabetic Wistar rats 

3.1 A.  Time-course studies 

Results of Our initial time-course study demonstrated that at four weeks of 

diabetes Wistar STZ-diabetic rats still responded to insulin stimulation and a 

time-dependent significant decrease in glucose level following an insulin injection 

was observed (figure 1A). General characteristics of the rats are shown in table 

1. Surprisingly, there was no significant change in GSK-3P activity in muscle 

from control Wistar rats following an insulin injection (figure 2) .  The GSK-3P 

activity was not also significantly changed following an insulin injection in STZ4 

weeks-diabetic rats. Furthermore, no significant difference in basal GSK-3B 

activity was observed between diabetic and control rats. 

Following this, we performed another time-course study on GSK-3 P 

activity following insulin administration, using skeletal muscle from Wistar STZ- 

diabetic and control rats. While in the previous study rats were terminated four 

weeks after induction of diabetes with STZ, in this study rats were sacrificed 

seven weeks following STZ injection. General characteristics of the Wistar STZ- 

7 weeks-diabetic rats are summarized in table 3. The rationale for this 

experimental design was to investigate possible differences in insulin-stimulated 

glucose disposal between short-term and long-term diabetes. Surprisingly, Our 

results demonstrated that at seven weeks of diabetes Wistar STZ-diabetic rats 

did not respond to insulin stimulation and a decrease in glucose level following 



an insulin injection was not observed (figure 1 B). Similar to the previous time- 

course study, results of this study (figure 3B) showed that there was no 

significant difference in basal GSK-3B activity between STZ-diabetic and control 

rats. In addition, GSK-3p activity was not significantly changed following an 

insulin injection in both Wistar STZ-diabetic and control rats. lmrnunobotting 

studies, as shown in figure 3C, identified GSK-3p and demonstrated a similar 

amount of GSK-3P protein in muscle extracts between al1 the treatment groups. 

Therefore, results of these two time-course studies revealed no difference in 

GSK-3P activity following insulin stimulation in both control and STZ-diabetic rats 

and the duration of diabetes did not cause any difference in the GSK-3P 

response to insulin stimulation. 

Determination of the g lycogen synthase fractional activity (figure 3A) in 

skeletal muscle of Wistar control rats demonstrated a significant increase in 

enzyme activity at 2, 5 and 15 min after insulin stimulation, with the most 

prominent increase (2-fold) at 15 min. There was no significant difference in GS 

activity between STZ-7 weeks-diabetic and control rats. However, in skeletal 

muscle from diabetic rats GS activity was not significantly increased following 

insulin injection and hence, its response to insuiin stimulation was impaired 

compared to control animals. Therefore, in long-term diabetic rats the lack of 

effect of insulin administration on plasma glucose levels was accompanied by an 

impaired muscle glycogen synthase activity. 



TABLE 1 

CHARACTERISTICS OF STZ-4 WEEKS-DIABETIC WISTAR RATS 

(TIME-COURSE STUDY) 

Data are shown as rneanskSEM. In CO (Control), and DO (Diabetic) groups 
insulin was not administered. In a11 other groups of animals insulin (5 Ulkg) was 
injected at 1,2,5 or 15 minutes prior to termination. 
Weia ht: 
'All control groups weighed significantly more than al1 diabetic groups (pc0.05). 

GROUP 

C O 

Plasma q lucose: 
'significantly different from al1 control groups (pc0.05) and # significantly different 
from diabetic (D0,DI ,D2) groups (pe0.05). 
Plasma insulin: 
*significantly different from al1 insulin-injected groups ( ~ ~ 0 . 0 5 )  and # significantly 
different from al1 1- and 2-min insulin-injected groups (p~0.05). 

Nurnber 

5 

Weight (g) 

328W 

Plasma 
(mmoflL) 
5.59k0.67 

Plasma fnsulin 
O w m U  

f 1 -28fl.56" 



FIGURE 1 

TIME-COURSE STUDY IN STZ-DIABETIC WISTAR RATS: (A) Plasma glucose 

in Wistar control (Cl n=3) and STZ-4 weeks diabetic (Dl n=3) rats before (0) and 

1, 2, 5, and 15 min following insulin injection (5 Ulkg). (B) Plasma glucose in 

Wistar control (Cl n=3) and STZ-7 weeks diabetic (Dl n=3) rats before (0) and 2, 

5, and 15 min following insulin injection (5 Ulkg). Data are expressed as mean 

+/- SEM. 

* Significantly different from al1 control groups ( ~ 4 . 0 5 ) .  

# Significantly different from diabetic (D0,DI ,D2) rats (p<0.05). 





FIGURE 2 

TIME-COURSE STUDY IN STZ-4 WEEKS DlABETlC WISTAR RATS: GSK-3P 

activity in skeletal muscle frorn Wistar control (Cl n=3) and diabetic (D, n=3) rats 

before (0) and 1, 2, 5, and 15 min following insulin injection (5UIkg). Data are 

expressed as mean +/- SEM. 





FIGURE 3 

TIME-COURSE STUDY IN STZ-7 WEEKS DlABETlC WISTAR RATS: (A) GS 

fractional activity, (8) GSK-3p activity, and (C) representative immunoblot of 

GSK-3p in skeletal muscle from Wistar control (CI n=3) and diabetic (DI n=3) 

rats before (0) and 2, 5, and 15 min following insulin injection (5UIkg). 

* Significantly different from control (CO) rats (pc0.05). 

** Significantly different from insulin-stimulated enzyme activity in control 

(C2,C5,C15) rats (p<0.05). 





3.1.2. Studies in the short-term STZ-diabetic Wistar rats 

Table 2 summarizes the general characteristics of STZ-4 weeks-dia betic 

Wistar rats prior to and after vanadium andlor insulin treatment. The BMOV 

treatment did not affect body weight gain in both control and diabetic animals. 

Both diabetic and diabetic-treated groups weighed significantly less than the 

control rats. Diabetic untreated rats exhibited hyperphagia and polydipsia, and 

BMOV treatment normalized food and fluid intake in these animals (food intake 

(g): control, 32k0.3; diabetic, 6311; control-treated, 29+1; diabetic-treated, 30t l ;  

fluid intake (mL): control, 65t1; diabetic, 323+7; control-treated, 40*2; diabetic- 

treated , 52k4). 

In accordance with Our previous results from the time-course study using 

Wistar rats with short-term STZ-induced diabetes, results of this study have also 

shown a significant decrease in the plasma glucose level in diabetic rats 

following an insulin injection (figure 4). Vanadium treatment also resulted in a 

decreased plasma glucose level and 3-weeks BMOV-treated animals were 

euglycemic at the time of sacrifice. 

Basal glycogen synthase fractional activity (GS FA) in rat skeletal muscle, 

as shown in figure 5, was not significantly different between control and STZ- 

diabetic rats. This is in accordance with our results from the initial time-course 

study (figure 3A). Results from this study demonstrated significantly increased 

insulin-stimulated GS FA by 2- and 2.5-fold in control and STZ-diabetic rats, 

respectively, compared to the basal GS activity. Therefore, in this animal model 

of short-term diabetes there is no defect in activation of GS by insulin. Vanadium 



treatment did not affect either basal or insulin-stimulated activity in both control 

and diabetic rats. 

Determination of GSK-3P activity showed similar results to those observed 

in our initial time-course studies (figure 6). There waç no significant difference in 

basal GSK-3p adivity between STZ-diabetic and control rats. Furthermore, GSK- 

3P activity was not significantly changed following an insulin injection in both 

control and diabetic rats. Vanadium treatrnent in this animal model did not 

produce any significant effect on GSK-3P activity compared to untreated control 

and diabetic animals. 

Protein phosphatase-1 activity was evaluated in the muscle homogenates. 

Our results showed significantly increased PP1 activity (2-fold) at 5 minutes 

following insulin injection as compared to the basal activity (figure 7). 

Surprisingly, basal PP1 activity was significantly increased 3-fold in STZ-diabetic 

rats cornpared to controis. Following insulin administration to diabetic rats PPI 

activity significantly declined to near-normal values. Vanadium treatrnent of 

diabetic rats also resulted in a significant decline in PP1 activity to near-control 

values. 



TABLE 2 

CHARACTERISTICS OF STZ4 WEEKS-DIABETIC WISTAR RATS 

(VANADIUM-TREATMENT STUDY) 

Data are shown as means+SEM. In CO (Control), DO (Diabetic), CTO (Control 
vanadium-treated), and DTO (Diabetic vanadium-treated) Wistar rats insulin was 
not administered. In al1 other groups of animals insulin was injected at 5 or 15 
minutes prior to termination. 
Weig ht: 
*Ail control groups weighed significantly more than al1 diabetic groups (pc0.05). 
Plasma glucose: 
'significantly different from non-insulin treated groups ( ~ ~ 0 . 0 5 )  and # significantly 
different from al1 other groups (p4.05). 
Plasma insulin: 
'significantly different from al1 insulin-injected groups ( ~ ~ 0 . 0 5 )  and # significantly 
different from al1 5-min insulin-injected groups ( ~ ~ 0 . 0 5 ) .  

GROUP 

CO 

Number 

7 

Weight (g) 

399k6* 

Plasma Glucose 
(mmollL) 
7.8k0.3 

Plasma lnsulin 
O'WmL) 

0.72t0.17" 



FIGURE 4 

STUDY IN THE STZ-4 WEEKS DlABETlC WISTAR RATS: Plasma glucose in 

Wistar control (C), diabetic (D), control vanadium-treated (CT), and diabetic 

vanadium-treated (DT) rats before (0) and 15 min following insulin injection 

(5Ulkg). Data are expressed as rnean +/- SEM for 7-8 individual animals. 

* Significantly different from non-insulin treated groups (pc0.05). 

# Significantly different from al1 other groups (pc0.05). 
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FIGURE 5 

STUDY IN THE STZ-4 WEEKS DlABETlC WISTAR RATS: Glycogen synthase 

fractional activity in skeletal muscle from Wistar control (C), diabetic (D), control 

vanadium-treated (CT), and diabetic vanadium-treated (DT) rats before (O) and 

15 min following insulin injection (5Ulkg). Data are expressed as mean +/- SEM 

for 6-7 individual anirnals and each sample was done as a triplicate. 

* Significantly different from basal GS activity in non-insulin treated rats (pc0.05). 
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FIGURE 6 

STUDY IN THE STZ-4 WEEKS DlABETlC WISTAR RATS: GSK-3p activity in 

skeletal muscle from Wistar control (C). diabetic (D). control vanadium-treated 

(CT), and diabetic vanadium-treated (DT) rats at O and 5 min following insulin 

injection (5Ulkg). Data are expressed as mean +/- SEM for 4-5 individual 

animais and each sample was done as a triplicate. 
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FIGURE 7 

STUDY IN THE STZ4 WEEKS DlABETlC WISTAR RATS: Protein 

phosphatase-1 activity in skeletal muscle from Wistar control (C), diabetic (D), 

control vanadium-treated (CT), and diabetic vanadium-treated (DT) rats before 

(O), 5, and 15 min following insulin injection (5UIkg). Data are expressed as 

mean +/- SEM for 3-4 individual animals and each sample was done as a 

triplicate. 

* Significantly different from control (CO) rats (~4.05). 

** Significantly different from diabetic (DO) rats (pcO.05). 
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3.1.3. Studies in the long-term STZ-diabetic Wistar Rats 

We performed two separate studies using skeletal muscle from Wistar rats 

with a long-term STZ-induced diabetes. In one study we used 7-week diabetic 

rats treated with BEOV, while in the other study 9-week diabetic rats were treated 

with a similar organic vanadium compound, BMOV. General characteristics of 

the STZ-7 .weeks-diabetic rats are shown in table 3. The data regarding body 

weight, daily food and fluid intake, and plasma insulin levels before and after 

vanadium andlor insulin treatment were similar to that obtained in the 4-week 

study. Diabetic untreated rats were hyperphagic and polydipsie, and BEOV 

treatment normalized food and fiuid intake in these anirnals (food intake (g): 

control, 30k0.4; diabetic, 6 1 +1; control-treated, 3 1 +1; diabetic-treated, 33+1; 

fluid intake (mL): control, 72k4; diabetic, 278+8; control-treated, 46k3; diabetic- 

treated, 67k4). Interestingly, both 7- and 9-week diabetes study did not show a 

decline in the plasma glucose level in STZ-diabetic rats following insulin 

administration (figure 8 and figure 12). This is in accordance with our previous 

results from the time-course study in which Wistar rats with a long-term STZ- 

induced diabetes were used and where no decrease in plasma glucose level 

after insulin injection was also demonstrated. 

Vanadium treated animals were euglycemic at the time of termination. 

Thus the treatment, as described earlier, resulted in a significantly decreased 

plasma glucose level in diabetic rats compared to untreated animals. As shown 

in table 3, the basal plasma insulin levels were decreased in STZ-diabetic rats 



compared to control rats. Vanadium treatment did not result in an elevated 

insulin level in diabetic animals. 

Glycogen synthase activity was measured in rat skeletal muscle and, as 

shown in figure 9, the results demonstrated that activity of this enzyme correlates 

with glucose levels in control and diabetic rats. A decrease in glucose level in 

control rats following an insulin injection was accompanied by increased GS 

activity (2-fold) in muscle. In diabetic rats no effect of insulin administration on 

plasma glucose level was noted and there was a significantly reduced response 

in GS activation to insulin. Therefore, insulin-stimulated GS activity was 

significantly decreased in long-term STZ-diabetic rats, which seem to be resistant 

to this hormone. These findings are in accordance with results of our initial time- 

course study (figure 3A) and confirm the association of defective activation of 

insulin-stimulated GS with insulin resistance in long-term diabetes. 

Following vanadium treatment of diabetic rats, GS activity decreased and 

a significant difference was observed compared to basal GS FA in control rats. 

However, vanadium treatment did not improve the defective insulin-stimuIated 

GS activity in diabetic rats. Therefore, the observed glucoregulatory effect of 

vanadium treatrnent in STZ-induced-diabetic rats does not seem to be related to 

the regulation of non-oxidative glucose metabolism and other metabolic 

pathways must be involved. 

Detemination of PPI activity in skeletal muscle of the Wistar control rats 

demonstrated, as in Our previous study. a significant increase (70%) at 5 minutes 

following an insulin injection compared to the basal activity (figure 10). 



Furtherrnore, the basal PP1 activity was significantly increased by 70% in STZ- 

diabetic rats compared to controls and this was in accordance with Our results 

from the previous 4-week diabetic Wistar rat study. As mentioned before, the 

increase in basal PPI activity in diabetic rats may be a possible explanation for 

near-normal values of GS activity in these rats. Interestingly, the levels of both 

GS and PPI activity were higher in older Wistar rats used in the long-term study 

(figure 9 and figure 10) compared to younger rats from the short-term diabetic 

study (figure 5 and figure 7). Similar to Our previous results, PP1 activity in 

muscle of diabetic rats was significantly decreased following an insulin injection. 

However, while in short-term diabetic animais PPI activity significantly deciined 

only after 5 minutes (figure 7), in this study the decrease occurred 15 minutes 

following insulin administration. Therefore, Our data demonstrated a delay in the 

insulin effect on PP1 activity in rats with long-term diabetes, associated with 

insulin-resistance. Similar findings were observed after vanadium treatment of 

diabetic rats. While in long-term STZ-diabetic rats vanadium treatment per se 

did not produce any significant effect on PP1 activity, combined vanadium and 

insulin treatment resulted in significantly decreased enzyme activity 15 minutes 

following an insulin injection, a response similar to the one observed in untreated 

rats. However, in both vanadium-treated and untreated rats with short-terrn 

diabetes this response in PP1 activity to insulin stimulation occurred more quickly 

and was more profound (figure 7). In conclusion, there was no change in either 

basal or insulin-stimulated PP1 activity after vanadium treatment in muscle of 

long-term diabetic rats. However, surprisingly, vanadium treatment resulted in an 



impaired insulin-stimulated GS activity in a muscle from older control Wistar rats 

(figure 9). 

Similar to our short-term diabetes study, diabetes, vanadium and insulin in 

vivo treatment did not produce an effect on muscle GSK-3P activity (figure 11). 

In order to purify the muscle homogenates and rernove the proteins whose 

presence may decrease specificity of the GSK-3 assay, we perforrned an 

additional long-term (9-week) diabetes study, in which muscle GSK-3 was 

analyzed by cation-exchange chromatography using a Mono S column. This 

procedure has been shown to specifically measure the activity of this enzyme 

(Van Lint et al. 1993). To produce a column profile that was more representative 

of each group, muscle extracts from Wistar rats in different groups were each 

pooled separately and applied to the colurnn. The Mono S colurnn fractions were 

then assayed for GSK-3 activity against specific phospho-GSK-3 substrate 

peptide. Results from this study revealed two basal peaks of GSK-3 activity in 

skeletal muscle from Wistar control rats (figure 13A). When the same fractions 

were assayed using the negative control (Ala-21) peptide, no detectable GSK-3 

activity was obsewed. lmmunoblotting studies identified GSK-3P in both peaks 

of GSK-3 activity (figure 138). In STZ-diabetic Wistar rats GSK-3 activity of the 

first peak, which has been previously shown to contain the alpha isoform of GSK- 

3 (Sutherland and Cohen 1994), was decreased cornpared to control rats (figure 

13C and 13A). However, the second peak of GSK-3 activity remained 

unchanged in diabetic rats. Insulin injection in both control and diabetic rats did 

not cause any significant effect on both peaks of GSK-3 activity (figure 13A and 



13C). Vanadium treatment caused a decrease in both peaks of basal GSK-3 

activity in both control (figure 14A) and diabetic (figure 148) rats. Surprisingly, 

the insulin injection in control vanadium-treated rats resulted in a profound 

increase in both peaks of GSK-3 activity (figure 15A), while in diabetic vanadium- 

treated rats more prominent increase was observed only in the second GSK-3 

peak (figure 158). In order to detemine the amount of the proteins in the Mono 

S fractions. we used the Ponceau S staining. The arnount of protein varied 

between the experimental groups used in this study and although the same 

arnount of protein was loaded on the Mono S column during each run, it was not 

feasible to rnaintain an equal protein amount in the resulting fractions. Therefore, 

the difference in protein arnount after Mono S chromatography may be 

responsible for the differences observed in GSK-3 activity among the 

experimental groups involved in this study. 

To further confimi that the changes in both peaks of GSK-3 activity were 

due to GSK3f3, immunoprecipitation studies were performed on the specific 

Mono S fractions (number 20-31) using specific antibodies for this isoform of 

GSK-3. These experiments confirmed no difference in basal GSK-3P activity 

between STZ-diabetic and control rats, as well as no effect of insulin injection on 

this enzyme activity in both control and diabetic rats (figure 16). Therefore, 

results of this study demonstrated again, as shown in our previous studies, that 

GSK-3B probably is not a key enzyme involved in the regulation of insulin- 

stimulated glycogen synthesis. 



An important obsenration from the study involving STZ-diabetic Wistar rats 

with long-term (9-week) diabetes, is that glucose levels were similar to the levels 

demonstrated in the time-course study in which STZ-7 week-diabetic rats were 

used. (figure 4 and figure 1B). Results of both studies demonstrated that after 

longer durations of diabetes Wistar STZ-diabetic rats did not respond to insulin 

stimulation and a decrease in glucose levei following an insulin injection was not 

observed. This may be due to the developrnent of a certain degree of insulin 

resistance as a result of rat aging. 



TABLE 3 

CHARACT ERlSTlCS OF STZ-7 WEEKS-DIABETIC WISTAR RATS 

(VANADIUM-TREATMENT STUDY) 

A;,*+ 1 Plasma Glucose 1 Plasma lnsulin 1 GROUP Nurnber W=my,,b 
(mmollL) 

Data are shown as means+SEM. In CO (Control), DO (Diabetic), CTO (Control 
vanadium-treated), and DTO (Diabetic vanadium-treated) Wistar rats insulin was 
not administered. ln al1 other groups of animals insulin was injected at 5 or 15 
minutes prior to termination. 
Weiqht: 
*Al1 control groups weighed significantly more than al1 diabetic groups (p~0.05). 
Plasma glucose: 
'significantly different from al1 control (CO) and diabetic vanadium-treated rats 
(p<0.05), # significantly different from al1 non-insulin treated rats (p<0.05), and ** 
significantly different from diabetic (DO) rats (pe0.05). 
Plasma insulin: 
'significantly different from al1 insulin-injected groups (p<0.05), # significantly 
different from control non-insulin treated (CO, CTO) groups (pc0.05), and ** 
significantly different from al1 5-min insulin-injected groups (p~0.05). 



FIGURE 8 

STUDY IN THE STZ-7 WEEKS DlABETlC WISTAR RATS: Plasma glucose in 

Wistar control (C), diabetic (D), control vanadium-treated (CT), and diabetic 

vanadium-treated (DT) rats before (0) and 15 min following insulin injection 

(SU/kg). Data are expressed as rnean +/- SEM for the number of animals 

indicated in table 3. 

* Significantly different from al1 non-insulin treated rats (pc0.05). 

# Significantly different from ail control (CO) and diabetic vanadium-treated rats 

(p<0.05). 
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FIGURE 9 

STUDY IN THE STZ-7 WEEKS DlABETlC WISTAR RATS: Glycogen synthase 

fractional activity in skeletai muscle from Wistar control (C), diabetic (D), control 

vanadium-treated (CT), and diabetic vanadium-treated (DT) rats before (0) and 

15 min following insulin injection (5UIkg). Data are expressed as mean +/- SEM 

for 5-7 individual animals and each sample was done as a triplicate. 

* Significantly different from control (CO) rats (peO.05). 

# Significantly different from al1 other groups (~4.05). 
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FIGURE I O  

STUDY IN THE STZ-7 WEEKS DIABETIC WISTAR RATS: Protein 

phosphatase-1 activity in skeletal muscle from Wistar control (C), diabetic (D), 

control vanadium-treated (CT), and diabetic vanadium-treated (DT) rats before 

(O), 5 and 15 min following insulin injection (5Ulkg). Data are expressed as 

mean +/- SEM for 4-7 individual animais and each sample was done as a 

triplicate. 

* Significantly different from control (CO) rats (p<O.OS). 

** Significantly different from diabetic (DO) rats (pc0.05). 
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FIGURE 11 

STUDY IN THE STZ-7 WEEKS DlABETlC WISTAR RATS: GSK-3P activity in 

skeletal muscle from Wistar control (C), diabetic (D), control vanadium-treated 

(CT), and diabetic vanadium-treated (DT) rats before (0) and 5 min following 

insulin injection (5UIkg). Data are expressed as mean +/- SEM for 4-5 individual 

animals and each sample was done as a triplicate. 
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FIGURE 12 

STUDY IN THE STZ-9 WEEKS-DIABETIC WISTAR RATS USlNG MONO S 

CHROMATOGRAPHY: Plasma glucose in Wistar control (C), STZ-9 week- 

diabetic (D), control vanadium-treated (CT), and diabetic vanadium-treated (DT) 

rats before (0) and 15 min following insulin injection (5 Ulkg). Data are 

expressed as rnean +/- SEM for 5 individual animals. 

* Significantly different from basal glucose levels in control (C) and controi- 

treated (CTO) groups (p<0.05). 

# Significantly different from al! control and diabetic vanadium-treated groups 

(p<0.05). 





FIGURE 13 

STUDY IN THE STZ-9 WEEKS-DIABETIC WISTAR RATS USlNG MONO S 

CHROMATOGRAPHY: (A) Mono-S profile of GSK-3 activity in skeletal muscle 

from control rats before (closed circle) and 15 min (open circle) following insulin 

injection (5 Ulkg). (B) Representative immunoblot of GSK-3P in Mono S 

fractions 20-31 from skeletal muscle of Wistar control rats. (C) Mono-S profile of 

GSK-3 activity in skeletal muscle from diabetic rats before (closed circle) and 15 

min (open cirde) following insulin injection (5UJkg). Each column run represents 

a pool of 5 animals. 
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FIGURE 14 

STUDY IN THE STZ-9 WEEKS-DIABETIC WlSTAR RATS USlNG MONO S 

CHROMATOGRAPHY: (A) Mono-S profile of GSK-3 activity in skeletal muscle 

from control and (B) diabetic rats before (closed circle) and after (open circle) 

vanadium treatment. Each column run represents a pool of 5 animals. 
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FIGURE 15 

STUDY IN THE STZ-9 WEEKS-DIABETIC WISTAR RATS USlNG MONO S 

CHROMATOGRAPHY: (A) Mono-S profile of GSK-3 activity in skeletal muscle 

from control vanadium-treated and (8) diabetic vanadium-treated rats before 

(closed circle) and 15 min (open circle) following insulin injection (5 Ulkg). Each 

column run represents a pool of 5 animals. 
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FIGURE 16 

STUDY IN THE STZ-9 WEEKS-DIABETIC WISTAR RATS USlNG MONO S 

CHROMATOGRAPHY: Skeletal muscle homogenates from untreated control (C, 

n=5) and diabetic (D, n=5) as well as insulin-treated rats were collected before 

and 15 min after insulin injection (5 Ulkg) and fractionated over a Mono S cation 

exchange column. The eluted fractions 20-31 (that irnrnunoblotted for GSK-3f3) 

were pooled and immunoprecipitation assays were performed with anti-GSK- 

3B antibod ies. The irnmunoprecipitates were then assayed for GSK-3 activity as 

described under "Material and Methods". Data are expressed as mean + SEM. 





3.1.4. Studies in the liver and heart from STZ-diabetic rats 

Glycogen synthase fractional activity was evaluated in the Iiver from 

control and STZ-7 weeks-diabetic rats. There was no significant difierence in GS 

FA between these two groups (figure 17A). Furthermore, insulin and vanadium 

treatment did not produce any effect on GS FA in Iiver of these rats. 

However, activities of both the total GS (figure 17B) and active form of GS 

were decreased in the liver from diabetic rats compared to controls. Vanadium 

treatment restored the active and total GS to near-normal values. 

Determination of GSK-3P activity in both liver and heart of Wistar STZ-4 

weeks-diabetic and control rats (figure 18) demonstrated that neither diabetes 

nor in vivo insulin treatment produced an effect on this enzyme activity in other 

insulin-sensitive tissues. 



FIGURE 17 

STUDY IN THE LIVER OF STZ-DIABETIC WISTAR RATS: (A) Glycogen 

synthase fractional activity and (B) total glycogen synthase activity in liver from 

Wistar control (C) diabetic (D), control vanadium-treated (CT), and STZ-7 weeks- 

diabetic vanadium-treated (DT) rats before (0) and 15 min following insulin 

injection (5Ulkg). Data are expressed as mean +/- SEM for 3-6 individual 

animals and each sample was done as a triplicate. 

* Significantly different from control (CO) rats (p<0.05). 

# Significantly different from both control (CO,C15) groups (pc0.05). 



CTO CT15 DTO DT15 

CTO CT15 DTO DT15 



FIGURE 18 

TIME-COURSE STUDY ON GSK-3 IN THE LlVER AND HEART OF STZ- 

DlABETlC WISTAR RATS: (A) GSK-3p activity in the liver from Wistar control 

(C, n=3) and STZ-4 weeks-diabetic (D, n=3) rats before (0) and 1, 2, 5, and 15 

min following insulin injection (5Ulkg). (6) GSK-3P activity in the heart from 

Wistar control (C, n=3) and STZ-4 weeks-diabetic (DI n=3) rats before (O) and 2, 

5. and 15 min following insulin injection (5U/kg). Data are expressed as mean +/- 

SEM. 





3.2. Studies in the Zucker fatty rats 

3.2.1. Time-course study 

The Zucker fatty rat is an animal model that closely resernbles the 

prediabetic state of type 2 diabetes (insulin resistant, but still glucose tolerant). 

The time-course study on GSK-3P activity following in vivo insulin administration 

was performed using skeletal muscle from fatty and lean rats. General 

characteristics of the Zucker rats at 17-18 weeks of age are shown in table 4. 

Results of this time-course study demonstrated that lean rats responded to 

insulin stimulation with a time-dependent significant decrease in glucose level 

following an insulin injection was observed (figure 19). However, in Zucker fatty 

rats with insulin resistance, glucose levels did not decline even 15 minutes after 

insulin injection. 

Determination of the glycogen synthase fractional activity (figure 20A) in 

skeletal muscle of lean rats demonstrated a significant increase (30%) in enzyme 

activity at 15 min after insulin stimulation. Surprisingly, in skeletal muscle from 

fatty rats GS activity was also significantly increased by 25% following insulin 

injection. There was no significant difference in GS activity between Zucker fatty 

and lean rats. 

Similar to our time-course studies in which Wistar STZ-diabetic rats were 

used, results of this study (figure 20B) showed that there was no significant 

difference in basal GSK-3P activity between Zucker fatty and lean rats. In 

addition, GSK-3p activity was not significantly changed following an insulin 

injection in both fatty and lean rats. 



TABLE 4 

CHARACTERISTICS OF ZUCKER RATS AT 17-18 WEEKS OF AGE 

(TIME-COURSE STUDY) 

Data are shown as meanstSEM. In LO (Lean) and FO (Fatty) Zucker rats insulin 
was not injected. In al1 other groups of animals insulin was injected at 2, 5 or 15 
minutes prior to termination. 
Weig ht: 
*Al1 lean groups weighed significantly less than al1 fatty groups (peO.05). 

GROUP 

Plasma glucose: 
'significantly different from lean (LO,L2) rats (p<0.05), and # significantly different 
from all other groups (p<0.05). 
Plasma insulin: 
"significantly different from al1 insulin-injected groups (p<0.05), and # significantly 
different from lean (LO) rats (t-test, p=0.00038). 

Number Weight (g) Plasma Glucose 
(mmollL) 

Plasma lnsulin 
W m L )  



FIGURE 19 

TIME-COURSE STUDY IN THE ZUCKER RATS: Plasma glucose in Zucker lean 

(L, n=3-4) and fatty (F, n=3-4) rats before (O), and 2, 5, and 15 min following 

insulin injection (5UIkg). Data are expressed as mean +/- SEM. 

* Significantly different from lean (LO,L2) rats (pe0.05). 

# Significantly different from al1 other groups (pe0.05). 





FIGURE 20 

TIME-COURSE STUDY IN THE ZUCKER RATS: (A) GS fractional activity and 

(B) GSK-3P activity in skeletal muscle from Zucker lean (L, n=3-4) and fatty (F, 

n=3-4) rats before (O), and 2, 5, and 15 min following insulin injection (SUIkg). 

Data are expressed as mean +/- SEM. 

* Significantly different from lean (LO) rats (1-test, p=0.0487) or fatty (FO) rats (t- 

test, p=O.Ol9l). 





3.2.2. Study in the Zucker rats using Mono S chromatography 

In this study the Zucker rats at 22-24 weeks of age were used and their 

characteristics are shown in table 5. The fatty rats weighed significantly more 

than the leans. There was no effect of BMOV treatrnent on body weight or on 

daily food intake (food intake (g): lean, 27k0.5; fatty, 30Q; lean-treated, 25k0.4; 

fatty-treated, 27t l ) ,  while this treatment normalized increased daily fluid intake in 

the untreated fatty rats (fluid intake (mL): lean, 4511 ; fatty, 6413; lean-treated, 

34+2; fatty-treated, 36Q). Furthermore, vanadium treatment resulted in a 

decreased insulin level in fatty animals. Accordingly, impaired insulin sensitivity 

in Zucker fatty rats was improved following BMOV treatrnent (figure 21). 

Figure 22 shows plasma glucose levels in Zucker treated and untreated 

rats. There was no difference in basal glucose level between lean and fatty rats. 

In the insulin-resistant Zucker fatty rats plasma glucose level was not decreased 

after an insulin injection. Surprisingly, a significant decline in glucose levels 

following an insulin injection was not also observed in treated and untreated lean 

rats. Furthermore, vanadium treatment per se or in combination with insulin did 

not produce an effect on glucose levels in both, Zucker lean and fatty rats. 

Following Mono S fractionation of the crude muscle extracts, only one 

major peak of GSK-3 activity was detected in the skeletal muscle of the Zucker 

lean and fatty rats (figure 23A and figure 24A). When the same fractions were 

assayed using the negative control (AIa-21) peptide, no detectable GSK-3 activity 

was observed. The Mono S chromatography and the assay of the column 

fractions for GSK-3 were perfomed following the same procedure as in our 



previous Wistar rat study. As shown in figure 23B, imrnunoblotting studies 

identified GSK-3P in the observed peak of GSK-3 activity. In the Zucker fatty rats 

GSK-3 activity was increased by 6-fold compared to lean rats (figure 24A and 

figure 23A). The insulin injection in untreated lean and fatty rats (figure 23A and 

figure 24A), as well as in vanadium-treated rats (figure 26), did not cause any 

profound effect on GSK-3 activity. Vanadium treatment caused decrease in 

basal GSK-3 activity in the Zucker fatty rats (figure 25A) and surprisingly, an 

increase of GSK-3 activity in the lean rats (figure 25C). To further confirm that 

changes in the peak of GSK-3 activity were due to GSK-3P, immunoprecipitation 

studies were perforrned on the specific Mono S fractions (number 19-32) using 

specific antibodies for this GSK-3 isoform. These experiments confirrned an 

increase in basal GSK-3p activity in fatty rats skeletal muscle compared to the 

leans, as well as no effect of insulin injection on this enzyme activity in both fatty 

and lean rats (figure 27). Vanadium treatment resulted in increased GSK-3P 

activity in the lean rats compared to untreated rats, while no change in enzyme 

activity was observed in fatty rats following vanadium treatment. 



TABLE 5 

CHARACTERISTICS OF ZUCKER RATS AT 22-24 WEEKS OF AGE 

(VANADIUM-TREATMENT STUDY USING MONO S 

CHROMATOGRAPHY) 

Data are shown as means~SEM. In LO (Lean), FO (Fatty), LTO (Lean vanadium- 
treated), and FTO (Fatty vanadium-treated) Zucker rats insulin was not 
administered. In al1 other groups of animals insulin (5 Ulkg) was injected at 15 

GROUP 

LO 

minutes prior to termination. 
Weig ht: 
'Lean untreated rats weig hed 
Plasma insulin: 
*significantly different from al1 
different from al1 other groups 

significantly less than fatty untreated rats (pc0.05). 

Nurnber 

5 

insulin-injected groups (pc0.05), and # significantly 
(peO.05). 

Weight (g) 

446+13* 
(mmol/L) 
8.65t0.45 

Plasma lnsulin 
(ng/mL) 

2.27t0.65" 



FIGURE 21 

STUDY IN THE ZUCKER RATS USING MONO S CHROMATOGRAPHY: An 

index of insulin sensitivity in Zucker Lean (L), Fatty (F), Lean vanadium-treated 

(LT), and Fatty vanadium-treated (FT) rats was calculated using the rnethodology 

as described by (Matsuda and DeFronzo 1999), following an oral glucose 

tolerance test (OGTT). Data are expressed as mean I SEM for 7-14 individual 

animals and analyzed using Repeated Measures ANOVA followed by the 

Newman Keuls test. 

* Significantly different from Fatty groups at termination (pc0.05). 

# Significantly different from Lean groups initial (pe0.05). 

& Significantly different from Fatty groups initial ("t'*-test, p=0.00001). 
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FIGURE 22 

STUDY IN THE ZUCKER RATS USING MONO S CHROMATOGRAPHY: 

Plasma glucose in Zucker Lean (L), Fatty (F), Lean vanadium-treated (LT), and 

Fatty vanadium-treated (FT) rats before (0) and 15 min following insulin injection 

(SU/kg). Data are expressed as mean +/- SEM for the number of animals 

indicated in table 5. 
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FIGURE 23 

STUDY IN THE ZUCKER RATS USlNG MONO S CHROMATOGRAPHY: (A) 

Mono-S profile of GSK-3 activity in skeletal muscle from Lean rats before (closed 

circle) and 15 min (open circle) following insulin injection (5 Ulkg). (B) 

Representative imrnunoblot of GSK-3B in Mono S fractions from skeletal muscle 

of Zucker Lean rats. Each column run represents a pool of the number of 

animafs indicated in table 5. 
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FIGURE 24 

STUDY IN THE ZUCKER RATS USING MONO S CHROMATOGRAPHY: (A) 

Mono-S profile of GSK-3 activity in skeletal muscle from Fatty rats before (closed 

circle) and 15 min (open circle) following insulin injection (5 Ulkg). (6) 

Representative immunoblot of GSK-3P in Mono S fractions 19-31 from skeletal 

muscle of Zucker Fatty rats. Each column run represents a pool of the number of 

animals indicated in table 5. 
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FIGURE 25 

STUDY IN THE ZUCKER RATS USlNG MONO S CHROMATOGRAPHY: (A) 

Mono-S profile of GSK-3 activity in skeletal muscle from Fatty rats before (closed 

circle) and after (open circle) vanadium treatment. (B) Representative 

immunoblot of GSK-3P in Mono S fractions 19-32 from skeletal muscle of Fatty 

vanadium-treated rats. (C) Mono-S profile of GSK-3 activity in skeletal muscle 

from Lean rats before (closed circle) and after (open circle) vanadium treatment. 

Each column run represents a pool of the number of animals indicated in table 5. 
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FIGURE 26 

STUDY IN THE ZUCKER RATS USlNG MONO S CHROMATOGRAPHY: (A) 

Mono-S profile of GSK-3 activity in skeletal muscle from Lean vanadium-treated 

and (6) Fatty vanadium-treated rats before (closed circle) and 15 min (open 

circle) following insulin injection (5 Ulkg). Each column run represents a pool of 

the number of anirnals indicated in table 5. 
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FIGURE 27 

STUDY IN THE ZUCKER RATS USING MONO S CHROMATOGRAPHY: 

Skeletal muscle homogenates from Lean (L), Fatty (F), Lean vanadium-treated 

(LT), and Fatty vanadium-treated (FT) rats as well as insulin-treated rats were 

collected before and 15 min after insulin injection (5 Ulkg) and fractionated over a 

Mono S cation exchange column. The eluted fractions 19-31 (that 

immunoblotted for GSK-3P) were pooled and immunoprecipitation assays were 

performed with anti-GSK-3P antibodies. The immunoprecipitates were then 

assayed for GSK-3 activity as described under "Material and Methods". Data are 

expressed as mean I SEM for three independent experiments. 

* Significantly different from al1 Fatty and Lean vanadium-treated groups 

(~~0.05). 
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3.2.3. Study in the Zucker rats muscle extracts 

In this study the Zucker rats at 15-16 weeks of age were used and their 

characteristics are summarized in table 6. There was no effect of BMOV 

treatment on body weight or on daily food and Ruid intake (food intake (g): lean, 

2212; fatty, 2611; lean-treated, 19+l; fatty-treated, 31 +2; fluid intake (ml): lean, 

4212; fatty, 47k4; lean-treated, 32k3; fatty-treated, 48+4). Both the fatty and 

fatty-treated groups weighed significantly more than the lean rats. In accordance 

with our results from previous Zucker rat study, vanadium treatment resulted in a 

decreased insulin level in fatty animals. Sirnilarly to our findings from the 

previous study, impaired insulin sensitivity in the Zucker fatty rats was also 

irnproved following BMOV treatment (figure 28). 

There was no difference in basal glucose level between Zucker lean and 

fatty rats (figure 29). Following an insulin injection there was a significant decline 

in glucose level in both, vanadium-treated and untreated lean rats. In the insulin- 

resistant Zucker fatty rats plasma glucose level was not decreased after an 

insulin injection. Furthemore, vanadium treatment perse or in combination with 

insulin did not produce an effect on glucose levels in fatty rats. This is in 

accordance with our results from the previous Zucker rats study and other 

reports where poskanadium improvement in glucose uptake was found only in 

type 2 diabetics, but not in the insulin-resistant obese nondiabetic controls 

(Halberstam et al. 1996). 

Glycogen synthase fractional activity was measured in skeletal muscle of 

these rats. As shown in figure 30, our results demonstrated there was no 



difference in the activity of this enzyme between Zucker lean and fatty rats. This 

is in accordance with our findings from the studies using Wistar STZ-diabetic 

rats, where no difference in basal GS FA was observed between diabetic and 

control animals. Following an insulin injection there was a significant increase in 

GS activity in lean (2-fotd) and surprisingly, in fatty rats (2-fold) as weli. This is in 

accordance with our results from the Zucker time-course study, where an 

increase in GS FA was also observed after the injection of insulin (figure 20A). 

Therefore, it seems that in the Zucker fatty rats, which should be insulin-resistant, 

GS activation by insulin was not defective. 

An important observation from this study is that vanadium treatment per 

se resulted in significantly increased GS FA by 2-fold in fatty rats compared to 

untreated rats, which was not further increased after combined treatment of 

BMOV and insulin. Surprisingly, as observed in our Wistar STZ-induced long- 

term diabetes studies, results of this study also showed significantly decreased 

insulin-stirnulated GS activity in lean vanadium-treated rats compared to 

untreated controls. 

As shown in figure 31, determination of GSK-3B activity in skeletal muscle 

of Zucker lean and fatty rats has shown similar results as observed in both our 

studies in which crude muscle extracts from Wistar STZ-diabetic rats were used. 

There was no significant difference in basal GSK-3p activity between lean and 

fatty rats. Furthemore, GSK-3p activity was not significantly changed following 

an insulin injection in both lean and fatty rats. Vanadium treatment in this animal 

model did not also produce any significant effect on GSK-3P activity compared to 



untreated lean and fatty animals. Therefore, it appears that in both animal 

rnodels of type 1 and type 2 diabetes. GSK-3 is not a key enzyme in the 

regulation of insulin-stimulated glycogen synthesis. 

Results of deterrnination of PPI activity in Zucker rat muscle are 

presented in figure 32. Similar to our findings from studies involving Wistar STZ- 

diabetic rats, there was a significant increase in basal PP1 activity in fatty rats 

cornpared to leans. PP1 activity was significantly increased by 76% in the lean 

Zucker rats 15 minutes following an insulin injection. However, resuits from both 

Our Wistar studies demonstrated PPI activation in muscle of control rats at 5 

minutes following insulin injection. Therefore, there was a delay in PPI 

activation by insulin in Zucker lean rats compared to Wistar control rats. In the 

fatty rats insulin administration resulted in significantly decreased PPI activity, 

which was brought to near-lean values at 15 minutes following insulin injection. 

The vanadium treatment per se, like the insulin treatment, also resulted in 

significantly decreased PP1 activity in Zucker fatty rats compared to untreated 

fatty rats. However, cornbined treatrnent of fatty rats with BMOV and insulin 

resulted in a significant increase in PPi activity, by 77%, compared to basal 

activity in fatty vanadium-treated animals. 



TABLE 6 

CHARACTERISTICS OF ZUCKER RATS AT 15-16 WEEKS OF AG€ 

(VANADIUM-TREATMENT STUDY) 

GROUP 

L O 

FT O 

FT 5 

FT 15 

Nurnber 

4 

Data are shown as meansSEM. In LO (Lean), FO (Fatty), LTO (Lean vanadium- 
treated), and FTO (Fatty vanadium-treated) Zucker rats insulir; was not 
administered. In al1 other groups of anirnals insulin was injected at 5 or 15 
minutes prior to termination. 
Weiq hi: 
*AH lean groups weighed significantly less than al1 fatty groups (pe0.05). 
Plasma glucose: 
*significantly different from lean (LO) and al1 fatty rats (p<0.05), and # significantly 
different from vanadium-treated lean (LTO) and al1 fatty animals (pc0.05). 
Plasma insulin: 
'significantly different from al1 insulin-injected groups (pc0.05), # significantly 
different from fatty (FO, FTO) groups (p<0.05), ** significantly different from 5-min 
insulin-injected groups (p<0.05) and & significantly different from al1 other groups 
(peO.05). 

4 

5 

4 

Weight (g) 

369&11* 

52511 8 

522k11 

496+25 

Plasma Glucose 
(mmollL) 
8.7k0.65 

Plasma lnsulin 
(nglmL) 

0.9110.07 *# 

1 0.610.34 

9.1 10.55 

8.711.81 

8.3310.85" 

339426 17 

108611 37** 



FIGURE 28 

STUDY IN THE ZUCKER RATS: An index of insulin sensitivity in Zucker Lean 

(L), Fatty (F), Lean vanadium-treated (LT), and Fatty vanadium-treated (FT) rats 

was calculated using the methodology as described by (Matsuda and DeFronzo 

1999), following an oral glucose tolerance test (OGTT). Data are expressed as 

mean I SEM for 12-13 individual animals and analyzed using Repeated 

Measures ANOVA followed by the Newman Keuls test. 

Significantly different from al1 other groups at termination (p<0.05). 

# Significantly different from Lean groups initial (p~0.05). 

& Significantly different from Fatty groups initial ("tyy-test, p=0.0026). 
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FIGURE 29 

STUDY IN THE ZUCKER RATS SKELETAL MUSCLE: Plasma glucose in 

Zucker Lean (L), Fatty (F), Lean vanadium-treated (LT), and Fatty vanadium- 

treated (FT) rats before (O), 5, and 15 min following insulin injection (5UIkg). 

Data are expressed as mean +/- SEM for 3-5 individual animals and each sample 

was done as a tripticate. 

* Significantly different from basal glucose level in lean (LO) and al1 fatty rats 

(p<0.05). 

** Significantly different from lean vanadium-treated (LTO) and al1 fatty animals 

( ~ ~ 0 . 0 5 ) .  
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FIGURE 30 

STUDY IN THE ZUCKER RATS SKELETAL MUSCLE: Glycogen synthase 

fractional activity in skeletal muscle frorn Zucker Lean (L), Fatty (F), Lean 

vanadium-treated (LT), Fatty vanadium-treated (TT) rats before (0) and 15 min 

following insulin injection (Suikg). Data are expressed as mean +/- SEM for 4 

individual animais and each sarnple was done as a triplicate. 

* Significantly different frorn Lean (L0,LTO) and Fatty (FO) animais (pe0.05). 

# Significantly different from Lean insulin-injected (LI 5) rats (pc0.05). 
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FIGURE 31 

STUDY IN THE ZUCKER RATS SKELETAL MUSCLE: GSK-3P activity in 

skeletal muscle from Zucker Lean (L), Fatty (F), Lean vanadium-treated (LT), 

Fatty vanadium-treated (FT) rats before (0) and 5 min following insulin injection 

(5Ulkg). Data are expressed as mean +/- SEM for 3-5 individual animals and 

each sarnple was done as a triplicate. 
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FIGURE 32 

STUDY IN THE ZUCKER RATS SKELETAL MUSCLE: Protein phosphatase-1 

activity in skeletal muscle from Zucker Lean (L), Fatty (F), Lean vanadium- 

treated (LT), Fatty vanadium-treated (FT) rats before (O), 5, and 15 min following 

insulin injection (5UIkg). Data are expressed as mean +/- SEM for 3-5 individual 

animals and each sample was done as a triplicate. 

* Significantly different from lean (LO) rats (p~0.05). 

** Significantly different from fatty (FO) animals (~~0 .05 ) .  

# Significantly different vanadium-treated lean (LTO) rats (pc0.05). 

## Significantly different from vanadium-treated fatty (FTO) rats (p~0.05). 
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4. DISCUSSION 

Although the activation of muscle glycogen synthase by insulin was one of 

the first reported effects of the hormone on any enzyme (Villar-Palasi and Larner 

1960), the molecular mechanisrn of this insulin effect remains unclear. In an 

attempt to evaluate enzymes involved in insulin signaling that regulates glycogen 

synthesis in an important insulin-sensitive tissue, we measured the activities of 

glycogen synthase. glycogen synthase kinase-3, and protein phosphatase-1 in 

rat skeletal muscle before and after treatment. In our studies we have included 

two different models of diabetes. Wistar rats with STZ-induced diabetes were 

used as an animal model of poorly controlled type 1 diabetes and these animals 

are hyperglycemic and normoinsulinemic. Zucker fatty rats, however, more 

closely resemble the prediabetic stage of type 2 diabetes mellitus, since they are 

normoglycemic or mildly hyperglycemic, insulin-resistant and hyperinsulinernic. 

Results from Our studies suggest that STZ-diabetic rats develop insulin 

resistance over time. In support, other stuciies also demonstrated development 

of insulin resistance in type 1 diabetes associated with P-cefl destruction (Yki- 

Jarvinen and Koivisto 1986). Our data indicated that STZ-diabetic rats were not 

insulin resistant four weeks following an induction of diabetes. However, three to 

five weeks later they were insulin resistant and there was no decline in plasma 

glucose level following an insulin injection. The glucose levels in insulin-resistant 

Zucker fatty rats were not also decreased after insulin administration. In STZ- 

diabetic rats the glucose levels correlated with muscle GS activity, which was 



stimulated after an insulin injection in short-terni diabetics, but this stimulation 

was impaired in a long-term diabetes. Accordingly, previous studies have 

demonstrated that the predominant defect in diabetes associated with insulin 

resistance lies in non-oxidative glucose metabolism (Vestergaard et al. 1993, 

Kim et al. 1999, Beck-Nielsen 1999). Results of the Zucker rat study show that 

GS fractional activity was significantly increased following an insulin injection to 

lean rats. However, in hyperinsulinemic Zucker fatty rats insulin-stimulated GS 

activity was not defective, suggesting that the available insulin probably exceeds 

the insulin resistance of the muscle. Petersen et al reported an irnpaired insulin- 

stimulated glycogen synthesis in skeletal muscle of obese subjects during 

hyperglycemic-hyperinsulinemic clamp, which was accompanied by a lower 

intramuscular G6P concentration than was seen in the lean controls (Petersen et 

al. 1998). If glycogen synthase is a rate-controlling step in insulin-stimulated 

muscle glycogen synthesis, as suggested by previous studies (Bogardus et al. 

1984, Golay et al. 1997), then an accumulation of intramuscular G6P would be 

expected to be associated with the reduced rates of glycogen synthesis. 

Therefore, it was suggested that impairment of insulin-stimulated muscle 

glycogen synthesis was mostly due to a defect in glucose transport and/or GS 

phosphorylation level (Petersen et al. 1998). 

Furthermore, Our results demonstrated in both animal models of type 1 

and type 2 diabetes that basal glycogen synthase activity was not impaired in 

skeletal muscle. A possible explanation for a lack of decrease in GS activity in 

the Zucker fatty rats may be that hyperinsulinemia and hyperglycemia noted in 



the patients with mild type 2 diabetes compensates for the GS defect (Beck- 

Nielsen et al. 1992). Our results are also in accordance with a study done by 

Chalfant et al, in which a lack of significant change between skeletal muscle of 

nondiabetic and type 2 diabetic patients was observed (Chalfant et al. 2000). 

Interestingly, in the Iiver of STZ-diabetic rats both basal and insulin-stimulated 

activity of total and active GS form were decreased as cornpared to controls. 

This suggests a tissue specific regulation of GS expression and GS activity, 

which may be altered during diabetes. 

The role of GSK-3, as an upstream regulator of glycogen synthase activity 

in insulin signaling and its inhibition by insulin, has been mainly described in vitro 

(Welsh and Proud 1993, Cross et al. 1995, Borthwick et al. 1995), while in vivo 

studies reported only about 40% inhibition of GSK-3 activity by insulin (Cross et 

al. 1995, Cross et al. 1997). Results from our in vivo studies demonstrated that 

in skeletal muscle, liver and heart there was no significant difference in basal 

GSK-3p activity between STZ-diabetic and control rats. Furthermore, no 

difference in muscle GSK-3 activity was demonstrated between Zucker fatty and 

lean rats. In support of our studies, a recent in vivo study reported that GSK-3 

activity did not change significantly in muscle and liver of diabetic mice, while its 

activity was significantly increased in the epididymal fat tissue (Eldar-Finkelman 

et al. 1999). These observations suggest that the regulation of GSK-3 differs 

between tissues. Interestingly, other results from our laboratory demonstrated 

that the activity of protein kinase B, which seerns to be a direct upstream 

regulator of GSK-3, also remained unchanged in skeletal muscle and liver from 



both STZ-diabetic rats and Zucker fatty rats as cornpared to controls (Marzban et 

al. 2001). Therefore, these findings exclude a role for GSK-3 and PKB in the 

development of both types of diabetes. Furthemore, our results did not 

demonstrate an effect of insulin administration on muscle GSK-3 activity in either 

STZ-diabetic or Zucker fatty rats, as well as their corresponding controls. In 

support, chromatographic separation of GSK-3 frorn skeletai muscle extracts on 

a Mono S column and consequent determination of GSK-3B activity by specific 

immunoprecipitation assay confirmed that both diabetes and insulin did not affect 

GSK-3P activity. These findings are in agreement with a recent study (Nikoulina 

et al. 2000) in which the failure of insulin administration to decrease GSK-3p 

activity in skeletal muscle of nondiabetic and type 2 diabetic subjects was also 

demonstrated. However, in a previous study done in vivo a decrease in muscle 

GSK-3 activity (by only 40 %) was demonstrated following insulin stimulation 

(Cross et al. 1997). Differences in the results regarding GSK-3 activity could be 

due to different experimental conditions and possibly a difference in assay 

technique. In a study done by Cross et al. (Cross et al. 1997) al1 rats were 

injected simultaneously with insulin and propranolol and this may have resulted 

in more prominent inhibition of GSK-3 than with injection of insulin only. 

Propranolol. a B-adrenergic receptor antagonist, decreases adrenaline-induced 

phosphorylation and reactivates glycogen synthase (Nakielny et al. 1991). The 

regulation of muscle GS by adrenaline is a p-adrenergic effect, mediated by an 

elevation of cAMP (Picton et al. 1982). Recently, it was dernonstrated that 

increased cAMP stimulates GSK-3 activity by tyrosine p hosp horylation (Harwood 



2000). Propranolol, hence, rnay block this phosphorylation, resulting in inhibition 

of GSK-3 activity. Consequently, the effects observed in the study (Cross et ai. 

1997) may not be representative of the acute inhibition of GSK-3 produced by 

insulin. 

To investigate the effects of insulin stimulation on GSK-3 activity in other 

insulin-sensitive tissues, enzyme activity was measured in the liver and heart of 

STZ-diabetic rats. Similar to our results when skeletal muscle was used, it was 

dernonstrated that neither diabetes nor in vivo insulin treatment produced an 

effect on GSK-SB activity in either liver or heart as well. Therefore, our results 

seem to indicate that either GSK-3 does not play a role in regulating GS by 

insulin or it plays a role only in combination with other components to control GS 

and simply looking at GSK-3 may not show any dramatic effect. Other reports 

have shown no more than 50% insulin induced inhibition of GSK-3, mainly in 

vitro, where effects of insulin counteracting hormones, such as adrenaline and 

glucagon, do not occur. However, if coupled to the action of the protein 

phosphatase-l lying upstream of GS (Lawrence and Larner 1978). this relatively 

small change in the activity level of GSK-3 may be suffkient to control glycogen 

synthesis in vivo. 

Recently, it was demonstrated that, even by in vitro studies, insulin 

treatment does not result in more than 20-25% inhibition of GSK-3 (Singh and 

Crook 2000). In addition, Sung et al demonstrated in hepatic cells that insulin 

failed to significantly decrease GSK-3p activity at several time-points (2.5 to 30 

min) following insulin administration (Sung et al. 1998). lnterestingly, previous 



studies have shown that sites 3a and 3b in glycogen synthase, phosphorylated 

by GSK-3, can also be directly phosphorylated by some other currently 

unidentified protein kinases (Skurat and Roach 1995, Skurat and Roach 1996). 

Furthermore. Skurat et a l  demonstrated recently that GSK-3 action is not 

essential for glycogen synthase activation, suggesting involvement of GSK-3- 

independent mechanisrns in the regulation of glycogen synthase activity (Skurat 

et al. 2000). The role of protein kinase C, which can phosphorylate at least two 

distinct sites within GS, has been suggested in the regulation of GS activity in 

human and rat skeletal muscle (Pugazhenthi and Khandelwal 1995, Chalfant et 

al. 2000). Therefore, the activation of muscle GS in response to insulin appears 

cornplex and probably proceeds through hnro mechanisms which rnust operate in 

concert, namely stimulation of protein phosphatase coupled with an inhibition of 

currently unidentified specific protein kinase. 

Importantly, our results demonstrated activation of PP1 following insulin 

injection in Wistar and Zucker ccntrol rats and this represents the first report 

concerning insulin-stimulated PP1 activity in skeletal muscle in vivo. Sirnilarly, an 

increase in PP1 activity following in vivo insulin stimulation was dernonstrated 

previously in the liver (Ortmeyer 1998). Surprisingly, our data indicated 

increased PP1 activity in muscle frorn Wistar STZ-diabetic and Zucker fatty rats 

compared to their corresponding controls. This is in accordance with a previous 

report where PP1 activity was also found to be increased in the liver of Zucker 

fatty rats (Lavoie et al. 1991). The increased PP1 activity in both prediabetic and 

diabetic rats rnay be a possible explanation for near-normal GS activity in these 



rats. Since PP1 activates GS, highly activated PP1 probably keep GS in an 

active state even under diabetic conditions. Our results also demonstrated that 

the levels of both GS and PFI activity were higher in older Wistar rats used in 

the long-term study compared to younger rats from the short-term diabetic study 

apparently as a result of the rat aging. 

Interestingly, following an insulin injection in either Zucker fatty or STZ- 

diabetic rats, muscle PP 1 activity was decreased to near-control values. 

Previous studies reported a glycogen-induced decrease in PP1 activity (Villar- 

Palasi 1969. Mellgren and Coulson 1983) and it was postulated that this rnay be 

concordant with a feedback inhibition of a stimulatory effect of insulin on GS 

activity by an elevated glycogen concentration in skeletal muscle of healthy men 

(Laurent et al. 2000). Therefore, these observations may, at least partially, 

explain inactivation of PP1 activity by insulin in skeletal muscle of long-term STZ- 

diabetic rats with impaired insulin-stimulated GS activity. Since muscle glycogen 

content was not measured in our studies, we do not know if there was a 

difference in the glycogen amount between short- and long-term STZ-diabetic 

rats, as well as Zucker fatty rat muscle. However, the potential differences in 

muscle glycogen content after insulin injection between two animal rnodels of 

diabetes rnay partially explain a different degree of correlation between muscle 

GS and PP1 activity. 

The mechanisms mediating the development of insulin resistance leading 

to the diabetic state are not completely defined. The defect is observed early in 

the prediabetic state and chronic hyperinsulinemia has been proposed to be a 



major physiological factor in insulin resistance (Warram et al. 1990, De Meyts 

1993). However, this issue is still controversial (De Meyts 1993) and it is very 

difficult to distinguish primary changes from their consequences in this vicious 

cycle. Our results demonstrated developrnent of an insulin resistance in long- 

term STZ-diabetic rats and this correlated with an impaired insulin-stimulated 

muscle GS activity. Previous reports demonstrated that an overexpresion of 

glutamine:fructose 6-phosphate amidotransferase (GFA), the rate-limiting 

enzyme in the hexosamine biosynthesis pathway, results in insulin resistance 

(Crook et al. 1993, Crook et al. 1995) that is manifested as a reduction in the 

ability of insulin to stirnulate glycogen synthase activity. Interestingly, while the 

role of GSK-3 has been excluded, Our data indicated an important role of PP1 in 

the development of insulin resistance in both prediabetic and diabetic state. 

Therefore, in addition to the regulation of hexosamine synthesis, the change in 

PP1 activity observed in Our studies may provide another possible explanation of 

the linkage between development of insulin resistance and impaired nonoxidative 

glucose metabolisrn in diabetes. 

Vanadium treatment resulted in significantly reduced plasma glucose 

levels in STZ-diabetic rats which was further decreased following insulin injection 

to vanadium-treated diabetic rats. However, vanadium treatment per se or in 

combination with insulin did not produce an effect on glucose levels in Zucker 

fatty rats. This is in accordance with previous reports where post-vanadium 

irnprovement in glucose uptake was found only in type 2 diabetics, but not in the 

insulin-resistant obese nondiabetic controls (Halberstam et al. 1996). 



Furtherrnore, we found that vanadium treatment decreased plasma insulin levels 

in both Zucker fatty and long-tem STZ-diabetic rats, animal models associated 

with insulin resistance, suggesting that responçe to insulin was improved in these 

animals after vanadium treatment. In support, the estimation of insulin sensitivity 

demonstrated that an oral vanadium treatment improved sensitivity to insulin in 

both iean and fatty Zucker rats. The insulin sensitivity in Zucker rats was 

estimated by calculation of an index of insulin sensitivity recently developed by 

Matsuda et al (Matsuda and DeFronzo 1Ç99). This novel estimate provides a 

reasonable approximation of whole-body insulin sensitivity from oral glucose 

tolerance testing. In addition, it is highly correlated with the rate of insulin- 

stimulated glucose disposal during the euglycemic insulin clamp (Matsuda and 

DeFronzo 1999), which is considered to be one of the most precise methods 

available for assessing in vivo insulin action. Therefore, vanadium treatment 

improved insulin sensitivity and decreased plasma insulin levels in the fatty rats, 

which were able to maintain the same plasma glucose levels as in untreated fatty 

rats. In accord with Our results, vanadium-enhanced insulin sensitivity has been 

reported previously (Cam et al. 1993a, Goldfine et al. 2000) and was sustained 

for two weeks after discontinuing vanadium treatment (Cohen et al. 1995). 

Furthermore, a modest inverse relationship was reported between plasma 

vanadium and insulin levels (r=-0.40, p=0.06), suggesting complementary 

interactions between these two agents (Cam et al. 2000). This also supports the 

postulate that vanadium, in addition to being insulin-mimetic, at least in vitro, may 



also express its complex regulating effect on carbohydrate metabolism by its 

insulin-en hancing properties (Cam et al. 2000). 

The rnolecular mechanism of the vanadium effect on insulin signaling 

remains uncertain, and several potential sites for the insulin-mimicking/enhancing 

effect have been proposed. Since inhibitory effects of vanadium on protein 

tyrosine phosphatases (PTPs) were recognized almost 20 years ago (Swarup et 

al. 1982). it has been commonly accepted that most of its biological actions are 

accomplished through regulation of tyrosine phosphorylation of cellular proteins 

(Chao et al. 1993; Fantus and Tsiani 1998; Heffetz and Zick 1989). lnitially it 

was hypothesized that vanadium exerts its insulin-mirnicking effects via the 

insulin receptor. Consequent studies demonstrated vanadium induction of insulin 

receptor autophosphorylation in an insulin resembling fashion (Ueno et al. 1987, 

Gherzi et al. 1988), with stimulation of the tyrosine kinase activity of the insulin 

receptor B-subunit (Smith and Sale 1988). However, vanadium may also 

stimulate either a soluble cytosolic or membrane-associated tyrosine kinase, thus 

bypassing the need for the activation of the insulin receptor itself (Shisheva and 

Shechter 1993. Elberg et al. 1997). A lack of change of insulin receptor kinase 

activity was also reported in other studies in which glucose-lowering effects and 

the incorporation of glucose into glycogen after vanadium treatment were shown 

(Mooney et al. 1989, Strout et al. 1989). These findings suggest post-receptor 

effects of vanadium further downstream in the insulin signaling cascade. In order 

to shed more light on the puuling vanadium intracellular effects, in this study we 



have investigated the activities of GSK-3 and PPl in skeletal muscle following 

vanadium treatment. 

Similar to our findings on GSK-3 activity after an insulin injection, we have 

demonstrated that vanadium treatment did not also affect GSK-3 activity in 

skeletal muscle from either STZ-diabetic or Zucker fatty rats and their 

corresponding controls. However, our study represents the first report that 

vanadium treatment mimics insulin action on PPI activity in skeletal muscle of 

STZ-diabetic and Zucker fatty rats and their corresponding controls. It was found 

that following vanadium treatment perse PP1 activity was significantly decreased 

in muscle of Wistar rats with short-term STZ-diabetes, while in muscle of insulin- 

resistant long-term diabetic rats this effect of vanadium treatment on PP1 activity 

was absent. Another interesting finding was that while in Wistar STZ-diabetic 

rats vanadium was not additive or synergistic with insulin on PPI activity, in 

obese prediabetic Zucker rats combined insulin and vanadium treatment resulted 

in significantly increased PPI activity as compared to basal activity in vanadium- 

treated fatty rats. Therefore, vanadium treatment normalized basal PP1 activity 

and restored insulin-stimulated PPI activity in skeletal muscle of fatty rats. 

Interestingly, restored PP1 activity was accornpanied by GS activation in skeletal 

muscle of the fatty rats. whose insulin-sensitivity was also improved after 

vanadium treatment. However, although vanadium mimicked insulin in obese, 

non-diabetic Zucker rat muscle, no direct correlation between PPI and GS 

activity was observed after vanadium treatment in skeletal muscle of STZ- 

diabetic rats. Hence, it is possible that PP1 is also involved in the regulation of 



some other cellular events by vanadium (other than regulation of glycogen 

synthesis) or that the vanadium affects PP1 activity through mechanisms that are 

independent of the known insulin signaling pathways. Since vanadium is a well 

known phosphatase inhibitor, it is also possible that vanadium exerts its activity, 

at least partially, by inhibiting specific phosphatases including PP1 . Furthermore, 

in our studies we have measured the total PP1 activity and it is possible that 

targeting of the PPlG form only would provide a more precise determination of 

the enzyme activity involved in the regulation of glycogen metabolism. 

Vanadium treatment did not result in elevated insulin levels in either STZ- 

diabetic or Zucker fatty rats, suggesting that an increase in insulin levels is not 

responsible for improved glucose disposal in these rats. Food and fluid intake in 

diabetic untreated rats was normalized following vanadium treatment. Results 

frorn Our laboratory have recently demonstrated that in STZ-diabetic rats insulin- 

enhancing effects of vanadium were not secondary to a reduced food intake 

(Cam et al. 1999). Furthermore, previous studies showed that vanadium 

treatment improved insulin sensitivity mainly by increased nonoxidative glucose 

disposal (Goldfine et al. 1995). Accordingly, our results showed that vanadium 

treatment improved insulin sensitivity in the Zucker fatty rats and this was 

accompanied by activation of muscle GS. However, our data showed that in 

skeletal muscle of the short-term STZ-diabetic rats, while vanadium treatment 

lowered blood glucose, there was no change in either basal or insulin-stimulated 

GS fractional activity post-vanadium treatmed, while in long-term diabetic rats 

GSFA was, surprisingly, decreased following the sarne treatment. A lack of 



vanadium effect on the action of insulin to stimulate glycogen synthesis in 

skeletal muscle was also observed in a recent study done by Goldfine et al. 

(Goldfine et al. 2000). Determination of muscle glycogen content in diabetic 

animais revealed that, although it was increased in these animais during 

hyperinsulinemic clamp, both diabetes and treatrnent with vanadium did not have 

an effect on fasting muscle glycogen (Rossetti and Lauglin 1989). In addition, 

while chronic vanadium treatment of diabetic animals did not affect skeletal 

muscle glycogen content, this treatment resulted in profound increase of hepatic 

glycogen content (Brichard et al. 1988). Furthermore, administration of 

vanadium to STZ-diabetic rats has been reported to stimulate glycogen synthesis 

in the Iiver (Bollen et al. I W O ,  Pugazhenthi and Khandelwal 1990). Accordingly, 

results from our studies demonstrated that activities of both total and active form 

of GS were decreased in the liver of STZ-diabetic rats compared to controls, and 

chronic vanadium treatment restored both active and total GS activities to near- 

normal values. Thus, a tissue-specific regulation of glycogen synthesis by 

vanadium is suggested. Recent findings seem to indicate that liver, along with 

skeletal muscle, plays a key role in the development of insulin resistance leading 

to diabetes (Kido et al. 2000). Therefore, stimulation of hepatic glycogen 

synthesis must be an important metabolic pathway involved in the regulation of 

improved glucose disposal by vanadium. Furthermore, as is now going to be 

discussed in more depth, vanadium may demonstrate its glucose-regulatory 

effect by acting at other steps of insulin action in both liver and skeletal muscle. 



In addition to an increase in hepatic glucose synthesis, 1 is also possible 

that vanadium may exert its glucose-lowering effect by decreasing glucose 

production from the Iiver. Several conflicting studies on the effects of vanadium 

treatment on hepatic glucose output have been reported. Previous studies have 

shown either no effect of vanadium treatment on hepatic glucose production 

(Rossetti and Lauglin 1989, Venkatesan et al. 1991). or a complete nonalization 

of hepatic glucose output with vanadium treatment (Blondel et al. 1989, Matsuda 

et al. 1999). These differences can be attributed to different degrees of blood 

glucose disposal as well as variances in plasma insulin levels observed in these 

studies. Interestingly, results from the euglycemic-hyperinsulinemic clamp 

studies demonstrated no further inhibition of hepatic glucose production in 

vanadium-treated control animals (Blondel et al. 1989. Venkatesan et al. 1991). 

Recently, results from a study involving type 2 diabetic patients demonstrated, 

under clamp conditions, a lack of change in both basal and insulin-mediated 

suppression of hepatic glucose production following oral chronic (6 weeks) 

vanadium therapy in humans (Goldfine et al. 2000). Hence, these findings taken 

together with Our results from the study in which liver from STZ-diabetic rats was 

used, suggest the importance of the role of stimulation of hepatic glycogen 

synthesis over decreased hepatic glucose output in vanadium-induced blood 

glucose disposal. 

Vanadium may also exert its glucose-lowering effect by acting at various 

steps involved in glucose disposal. The transport of glucose across cell 

membrane is facilitated by the glucose transporter family in both skeletal muscle 



and liver. Effects of vanadium therapy on insulin-regulatable glucose 

transporters, such as GLUT4, have yielded inconsistent results. Whereas two 

studies reported no elevation of the reduced content of GLUT4 by vanadium 

treatment (Venkatesan et al. 1991. Brichard et al. 1992), other studies 

demonstrated that vanadium treatment restored GLUT4 expression to levels near 

those observed in control animals in both, skeletal and cardiac muscle (Strout et 

al. 1990, Kopp et al. 1997, Li and McNeill 2001). Interestingly, vanadium 

treatment of STZ-d ia betic rats also resulted in normalization of decreased m RNA 

and protein levels of liver glucose transporter (GLUT2), which is not controlled by 

insulin (Brichard et al. 1993). Therefore, these findings indicate an effect of 

vanadium treatment on glucose transport in skeletal muscle and liver of diabetic 

rats, which may be related to improved glucose disposal in these animals. 

In addition to glucose transport, glycogen concentrations in muscle and 

liver are also regulated by the coordinated activities of glycogen synthase and 

glycogen phosphorylase, which are respectively inactivated and activated by 

phosphorylation (Stalmans et al. 1987). Glycogen synthase and phosphorylase 

are usually not simultaneously active and the former is activated only affer the 

inactivation of the latter (Bergans et al. 2000). We can postulate that, if 

vanadium therapy does not stimulate glycogen synthase activity in the muscle of 

STZ-diabetic rats, glycogen synthesis may be facilitated by down-regulation of 

glycogen phosphorylase, the enzyme responsible for the glycogen breakdown. 

However, a study done by Cohen et a l  demonstrated that in skeletal muscle from 

the patients with type 2 diabetes glycogen phosphorylase activity was not 



affected by vanadium treatment (Cohen et al. 1995). Furthermore, a previous 

study done by Liu et a i  (Liu and McNeill 1994) has shown that, in cardiac muscle. 

vanadium treatment of control and STZ-diabetic rats did not alter basal GP 

activity when compared to untreated rats. However, in the liver of diabetic mice 

vanadium treatment resulted in normalization of increased GPa (active forrn) and 

total GP activity (Pugazhenthi et al. 1991), supporting the idea that inhibition of 

GP by vanadium may promote net glycogen synthesis and reduce hepatic 

glucose output resulting in nonnoglycemia. The efficacy of other hepatic GP 

inhibitors to lower blood glucose levels in type 2 diabetes has also been 

demonstrated (Martin et ai. 1998). Taken together, this findings emphasize 

again an important role of liver in the regulation of glycogen metabolism- 

A Jack of vanadium effect on the action of insulin to stimulate glycogen 

synthesis in skeletal muscle also suggests that a significant portion of 

increasingly utilized glucose in STZ-diabetic rats following vanadium treatment is 

being shunted into alternative pathways. Glucose may be diverted from muscle 

glycogen synthesis into aerobic and anaerobic glycolysis with some of the 

glycolytically derived lactate taken up by the liver for gluconeogenesiç and1 or 

Iipogenesis and other tissue for oxidation. Several specific enzymes rnight also 

account for the effects of vanadium on glycolysis. It was demonstrated that 

glucose-6-phosphatase was inhibited (Singh et al. 1981, Sun et al. 2000), while 

2,3-bisphosphoglycerate phosphatase, enzyme which enhances the glycolytic 

flux in erythrocytes, was stimulated by vanadium (Ninfali et al. 1983). Recently, it 

was reported that levels of G6P, an initial product in glycolysis, were reduced in 



skeletal muscle, liver and adipose tissue from STZ-diabetic rats and that 

vanadium treatment fully restored G6P in al1 three insulin-responsive tissues 

(Sun et al. 2000). This suggests that vanadium rnight normalize blood glucose 

levels by increasing G6P levels in insulin-responsive tissues. and that this initial 

product in a glucose disposal may be responsible for an improvement in 

peripheral tissue sensitivity to insulin. Furthermore, previous studies showed that 

oral treatment with vanadium resulted in restoration of decreased mRNA levels 

and activities of glycolytic enzymes. glucokinase and pyruvate kinase in the liver 

of STZ-diabetic rats (Brichard et al. 1993). Taken together. these findings 

indicate an important role of oxidative glucose disposal in mediating effects of 

vanadium treatment on blood glucose level in STZ-diabetic rats. Interestingly, in 

the prediabetic Zucker fatty rats in which vanadium treatment improved insulin 

sensitivity but did not affect mild hyperglycemia, muscle GS activity was 

stimulated after the treatment. Therefore, it is possible that in two different 

models of diabetes vanadium treatment resulted in different regulation of glucose 

metabolism, glycogen accumulation, and GS activity in skeletal muscle. 

Furthermore, this also implies that the blood glucose level is an important factor 

in the regulation of glycogen synthesis by insulin. 

Glycolytic flux culminates in the formation of pyruvate, which can be 

converted to acetyl-CoA by the enzyme pyruvate dehydrogenase (PDH). In 

skeletal muscle, acetyi-CoA enters the tricarboxylic acid (TCA) cycle to produce 

energy, while in adipose tissue and Iiver, acetyl-CoA is used for the synthesis of 

lipids under the action of acetyl-CoA carboxylase (ACC). Both PDH and ACC, 



the key enzymes in lipid synthesis, have been shown to be phosphorylated and 

stimulated by insulin (Mukherjee and Jungas 1975, Espinal 1989, Brownsey ef al. 

1977). While insulin is believed to stimulate PDH by activating PDH 

phosphatase (Mukherjee and Jungas 1975), the exact rnechanism of ACC 

regulation by insulin is still not clarified. A recent study in which the effects of 

vanadium on the key enzymes of lipogenesis were investigated, showed that the 

treatment with vanadium restored mRNA levels and activity of ACC in the Iiver of 

diabetic rats, while this vanadium effect was absent in white adipose tissue 

(Brichard et al. 1994). The effects of vanadium treatment on PDH activity have 

not been yet investigated. Therefore, vanadium might be considered to exhibit 

its blood glucose-lowering effects by stimulating lipogenic enzymes and 

interfering with glycolipid metabolism. Furthermore, as indicated in the above 

mentioned study (Brichard et al. 1994), the role of Iiver rnight be also crucial in 

the regulation of this vanadium effect. 

A reset of the balance between insulin and counterregulatory hormones 

results in mobilization of peripheral muscle glycogen stores and the resulting 

lactic acid fuels hepatic gluconeogenesis (Cori 1981, Newsholrne and Dimitriadis 

1996), which is increased in the liver in both type 1 and type 2 diabetes. A 

reduction in hepatic glucose output may be achieved by the inhibition of 

gluconeogenesis (Bergans et al. 2000). Recently, Sutherland et al reported that 

a rate-limiting enzyme in liver gluconeogenesis, phosphoenolpyruvate 

carboxykinase (PEPCK), which catalyzes the conversion of oxaloacetate to 

phosphoenolpyruvate, is inhibited by insulin (Hanson and Reshef 1997) 



(Sutherland et al. 1998). lt is possible that vanadium, similarly to insulin, may 

inhibit this key gluconeogenic enzyme, facilitate the retention of giuconeogenic 

glucosyl moieties as the glycogen depot and hence, decrease hepatic glycogen 

output resulting in normoglycemia. Results of a steidy done by Brichard et a/ 

demonstrated that mRNA levels and activity of PEPCK were increased in the 

Iiver of diabetic rats and that vanadium treatment indeed norrnalized PEPCK 

parameters (Brichard et al. 1993). Brichard et al also showed an increase in 

activity of glycolytic enzymes such as glucokinase and pyruvate kinase. This 

suggests that vanadium treatment in vivo causes a decrease in gluconeogenesis 

and a consequent increase in hepatic glucose utilization through glycolytic flux in 

the liver of diabetic animais. Interestingly, the PEPCK gene is also expressed in 

white adipose tissue, where it could be involved in the supply of glycerol-3- 

phosphate for triglyceride synthesis (Reshef et al. 1970). Since this pathway, 

terrned glyceroneogenesis, is required for the reesterification of free fatty acid 

(FFA) to maintain an active level of triglyceride synthesis (Reshef et al. 1970). 

vanadium-induced inhibition of PEPCK may also interfere with this glucose-fatty 

acid cycle. 

The investigation of effects of vanadium treatment on the regulation of 

Iipid metabolism in STZ-diabetic rats demonstrated that elevated blood leveis of 

FFA, triglyceride, and cholesterol in these rats were normalized with the lowering 

of the glucose levels by vanadium treatment (Bendayan and Gingras 1989, Cam 

et al. 1993b, Kopp et al. 1997, Pepato et al. 1999). The reduction in serum 

triglyceride levels in diabetic and control rats observed in these studies. rnay be 



partially explained by a decrease in Iipolysis of isolated adipocytes noticed in 

these animals after either vanadium or insulin treatment (Cros et al. 1992). 

Furthemore, a decrease in serum triglyceride could be also due to another 

possible insulin-like effect of vanadium to activate lipoprotein lipase (felig and 

Bergman 1995), which releases FFA from circulating triglycerides (in a f o m  of 

chylornicrons and lipoproteins) before they enter the adipose tissue. The insulin- 

Iike effect of vanadium treatment on circulating cholesterol levels seems to be 

related to the inhibition of hepatic cholesterol synthesis, specifically inhibition of 

the enzyme hydroxy-methyl-glutaryl-CoA reductase (Ramasana and Crane 

1981). 

Since one of the insulin-like effects of vanadium is to stimulate glucose 

uptake into adipocytes (Tolman et al. 1979, Paquet et al. 1992), it is possible that 

vanadium induces blood glucose disposal. at least partially, by increasing its 

uptake into fat cells with a consequent synthesis of FFA and glycerol-3- 

phosphate from glucose. Reesterification into triglycerides then follows. 

Therefore, it might be expected that an increase in adipose tissue occurs in 

vanadium-treated diabetic rats. However, this does not occur as shown in a 

recent study in which young STZ-diabetic Wistar rats (weighing -60 g) were 

treated with vanadium for four weeks (Pepato et al. 1999). It will be interesting to 

study the same effect of vanadium treatment on adipose tissue in older rats and 

afîer longer treatment period. 

Another possible target of vanadium action may involve phospholipase C 

(PLC), which has been reported to be activated by this drug (Atkinson et al. 



1993, Blake et al. 1993). PLC is an enzyme that acts on inositol phospholipids 

and cleaves phosphatidylinositol 4,5-bisphosphate (PI 4,5 P2) into inositol-1,4,5- 

trisphosphate (IP3) and diacylglycerol (DAG). The phosphate derivative of the 

second molecule, DAG, is able to stirnuiate the synthesis of prostaglandins by 

the activation of phospholipase A2 ( P M )  (Balsinde et al. 2000) and more 

irnportantly. DAG can activate protein kinase C (PKC). Recently, both fructose 

and a high-fat diet have been shown to increase DAG levels in rat skeletal 

muscle which was associated with an increase of PKC activity in a membrane 

fraction (Donnelly et al. 1994, Schmitz-Peiffer et al. i997). Activation of PKC by 

a DAG analog of phorbol myristate acetate (PMA) resulted in stimulation of 

glucose uptake in muscle and fat tissue (Henriksen et al. 1989, lshizuka et al. 

1990, Yu et al. 1992). Furthermore, previous studies reported that both insulin- 

mediated glucose transport in skeletal muscle and glycogen metabolism in liver 

can be regulated by PKC (Nakabayashi et al. 1987, Pugazhenthi and Khandelwal 

1995, Yamada et al. 1995). The PKC isoforms are also reported to be activated 

by the lipid products of PI-3K, namely PI 3.4-bisphosphate (PI 3,4 PZ) and PI 

3,4,5 trisphosphate (PI 3,4,5 P3) (Toker et al. 1994). In vitro, PKC was shown to 

phosphorylate the insulin receptor in a manner that reduces its tyrosine kinase 

activity (Bollag et al. 1986). Since vanadium is nonspecific phosphotyrosine 

phosphatase inhibitor, it can modulate the level of phosphorylation of receptor as 

well as non-receptor tyrosine kinases leading to the stimulation of PLC activity. 

generation of DAG, and activation of PKC. Previous studies have shown that 

PKC may oppose insulin action at a postreceptor level, by phosphorylating GS 



(Ahmad et al. 1984) and by inhibiting an insulin-stimulated f o m  of PLC (Saltiel et 

al. 1986, Kellerer et al. 1990). This suggests a potential role for the family of 

PKC isoenzymes in the regulation of glucose-lowering effects of vanadium. 

Interestingly, it has been also suggested that PKC-dependent 

mechanisrns might contribute to the development of insulin resistance (Yarnada 

et al. 1995). PKC theta@), the most abundant PKC isoform expressed in skeletal 

muscle. has been found to be rapidly activated and translocated in response to 

insulin (Yamada et al. 1995). Recently, Chalfant et al showed decreased 

expression of the PKCB isoform in skeletal muscle of type 2 diabetics, linking it 

with insulin resistance and decreased insulin-stimulated GS activity (Chalfant et 

al. 2000). Whether the effect of PKCe activity is directly on GS, GSK-3, or on 

other regulatory enzymes is unknown. Therefore, since insulin-stimulated GS 

activity may be modulated by PKC pathway, it will be interesting to investigate 

whether vanadium treatment affects the activity of this enzyme in skeletal muscle 

and liver of diabetic animals. 

Another possible alternative action of vanadium represents its interaction 

with the levels of cyclic AMP (CAMP). Cyclic AMP is synthesized from ATP by 

the plasma membrane-bound enzyme adenylate cyclase, and it is rapidly and 

continuously destroyed by one or more cyclic AMP phosphodiesterases, which 

hydrolyze cAMP to adenosine-5'-monophosphate (5'-AMP). The binding of 

cAMP to CAMP-dependent protein kinase (PKA) stimulates this enzyme to 

phosphorylate and hence, activate phosphorylase kinase, which in turn activates 

glycogen p hosphorylase and stimulate g lycogen breakdown (Krebs 1989, 



Newgard et al. 1989). In addition to regulating glycogen phosphorylase, PKA is 

also involved in the regulation of glycogen synthase activity (Ortmeyer 1997). 

PKA increases the phosphorylation of GS, which inhibits the enzyme and 

decreases glycogen synthesis. Therefore, an increase in cAMP by stimulation of 

glycogen breakdown and inhibition of glycogen synthesis, increases glucose 

levels which can be utilized by the cell. This also raises the possibility that 

vanadium may in h ibit this CAMP-directed pathway in the regulation of g lycogen 

metabolism, resulting in a decrease in plasma glucose levels. Furtherrnore, this 

may also suggest a role of vanadium in the control of lipolysis and 

gluconeogenesis, which are both mediated by CAMP. Cyclic AMP activates PKA 

which phosphorylates and activates the rate limiting enzyme of Iipolysis, 

hormone-sensitive lipase (HSL) (Carey 1998). The translocation of HSL from the 

cytosol to the lipid droplets in response to lipolytic stimulation is facilitated by a 

family of Iipid-associated droplets called perilipins that are phosphorylated by 

PKA and dephosphorylated by insulin (Carey 1998; Londos et al. 1996). Cyclic 

AMP is also potent activator of gene expression of the rate-limiting enzyme of 

gluconeogenesis, PEPCK (Lamers et al. 1982; Short et al. 1986). A cAMP 

response element (CRE) is a DNA sequence in the PEPCK promoter and acts as 

a binding site for the CRE-binding protein (CREB) (Park et al. 1990, Roesler et 

al. 1995, Xing and Quinn 1993). CREB is phosphorylated on specific serine 

residue by PKA, leading to the activation of this transcription factor and 

associated stimulation of gene transcription (Gonzalez and Montminy 1989). 

Cyclic AMP may also regulate liver gluconeogenesis via action of 



phosphofructokinase-1 (PFK-1) and phosphofnictokinase-2 (PFK-2) (Hers 1990). 

Therefore, there are several proteins involved in the regulation of lipolysis and 

gluconeogenesis by CAMP, which may be potential targets of vanadium action. 

In addition, previous studies demonstrated that vanadium stimulated 

cAMP phosphodiesterase activity in intact rat adipocytes, thereby stimulating the 

degradation of cAMP (Souness et al. 1985). Furtherrnore, it was reported that 

vanadium treatment increased intracellular cAMP levels in cardiac tissues 

(Gibbons et al. 1 W8), but in Iiver it did not modify in vitro intracellular CAMP 

levels or CAMP-dependent protein kinase activity (Villar-Palasi et al. 1989). This 

again suggests tissue-specific regulation of intracellular signaling pathways by 

vanadium. 

Thus, these findings imply that the rnechanisms of vanadium action 

leading to its final glucoregulatory effect are complex and are still not clearly 

defined. The regulation of glycogen synthesis by insulin and vanadium also 

seems to be complex and to be differentially regulated in various insulin- 

dependent tissues. The role of liver in the regulation of glycogen synthesis and 

degradation after vanadium treatment appears to be crucial. Importantly, while a 

majority of the previous studies on the mechanisms of insulin and vanadium 

action were done in vitro using cultured cells, our study represents one of the few 

studies done in vivo. Although well-controlled in vitro studies help us to elucidate 

the molecular mechanisms mediating the cellular actions of insulin and 

vanadium, in vivo studies are important to extend the understanding of these 

processes at the level of an intact organism in which various physiological 



interactions take place. In addition to the effect of insulin-counterregulatory 

hormones, it is most likely that glucose levels also have a direct impact on the 

insulin signaling pathways, further complicating the interpretation of in vivo 

studies. Our study involved two animal models of diabetes with a different 

duration of diabetes or vanadium treatment, involving collection of three insulin- 

responsive tissues from a large number of individual animais, making this kind of 

study time-consuming and difficult to perform. In contrast to in vitro studies 

which are performed under controlled conditions, the in vivo studies thus 

represent the true compiexity of intracellular factors involved in rnetabolic 

regulation by insulin and other hormones in an intact animal. Bearing that in 

mind, the discrepancy between results of in vitro and in vivo studies is possible 

and logical to expect. 



5. SUMMARY AND CONCLUSIONS 

1. GSK-3p activity rernained unchanged in skeletal muscle, liver and heart of 

STZ-diabetic and skeletal muscle of Zucker fatty rats as cornpared to their 

corresponding controls, excluding the role of this serinelthreonine kinase in 

the development of diabetes. Furthermore, a lack of effect of insulin 

stimulation on GSK-3p suggests that either this enzyme is not a key protein 

kinase in the regulation of glycogen synthesis by insulin or its inhibition is only 

transient. 

2. In STZ-diabetic rats a correlation between glucose disposal and glycogen 

synthase activation was observed following insulin administration. In short- 

terrn STZ-diabetic rats a decline in plasma glucose level after an insulin 

injection was accompanied by stimulation of GS fractional activity in muscle. 

However, in long-term diabetic rats there was no effect of insulin 

administration on plasma glucose level and this was accompanied by an 

impaired GS stimulation. Therefore, these findings suggest that Wistar STZ 

diabetic rats develop insulin resistance over time. 

3. Surprisingly, in the muscle of insulin-resistant, prediabetic fatty Zucker rats, 

glycogen synthase fractional activity was stirnulated by insulin, and was 

accompanied by normalization of PP1 activity in these animals. Similarly, in 



STZ-diabetic animals PP1 activity was also brought to near-control values 

after an insulin injection. 

4. Our results dernonstrated increased PPI activity in skeletal muscle of control 

rats following in vivo insulin treatment. This was accornpanied by stimulation 

of muscle glycogen synthase fractional activity and consequent decline in the 

plasma glucose level in these anirnals. These findings are in accordance with 

our hypothesis. 

5. Regulation of glycogen synthesis by vanadium seems to be more cornplex. 

In STZ-diabetic rats blood glucose responded to vanadium treatment, but 

there was no change in basai or insulin-stimulated glycogen synthase 

fractional activity after this treatment. This is in agreement with a recent study 

done by Goldfine et al  (Goldfine et al. 2000), where a lack of vanadium effect 

to modify the insulin action to stimulate glycogen synthesis was also 

observed. However, similar to insulin, vanadium treatrnent of STZ-diabetic 

rats resulted in decrease of muscle PPI activity to near-control values. 

6. In skeletal muscle from STZ-diabetic rats GS activity was not impaired and 

increased PP1 activity may be responsible for this "normal" GS activity under 

diabetic conditions. Interestingly, in the liver from diabetic animals, both basal 

and insulin-stimulated GS activities were decreased. Therefore, these 

findings suggest a tissue specific regulation of glycogen synthesis, which rnay 



be altered in diabetes. Vanadium treatment resulted in profound decrease in 

blood glucose levels in diabetic rats and this was accompanied by restored 

GS activity in the liver of these animals. This suggests an important role of 

the liver in the regulation of glucose metabolism, particularly in diabetes 

associated with insulin resistance. 

In the Zucker fatty rats there was no significant decrease in plasma glucose 

level after vanadium and/or insulin treatment. However, vanadium treatment 

improved insulin sensitivity and mimicked insulin effects on glycogen 

synthase fractional activity and PP1 activity in muscle of fatty rats. 

Furthermore. insulin-stimulated PP1 activity was restored following vanadium 

treatment. and vanadium was not additive or synergistic with insulin at these 

steps in insulin signaling cascade. These findings suggest that a vanadium- 

induced improvement in insulin resistance was crucial for observed changes 

in the activity of the enzymes involved in the regulation of glycogen synthesis. 

8. Although glucose utilization was improved in STZ-diabetic animals following 

vanadium treatment, its effects on the regulation of glycogen synthesis 

appear to be more complex. Vanadium treatment mimicked insulin effects on 

glycogen synthase and restored insulin-stimulated PP1 activity in the muscle 

of Zucker fatty rats. Insulin sensitivity was also improved after this treatment. 

However, no direct correlation between PP1 and GS activity was observed 

after vanadium treatment in skeletal muscle of STZ-diabetic rats. The 



discordance between glycogen synthase and PP1 activity in skeletal muscle 

of two different animal rnodels of diabetes may imply the involvement of the 

alternative signaling pathways in the regulation of glycogen synthesis by 

insulin and vanadium, 

9. In conclusion, in agreement with Our hypothesis vanadium treatment per se 

improved insulin sensitivity and increased GS activity in muscle of Zucker 

fatty rats. However, contrary to our hypothesis results of this study did not 

demonstrate a role of GSK-3p, either in the development of diabetes or in the 

regulation of glycogen synthase activity by insulin and vanadium. PP1 seems 

to be a more important regulating enzyme in both of these processes and this 

is the first report demonstrating that vanadium treatment normalizes PP1 

activity in skeletal muscle of both Zucker fatty and STZ-diabetic rats. 
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