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. Abstract
INSULIN SIGNALLING CAN REGULATE GLUCOSE TRANSPORT IN MUSCLE
INDEPENDENTLY OF CHANGES IN TOTAL GLUT-4: EFFECTS OF MUSCLE
ACTIVITY AND HIGH-FAT-FEEDING ON THE INSULIN SIGNAL AKT

Physical activity and dietary modification are known to alter insulin-stimulated
glucose transport in muscle, in part, by changing the GLUT-4 content of skeletal muscle.
The studies in this thesis indicate that total muscle GLUT-4 availability alone does not
dictate insulin responsiveness, but that Akt is also involved.

To investigate the impact of varied fatty acid composition of high fat diets on
glucose tolerance, rats were provided for 3-4 weeks with either a high safflower oil diet
(HF-SAFF), a high mixed oil diet (HF-MIXED) or a low fat diet (LF). Diets differing in
fatty acid composition had different effects on whole body glucose disposal, glucose
transport into muscle, and glucose transport into adipose tissue. Feeding rats the HF-
SAFF diet decreased 2-deoxyglucose (2-DG) uptake in isolated adipocytes compared with
HF-MIXED-fed rats and LF-fed rats (P<0.05). In contrast, 2-DG uptake by adipocytes
from HF-MIXED-fed rats did not differ from LF-fed rats (P>0.05). Insulin-stimulated, 3-
O-methylglucose (3-O-MG) uptake into oxidative, mixed, and glycolytic muscles was
reduced in HF-SAFF (P<0.02) and HF-MIXED-fed rats (P<0.02), while under basal
conditions, 3-O-MG uptake was increased in HF-SAFF and HF-MIXED-fed rats relative
to LF-fed rats (P<0.04). Glucose tolerance, assessed by an intravenous glucose tolerance
test, was reduced in HF-SAFF-fed rats (P<0.05), but was unaffected by the HF-MIXED
diet (P>0.05), compared with the LF diet. These high fat diets, which differ in fatty acid
composition, differentially affected skeletal muscle and adipose tissue insulin

responsiveness.
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Insulin signalling at the level of Akt was examined in muscle made insulin resistant
by short-term (24 hours) denervation. Insulin-stimulated glucose transport in vitro was
reduced by 28% (P<0.05) in denervated muscle (DEN). In control muscle (SHAM),
insulin increased levels of surface detectable GLUT-4 (i.e. translocated GLUT-4) 1.8-fold
(P<0.05) while DEN surface GLUT-4 was not increased by insulin (P>0.05). Insulin
treatment in vivo induced a rapid appearance of phospho[SER *"*]Akt-1 in SHAM, 3
minutes after insulin injection. In DEN, phospho[SER ‘3] Akt-1 also appeared at 3
minutes, but SER *”* phosphorylated Akt-1 was 36 % lower than in SHAM (P<0.05). In
addition, total Akt-1protein in DEN was 37% lower than in SHAM (P<0.05). Akt-1
kinase activity was lower in DEN at two insulin levels tested; 0.1U insulin / rat (-22%,
P<0.05) and 1U insulin / rat (-26%, P<0.01). These studies indicate Akt-1 is important
for increasing surface available GLUT-4. This suggests that the insulin signal Akt is

defective in 24 hour denervated rat muscle.

Insulin signalling at the level of Akt was examined in muscle from high-fat-fed rats
to determine whether Akt-derived signals might influence glucose transport when insulin
resistance is induced by high-fat-feeding. Unlike denervated muscle, in which insulin-
induced Akt-1activation was impaired, the alterations in Akt activation observed in muscle
from high-fat-fed rats did not explain the insulin resistance induced by high-fat-feeding.
Instead, insulin stimulated a greater increase in Akt-1 kinase activity in muscle from HF-
SAFF-fed (+61%) and HF-MIXED-fed (+44%) rats than in muscle from LF-fed rats

(P<0.05). Insulin-induced Akt-2 activation was similar in muscle from all 3 groups of rats



(P>0.05). GLUT-1 levels were found to be 80% higher in muscle of HF-SAFF-fed and
HF-MIXED-fed rats than in muscle from LF-fed rats (P<0.05). Basal 2-deoxyglycose
glucose (2-DG) transport was also higher in muscle from both groups of high-fat-fed rats
(P<0.05). High-fat diets may have affected basal glucose uptake differently since PI3-
kinase inhibition lowered glucose uptake well below basal levels in HF-SAFF but not HF-
MIXED. These studies suggest that insulin-activatable signals, which could include Akt,
help to upregulate basal glucose uptake. This may occur in a variety of ways, including

promotion of GLUT-1 biosynthesis.

The final studies determined whether fiber type differences in Akt activation exist
in chronically-active skeletal muscles. It is well known that fast twitch glycolytic (FG)
muscle has less GLUT-4 and exhibits lower rates of maximal insulin-stimulated glucose
transport than slow twitch oxidative (SO) muscle. Chronic low frequency stimulation
(CLFS) for 360 minutes / day (7 days) induced a disproportionately higher amount of
GLUT-4 protein expression in white tibialis anterior muscle (WTA) than in red tibialis
anterior (RTA) muscle. Thus, with 360 minutes / day of CLFS, levels of GLUT-4 in
chronically-active RTA and chronically-active WTA were found to be equivalent.
However, unlike total GLUT-4, maximal insulin-stimulated 3-O-methylglucose (3-OMG)
transport rates were not equalized by 360 minutes / day CLFS. Insulin-stimulated glucose
transport was about 2-fold greater in chronically-active RTA muscle than in chronically-
active WTA muscle, similar to the normal differences in insulin-stimulated 3-OMG
transport rates observed between non-active (control) red and white TA muscles. Insulin-

stimulated Akt-1 kinase activity in chronically-active RTA was significantly higher (+92%)



than in control RTA (P<0.01). Conversely, insulin-stimulated Akt activation was 37%
lower in chronically-active WTA than control WTA (P<0.01), possibly suggesting that
chronic low frequency stimulation suppressed the normal Akt activation response to
insulin in this muscle group. These studies could suggest Akt in the red and white portions
of the TA muscle are differentially affected by chronic muscle activity. Akt may represent
an important insulin signal that is modulated, in conjunction with an increased quantity of
GLUT-4, to control the upregulation of insulin-stimulated glucose transport in

chronically-active muscles.

The studies in this thesis support a role for Akt in insulin-stimulated glucose
transport. Collectively, the studies in this thesis indicate that Akt contributes to glucose
transport activity and has an important role when muscle insulin responsiveness is altered

by a change in muscle activity or the consumption of a high-fat diet.
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Chapter 1:
[. INTRODUCTION

Since the discovery of insulin by Banting and Best in 1922 (Banting and Best,
1922) our understanding of how insulin stimulates the uptake of glucose into key target
tissues has expanded immensely. For some time, exercise has been known to improve
glycemic control by enhancing insulin sensitivity in peripheral tissues such as muscle. In
contrast, poor lifestyle-related choices such as physical inactivity or inadequate nutritional
habits (i.e. high fat diets) may be detrimental to insulin sensitivity. A plethora of studies
show that physical activity and dietary modification can alter insulin sensitivity by
changing the concentration of the insulin-regulatable glucose transporter, GLUT-4, in
skeletal muscle (Brozinick Jr. et al., 1993; Etgen et al., 1993; Friedman et al., 1990). Yet,
recent studies seem to suggest that total muscle GLUT-4 availability alone does not
dictate insulin responsiveness, but that an intact and adaptable insulin signalling system
may also be vital for altering insulin-stimulated glucose transport activity (Koval et al.,
1999).

In a series of studies, the signalling protein Akt was examined under different
physiological stresses, since increases in Akt activity generated by insulin stimulation
appear to be involved in increasing the quantity of cell surface glucose transporters.
Studies in cell culture have inferred that Akt provides signals for glucose transport by
inducing the translocation of GLUT-4 glucose transporters (Kohn et al., 1996; Hajduch et
al., 1998) and by promoting GLUT-1 biosynthesis (Hajduch et al., 1998). Recent studies
in adipose tissue (Tanti et al., 1997; Kupriyanova and Kandor, 1999) have also implicated
Akt to be central to insulin-mediated glucose utilization by upregulating surface
availability of glucose transporter proteins. Therefore, the focus of this thesis has been to



examine the effects of a) chronically altered muscle activity and b) high-fat diets on
insulin-induced Akt activity in skeletal muscle.

In order to place the work in this thesis in perspective a general overview of
insulin-regulated glucose transport, glucose transporters and insulin signalling is provided
below.

II. GLUCOSE TRANSPORTERS

The model system first showing glucose transporters translocate: adipose cells

Insulin-stimulated glucose transport was demonstrated many years ago in vitro in
adipocytes (Wardzala et al., 1978), skeletal muscle (Holloszy and Narahara, 1965), and
cardiac muscle (Zaninetti et al., 1988). But, much of our understanding behind the
mechanisms involved in insulin-stimulated glucose transport originated from the use of
isolated white adipocytes from rats. Cushman and Wardzala (1980) demonstrated that the
increase in glucose transport after stimulation with insulin is due to an increase in the
number of transporter systems accessible to glucose. They showed that the fungal
metabolite cytocholasin B will bind to, and inhibit, the activity of a proposed membrane
bound protein required for glucose transport. The fractionation and isolation of plasma
membranes and intracellular membranes revealed a distribution of labeled-cytocholasin B
binding sites between these two membrane pools. Upon insulin stimulation, there was a
five-fold increase in the number of glucose transport proteins in the plasma membrane
fraction and a proportionate loss of transporters from the intracellular membrane fraction
(Cushman and Wardzala, 1980).

At the same time, another research group independently proposed the same

hypothesis: namely that insulin increases the number of transporter systems accessible to



glucose in the plasma membrane (Suzuki and Kono, 1980). Suzuki and Kono (1980)
developed a method of reconstituting plasma membrane and intracellular membrane
vesicles marked with Golgi enzymes for measurements of glucose transport activity. They
showed that when isolated adipocytes were stimulated with insulin, before the membrane
vesicles were prepared, glucose transport activity increased in plasma membrane-rich
vesicles and decreased in the Golgi-rich fraction of vesicles (Suzuki and Kono, 1980).

These experiments, conducted by the research groups of Cushman and Suzuki,
were the first to outline the manner by which glucose transporters are made accessible to
extracellular glucose in insulin-stimulated cells. These two separate research groups
postulated simultaneously, but independently, that insulin increases the translocation of

glucose transporters from an intracellular pool to the cell surface.

1. AFAMILY OF GLUCOSE TRANSPORTERS FACILITATE GLUCOSE
TRANSPORT

Glucose transport is now known to be regulated by a family of glucose transporter
proteins (Bell et al., 1990; Mueckler, 1994) (Table 1). GLUT-1 was the first transporter
purified and partially sequenced from human erythrocytes, leading to the isolation of
c¢DNA clones from human HEPG?2 cells and rat brain (Mueckler et al., 1985; Bimbaum et
al., 1986). Soon after, screening of cDNA libraries for clones that cross-hybridized with
GLUT-1 followed, and other glucose transporter isoforms were subsequently discovered.
Because of the high degree of similarity among isoforms, a single structure and topology
for the glucose transporter protein was proposed based on the GLUT-1 sequence
(Mueckler, 1993). It consisted of 12 membrane spanning c-helical segments, an
intracellular loop connecting transmembrane sequences 6 and 7 which divide the structure

in half, a large exofacial loop, and intracellular NH- and COOH- termini.



Table 1.1'  Tissue-specific expression of glucose transporters

ISOFORM TISSUE SPECIFIC EXPRESSION PHYSIOLOGICAL ROLE

GLUT-1 Erythrocytes, placenta, brain, nervous | basal transporter

(Kp=2mM) tissue, muscle and adipose tissues in various tissues

GLUT-2 Liver, kidney, pancreatic cells, small | low affinity transporter expressed

(Kp=11mM) intestine (basolateral membrane) in tissues that handle large
quantities of glucose (i.e. glucose
efflux from the liver during
gluconeogenesis)

GLUT-3 Brain parenchymal cells, nerve cells, | scavenges glucose when plasma

(Kn=1.4mM) | muscle cells levels are low

GLUT-4 Skeletal muscle, heart, adipose tissue glucose transporter regulated by

=5mM) insulin

GLUT-5 Small intestine (lumen), human skeletal | fructose transporter

(Km=N/A) muscle

GLUT-6 N/A N/A

(Ka=N/A)

GLUT-8 Human skeletal muscle, heart, small | unknown

intestine, brain

' adapted from Gould and Holman, 1993 and modified.
? Kndefined as the glucose concentration at half maximal glucose uptake rate.




GLUT-4 is often referred to as the insulin-regulatable glucose transporter. Insulin
has been shown to induce GLUT-4 translocation in adipocytes (Cushman and Wardzala,
1980; Suzuki and Kono, 1980), skeletal (Klip et al., 1987; Hirshman et al., 1990) and
heart muscle (Egert et al., 1999). Somewhat after finding GLUT-4 translocated by insulin
in resting muscle, it was found that GLUT-4 was also translocated in contracting skeletal
muscle (Douen et al., 1990; Goodyear et al., 1991; Ploug et al., 1992). This cccurred
without activating levels of insulin present. More recently, it was established that there
are distinct pools of intracellular GLUT-4. These separate GLUT-4 pools may be
sensitive to the stimulus provided by either insulin or contraction (Lemieux et al., 2000).
Thus, it appears that GLUT-4 is the important glucose transporter for providing glucose
to both working and resting muscles.

Recently, GLUT-5 a fructose transporter (Burant et al., 1992), GLUT-6 (a
pseudogene not expressing protein) and GLUT-8 (Doege et al., 2000) have also been
identified. Although the proteins GLUT-1 to GLUT-8 are highly conserved in amino acid
sequence (39-65% homology), each one displays a tissue-specific expression pattern and
has distinct catalytic activities which allows these key glucose transporter proteins to

contribute uniquely to whole body glucose homeostasis.

In some tissues, several GLUTSs are co-expressed. Muscle expresses both GLUT-
1 and GLUT-4. In skeletal muscle, the K, of GLUT-4 has been estimated at ~ 5 mM and
the Ko, for GLUT-1 at ~1.4 mM. Based on these values, the optimal catalytic efficiency of
GLUT-1 has been predicted to occur at a concentration of glucose lower than the normal
blood glucose levels of approximately 4 - 6 mM. This would appear to make GLUT-1
more suited than GLUT-4 for glucose transport activity when blood glucose levels are
very low. GLUT-1 levels in muscle are very low (Klip and Marette, 1992). GLUT-4

appears to operate more effectively at higher glucose levels, therefore an increase in the



membrane abundance of GLUT-4 transporters can rapidly provide muscles with glucose.
The increase in cell surface GLUT-4 concentrations, after GLUT-4 translocation, lowers
blood glucose rapidly in the post-prandial state. To date, it is generally believed that the
confinement of GLUT-1 to surface membranes mediates basal glucose transport, and that
the translocation of GLUT-4 is predominantly responsible for insulin-stimulated and

contraction-stimulated glucose transport in skeletal muscle.

GLUT-4 translocation has been the dogmatic model for insulin-stimulated glucose
transport regulation in skeletal muscle ever since antibodies raised against the glucose
transporter proteins were used to verify that membrane availability of GLUT-1 and
GLUT-4 fulfill the roles of basal glucose transport and insulin-regulatable glucose
transport, respectively. However, glucose transporter catalytic activity might also be
altered by insulin. James et al. showed that a 10-fold increase in plasma membrane
associated GLUT-4 (James et al., 1988) was induced by insulin, but this did not
correspond with the 15-30 fold increase in radio-labeled glucose transport (James et al.,
1986; Toyoda et al., 1987). Others proposed that insulin augments the catalytic activity of
individual transporters by increasing the affinity of glucose transporters for glucose (Jhun
et al., 1992; Suzuki, 1988). Phosphorylation of plasma membrane GLUT-4 in adipocytes
has been shown to decrease the transporter’s intrinsic activity in this cell type. GLUT-4
activity is restored with dephosphorylation (Reusch et al., 1993). Thus, an "intrinsic
activation" hypothesis has also emerged.

New techniques with antibodies raised against glucose transporters and
photolabels that attach to glucose transporters have enabled a more detailed analysis of
glucose transporter recycling events. Investigators have been able to elucidate the relative
changes in GLUT-1 and GLUT-4 in the plasma membrane as well as being able to
determinine the rates of appearance and loss of glucose transporters at the cell surface



(Clark et al., 1991; Satoh et al,, 1993; Lund et al., 1993; Reynolds et al., 1997). Satoh
used a non-permeable bismannose photolabel to mark and track GLUT-4 recycling events
and concluded that insulin up-regulates protein trafficking events so that the rate of
GLUT-4 exocytosis increases while the rate of GLUT-4 endocytosis remains unchanged
(Satoh et al., 1993).

IV. INSULIN SIGNALLING ACTIVATES GLUCOSE TRANSPORT

Insulin and the Insulin Receptor

Insulin is a hormone secreted from B-cells of the pancreas when blood glucose
levels increase. Insulin lowers the blood glucose concentration by stimulating glucose
uptake. The receptor for insulin is a transmembrane protein tyrosine kinase that is
upregulated by insulin binding. Two a-subunits are covalently linked with two [ -subunits
so that the protein spans the plasma membrane. Insulin binding to a region within the o-
subunits activates tyrosine kinase activity on the B-subunits resulting in
autophosphorylation of tyrosine residues within this intracellular region of the receptor
(Lee and Pilch, 1994). Autophosphorylation and transphosphorylation provide an

effective means of receptor activity amplification (Avruch et al., 1990).

Post-insulin receptor signalling

Although many studies have demonstrated that the increase in glucose transport in
response to insulin corresponds to increases in insulin binding to its receptor, it has been
suggested that full stimulation of glucose transport occurs with only 10-20% of the insulin
receptors occupied by the hormone (Le Marchand-Brustel et al., 1978; Simpson and
Cushman, 1986). Tyrosine kinase activity is essential for insulin-mediated signal
transduction. However, only 14% of receptor tyrosine kinase activity is required for
maximal glucose transport response in adipocytes (Klein et al., 1991). The "spare



receptors" likely provide the insulin stimulus for functions other than glucose transport
activation, possibly related to insulin’s mitogenic properties which promote protein
synthesis for growth and development (Simpson and Cushman, 1986). It is likely that
direction of the insulin signal for glucose transport activation occurs downstream of
insulin receptor tyrosine kinase activity. Some principal substrates for the insulin

receptor’s tyrosine kinase activity have been identified.

Insulin receptor substrates

A family of insulin receptor substrate (IRS) proteins exists. The first known was
denoted IRS-1(Sun et al., 1991); subsequently the discoveries of IRS-2, Grb2-associated
binder-1(Gab-1), and IRS-3 soon followed (Sun et al., 1995; Holgado-Madruga et al.,
1996; Lavan et al., 1997). IRS-1 (depicted in Fig. 1.1) has been shown to have a role in
signalling to increase glucose transport (Kanai et al., 1993; Okada et al., 1994).
Depression of phosphorylated IRS-1 levels in 3T3-L1 adipocytes correlates with a
decrease in insulin-stimulated glucose transport (Rice and Garner, 1994) suggesting that
the active protein involved in signalling glucose transport is the phosphorylated form. The
IRS-1 contains a Tyrosine-X-X-Methionine consensus sequence (Sun et al., 1991).
Phosphorylation on tyrosine (Y) residue within YXXM motifs allow IRS-1 to associate
with src-homologous-(SH2) containing signalling proteins (Sun et al., 1991).

Phosphatidylinositol-3 -kinase

IRS-1 couples insulin-stimulated IR activity to the activation of
phosphatidylinositol 3°-kinase (PI3-kinase). The 85 kDa PI3-kinase subunit (p85)
contains the necessary SH-2 domain (Carvalho, 1996) to allow an IRS-1-PI3-kinase
signalling complex to form. The p110 subunit of PI3-kinase has activatable catalytic

activity (Okada et al., 1994). Wortmannin is a compound known to block the activity of



the p110 subunit. PI3-kinase inhibition by wortmannin has been frequently used to help
decipher its metabolic effects. When used at low concentrations, wortmannin specifically
and irreversibly blocks PI3-kinase activity (ICso ~ 3nM)( Ui et al., 1995). Nanomolar
concentrations of wortmannin have been shown to completely inhibit PI3-kinase and
prevent the stimulation of glucose transport by insulin in rat adipocytes (Okada et al,
1994) and skeletal muscle (Le-Marchand-Brustel et al., 1995), suggesting that PI3-kinase
may be important for insulin-induced glucose transport activation in adipose cells and
muscle. Furthermore, nanomolar concentrations of wortmannin were reported to prevent
insulin-stimulated increases in 3T3-L1 cell-surface glucose transporters without changing
the total cellular quantity of this transporter protein (Clarke et al., 1994), further
implicating PI3-kinase activity as a signal that activates glucose transport. Cell
fractionation experiments in studies by Heller-Harrison et al. (1996) showed that levels of
the PI3-kinase reaction products PI(3,4)P, and PI(3,4,5)P; were higher in membranes of
GLUT-4-containing vesicles, which were isolated from cells that were first subjected to
insulin. Collectively, these studies could indicate that insulin-activated PI3-kinase activity
promotes GLUT-4 translocation and the phospholipid products of the PI3-kinase reaction

might act as second messengers to induce this response.
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Figure 1.1. Insulin receptor activity is linked to the activation of PI3-kinase
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Beyond PI3-kinase: a potential role for Akt

Isakoff et al. demonstrated that PI3-kinase alone is insufficient for glucose
transport activation (Isakoff et al., 1995). Another molecule beyond PI3-kinase is likely
involved. In 1991 the cellular homologue viral-AKT oncogene was cloned from a
transforming retrovirus AKT8 in a mouse cell line (c-AKT) (Bellacosa et al., 1991).
Coincidentally, two other groups cloned the same cDNA while searching for new genes of
novel cell signalling kinases that might have been related to the superfamily of protein
kinases A and C (RAC kinase) (Coffer and Woodgett, 1991; Jones et al., 1991). These
observations led to the discovery of a common protein product. This protein is now

usually referred to as Akt (or sometimes protein kinase B).

In mammalian tissues, three distinct Akt isoforms are encoded by 3 distinct genes
(Altomare et al., 1995; Brodbeck et al., 1999; Nakatani et al., 1999). These genes are
85% homologous and are expressed in a variety of tissues (Kandel and Hay, 1999). All
isoforms are activated by insulin (Walker et al., 1998). Akt-1 and Akt-2 may function
more similarly than Akt-3. Both Akt-1 and Akt-2 are highly abundant and are found in
greater quantity than Akt-3 in muscle and adipose tissues (Walker et al., 1998). Akt-3 is
highly expressed in brain and testis (Brodbeck et al., 1999; Nakatani et al., 1999).
Fittingly, Akt-1 and Akt-2 are activated to a similar extent in the insulin sensitive tissues
(i.e. skeletal muscle and adipose), and more so than Akt-3 (Walker et al., 1998).
Moreover, the structural organization of Akt -1 and -2 isoforms are dissimilar to the Akt-3
variant. Both Akt-1 and -2 isoforms have a pleckstrin homology (PH) domain, a catalytic

fragment and a putative regulatory segment, whereas Akt-3 has all of these except a PH
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domain (Kandel and Hay, 1999). Phosphatidylinositol dependent kinases (PDKs 1 and 2)
help to activate Akt by phosphorylating specific regulatory serine and threonine sites
(Stokoe et al., 1997). One notable difference between Akt-1 and Akt-2 is that the
regulatory serine (SER'™) and threonine (THR’**) amino acid residues of Akt-1 are
situated at different positions in the protein sequence of Akt-2 (SER *’* and THR **)
(Kandel and Hay, 1999), suggesting that slight isoform-specific differences for controlling
Akt activation by the phosphatidylinositol-dependent kinases PDK-1 and PDK-2 may

exist.

Akt is downstream from PI3-kinase towards glucose transport activation

Since it was demonstrated that PI3-kinase alone is insufficient for glucose
transport activation (Isakoff et al., 1995), efforts have intensified to determine whether
Akt kinase lies downstream of PI3-kinase in the insulin signalling cascade (Fig. 1.2).
When a dominant negative Akt protein is expressed in rat adipocytes, in place of the native
protein, insulin-stimulated GLUT-4 translocation is reduced (Cong et al., 1997). Notably,
when L6 muscle cells are treated with wortmannin at concentrations specific for PI3-
kinase, this enzyme’s activity is irreversibly inhibited (Ui et al., 1995) and insulin-
stimulated Akt activity is prevented (Ueki et al., 1998). Concurrent over-expression of a
constitutively active Akt protein in L6 muscle cells overrides the wortmannin-induced
inhibition of PI3-kinase and restores insulin-stimulated glucose transport (Ueki et al.,
1998), implying that Akt activation beyond PI3-kinase stimulates glucose transport. Since

these studies, Akt has also been proposed to lie in an insulin signalling pathway that

12



activates glucose transport by increasing GLUT-4 translocation in skeletal muscle (Krook

et al. 1997; Song et al. 1999; Wilkes and Bonen, 2000), as illustrated in Fig. 1.3.
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Figure 1.2. PI3-kinase-dependent signals activate Akt
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V. LIFESTYLE-RELATED FACTORS INFLUENCING INSULIN SENSITIVITY

AND TYPE I DIABETES

Insulin sensitivity may be diminished in a large number of individuals because of
poor lifestyle-related choices. The high incidence of insulin resistance in the Western
world can be partially attributed to the North American diet being high in fat (~35-40%
total energy from fat) (Himsworth, 1935; Parker et al., 1993; Mayer et al., 1993) and to a
habitually sedentary lifestyle (Heimrich et al., 1991; Manson et al., 1992). Some studies
have suggested that the reduced sensitivity to insulin, or insulin resistance, that occurs
when consuming a high fat diet may be compensated for with higher post-prandial and
fasting blood insulin concentrations (Parker et al., 1993; Mayer et al., 1993). A
hyperinsulinemic state in humans can be futile, as excessive insulin secretion may
ultimately contribute to the worsening of insulin resistance. Individuals with chronic
hyperinsulinemia accompanied by defective insulin secretion are thought to eventually

develop full blown non-insulin-dependent (type 2) diabetes (Kahn, 1994).

Surprisingly, individuals with type 2 diabetes can have insulin resistant muscles
with normal total GLUT-4 content (Pedersen et al., 1990; Handberg et al., 1990). This
leaves open the possibility that a defect in insulin-stimulated glucose transport in human
diabetic muscle may be due to impairment(s) in insulin signalling mechanism(s).
Bjornholm (1997) reported that insulin-stimulated activation of PI3-kinase is decreased in

skeletal muscle of humans with type 2 diabetes (Bjornholm et al., 1997). In contrast, the
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improvement in insulin sensitivity that results from increased physical activity could also
involve the alteration of insulin-mediated signalling. Acute bouts of exercise, which do
not increase muscle GLUT-4 content (Hansen et al., 1998), can still enhance insulin-
stimulated glucose transport (Hansen et al., 1998). Therefore, the enhanced insulin
sensitivity found during the post-exercised period (Hansen et al., 1998; Richter, et al.
1989; Mikines et al., 1988) could be a result of acute bouts of exercise conveying short

lived improvements to insulin signalling step(s).

High-fat-feeding causes insulin resistance in rats without GLUT-4 reduction

One model for diet-related, human diabetes is the high-fat-fed rat. Rats fed
specific diets that are high in fat content (= 59% calories) display insulin resistant skeletal
muscle. The advantage of an animal model is that insulin resistance can be induced in a
predictable (Storlein et al., 1991) and reproducible (Wilkes et al., 1998) manner which is
detectable after a reasonably short period of feeding (3-4 weeks), without serious
reductions in total muscle GLUT-4 (Rosholt et al., 1994; Hansen et al., 1998; Han et al.,

1997; Zierath et al., 1997).

GLUT-4 translocation has been shown to be decreased in muscle from rats fed a
high-fat diet, when total GLUT-4 is unchanged (Zierath et al., 1997; Hansen et al., 1998)
suggesting that insulin signalling in high-fat-fed rat muscle may be insufficient. Zierath
(1997) reported that the activation of PI3-kinase via IRS-1 was decreased in muscle made
insulin resistant by high-fat-feeding and suggested that these early defective signals

contributed to the reduced insulin-stimulated GLUT-4 translocation and resulting impaired
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glucose transport (Zierath et al., 1997). Therefore, insulin resistance induced by high-fat-
feeding could be due to a reduction in GLUT-4 translocation resulting from an inadequate
generation of insulin-activated signals. In this thesis, it was examined whether an insulin
signalling defect includes the loss of Akt-derived signalling influences in muscle which has
been made insulin resistant by high-fat-feeding. Whether Akt is central to the insulin
resistance induced in high-fat-fed rats was explored as a possibility in the studies included

in this thesis.

However, it is not completely certain whether reduced GLUT-4 translocation can
be due to a disruption in the insulin signalling pathway. Hansen et al. (1998) were of the
opinion that early insulin signals are intact in muscle made insulin resistant by high-fat-
feeding. They found normal insulin-induced tyrosine phosphorylation of IRS-1 and
suggested that the defective GLUT-4 translocation found after high-fat-feeding was due to
an impediment in GLUT-4 trafficking rather than a diminishment in insulin signalling per
sé (Hansen et al., 1998). Maybe defective glucose transport activaiton could be a result of
defective GLUT-4 trafficking and the insulin signalling steps to initiate this process are still
in place. This possibility was considered in this thesis. The alternative idea may be that
the insulin signalling responses through Akt becomes more effective when insulin
resistance is induced by high-fat-feeding. In studies by Elchebly et al. insulin action was
improved prior to high-fat-feeding by first enhancing IR / IRS-1 tyrosine phosphorylation
(Elchebly et al., 2000). They used a genetic ‘knockout out’ model of protein tyrosine
phosphatase-1B (PTP-1B), an enzyme which downregulates IR activity by removing

phosphates from insulin receptor sites (1146, 1150, 1151) deemed important for insulin
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receptor tyrosine kinase activity. Negative signalling influences exerted by PTP-1B were
eliminated in mice by breeding animals to be missing key portions of the PTP-1B gene.
High-fat-fed, PTP-1B null mice had normal insulin concentrations, lower glucose
concentrations and a greater sensitivity to insulin than PTP-1B wild type mice fed the
same high-fat diet. Therefore, it appears from studies by Elchebly and coworkers that the
insulin resistance caused by the consumption of a high-fat diet could be prevented if insulin
signalling was first enhanced. Diets high in mixed oils are thought to be protective against
glucose intolerance (Storlien et al., 1991). Therefore, changes in insulin signailing might
possibly improve glucose uptake under select conditions of high-fat-feeding, when mixed
oil-based diets which are more favorable for glucose tolerance, are provided. This was
also considered as a possibility in this thesis. Therefore, studies were conducted to
investigate whether Akt might be upregulated in an attempt to alleviate the reductions in

insulin-stimulated glucose transport in muscle from high-fat-fed rats.

Muscle training increases GLUT-4 while muscle inactivity reduces GLUT-4

A. Training:

GLUT-4 protein content is increased in muscle with exercise training or in
electrically-stimulated muscle that contract chronically for 7 days. This is likely due, in
part, to intramuscular signals generated by adenylate cyclase and / or muscle metabolites;
possibly linked to changes in cyclic adenosine 3°,5’-monophosphate (cAMP) and high
energy phosphates (Yaspelkis II et al., 1997; Yaspelkis III et al. 1998). GLUT-4 protein

levels and insulin-stimulated glucose transport have been reported to increase rapidly (in 1
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day) in epitrochlearis muscles of rats engaged in swim training for 6 hours (Ren et al,
1994), suggesting that a rapid increase in GLUT-4 induced by training could improve

insulin sensitivity.

The extent to which insulin-stimulated glucose transport improves with exercise is
closely correlated with increases in muscle GLUT-4 content (Brozinick Jr. et al., 1993;
Etgen et al., 1993; Friedman et al., 1990). In theory, an expansion of the total GLUT-4
pool caused by training increases internal GLUT-4 availability for recruitment to cell
surface membranes by the translocation mechanism (Brozinick Jr. et al., 1993; Etgen et
al., 1993; Friedman et al., 1990; Reynolds et al., 1997). Reynolds has demonstrated
repeatedly that training-induced increases in GLUT-4 can selectively improve insulin-
stimulated GLUT-4 translocation, since hypoxia-induced GLUT-4 translocation was
unaffected in their studies (Reynolds et al., 1997 and 1998). This suggestion was based
on a 2 signalling pathway model which implies that GLUT-4 recruitment to surface
membranes in skeletal muscle can be induced by an insulin—stimulated pathway and also by
a separate hypoxia (contraction)-activated pathway which converge on separate insulin-
sensitive and hypoxia (contraction)- sensitive GLUT-4 pools, respectively (Brozinick et
al., 1992; Gao et al., 1994). However, an increase in the insulin-sensitive GLUT-4
content of muscle caused by habitual physical activity may, by itself, not fully improve the
insulin-stimulated glucose transport response. Recent evidence has suggested that
physical activity can also affect insulin signalling, since insulin-activated PI3-kinase was
found to be upregulated in response to exercise (Zhou et al., 1997) and exercise training

(Koval et al., 1999).
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Full activation of upstream signals may not be necessary for maximal insulin-
stimulated glucose transport (Kurowski et al., 1999; Heart et al., 2000). Therefore, the
studies in this thesis examined Akt. It was hypothesized that Akt activity could also affect
insulin-stimulated glucose transport rates in conjunction with the increased amount of total

GLUT-4 produced in trained muscle.

B. Muscle inactivity:

Reduced muscle activity may be expected to impair insulin-stimulated glucose
transport by lowering the total GLUT-4 content of muscle. Denervation has often been
used as a model for muscle inactivity. A considerable number of studies have shown that
when muscle activity was completely eliminated for 3 days, by severing the motor nerve to
rat hindlimb muscles by sciatic nerve sectioning, insulin resistance was pronounced and
GLUT-4 content was appreciably reduced (Handberg et al., 1996; Megeney et al., 1993;
Megeney et al., 1994; Megeney et al., 1995). Large reductions (< 80%) in total GLUT-4

were observed after 3 days of denervation (Megeney et al., 1994).

Reductions in total GLUT-4 content have not always occurred in muscles in which
insulin sensitivity was decreased after a period of inactivity. Houmard (1993) reported
that there was a decrement in insulin-stimulated glucose transport in muscle of normally
active individuals after a 14 day period of inactivity, but these individuals showed no

appreciable losses in total muscle GLUT-4 protein (Houmard et al., 1993). Moreover,

21



muscles denervated for 24 hours displayed an obvious resistance to insulin (Elmendorf et
al., 1997; Henriksen, et al., 1991; Turinsky, 1997) when total GLUT-4 was unchanged
(Coderre et al., 1992; Henriksen et al., 1991). These studies suggest that there may be
unknown defect(s) that lower insulin-stimulated glucose transport in inactive muscles.

Such putative defects occur in the absence of any reductions in muscle GLUT-4 quantity.

Insulin resistance in denervated muscles could be due, in part, to altered tyrosine
phosphorylation-induced signalling capabilities. Henriksen (1991) found that denervated
muscles were resistant to vanadate, a phosphotyrosine phosphatase inhibitor that can
stimulate glucose transport by preventing dephosphorylation of tyrosine residues from
insulin signalling proteins (i.e. IRS-1). Furthermore, Sowell (1991) previously reported
that concentrations of select pools of diacylglycerol (DAG), byproducts of phospholipid
metabolism with glucose transport modulating effects, were altered in denervated muscles
(Sowell et al., 1991). However, these studies (Henriksen et al., 1991; Sowell et al., 1991)
do not clarify whether direct insulin signailing mechanisms can be affected by muscle
denervation. An effect of muscle denervation on PI3-kinase was observed by Elmendorf
and coworkers. They found insulin-activated PI3-kinase to be diminished after 3 days of
muscle denervation (Elmendorfet al., 1997). This is in contrast to the normal PI3-kinase
activation observed in 24 h denervated muscle (Elmendorf et al., 1997; Chen et al., 1993).
Since total GLUT-4 was substantially reduced by 3 days (Megeney et al., 1993), it was
still uncertain from these studies whether an impairment in insulin signalling alone could
have also lowered the amount of GLUT-4 translocated by insulin. Akt activation has been

shown to be decreased when the insulin signals upstream of Akt are still intact (Kurowski
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et al., 1999; Heart et al., 2000). Therefore, studies on denervated muscle in the present
thesis used a short-term denervation model (24 hours), where neither total GLUT-4 nor
PI3-kinase activation is altered, to explored the possibility that a diminshed insulin-
activated Akt decreases insulin-stimulated glucose transport in denervated muscle. Short
term (24 h) denervation-induced insulin resistance was hypothesized to be due to defective

signalling at the level of Akt.

VI. HYPOTHESES

Based on the foregoing review the following hypotheses were examined.

High-fat diet induced insulin reisstance

a. Normal glucose tolerance observed after feeding a high mixed-oil diet may reflect
reciprocal changes in either the presence or degree of insulin resistance in insulin sensitive
tissues.

b. Insulin activates Akt more rigorously in high-fat-fed rat muscle in an attempt to

upregulate glucose transport.

Altered muscle activity models

¢. Reductions in muscle activity caused by denervation will induce insulin resistance by
disrupting Akt.

d. Improvements to insulin responsiveness caused by chronic muscle activity are

modulated by Akt-derived signalling influences.
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Chapter 2:

Differential insulin resistance induced by a high unsaturated (mixed)-fat-
based diet: decreased insulin-stimulated glucose transport in muscle but

not adipose tissue

24



INTRODUCTION

In rodents and humans, dietary intake of high amounts of fat have been shown to
have adverse effects on insulin sensitivity and to contribute to the development of glucose
intolerance and overt diabetes (recently reviewed by Storlien et al.1996). Much of the
work reported in the literature has used a model where the absolute amount of dietary fat
is considered to be the central variable affecting insulin sensitivity. Fat intakes ranging
from approximately 40% to 75% of total kcal, usually in the form of saturated fat,
safflower oil or corn oil (both high in n-6 polyunsaturated fatty acids), have been reported
to reduce whole body insulin-stimulated glucose uptake (Han et al., 1995; Khoursheed et
al., 1995; Kraegen et al., 1991; Lui et al., 1996; Miller et al.. 1985; Rocchini et al., 1997,
Storlien et al., 1987 and 1993). This is accompanied by reductions in insulin stimulated
glucose transport in individual skeletal muscles (Han et al.. 1995; Kim-J.K. et al.. 1996;
Kraegen et al., 1991 and 1986; Lui et al., 1996; Miller et al., 1985; Storlien et al., 1991
and 1993) and adipose tissue (Kahn et al., 1994; Maegawa et al., 1986; Storlien et al.,
1993), along with enhanced hepatic glucose production (Khoursheed et al., 1995; Kraegen
et al.. 1991; Storlien et al., 1987). Thus, high dietary fat intake will alter the regulation of
glucose transport in insulin-sensitive tissues, leading to changes in whole body glucose

metabolism.

In addition to the amount of dietary fat being an important determinant of insulin
sensitivity, there is also evidence that variation in fatty acid composition may
independently affect insulin action and alter insulin sensitivity. Storlien et al. (1987)

demonstrated that when a portion of the fat from a high polyunsaturated diet (60% total



kcal as fat) was replaced with fish oil (6% kcal of total kcal) containing long chain n-3
fatty acids, glucose transport in skeletal muscle and hepatic glucose output were restored
to levels observed in chow-fed rats. Saturated fat combined with these large amounts of
linolenic acid (C18:3, n-3) similarly alleviated insulin resistance in muscle and in the whole
body (Storlien et al., 1991). Monounsaturated fatty acids, when fed at high levels, may
not lead to the reductions in insulin sensitivity observed with the high polyunsaturated fat
diets (Garg et al., 1992; Parillo et al., 1996) and may improve indices of glucose tolerance
in NIDDM patients (Low et al., 1996). Thus. different dietary fatty acids appear to have
varying effects on insulin sensitive tissues, and this may affect the expression of glucose

tolerance.

The purpose of this study was to examine direct measures of insulin resistance in
several insulin-dependent tissues in high fat fed rats consuming diets of 60% kcal from fat
but with different fatty acid combinations, and to relate these measures to whole body
glucose tolerance. Initial studies in our laboratory had used a modified high fat version
(60% kcal fat) of the American Institute of Nutrition 1993 (HF-MIXED) diet as a model
of insulin resistance. It was predicted that 3 weeks of feeding this diet would produce a
similar degree of insulin resistance and glucose intolerance as had been observed with a
safflower oil-based, high fat diet (Storlien et al., 1991 and 1987), because the HF-MIXED
diet contained a high degree of polyunsaturated and saturated fatty acids, and a relatively
low amount of n-3 fatty acids, in addition to the large proportion of calories as fat. Quite
surprisingly in fact, in preliminary studies there were no differences in glucose tolerance

observed in rats fed the HF-MIXED diet vs. those fed a control, 60% carbohydrate diet
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(Bell et al., 1996). This prompted the consideration of the possibility that this
combination of fatty acids in the HF-MIXED diet may lead to tissue specific changes in
glucose transport. [t was hypothesized that normal glucose tolerance observed after
feeding the HF-MIXED diet may reflect reciprocal changes in either the presence or

degree of insulin resistance in insulin sensitive tissues.

METHODS
Animals and Diets:

Male Sprague Dawley rats weighing approximately 200g were individually housed
with a 12:12 hour light:dark cycle and were randomly assigned to one of three dietary
groups: high carbohydrate (LF. 20 kcal % protein, 10% fat and 70% carbohydrate), high
fat-safflower oil (HF-SAFF. 20% kcal protein. 59% fat, 20% carbohydrate), or the high
fat-mixed oil (HF-MIXED, 20% kcal protein. 59% fat diets, 20% carbohydrate). The
source of fat in the LF and HF-SAFF diets was safflower oil, while the HF-MIXED diet
contained a mixture of soybean oil (12% of kcal), hydrogenated coconut oil (24% of
kcal), and high oleic sunflower oil (24% of kcal). Diets used in this study are outlined in

Table 1.

Prior to the start of the experimental diets, food intake (g/day) on standard rat
chow was determined for 3 days. Rats were fed their respective experimental diets at 98%
of ad libitum chow energy intake daily; access to water was unlimited at all times. Food
was generally consumed in its entirety by all animals each day. Rats were weighed a

minimum of 3 times weekly to ensure that growth rates in all dietary groups were similar.



Table 2.1. Composition of diets used in this study.

Ingredient High Carbohydrate | High Fat - safflower oil High Fat -
(HF-SAFF) mixed oils
(LF) (HF-MIXED)
g/kg diet

Casein 188 254 200
Cornstarch 438 169 227
Sucrose/Maltose dextrin' 219 85 132
Wheat Bran/Cellulose’ 38 51 50
Safflower Oil 41 339 -
Soybean Oil - - 70
High Oleic Sunflower Oil - - 135
Hydrogenated Coconut Qil - - 135
Gelatin 14 19 -
Salt Mix 50 67 35
Vitamin Mix 9.7 13 10
Vitamin E acetate (500 [U/g) - 31 -
DL-Methionine / L-cystine! 23 3 3
Choline Bitartrate - - 25

% kcal

CHO 69 20 27

Fat 10 59 59
Protein 21 21 15
Caloric Value (kcal/g) 3.82 5.20 5.16




Following 3 weeks of feeding, rats underwent an intravenous glucose tolerance
test (details below). Rats recovered from this procedure for 5 days before glucose
transport was directly assessed in skeletal muscle and adipose tissue. All procedures used
in this study were approved by the Animal Care Committee at the University of Waterloo,

and followed the Guidelines of the Canadian Council on Animal Care.

Intravenous Glucose Tolerance Tests (IVGTT)

One subgroup of rats (n=10 rats/dietary group) underwent the IVGTT's in the
anesthetized state, while a second subgroup of rats (n=5 rats/dietary group) were
conscious during their IVGTT’s. All rats were fasted overnight prior to their [VGTT.
For the anesthetized group, rats were anaesthetized with a tail vein injection of sodium
pentobarbital (65 mg/kg body weight, less 10%) and buprenorphine (Temsgesic, 0.003
mg/100 g body weight) was administered subcutaneously as an analgesic. Animals were
kept on a heating blanket during both the surgery and experiment to prevent hypothermia
during anesthesia (Lang et al., 1987). The jugular vein was fitted with a catheter and
animals were allowed to rest for 30 minutes. Two basal blood samples were drawn at 5
minute intervals, and then a bolus of glucose (300 mg / kg, 10% solution) was injected
into the catheter and immediately rinsed with heparinized saline (16 units/mL) to prevent
clotting. Blood samples (approximately 0.2 mL) were collected into NaF / heparinized
microcentrifuge tubes at 1, 2.5, 3.5, 5, 6.5, 8, 12 and 18 minutes post glucose dose and
placed on ice. Samples were centrifuged (Eppendorf microcentrifuge, 12,000 rpm, 4
minutes), and plasma was separated from red cells. Plasma for glucose and insulin

determinations was stored frozen at -20 °C until used. Glucose was determined by
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glucose spectrophotometric method while insulin was determined by RIA using a rat-
specific antibody. Following the [IVGTT, the jugular catheters were tied off, rats were
allowed to recover under a heating lamp and were returned to their cages later the same
day. Rats ate normal quantities of food 24-48 hours after surgery and body weights were

back to pre-operative levels by 2-3 days after surgery.

For the conscious group, rats were anesthetized under halothane, given
buprenorphine, fitted with the jugular catheter, and then regained consciousness. Rats
rested quietly in the experimental cage for 30 minutes before the basal blood samples were
drawn. Glucose administration, timing of samples post-glucose bolus, sample separation
and storage. and animal recovery was identical to the protocol outlined for the

anesthetized rats.

Glucose tolerance (Kg) was determined as the slope of the log of blood glucose vs.
time using the samples obtained from the 2.5 to 12 minute period after glucose injection.
In both the conscious and anesthetized groups, Kg showed significant effects of diet
treatment (P<0.001), but the effects of anesthesia were not statistically different (P>0.05),
therefore values from the anesthetized and conscious groups were combined. The acute
insulin response to glucose was calculated as the area under the insulin curve from 1 to 6.5
minutes after glucose injection and was corrected for the pre-stimulus baseline levels.
Plasma from basal (fasting) samples were also used for determination of triglycerides and

free fatty acids.
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3-O-methyl glucose transport into perfused hindlimbs

Rats were anesthetized by i.p. injection of sodium pentobarbital (65 mg / kg body
weight), and the epididymal fat pads were quickly removed for assessment of glucose
transport into isolated adipocytes. Rats were surgically prepared for hindlimb perfusion as
described by Ruderman et al. (1971) with modifications previously made in our laboratory
(McDermott et al.. 1989). Briefly, the gastrointestinal tract was removed and all major
blood vessels within the abdominal cavity were tightly sutured. Heparin (500 mU/mL)
was injected into the vena cava of each rat (0.5 mL) prior to cannulation to inhibit
clotting. The descending aorta was cannulated (20 gauge angiocath) to deliver perfusate
to the hindlimb and inferior vena cava was cannulated (14 gauge angiocath) to remove the
effluent to complete a one pass perfusion system. A cell-free perfusate containing Krebs-
Henseleit buffer with 4% bovine serum albumin (BSA) under constant gassing (95% O, /
5% CO,) was connected to the indwelling cannulae via tygon tubing which was connected
to a pump while the rat lay in a warm chamber (30°C). Over the first 20 minutes of the
perfusion protocol. the flow rate was gradually increased to 20 mL/minute once flow back
pressure stabilized between -80 to -100 mm Hg. This flow rate is sufficient to perfuse and
oxygenate the entire hindlimb (unpublished observations). After 20 minutes, 30 mM 3-O-
methylglucose (3-O-MG) containing SuCi *H-3-0-MG and 2.5 pCi "*C-L-glucose was
added to the perfusate and the hindlimb was perfused for an additional 5 minutes.
Addition of the "*C-L-glucose the perfiisate allowed us to account for the non-transported
diffusion component of glucose transport into skeletal muscle. To assess insulin-stimulated
glucose transport, insulin (160 pU / mL, porcine insulin, Iletin II regular) was added to the

buffer at the start of the perfusion and was maintained at this concentration for the
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duration of the experiment. This concentration of insulin has been previously shown by
our laboratory and others to maximal glucose transport maximally in skeletal muscle of
normal, chow fed rats using this perfusion system (Megeney et al., 1992). Muscles were
categorized based on their oxidative potential, and results pooled accordingly (Megeney et

al., 1993).

2-deoxyglucose transport into adipocytes

At the time of the hindlimb perfusion experiment. epididymal fat pads were rapidly
excised, weighed, minced and adipocytes were isolated by collagenase digestion according
to the method of Rodbell (1964), with modifications by Wilkes et al. (1996). Following
collagenase digestion (which contained 100 nM N°-phenylisopropyl adenosine (PIA)),
isolated adipocytes were washed 3 times with phosphate buffered saline (PBS) with | mM
MgCl; and 0.68 mM CaCl,, 1 mg/mL BSA, and 1mM pyruvic acid, pH 7.4. Adipocytes
were counted in a hemocytometer and resuspended to 5 X 10° cellsymL. Adenosine
deaminase was added to cell suspensions in all treatments to remove endogenous
adenosine. Adipocytes were treated in round bottom test tubes with insulin (Tletin II
regular) ranging from 0 (basal) — 40 pU / mL (final concentrations) for 30 minutes. in a
shaking waterbath (37°C, 100 oscillations/minute). Nonspecific transport was measured
in cells preincubated with phloretin (0.3 mM) after 25 minute of incubation and
radioactivity from this condition was subtracted from all other treatments to obtain
specific transport; non-specific transport was confirmed using cytocholasin B (personal

observations). In some incubations 50 pM final concentration of the PI3-kinase specific
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inhibitor LY294002 (LY) was added at the beginning of the preincubation and 16 pU /
mL insulin was added after 27 minutes of incubation, to demonstrate inhibition of insulin-

stimulated glucose transport.

Following the preincubation, 150 pL aliquots of adipocytes were layered over 100
uL. of light mineral oil / silicon oil (57 : 43) in 400 pL polyethylene microcentrifuge tubes.
Glucose (10 mM) containing 2-deoxy-1,2-"H-glucose (2-DG, 50 pL. 0.5 pCi/tube) was
added to the adipocytes and transport was allowed to occur for 3.5 minutes. Glucose
transport was stopped by centrifugation for 6 sec at 14.000 rpm (Eppendorf
Microcentrifuge). The top layer containing the adipocytes was cut off using a razor blade
into polypropylene scintillation vials and radioactivity associated with adipocytes was

quantified by liquid scintillation counting.

Determination of Fatty Acid Composition of Adipose Tissue

Fatty acid composition was determined in samples of epididymal adipose tissue
from a subset of rats (n=5 rats /group) using the method described by Wainwright et al.
(1992). Homogenized adipose tissue was extracted using chloroform : methanol (1:1.
vv), in the presence of 0.02% BHT (w/v). After separation, samples were dried under
nitrogen, and the total lipids fractionated by thin-layer chromotography using silica gel
plates and a chloroform / methanol / acetic acid/ water (50/30/4/2) solvent system. The
fatty acids of the resulting phospholipid fractions were methylated with 14% boron
trifluoride in methanol and analyzed by gas chromotography. Fatty acids were identified

by comparison of their retention time with those of authentic standards.
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Statistical Analysis

Body weight, food intake, fat pad weight, and glucose tolerance data were
assessed for differences among dietary groups using a one-way ANOVA. Differences in
glucose transport among different muscles and in adipocytes at the various concentrations
of insulin were assessed using a repeated measures one-way ANOV A, with muscle type
and insulin concentration as the repeated factor, respectively. Significant effects were
further analyzed using Tukey’s t-test; for all analyses, a P-value of <0.05 was accepted as

statistically significant.

RESULTS

Body weights of rats fed the HF-MIXED, HF-SAFF, and LF diets are shown in
Figure 2.1. Body weights did not differ among any of the dietary groups at any time
during the feeding protocol. Rats in all dietary groups consumed similar amounts of food
(kcal/day) throughout the study. Mean intake for the different dietary groups was LF: 91
+0.77 keal / day, HF-SAFF: 91 + 1.56 kcal / day, and HF-MIXED: 91 + 1.04 kcal / day.

Food intake did not differ significantly among dietary groups.

Final body weights, fat pad weights, fasting glucose, insulin, triglyceride and free
fatty acid concentrations, characteristics of glucose tolerance and the acute insulin
response to glucose are presented in Table 2.2. Final body weights measured on the day
of the hindlimb perfusions did not differ significantly among the experimental treatment

groups. Despite similar body weights and similar caloric intakes among dietary groups, fat
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Figure 2.1. Mean body weights (x SEM) of groups of rats fed the LF, HF-SAFF or HF-MIXED diets
for 3 - 4 weeks (n=5). Body weights did not differ significantly among dietary groups at any time
during the study.
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Table 2.2. Final body weights, fat pad weights, fasting plasma triglyceride, free fatty acid
and glucose concentrations, characteristics of glucose tolerance (Kg), and the acute insulin
response to glucose (AIRg) in rats following 3 - 4 weeks of experimental diets.

Measurement'- LF HF-SAFF | HF-MIXED
(n=5) (n=95) (n=5)

Final Body Weight (g) 309 £4 317+5 3214
Fat Pad Weight (g) 3.49£0.19° | 3.55+0.11° | 4.65+.025°
Glucose (mM)’ 7.1+ 1.7 6.7+0.2 6.5+0.2
Insulin (ng/mL) 0.68+0.08 | 0.54+0.12 | 0.58+0.08
Triglycerides (mg/dL) 17.1£5.2 13.4+3.9 16.9+4.4
Free Fatty Acids(mmol/L) 0.85+0.26 | 0.78+0.22 | 0.74+0.19
Kg (%/min)* 3.70£ 04 | 2.70£.04° | 3.90 = .02°
Acute Insulin Response to Glucose (AUC
- basal) 11.5+1.7 13726 | 17.8+2.3

! All values are mean + SEM

? Values within a row with different superscripts differ significantly. P<0.01

? significant main effect of anesthesia, P<0.001
* significant main effect of diet (P<0.02), but no significant effect of anesthesia and no

significant interaction, P>0.05.
* AUC = area under curve

36




pads of rats in the HF-MIXED group weighed significantly more than fat pads from rats
in the other 2 groups (P<0.005). Fasting plasma levels of glucose, insulin, triglycerides

and free fatty acids did not differ significantly among experimental treatment groups.

Glucose tolerance (Kg), calculated as the slope of the log of blood glucose
concentrations over time for 2.5 - 12 minutes after the bolus glucose injection. showed a
significant main effect of diet such that Kg was significantly reduced in the HF-SAFF
group relative to the LF-fed and HF-MIXED-fed groups. Glucose tolerance in rats fed
the HF-MIXED diet did not differ from those in the LF group. Insulin secretion in
response to i.v. glucose, measured as area under the curve minus basal. did not differ

among rats from the 3 dietary groups.

The fatty acid composition of rat adipose tissue reflected the amount of those fatty
acids found in the various diets (Table 2.3). Inthe LF and HF-SAFF dietary groups. fatty
acid composition of adipose tissue was similar except for a significant absolute increase in
the amount of C18:2,n-6 fatty acids in the HF-SAFF-fed group, reflective of the
approximately 8-fold increase in n-6 polyunsaturated fatty acid found in the HF-SAFF
diet. The absolute increase in C18:2,n-6 in adipose tissue from HF-SAFF rats resulted in a
dramatic increase in the n-6:n-3 ratio observed in fat tissue from rats in the HF-SAFF
group relative to the LF-fed rats. In adipose tissue from rats fed the HF-MIXED diet,
fatty acids of the C10, C14 and C18:1, n-9 families were significantly elevated compared
with adipose tissue from the other dietary groups, while C18:2, n-6 and the C20:, n-6

families were relatively reduced (P<0.05). Fatty acids in the n-3 family (C18:3.n-3 and
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Table 2.3. Fatty acid composition' of adipose tissue from rats fed experimental diets for

3-4 weeks (n = 4-6).

Fatty Acid LF HF-SAFF HF-MIXED
Cl10 0.3 +0.04** 0.3 £0.02° 104 +£0.7°
C12 1.7+0.10° 2.0 £0.30° 22+0.17
Cl4 2.2 +£0.05° 1.7 +£0.80° 5.1£0.5°
C18:1n-9 26.5+5.9 22.7 £35.0° 404+ 1.7
C18:2n-6 31.8 £4.0° 51.0+7.3° 18.0+ 1.8
C20:n-6 0.6+17.0 0.7 £0.12 0.3 £0.06
C18:3n-3 0.8 +0.10° 0.7 £0.14° 1.8+£0.2°
C22:6n-3 0.1 £0.01° 0.11° 0.2+0.03°
n-6:n-3° 36.8° 72.8° 9.1¢

' fatty acid composition of adipocytes from epididymal fat pad expressed as a relative

percent

f values with differing superscripts are significantly different from each other. P<0.05
° n-6:n-3 ratio determined from the fatty acids reported here
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C22:6,n-3) were approximately twice as abundant in adipocytes from HF-MIXED-fed rats
compared with cells from rats in the HF-SAFF group despite a similar total quantity of
energy from fat, and is therefore reflective of the quantity of n-3 fatty acids from the
soybean oil and not from de novo synthesis (HF-MIXED significantly different from LF
and HF-SAFF, P<0.05). This elevation in n-3 content in tissue from rats fed the HF-

MIXED-based diet decreased the n-6:n-3 ratio relative to rats in the other 2 dietary

groups.

Figure 2.2 shows that the capacity of skeletal muscle for glucose transport under
both insulin stimulating and non-stimulating conditions (basal) was altered by feeding a
high absolute quantity of energy as fat. Basal glucose transport was significantly increased
in oxidative (soleus. red gastrocnemius, red tibialis anterior) and mixed fiber-type muscles
(extensor digitorum longis and plantaris) from HF-MIXED and HF-SAFF groups relative
to rats fed the LF diet (P<0.03). In glycolytic muscle (white tibialis anterior and white
gastrocnemius), basal glucose transport was elevated in rats fed the HF-SAFF relative to
rats in the LF diet group (P<0.04). While glucose transport in glycolytic muscles from the
HF-MIXED-fed rats was intermediate between the groups fed the HF-SAFF and LF diets

and did not differ significantly from either of the other 2 dietary groups.

Insulin stimulated glucose transport, which was quantified as the amount of
glucose transport above basal in the presence of a maximally stimulating concentration of
insulin, was reduced in both the HF-MIXED and HF-SAFF-fed groups relative to the LF

group (P<0.04). Insulin-stimulated glucose transport was similar across muscle
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Figure 2.2. Mean 3-O-methyl-glucose transport (+ SEM), measured in the absence of insulin (basal
transport, filled bars) and in the presence of 160 pU / mL insulin (insulin-stimulated, hatched bars)
into hindlimb muscles of rats fed experimentali diets for approximately weeks. Muscles were grouped
as follows: oxidative muscles: soleus, red gastrocnemius and red tibialis anterior; mixed muscles:
extensor digitorum longus and plantaris; glycolytic muscles: white gastrocnemius and white tibialis
anterior. Basal transport: bottom set of symbols. Bars within muscle types with different symbols
differ significantly from each other, (P<0.04). Insulin-stimulated transport: top set of symbols. Bars
within muscle types with different symbols differ significantly from each other, P<0.02. “C-L-
glucose used to determine extracellular water space and passive diffusion: dpm / mg was not different
between dietary groups (P=0.6). n=12 rats were fed LF, HF-MIXED, or HF-SAFF diets ; 6 rats were
perfused with insulin and 6 rats without insulin (basal).
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types of HF-MIXED-fed rats, yet within each muscle group it was reduced compared with
HF-SAFF-fed rats. Total glucose transport (basal plus insulin-stimulated transport) was
significantly reduced in oxidative, mixed fiber and glycolytic muscles of all rats fed the HF-

MIXED-based diet relative to those fed the LF diet (P<0.03).

Insulin-stimulated glucose transport into adipocytes is shown in Figure 2.3.
Glucose transport by isolated adipocytes did not differ among dietary groups following
pre-treatments without insulin (o) and at lower concentrations of insulin (4 and 8 pU/mL).
At higher concentrations of insulin, adipocytes from rats fed the HF-MIXED and LF diets
had significantly higher rates of glucose transport compared to adipocytes isolated from
rats fed the HF-SAFF diet (P<0.001). Insulin-stimulated glucose transport was
completely blocked in the presence of LY294002, but the reduction was simliar across all

dietary treatments.

DISCUSSION

Results from this study demonstrate that the total fat content of the diet was not
the sole factor affecting glucose tolerance, and that the combination of dietary fatty acids
plays a significant role in affecting this measure. Varying the fatty acid composition of a
high fat diet from a single source of predominantly n-6 polyunsaturated fatty acids to
include a large portion of oleic acid, short chain saturated fatty acids, and an improved n-
6:n-3 ratio allowed normal glucose tolerance to be maintained in the presence of insulin

resistance in skeletal muscle. This supports the hypothesis that the HF-MIXED diet has
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Figure 2.3. Mean 2-deoxyglucose transport (+ SEM) into adipocytes following preincubation of cells
with various concentrations of insulin. Adipocytes were isolated from epididymal fat pads of animals
fed experimental diets for 3-4 weeks. In some incubations. LY 294002 and 16 pU / mL insulin were
added during the preincubation as described in the Methods section. W ithin each concentration of
insulin tested, data points with different symbols are signficantly different from each other, P<0.05.
Ly + insulin resulted in a significant reduction in glucose transport relative to all other conditions
tested (main effect of Ly + insulin, P<0.05), but did not differ by dietary group. n=3-5 rats per
treatment in each group.
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differential effects on insulin resistance in the insulin sensitive tissues skeletal muscle and
adipose tissue. Varying the fatty acid composition in this way had a tissue-specific effect
on insulin-stimulated glucose transport in muscle and fat cells, with insulin resistance being
observed onlv in muscle but not in adipocytes. Moreover, basal glucose transport in
skeletal muscle increased. This suggests that in certain tissues, insulin resistance may be
accompanied by compensatory changes in an attempt to offset diminished glucose
transport. Together these observations suggest that in the rat, high-fat-feeding induces
changes in both skeletal muscle and adipose but that the variation in dietary fat
composition contributes significantly to the overall ability of the animal to maintain

glucose homeostasis.

A large proportion of a glucose load is disposed of in insulin sensitive tissues. with
muscle accounting for more than 80% of the insulin-mediated glucose disposal in healthy
chow-fed rodents (DeFronzo et al., 1981). It is not known whether the different dietary
interventions may affect the relative contribution of muscle. fat and other insulin-sensitive
tissues to insulin-mediated glucose disposal. Our data provide some insight into how diet
may affect the partitioning of glucose transport and the physiological significance of these
changes. In our study, glucose intolerance was observed only when insulin resistance in
skeletal muscle and adipose were both present (following HF-SAFF feeding), but not
when insulin resistance was observed in only skeletal muscle (i.e. following HF-MIXED
feeding). Thus, glucose tolerance was preserved in rats with uncompromised glucose
transport into adipocytes. The epididymal fat pad mass was increased in the HF-MIXED

group relative to the other 2 diet groups, thus the larger fat mass in these animals may
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account for an absolute increase in the amount of glucose disposed and may have helped
to preserve glucose tolerance. Since adipocyte cell size and the absolute number of
adipocytes per fat pad were not assessed in this study, it is not clear whether the increased
fat pad mass reflects an increased cell number, cell size, or both. Results from this study
suggest that glucose transport per adipocyte was increased in the cells from rats fed the
HF-MIXED diet relative to those fed the HF-SAFF diet, although in the absence of cell
volume measurements this cannot be confirmed in this study. Other investigators have
reported that the rate of glucose transport into isolated adipocytes is similar regardless of

whether results are expressed per cell or per unit cell volume (Fickova et al., 1998).

The recent suggestion that particular fatty acids may act as natural ligands for
peroxisome proliferator activated receptor-y (PPARy) (Kliewer et al., 1997; Spiegelman,
1998). points to another possible mechanism through which different dietary fats may
contribute to maintenance of normal glucose tolerance. PPARy, when activated. induce
adipogenesis and also improve insulin sensitivity (Spiegelman, 1998). It is unclear
whether PPARY activation is able to reverse insulin resistance induced by high-fat-feeding
(Khoursheed et al.. 1995; Stevenson et al., 1996) although newly formed, smaller
adipocytes are more sensitive to the effects of insulin (Hallakou et al., 1997). Thus, it is
conceivable that if PPARy were differentially activated by the 2 high fat diets used in this
study due to differing proportions of available fatty acids, then glucose tolerance may be

preserved in the face of increased fat mass. This may be an area for future research.



Another alternative may be that insulin sensitivity must be reduced in all, or some
critical number of, insulin-sensitive tissues before glucose tolerance is disturbed. Others
have shown that with high-fat-feeding, hepatic insulin resistance develops more rapidly
than insulin resistance in skeletal muscle (Kraegen et al., 1991), therefore we assume that
this is also present in our study. Hepatic insulin sensitivity was not assessed in this study,

and therefore the effects of the HF-MIXED diet on the liver remains unknown.

Feeding of either high fat diet (HF-MIXED or HF-SAFF) to rats resulted in a
reduction in insulin-stimulated glucose transport in all muscle groups relative to LF-fed
rats. This effect is well documented in animals consuming diets with a fat content over
50% of total calories (Han et al., 1995; Khoursheed et al., 1995; Kraegen et al., 1991; Lui
et al., 1996; Miller et al.. 1985; Rocchini et al., 1997; Storlien et al., 1987 and 1993) and
may be related to the large amount of stored lipids which accumulates within the muscle
cells (Pan and Storlien, 1993; Pan et al., 1997; Storlien et al., 1991). In fact, both the high
polyunsaturated fat diet (HF-SAFF) and the monounsaturated / SCFA soybean oil-based
diet (HF-MIXED) similarly reduced insulin sensitivity in skeletal muscle in these rats.
Using a clamp technique, Storlien et al. (1991) observed reversal of insulin resistance in
skeletal muscle after including 6% of kcal from long chain n-3 fatty acids in a high
polyunsaturated fat diet or after including 6% of kcal from short-chain n-3 fatty acids
along with a high saturated fat diet. The HF-MIXED-based diet used in this study
contained approximately 10-times less (0.8% kcal) n-3 fatty acid (linolenic acid) than the
high fish oil diet used by Storlien’s group. Whether the lower level of n-3 fatty acid found

in the HF-MIXED in combination with the high saturated short chain and
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monounsaturated fatty acids diet was just not adequate enough to alleviate muscle insulin

resistance is unknown.

It is also unknown whether changes in the muscle cell membrane fluidity and / or
composition under these varied dietary conditions could have modulated insulin-stimulated
glucose transport through changes in cell content of phospholipid signalling molecules. It
is evident from studies by others that high-fat-feeding changes insulin signalling patterns.
Feeding a high fat, beef tallow-base diet with ratios of saturated / monounsaturated fat
similar to the HF-MIXED diet results in a reduction in the gene expression of the insulin
receptor substrate-1 (IRS-1) and phosphatidylinositol (PI)-3 kinase in rat skeletal muscle
compared to muscle from rats fed a high safflower oil diet (similar to the HF-SAFF diet)
(Rocchini et al., 1997) contributing to glucose intolerance in these animals. Furthermore,
both the expression of the insulin-regulatable glucose transporter, GLUT-4 (mRNA and
protein) and insulin-stimulated PI3-kinase activity were dramatically reduced in skeletal
muscle after feeding a high lard-based diet to mice (Kahn and Pedersen, 1993; Zierath et
al., 1997). Whether the reduction in insulin responsiveness in muscle of high-tat-fed

groups is due, in part, to changes in insulin signalling will be examined by future studies.

In skeletal muscle, when insulin was not present in the perfusate an increased
glucose transport was observed in all the muscle groups (oxidative, mixed fiber, and
glycolytic muscles) from HF-SAFF-fed rats, and in two muscle groups (oxidative and
mixed muscle) from HF-MIXED-fed rats relative to LF-fed rats. In both high fat groups

the elevation in basal glucose transport was most apparent in oxidative muscle. Thus, both

46



groups of high-fat-fed rats were able to achieve a higher glucose transport during the 5
minute perfusion period than would have been possible with a normal basal transport
component coupled with the compromised insulin-stimulated transport. This could be an
adaptive response to the development of insulin resistance in this tissue since oxidative
muscles as a group have the highest insulin sensitivity in normal, healthy rats (Megeney et
al.. 1993). The upregulation of basal transport in oxidative muscle may result from
altering the diet fatty acid composition since Storlien et al. saw elevated basal transport in
oxidative muscle after supplementing a high saturated fat diet with n-3 fatty acids (Storlien
et al., 1993). The weak positive relationship observed between non-insulin stimulated
glucose transport and oxidative capacity in muscle from LF-fed rats is also present in
muscle from rats fed the HF-MIXED diet, albeit the level of basal transport is higher in
this latter group. In contrast, the HF-SAFF-fed rats showed a fairly constant increased
basal level of transport, and this was irrespective of the fiber composition of these
muscles. Subtle differences between the effects of the HF-SAFF and HF-MIXED diet
may be due to the nature of the cellular mechanisms responsible for upregulating basal
glucose transport. Kahn and Pedersen (1993) observed reduced muscle GLUT-1 mRNA
following 7 weeks of feeding an 80% fat diet to rats while in rats fed a high safflower oil
diet (60% kcal) for 4 weeks. Stevenson et al. (1996) reported no change in the amount of
GLUT-1. In a different model of insulin resistance, the denervated rat, we have observed
increases in basal glucose transport to be accompanied by increases in GLUT-1 expression
(Handberg et al., 1996). The cellular mechanisms and / or transporter proteins involved in
the upregulation of basal transport remains to be determined in this particular high-fat

feeding model. Interestingly, as in the denervated rat model, the increase in basal
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transport following high-fat-feeding does not fully restore the muscle’s total capacity for
glucose transport when insulin is available. This suggests that the basal compensatory
mechanisms are only partially capable of offsetting the reduction glucose transport when
insulin is present. This may help account for the normal fasting glucose concentrations in

the same animals that expressed glucose intolerance following a glucose challenge.

In contrast to its effects in skeletal muscle, the HF-MIXED diet had no adverse
effect on insulin-stimulated glucose transport into isolated adipocytes. while HF-SAFF
feeding reduced insulin-stimulated glucose transport in isolated adipocytes relative to LF-
fed rats. The absolute fold increase in glucose transport following insulin stimulation
compared with basal levels of transport was approximately 2 fold, and most likely reflects
the combination of the specific incubation conditions used in this study along with
properties inherent to cells from animals of this particular size and age fed purified diets.
Still, the relative impairment in glucose transport by adipocytes following HF-SAFF
feeding but not HF-MIXED feeding suggests that in adipose tissue, unlike skeletal muscle,
the total amount of dietary fat was not the important factor affecting glucose transport.
but the fatty acid composition of the diet had an important impact on this process. The
results here suggest that in the presence of large amounts of dietary fat, glucose transport
can proceed normally in adipocytes if fatty acid profiles allow, and points to an interactive
effect between fatty acid classes and amount of dietary fatty acid as determinants of

glucose transport in fat cells.
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Membrane fatty acid composition of adipocytes reflected dietary fatty acids intake
after feeding of the experimental diets. Whether changes in fatty acid profiles in
adipocytes from rats fed the HF-MIXED diet containing the mixture of saturated, n-6 and
n-3 polyunsaturated, and monounsaturated fatty acids leads to changes in numbers of
glucose transporters or restores some aspect of the insulin signal transduction - glucose
transporter translocation pathway (Kahn et al., 1994) is not known. If the proportion of
membrane n-3 fatty acids is important in determining glucose transport in adipocytes, then
this study suggests that in adipocytes, unlike in muscle, only a small amount of dietary n-3
fatty acid is required to remedy the impaired glucose transport induced by a high fat diet.
Understanding of these observations, as well as their application to humans will require
more detailed understanding of the relationships among dietary availability of particular
fatty acids, responsiveness of membrane composition to diet, and biochemical or

molecular mechanisms controlling incorporation of specific fatty acids into membranes.

In summary, this study demonstrates that dietary fatty acid composition of a high
fat diet is critical in determining the effects on tissue-specific insulin resistance and whole
body glucose tolerance in rats. When the fatty acid composition of a high fat diet is
changed from a single source of predominantly n-6 polyunsaturated fatty acids to include a
large portion of oleic acid, short chain saturated fatty acids, and an increased n-3:n-6 ratio,
normal glucose tolerance is maintained despite the presence of insulin resistance in skeletal
muscle. It is conceivable then that overall glucose tolerance in rats may be sustained when
one of the compartments mediating glucose homeostasis becomes less responsive to

insulin. Varying the fatty acid composition to the HF-MIXED diet appears to have tissue-
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specific effects on glucose transport such that although hormonally regulated glucose
transport in skeletal muscle is adversely affected, basal glucose transport in skeletal muscle
is increased and glucose transport into adipose tissue is apparently spared. These results
underline the importance of examining dietary effects in multiple tissues and at both the
cellular and whole body levels in order to gain insight into how diet affects the interaction
among tissues to achieve glucose homeostasis. The extent to which our observations are
specifically related to a small amount of n-3 fatty acids or other fatty acids such as
monounsaturates or some combination remains to be determined. but may be important
for understanding the development and reversal of insulin resistance, glucose intolerance

and impairment of glucose homeostasis in animal models and in humans.
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Chapter 3:

Reduced insulin-stimulated glucose transport in denervated

muscle is associated with impaired Akt-1 activation
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INTRODUCTION

Skeletal muscle is a major site for insulin-dependent disposal of circulating
glucose. In this tissue, insulin signalling to stimulate glucose transport occurs through a
network of protein-protein interactions (Holman and Kasuga, 1997; White, 1998) that
promote GLUT-4 glucose transporter translocation from intracellular sites to T-tubules
and plasma membranes (Dombrowski et al., 1996). [RS proteins (IRS-1 / IRS-2) couple
insulin receptor (IR) activity to metabolic events controlled by phosphatidylinositol-3°
kinase (PI3-kinase) (Backer et al.. 1992 and 1993). PI3-kinase activation is a key signal
that promotes GLUT-4 translocation (Cheatham et al.. 1994; Quon et al.. 1995: Tanti et
al., 1996). However, insulin-stimulated PI3-kinase activation alone is insufficient to
stimulate glucose transport (Isakoff et al., 1995) implying that additional signalling

protein(s) beyond PI3-kinase are involved in stimulating glucose transport.

One target of PI3-kinase is a plecktrin homology domain containing serine /
threonine kinase Akt (protein kinase B, or related to A and C (rac) protein kinase ). Akt
lies downstream of PI3-kinase in the insulin signalling pathway (Burgering and Coffer,
1995; James et al., 1996) and becomes active when phosphatidylinositol-dependent
kinases PDK-1 and PDK-2 phosphorylate Akt on specific kinase activation sites (Cohen et
al., 1997). Over-expression of constitutively active Akt protein increases GLUT-4
translocation independently from insulin stimulation in 3T3-L1 adipocytes (Kohn et al.,
1995) and rat adipocytes (Cong et al., 1997). Insulin-induced Akt-1 activation is thought
to promote an increase in surface glucose transporters in insulin responsive cells and

tissues (Hajduch et al., 1998; Kohn et al., 1996; Tanti et al., 1997). In the skeletal muscle
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from patients with NIDDM the Akt-1 kinase activity is reported to be reduced in concert
with a reduction in insulin-stimulated glucose transport (Krook et al., 1998).
Furthermore, in insulin resistant skeletal muscle of hyperglycemic Goto-Kakizaki rats,
insulin-stimulated Akt-1 kinase activity is also reduced (Krook et al., 1997; Song et al.,
1998). However. when the blood glucose concentrations in Goto-Kakizaki rats were
normalized with phlorizin treatment, Akt-1 kinase activity was restored and insulin-
stimulated glucose transport was improved (Krook et al., 1997; Song et al., 1998). Thus,
Akt-1 may be a central component of insulin resistance that can develop in skeletal

muscle.

Previous studies (Handberg et al., 1996; Megeney et al., 1993 and 1994; Coderre
et al., 1992: Eimendorfet al., 1997; Henriksen et al.. 1991; Turinsky and Damrau-Abney.
1987) have shown that when muscle activity is completely eliminated by severing the
motor nerve (denervation), insulin-stimulated glucose transport is markedly reduced. The
insulin resistance observed in denervated muscle develops rapidly, since insulin-stimulated
glucose transport rates are decreased within a few hours after the muscles have been
denervated (~6 hours) (Turinsky and Damrau-Abney, 1987). After 3 days of denervation
the large reductions in the total GLUT-4 content (up to 80%) (Handberg et al., 1996;
Megeney et al., 1993 and 1995) and reduced insulin-stimulated PI3-kinase activity
(Elmendorf et al., 1997) can account for a considerable fraction of the reduced insulin-
stimulated glucose transport. However, the reduction in insulin-stimulated glucose
transport observed after 24 hours of denervation (Elmendorf et al., 1997; Henriksen et al.,

1991) occurs before there is a decrease in the total amount of GLUT-4 protein (Block et
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al., 1991; Coderre et al., 1992; Henriksen et al., 1991) or PI3-kinase activation (Chen et
al., 1993, Elmendorfet al., 1997). To date, no mechanism has been identified to account

for insulin resistance in 24 h denervated muscles.

Because Akt-1 has been implicated as a key insulin signalling protein for regulating
GLUT-4 translocation, we examined whether the loss of insulin-stimulated glucose
transport in short-term (24 h) denervated muscle, in which GLUT-4 content is not altered,
is associated with 1) impaired insulin-stimulated Akt-1 activation and 2) reduced GLUT-4
translocation. It is proposed that reductions in muscle activity caused by denervation will
induce insulin resistance by disrupting Akt.

METHODS
Animals:

Male Sprague Dawley rats weighing 200-230g were housed in a temperature
controlled environment and were maintained on a 12 hour reverse light / dark cycle. The
animals were provided with a rat chow diet ad /ibitum and tap water. All experimental
procedures were approved by the Committee on Animal Care at the University of

Waterloo.

Hindlimb muscle denervations:

The hindlimb muscles in one limb were denervated as we have previously
described (Megeney et al., 1993). Briefly, rats were anesthetized under halothane gas
after a subcutaneous injection of buprenorphine (0.03 mg/kg) analgesic. A small

superficial incision was made on one leg, the sciatic nerve was located, and approximately
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3 mm of the nerve was removed. A sham operation was performed on the contralateral
leg. Incisions in both legs were closed with surgical clips and a topical disinfectant was
applied to the skin. After rats had recovered (within one hour) food and water were

provided. Experiments were performed 24 hours later on overnight fasted rats.

Animal preparation:

Rats were anesthetized with 65 mg/kg sodium pentobarbitol, placed on a heating
pad at a low temperature setting. and hindlimb muscles were exposed by carefully cutting
free the exterior skin. Soleus muscles were removed for determination of glucose
transport and surface GLUT-4 measurements. Approximately 15 minutes later the
descending aorta in rats was injected with 0.1ml saline (+0.1% BSA) plus insulin or the
equivalent volume of saline (+ 0.1% BSA) alone, followed by a rapid dissection of tibialis
anterior (TA) muscle at two specific time points (3 and 5 minutes) in different
experiments. After both. the denervated and sham TA muscles were dissected from
hindlimbs the red TA (RTA) portion was quickly separated from the white TA

compartment and immersed in liquid N> and kept at -80°C for later use

INSULIN-STIMULATED GLUCOSE TRANSPORT
Glucose transport in incubated soleus strips:

Soleus muscles were cut into thin lengthwise strips suitable for in vitro incubations
(Bonen et al., 1994). Strips were pre-incubated for 1 hour at 29 °C in Krebs-Henseleit
buffer (KHB) with 32mM mannitol, 8mM D-glucose, and 0.1% bovine serum albumin
(BSA). Porcine insulin was added to the incubation medium at a maximal stimulating
concentration of 400 U/ml for 30 minutes. Prior to glucose transport measurements, D-

glucose was removed by washing strips twice for 5 minutes each in a glucose free KHB
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with 38 mM mannitol and 2 mM pyruvate. The uptake of 2-deoxyglucose was determined
with 2mM pyruvate, (1.5uCi) 2-deoxy-D- [*H]glucose (1 mM) and (0.1 uCi) "“C-
mannitiol (37mM) for 10 minutes. Strips were removed rapidly, rinsed in 0.9% ice-cold
saline, cut free of tendons and snap frozen in liquid N,. Muscles were stored at -80 °C

until analyzed for "*C and *H in digested muscle extract (Bonen et al., 1990 and 1992).

GLUT-4 AND AKT-1 DETERMINATION BY WESTERN BLOTTING
Total Akt-1 and total GLUT-4 protein:

For GLUT-4 determinations, soleus muscle was prepared as described elsewhere
(Hansen et al., 1998; Johannsson et al.. 1996). For Akt-1 determinations RTA muscles
(50-80 mg) were homogenized in ice-cold homogenization buffer (50mM TRIS pH 7.5.
110 mM sodium tetra-pyrophosphate, 1 1mM EDTA. 110 mM sodium fluoride, 10 mM
sodium orthovanadate. 1% triton-X-100, 200 mM PMSF, 10 mg/mL aprotinin. Img/mL
leupeptin, and 1 mg/mL pepstatin A). Western blotting was used to determine GLUT-4
and Akt-1 content. Briefly, samples were separated by SDS-polyacrylamide
electrophoresis on a 12% gel and transferred to an immobilon membrane by
electromembrane transfer for 90 minutes. Membranes were blocked overnight in 5% non-
fat-dry milk (NFDM) made in Tris-buffered saline (TBS, pH 7.6). Proteins were detected
by incubating blocked membranes with an anti-GLUT-4 polyclonal immuno-A purified
antibody (1:7000) or anti-rat Akt-1 antibody (1:1000) followed by horse radish peroxidase
(HRP)-conjugated anti-rabbit IgG diluted (1:2000) in TBS, pH 7.6, for GLUT-4
detection, or HRP-labeled anti-sheep [gG diluted (1:2000) in 5% NFDM for Akt-1

detection. GLUT-4 and Akt-1 were visualized using an enhanced chemiluminescence
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system according to the manufacturer’s instructions. Western blots were quantified using

a Macintosh LC with an Abaton scanner and appropriate software.

Surface detectable GLUTH4:

The method for detection of surface GLUT-4 in skeletal muscle was adapted from
a procedure used with rat adipocytes (Czech and Buxton, 1993; Wilkes et al., 1996). This
method is based on the principle that exogenous trypsin cuts surface accessible GLUT-4 at
a predicted trypsin cleavage site in the exofacial loop of the GLUT-4 transporter. Trypsin
cleaved GLUT-4 appears on a blot at a lower molecular weight than native GLUT-4
protein when the fragmented GLUT-4 is detected with antibodies to the GLUT-4
carboxy-terminus (Czech and Buxton, 1993). GLUT-4 fragments migrate to 35 kDa
instead of the 46 kDa position of non-trypsinized native GLUT-4. We have previously

used this procedure to detect surface GLUT-4 in adipocytes (Wilkes et al., 1996).

To apply the method to skeletal muscle. soleus muscles were cut into strips and
pre-incubated in vials with KHB for 45 min at 35°C. Insulin (400pU/ml) was added to
half the vials for 10 minutes. All vials received 2mM KCN for another 20 minutes to stop
surface membrane proteins recycling with internal protein pools. Strips were treated with
1 mg/ml trypsin and continued to incubate for 30 more minutes. Strips were washed (2 X
5 minutes) in a buffer free of exogenous trypsin with 1 mg/ml soybean trypsin inhibitor
(SBTTI) added, then quickly frozen in liquid N, and stored at -80 °C for later use. Strips
were prepared with the standard homogenization protocol described above for GLUT-4

detection by Western blotting except the homogenization buffer also contained 1 pg/mi
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SBTI. Blots were quantified using a scanner connected to a Macintosh computer with

appropriate software.

Ake-1 serine’” phosphorylation with in vivo insulin treatment:

Saline and insulin injected rats were used to determine basal (non-insulin-
stimulated) and activated Akt-1 [SER*”] phosphorylation levels respectively. Muscles
were homogenized in ice-cold buffer 1 (150 mM NaCl, 50 mM TRIS pH 7.5, 30 mM
sodium pyrophosphate, 10 mM sodium fluoride, 1mM dithiothreitol (DTT), 10%v/v
glycerol, 1% triton-X-100, 1 mg/mL bacitracin, 200 mM PMSF, 10 mg/mL aprotinin,
Img/mL leupeptin, 1 mg/mL pepstatin A, 1 uM microcystin). Homogenates were spun at
15,000 rpm (70Ti, Sorvall) for | h at 4°C. Samples were resolved on a 6% gel by SDS-
PAGE and transferred to an immobilon membrane by electromembrane transfer for 90
minutes. Membranes were blocked in 5% non-fat dry milk (1 hour), probed with anti-
phospho[SER*"]-Akt-1 antibody (1 hour) followed by HRP-labeled anti-sheep [gG

473

secondary antibody (1 hour). Phospho[SER"'“]Akt-1 was visualized and quantified as

described above.

AKT-1 KINASE ACTIVITY
Measurements of Akt-1 kinase activity in vivo:

Akt-1 kinase activity was determined as described by Krook et al. (Krook et al..
1997). For these experiments, rats were injected with 0.1U or 1U insulin to generate
physiological or supraphysiological plasma insulin concentrations, respectively. RTA

muscles were dissected 5 minutes after injection, at a time when insulin injections are
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known to maximally activate muscle Akt-1 (Walker et al., 1998). Therefore, the
dissection was completed rapidly (within 1 minute) and muscles were frozen in liquid N»
quickly. To determine plasma insulin levels from injected rats, 3 blood samples of ~0.1ml
each were withdrawn. Muscles were homogenized as described above for Akt-1 [SER
*731 phosphorylation measurements. Anti-Akt-1 antibody was agitated with protein-G
sepharose beads in Buffer 1 for 1 hour to form an anti-Akt-1-protein-G immune complex.
Aliquots of muscle homogenate were rotated with protein-G sepharose beads (50pl/ml)
and pulsed in a bench top Sorvall (12, 000g) to reduce non-specific binding. The
activated Akt kinase was immunoprecipitated from pre-cleared sample (500ug) by
rotation with the anti-Akt-protein-G immune complex overnight at 4°C. Akt-1 protein
immunoprecipitates were collected by centrifugation, washed 4 X in buffer 2 (1 M NaCl.
25 mM HEPES pH7.6, | mM DTT, 0.1% BSA. 10% glycerol, 1% tritonX-100) to
remove unbound protein and washed 2 times in kinase buffer 3 (50mM TRIS pH 7.5.
10mM MgCl,, | mM DTT). The final buffer was carefully removed, beads completely
dried and resuspended in 30pl kinase buffer 3 supplemented with 100uM cold ATP, 2uCi
[y- PJATP, 17nM protein kinase A inhibitor, and 100uM Akt-specific crosstide peptide
(GRPRTSSFAEG). After 30 minutes gentle shaking at 30°C reactions were terminated
by placing tubes into ice. [**P]-incorporation into crosstide peptide was determined by
resolving 25 ul reaction mixture on a 40% urea-based acrylamide gel. Autoradiographs
were generated by exposing the dry gel to scientific imaging film X-OMAT™ AR and the

band corresponding to the peptide substrate was quantified by densitometry.

Protein Assay:
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All protein concentrations were determined in triplicate by the bicinchoninic acid

assay using BSA as a standard.

Plasma insulin:
[nsulin levels were determined using an insulin radioimmunoassay kit by following

the manufacturer’s directions.

Statistical Analysis:
Data were analyzed using one-way and two-way analyses of variance as well as t-

tests. as was appropriate for a given experiment. All data are reported as means + SEM.

RESULTS
GLUCOSE TRANSPORT:

Glucose transport was determined in soleus muscles in vitro. In addition,
incubated control and denervated soleus muscles were also used to compare total GLUT-
4 and the surface GLUT-4 in basal and insulin-stimulated muscles.

Glucose transport in incubated soleus strips. In the absence of insulin (basal) 2-
deoxyglucose transport was not different between 24 hour denervated and control soleus
muscle (P>0.05) (Fig. 3.1). Insulin treatment increased soleus muscle glucose transport;
2.2-fold in control (P<0.01) but only 1.7-fold in denervated soleus muscles (28%
reduction; P<0.01) (Fig.3.1). In a separate experiment, when insulin-stimulated glucose

transport was determined by hindlimb perfusion the denervated RT A muscle showed a
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Figure 3.1. Insulin-stimulated glucose transport in vitro in soleus muscle from 24 hour
denervated rats. Values are means + SEM. n = 8-12 soleus strips for basal and insulin-
treated muscle from denervated and control legs.

*Insulin-treated groups are significantly different than their respective basal P<0.01.

+, Denervated group (hatched bars) treated with insulin alone compared to same
treatment in control group (solid bars) P<0.05.
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similar reduction (-27%) in glucose transport (4.0 £0.28 vs. 2.92 +0.21umol/ g/ 5

minutes, P<0.05).

INSULIN SIGNALLING THROUGH AKT-1:

Insulin was injected in vivo to activate muscle Akt-1. Basal Akt-1 kinase activity
(Fig. 3.2) was not significantly different than non-specific activity, (i.e. non-specific =
enzyme activity measured in protein-G beads which were not conjugated with the Akt-1

antibody (personal observations)). Basal Akt-1 kinase activity was set at 100% for both

groups.

Insulin-stimulated Akt-1 kinase activity:

Plasma insulin concentrations were elevated to high physiological levels or to
supraphysiological levels following insulin injections (Table 3.1). In control muscle, 0.1 U
insulin injections increased Akt-1 kinase activity (Fig. 3.2) 2.3-fold (P<0.05) while 1U
insulin injections increased Akt-1 kinase activity 3.4-fold (P<0.01). In denervated muscle,
Akt-1 kinase activity was found to be 22% lower (P<0.05) and 26% lower (P<0.01) after

0.1 U insulin and 1 U insulin injections respectively.

Ake-1 [SER'" ] phosphorylation and total immunoreactive Akt-1 protein:

Insulin- stimulated Akt-1 phosphorylation occurred in a time-dependent manner
(Fig. 3.3). Phospho[SER*"*] Akt-1 protein level was significantly higher in control muscle
at 3 minutes (P<0.05) than denervated muscle. In addition, the total Akt-1 protein (Fig.

3.4) was decreased (-37%) in denervated muscle (P<0.05).
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Table 3.1. Plasma insulin before and 7 minutes after exogenous insulin
administration by intravascular injection (mean + SEM)

plasma insulin (uU/mL)
Injection
treatment Pre Post
Saline 2.8+1.6 0.7+0.2
(n=3)
0.1 U insulin 4.8+0.9 101£30.6°
(n=6)
1 U insulin 4.1x1.1 5334+£2081*°
(n=6)

* p<0.05 pre vs. post

" P<0.05 0.1 U post vs. 1 U post

sample size indicated (n)
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Figure 3.2. Insulin activation of Akt-1 kinase in vivo in RT A muscle from 24 hour
denervated rats. Saline treatment is set = 1 for both groups (n = 3). Significant
differences are denoted *P<0.05, **P<0.01 vs. saline. For insulin-treated animals,

data from insulin treatments are paired (n=6). Means (tSEM) in control group are
different from denervated group 1P<0.05, }P<0.01.
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Figure 3.3. The effect of insulin injections on Akt-1 SER *”* phosphorylation in RTA
muscle from 24 hour denervated rats.

Blot shows Akt-1 SER *”* bands from one representative experiment. The Akt-1 SER
%73 pand is not detectable in saline-injected animals. Basal arbitrary scanning units
represent background. Values are represented as means + SEM of arbitrary scanning
units. n =6 RTA muscles at 3 minutes, n = 3 RTA muscles at Smin.

Control (triangles) and denervated (squares) groups are significantly different at the
time point denoted, ¥P<0.05.
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Figure 3.4. Total immunoreactive Akt-1 protein in RTA muscle from 24 hour
denervated rats. (mean + SEM ) *P<0.05, control vs. denervated (n=6).
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TOTAL GLUT-4 AND TRANSLOCATED SURFACE GLUT-4
Soleus GLUT-4 availability: surface detectable GLUT-4 vs. total GLUT-4.

The level of total GLUT-4 was comparable in denervated and control soleus
muscle (P>0.05) (Fig. 3.5A). In a separate experiment total GLUT-4 in RTA muscle was
also not different in denervated muscle compared to control muscle (personal
observations). The increased surface GLUT-4 availability after insulin stimulation
(translocated GLUT-4) was determined by a trypsin cleavage method (Fig. 3.5B). [nsulin
increased surface GLUT-4 1.8-fold (P<0.05) in control muscle where as no change in

surface GLUT-4 was detected in denervated muscle (Fig. 3.5C).

DISCUSSION

This study has shown that insulin-stimulated glucose transport is decreased (Fig.
3.1) in short term (24 h) denervated muscle. This decrease is not due to a reduction in
total GLUT-4, consistent with previous work (Block et al., 1991 Coderre et al.. 1992).
Instead, denervation-induced insulin resistance is attributed to an impairment in Akt-1
activation which is associated with a concomitant reduction in insulin-stimulated GLUT-4

translocation.

Insulin activates Akt-1 through earlier signals that first activate PI3-kinase
(Burgering and Coffer, 1995). Increasing Akt-1 kinase activity in vivo is accomplished by
the phosphatidylinositol-dependent kinases (PDK-1 and PDK-2) (Coffer et al., 1998).

PDK-1 and PDK-2 are proposed to phosphorylate THR*® and SER"” respectively on
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Figure 3.5. Trypsin-accessible surface GLUT-4 and total GLUT-4 in soleus muscle
from 24 hour denervated rats.

A) Total GLUT-4 in control (C) and denervated ( D) soleus muscles, n=35
(P>0.05). Means + SEM.

68



43 kDa— N

e <> SEBR iliie- ¢—— trypsinized
GLUT4

35 kDa —

basal insulin —

B) The trypsin cleavage method determines the effect of insulin on surface GLUT-4
availability (see methods). Anti-GLUT-4 immunoreactive bands at ~46kDa represent
native GLUT-4 (overexposed bands) and at 35kDa represent surface (trypsin-accessible)
GLUT-4 in muscles from control animals: (basal, lanes 1-3 and insulin, lanes 4-6).
Trypsin-accessible GLUT-4 was significantly increased (+97%) by insulin (P<0.05).
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C) Quantification of scanned trypsin-cleaved bands (means + SEM). *P<0.05 basal
vs. insulin, n = 8-10 soleus strips for basal and msulm-treated muscle from

denervated and control legs.
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Akt-1 (see review by Coffer et al., 1998). Intravenous insulin injections increase Akt-1
kinase activity in rat muscle until maximum activity is seen after 5 minutes (Walker et al.,
1998). In our studies, maximal Akt-1 kinase activity was observed after 3 minutes in

control muscle (personal observations).

Recently, Akt-1 activation has been implicated as a key step in insulin signalling in
skeletal muscle (Krook et al., 1997 and 1998; Song et al., 1999). Two studies (Krook et
al., 1997; Song et al., 1999) showed that the decrease in insulin-induced Akt-1 activity
and glucose transport was due to a prevailing hyperglycemia because both Akt-1 activity
and glucose transport were restored to control levels once blood glucose was normalized.
Moreover. decreases in Akt activity and glucose transport activation. reportedly caused by
hyperglycemia (Kurowski et al., 1999), may be due to changes in insulin signalling events
downstream from PI3-kinase. Kurowski et al. (1999) showed that with hyperglycemia
insulin-stimulated glucose transport is reduced in skeletal muscle (-30%). In these
muscles. phosphotyrosine- immunoprecipitated PI3-kinase activity and both IRS-1 and -2
associated PI3-kinase activity were not altered while marked reductions in Akt activation
(-60%) were observed. Therefore, insulin resistance in skeletal muscle, in some instances

(i.e. during hyperglycemia), may be a consequence of reducing the signals from Akt.

Similar to hyperglycemia, the insulin resistance induced by denervation may
involve a defect beyond PI3-kinase. In previous studies there appeared to be no defects in
insulin signalling pathways (up to PI3 kinase) in short term (24 h) denervated muscles

(Chen et al., 1993; Elmendorf et al., 1997; Wilkes and Bonen, 1998). Earlier data support
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the idea that PI3-kinase activation occurs normally in muscles denervated for 24 hours,
since we found that the amount of insulin-stimulated PI3-kinase regulatory subunit (p85)
immunoprecipitated by anti-phosphotyrosine antibodies was not decreased by denervation
(Wilkes and Bonen, 1998). However, data here show that muscle denervation decreased
insulin-stimulated Akt-1kinase activity (Fig. 3.2). This decrease is attributable to an
impaired Akt-1 activation. Denervation decreased the rate (-36%) of muscle Akt-1
phosphorylation (Fig. 3.3) and muscle Akt-1 protein (-37%) content (Fig. 3.4). Based on
this work, it may be that an inadequate insulin signalling response through Akt-1 may

contribute to the insulin resistance in 24-hour denervated muscles.

The lower insulin-stimulated Akt-1 kinase activity induced by denervation could
have occurred if impairments to the insulin signalling mechanism, prior to Akt-1 in the
insulin signalling pathway, contributed to impairments in Akt-1 activation in denervated
muscle. But, since insulin receptors (IR) bind insulin with a normal affinity (Burant et al.,
1984) and denervation does not appear to affect insulin-activated IR tyrosine kinase
activity 24 hours after muscle denervation (Elmendorf et al., 1997), it is unlikely that the
reduced Akt-1 activation in 24-hour denervated muscle was due to poor IR activation.
Moreover, our data show that supraphysiological plasma insulin concentrations did not
further increase Akt-1 kinase activity in the denervated muscle (Fig. 3.2). Rather, the
reductions in Akt-1 kinase activity (~25 % lower) were similar at both high physiological
and supraphysiological insulin concentrations. Thus, the lower insulin-stimulated Akt-1
activation response in the denervated muscle was more likely due to a signalling change at

a post-IR level rather than from insufficient IR tyrosine kinase activation.
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Another possibility is that denervations had uncoupled upstream signals from Akt-
1 that would impair the ability of insulin to activate Akt-1 in vivo. Since insulin-stimulated
PI3-kipase activity is not reported to be affected in muscle denervated for 24 hours (Chen
et al.. 1993; Elmendorf et al., 1997; Wilkes and Bonen, 1998), PI3-kinase-activated
signals required to activate Akt-1 in vivo were likely sufficient in denervated muscles.
Furthermore, PDK-2 was unlikely to be affected by denervation, since Akt-1 [SER*"]
phosphorylation still occurred in denervated muscle, albeit at a slower rate (Fig. 3.3). Itis
more likely that reductions in insulin-stimulated Akt-1 kinase activity observed in 24-hour
denervated muscle were a consequence of lower Akt-1 protein availability in these
muscles (Fig. 3.4). Interestingly, Akt-1 SER *73 bhosphorylation in denervated muscle
reached control levels by 5 minutes. Since phosphorylation on THR** also contributes to
Akt-1 activation (Alessi et al., 1996), and both the SER *”* and THR’® sites require
phosphorylating to obtain full Akt-1 kinase activation (Alessi et al., 1996), these data
suggest that a diminished THR *% phosphorylation on Akt-1 may account for the reduced

Akt-1 kinase activation in 24-hour denervated muscles.

Conceivably, an impairment in Akt-1 activation in denervated muscles may
attenuate signals which normally induce GLUT-4 translocation. Notably, there was a
discrepancy in the % reduction between insulin-induced Akt-1 activation (-25%) and
GLUT-4 translocation. It is possible that additional insulin-activated mechanisms such as
GLUT-4 trafficking or GLUT-4 membrane insertion steps were also affected by

denervation.
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The reduction in glucose transport in denervated muscle was less than would have
been expected given that GLUT-4 at the surface was not increased by insulin.
Undoubtedly. reduced GLUT-4 translocation contributed to insulin resistance in our
studies. A number of studies have shown that glucose transport into the cell occurs in
direct proportion to the surface GLUT-4 (Lund et al., 1993 and 1995). However, insulin
may also stimulate glucose transport without necessarily increasing the number of surface
GLUT-4 transporters (Sweeney et al., 1999). A variety of more recent studies have
revitalized the idea that the intrinsic activity of surface GLUT-4 can be increased or
decreased (Dauterive et al., 1996; Fisher and Frost, 1996; Han and Bonen., 1998; Hansen
et al.. 1996; Quon et al.. 1995; Sweeney et al., 1999). Published work from our
laborartory has shown that epinephrine can markedly lower glucose transport despite an

insulin-induced increase in plasma membrane GLUT-4 (Han and Bonen, 1998).

The results obtained in the soleus and red TA muscles with different insulin
administration procedures can be integrated. It has previously been shown that the soleus
and plantaris muscles, with markedly different fiber types, respond similarly to denervation
(Turinsky and Damrau-Abney, 1998). Two highly oxidative muscles such as the soleus
and red TA would therefore be expected to respond similarly to denervation. Moreover.
both muscles here were exposed to maximally stimulating concentrations of insulin, either
in vitro (soleus) or in vivo (RTA). Nevertheless, it is recognized that the delivery of

insulin differs in vivo and in vitro. Therefore, the extent of GLUT-4 translocation or
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signalling per gram of muscle may be different between these two means of providing

In summary, these data demonstrate that there is partial reduction in insulin-
stimulated glucose transport along with a similar partial reduction in insulin-stimulated
Akt-1 activity in denervated muscle. These data indicate that short-term (24 hours)
denervation decreased Akt-1 activation and impaired insulin-stimulated GLUT-4

appearance at the muscle cell surface.
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Chapter 4:

Glut-1 levels and Akt activation are increased in rat muscle made insulin
resistant by high-fat-feeding: compensatory changes in basal glucose

transport
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INTRODUCTION

In an earlier study (Chapter 2) it was found that rats became glucose intolerant
after they consumed a diet high in safflower-oil (HF-SAFF) relative to two other groups
of rats fed on either a high-mixed (safflower, sunflower, coconut oil)-based diet (HF-
MIXED) or a low fat (I.F) diet. Tt was also observed that there was a reciprocal effect on
glucose transport regulation, since insulin-stimulated 3-O-methylglucose (3-OMG)
transport was decreased and basal 3-OMG was found to be increased in all groups of
skeletal muscle examined. Furthermore, high-fat diets had different tissue-specific effects
on insulin-stimulated glucose transport. Adipose cells isolated from the epididymal fat of
HF-MIXED-fed rats had retained normal sensitivity to insulin, while fat cells from HF-
SAFF became insulin resistant (Wilkes et al., 1998). Based on these observations it was
suggested that the normal whole body glucose tolerance in HF-MIXED-fed rats (Chapter
2) occurred as a consequence of multiple physiological changes. not only due to sustained
insulin responsiveness of adipose cells. but also as a result of the increased rate of basal
glucose transport in skeletal muscle. These early findings reported in Chapter 2 could
indicate that high fat diets might have a differential effect on the glucose transporters in
muscle which regulate basal and insulin-stimulated glucose transport in an attempt to
compensate for muscle insulin resistance. This prompted the current studies which
investigate the possibility that basal 2-deoxyglucose transport is up-regulated in response
to high-fat diets that are known to decrease insulin-stimulated 3-OMG transport in skeletal

muscle.
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Glucose transport is regulated by a variety of GLUT transporter proteins
(reviewed by Mueckler, 1994). In muscle GLUT-4 generally resides in an intracellular
pool and translocates to the cell surface following insulin stimulation (Lemieux et al.,
2000). GLUT-1 is believed to be confined to the plasma membrane where it facilitates
basal glucose transport in muscle tissue (Marette et al., 1992). Much is known about the
response of insulin-stimulated glucose transport and GLUT-4 under a variety of
physiological conditions, while less is known about changes in basal glucose transport and
GLUT-1. Anincrease in GLUT-1 protein expression has been shown to occur in muscle
made insulin resistant by denervation for 3 days (Handberg, 1996; Megeney et al.. 1994:
1995). Moreover, low glucose availability appears to be a positive regulator of GLUT-1
protein expression, since a reduction of glucose in media of cultured 3T3-L1 adipocytes
has been shown to increase GLUT-1-mediated glucose transport (Tordjman, 1990). In
early developing pigs, the provision of a low energy diet was found to increase GLUT-1

gene expression in skeletal muscle (Katsumata et al., 1999).

Akt has been suggested to promote increases in the quantity of cell surface glucose
transporters by inducing the translocation of GLUT-4 (Kohn et al., 1995; Wang et al,
1999; Cong et al., 1997; Tanti et al., 1997) and by upregulating GLUT-1 biosynthesis
(Harjduch, Barthel et al. 1999, Taha et al.. 1999) (see Fig. 4.1). Therefore, Akt could
have a central signalling role in mediating cell surface glucose transporter availability in

different ways by promoting a) GLUT-4 translocation and b) GLUT-1 biosynthesis.
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Figure 4.1. Akt is found within insulin signalling pathways which modulate glucose utilization.
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Since basal glucose 3-OMG transport was previously found to be increased in the muscles
of rats provided one of two high-unsaturated-fat diets (Chapter 2), the current studies re-
examined whether 1) basal glucose transport (assessed with 2-DG) in muscle is increased
independently of fat subtypes in high-unsaturated fat-fed rats. Furthermore, since the type
of dietary fat (safflower or mixed oils) impacted differentially on whole body glucose
tolerance in the previous study (Chapter 2), rats may be expected to upregulate basal
glucose transport in muscle differently if provided with the HF-SAFF or the HF-MIXED
diet. It is hypothesized that the increased basal glucose transport occurs in high-fat-fed
rats, in part, by 2) an upregulation of GLUT-1 protein levels. Also, given that Akt may
be involved in increasing surface GLUT-1 and GLUT-4 glucose transporter availability. it
is also hypothesized that 3) signalling at the level of Akt will be increased in muscle from
high-fat-fed rats to compensate for insulin resistance induced by high-fat-feeding. It is
proposed that insulin activates Akt more rigorously in high-fat-fed rat muscle in an

attempt to upregulate glucose transport.

METHODS
Animal use:

Male Sprague Dawley rats were randomly assigned to the high carbohydrate (LF,
20 kcal % protein, 10% fat and 70% carbohydrate), the high fat-safflower oil (HF-SAFF,
20% kcal protein, 59% fat, 20% carbohydrate), or the high fat-mixed oil (HF-MIXED,
20% kcal protein, 59% fat, 20% carbohydrate) diets for 3 weeks as outlined in Chapter 2.

The body weight of high-fat fed and low fat control rats increased over the feeding period.
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Final body weights of rats were similar at the end of the feeding period as it was

previously shown (Wilkes et al., 1998).

2-deoxyglucose transport in incubated soleus strips:

Soleus muscles were cut into thin lengthwise strips suitable for in vitro incubations
(Bonen et al., 1994). Strips were pre-incubated for 1 hour at 29 °C in Krebs-Henseleit
buffer (KHB) with 32mM mannitol, 8mM D-glucose, and 0.1% bovine serum albumin
(BSA). After 50 minutes one incubation vial received 50 pM LY294002 (LY) by adding
6ul of LY already dissolved in DMSO to the incubation medium. To keep the
concentration of DMSO constant between all treatments 6 ul DMSO alone was added to
the remaining vials. Porcine insulin was added to the incubation medium at a maximal
stimulating concentration of 400uU/ml for 30 minutes. Prior to glucose transport
measurements, D-glucose was removed by washing muscle strips twice for 5 minutes each
in a glucose free KHB with 38 mM mannitol and 2 mM pyruvate. The uptake of 2-
deoxyglucose was determined with 2mM pyruvate, (1.5uCi) 2-deoxy-D- [*H]glucose (1
mM) and (0.1 puCi) *C-mannitiol (37mM) for 20 minutes. Strips were removed rapidly.
rinsed in 0.9% ice-cold saline, cut free of tendons and snap frozen in liquid N>. Muscles
were stored at -80 °C until analyzed for '*C and *H in digested muscle extract (Han and

Bonen, 1998; Johannsson et al., 1996).

GLUT-1 AND GLUT-4 DETERMINATION BY WESTERN BLOTTING

Total GLUT-1 and total GLUT-4 protein:
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Soleus muscle was prepared as described elsewhere (Han and Bonen, 1998;
Johannsson et al., 1996). Briefly, samples were separated by SDS-polyacrylamide
electrophoresis on a 12% gel and transferred to an immobilon membrane by
electromembrane transfer for 90 minutes Membranes were blocked overnight in 5% non-
fat-dry milk (NFDM) made in Tris-buffered saline (TBS, pH 7.6). Proteins were detected
by incubating blocked membranes first with an anti-GLUT-1 diluted (1:5000) or anti-
GLUT-4 diluted (1:7000) polyclonal immuno-A purified antibodies followed second by
horse radish peroxidase (HRP)-conjugated anti-rabbit [gG diluted (1:2000) in TBS (pH
7.6) for GLUT-4 or in 5% NFDM for GLUT-1. GLUT-1 and GLUT-4 were visualized
using an enhanced chemiluminescence system according to the manufacturer’s
instructions. Western blots were quantified using a Macintosh LC with an Abaton scanner

and appropriate software.

AKT-1 KINASE ACTIVITY
Measurements of Akt-1 kinase activity in vivo:

Muscles were homogenized and maximal Akt-1 kinase activity was determined as
previously described in Chapter 3. For these experiments, the rat’s descending aorta was
injected with 1U insulin and the red tibialis anterior (RTA) muscles were dissected 5
minutes after injection and quickly frozen in liquid N, (within 1 minute). Anti-Akt-1
antibody was agitated with protein-G sepharose beads in buffer 1 for 1 hour to form an
anti-Akt-1-protein-G immune complex. Aliquots of muscle homogenate were rotated
with protein-G sepharose beads (50p/ml) and pulsed in a bench top Sorvall (12, 000g) to

reduce non-specific binding. The activated Akt kinase was immunoprecipitated from pre-
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cleared sample (500p.g) by rotation with the anti-Akt-protein-G immune complex
overnight at 4°C. Akt-1 protein immunoprecipitates were collected by centrifugation,
washed 4 X in buffer 2 to remove unbound protein and washed 2 times in kinase buffer 3.
The final wash was carefully removed, beads completely dried and resuspended in 30pl
kinase buffer 3 supplemented with 100uM cold ATP, 2uCi [y->> PJATP, 17nM protein
kinase A inhibitor, and 100pM Akt-specific crosstide peptide (GRPRTSSFAEG). After
30 minutes gentle shaking at 30°C reactions were terminated by placing tubes into ice.
[**P]-incorporation into crosstide peptide was determined by resolving 25 ul reaction
mixture on a 40% urea-based acrylamide gel. Autoradiographs were generated by
exposing the dry gel to scientific imaging film X-OMAT™ AR and the band

corresponding to the peptide substrate was quantified by densitometry.

Ake-2 band shift assay:

Akt activation was determined by Akt-2 band motility shift assay. [n the absence of
insulin, Western blots revealed 2 bands: an obvious lower (60 kDa) band and a more faint
upper (>60 kDa) band. Phosphorylation causes Akt to “shift’ to the higher molecular
weight (>60 kDa) band. The degree of Akt phosphorylation is highly correlated with Akt
activity (Alessi et al., 1998). Akt activation was taken as a percent band shift by dividing
densitometry values obtained through scanning the upper band for each by the scanner
values of the lower band and multiplying by 100. When underphosphorylated bands were
visually absent 100% activation was assumed. Blots were generated as already outlined
for GLUT-4 with some modifications. Briefly, samples were resolved on a large (20 X 22

cm) 6% gel by SDS-PAGE for maximal separation and transferred to an immobilon

83



membrane by electromembrane transfer for 90 minutes. Membranes were blocked in 5%
non-fat dry milk (1 hour), probed with anti-Akt-2 antibody (1 hour) followed by HRP-
labeled anti-sheep IgG secondary antibody (1 hour). Akt-2 was visualized and quantified

as described above for GLUT-4.

Protein Assay:
All protein concentrations were determined in triplicate by the bicinchoninic acid

assay using BSA as a standard.

Statistical Analysis
Data were analyzed using one-way and two-way analyses of variance. as was

appropriate for a given experiment. All data are reported as means £ SEM.

RESULTS
GLUCOSE TRANSPORT
Basal glucose transport:
Under basal (non-insulin-stimulated) conditions soleus muscle glucose transport in
HF-MIXED-fed rats and in HF-SAFF-fed rats was significantly higher (P<0.05) than

glucose transport in soleus muscle from LF-fed-rats (Table 4.1).

Insulin-stimulated glucose transport:
The amount of glucose transport stimulated by insulin (Ai-b) was determined by

subtracting mean values for basal glucose transport from mean values for glucose

84



transport with insulin (Table 4.1). In muscle from low-fat-fed rats Ai-b was similar to Ai-
b for HF-MIXED-fed. The Ai-b for HF-SAFF was significantly lower than Ai-b in the low

fat and HF-SAFF groups (P<0.05) (Table 4.1).

LY294002 (LY)-inhibitable glucose transport:

Inclusion of 50 uM LY, a PI3-kinase inhibitor, prevented the insulin-induced
increase in glucose transport in all three groups (P<0.01). This concentration of LY fully
inhibits PI3-kinase in perfused skeletal muscle (Wojtaszewski, et al., 1999) as well as
downstream Akt activation in isolated muscle strips (personal observation). LY-inhibited

glucose transport was found to be significantly higher in muscle from HF-MIXED-fed
rats than in muscles from LF and HF-SAFF. The LY-inhibitable glucose transport in
muscle from HF-SAFF was significantly lower than basal glucose transport in this group

(P<0.05) (Table 4.1).

GLUCOSE TRANSPORTERS

Total GLUT-1 was increased by ~80% in soleus muscle from both groups of high-
fat-fed rats compared with those fed the LF diet (P<0.05; Fig. 4.2). Total GLUT-4
decreased marginally (-15%) in HF-MIXED (P<0.05), and total GLUT-4 was not

revealed to be significantly different in soleus muscle of HF-SAFF (Fig. 4.3).

ACTIVATION OF AKT WITH INSULIN
Insulin was administered into arterial circulation of unconscious rats by

intravascular injections and RTA muscles were dissected for Akt-1 kinase measurements
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Table 4.1. 2-DG uptake (umol/g/20 minutes) in isolated soleus muscle strips from rats fed LF,
HF-MIXED or HF-SAFF diets. Incubations occurred in the absence of insulin (basal), with

400pU/ mL insulin, and 400 pU/mL insulin + 50 pM LY294002 (LY).

Group Basal(b) Insulin(i) Insulin+LY |Aib

LF 1.5 7.0 1.4 55
(n=5-8) +0.14° £046"° +0.16° £0.32°
HF-MIXED | 3.8 9.4 3.3 5.6
(n=7-10) +0.55° +084°° +0.68° +0.29°
HF-SAFF 4.0 6.1 2.0 2.1
(n=8) +042° £0.70"° +0.33°* +0.28°

Values are MEANS + SEM. Within a dietary group, "differs from basal and insulin + LY
treatments, P<0.01 and “differs from HF-SAFF basal. P<0.05. Within a treatment condition.
values with different superscripted letters differ significantly from each other. P<0.01.
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Figure 4.2. Total quantity of GLUT-1 protein in soleus muscle of LF, HF-MIXED, HF-
SAFF (means £ SEM). n=6 rats per group. *P<0.05 vs. LF group.
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Figure 4.3. Total quantity of GLUT-4 protein in soleus muscle of LF, HF-MIX, and HF-SAFF (means +
SEM). n=6 rats per group. *P<0.05 vs. LF group.
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as previously described in Chapter 3. Basal Akt-1 kinase activity was determined in
muscles of rats injected with saline. Basal Akt activity did not differ significantly amongst
the 3 dietary groups (P>0.05). Insulin injections increased Akt-1 kinase activity in all
groups of rats (P<0.01). Insulin-activated Akt kinase was found to be significantly higher
in muscle from HF-MIXED (+44%) and HF-SAFF (+61%) than LF controls (P<0.05.
Fig.4.4). Total Akt-1 protein was not altered by high-fat-feeding (Fig. 4.5). Akt motility
shift assay was used to determine Akt-2 activation in RTA muscles. The degree of Akt-2

activation by insulin was similar in all 3 dietary groups (Fig. 4.6, P>0.05).

DISCUSSION

[n this study [ confirmed that feeding rats high (59%kcal) unsaturated fat-based
diets increases basal glucose transport. This replicates and extends the observations
previously made in Chapter 2. In the present study basal 2-DG transport (+260%) and
GLUT-1 protein (+80%) were both increased in HF-SAFF and HF-MIXED-fed rats.
There was also a more vigorous insulin-induced Akt activation in oxidative muscle from
high-fat-fed rats compared with low-fat controls. Together these results, along with the
previous results in Chapter 2, may suggest that an increase in basal glucose transport
could be an adaptive response to increase non-insulin mediated glucose transport under

the conditions of insulin resistance caused by high-fat-feeding.

Recently, an issue surrounding the physiological importance of GLUT-1 was

raised. Ebeling et al. (1998) proposed that GLUT-1 protein might be detrimental to

89



> 150 ~ . *
> = 125 -
O = T
@ S 100 -
o> 75
£S
xé 50 -
£ = 25 -
< 0
b i b i b i

LF HF-MIX HF-SAFF

Figure 4.4. Akt-1 kinase activity in RTA muscle of LF, HF-MIXED, and HF-SAFF
(means + SEM). n=5-6 rats per group. Insulin (i) vs. basal (b) in all groups, P<0.05.
Insulin treatments of HF-MIX and HF-SAFF groups significantly different than insulin
treatment of LF group, *P<0.05.
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Figure 4.5. Total Akt-1 protein quantity in RTA muscle of LF, HF-MIXED, and HF-
SAFF (means £ SEM). n= 4-5 rats per group (P>0.05).
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Figure 4.6. Akt-2 activation in RTA muscles of LF, HF-MIXED, and HF-SAFF (means + SEM). n=5-6
rats per group. Insulin (i) vs. basal (b) in ail groups, P<0.05. No differences amoung groups (P>0.05).
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insulin sensitivity. In this paper the authors indicated that glucose transport via the
GLUT-1 glucose transporter could actually promote a state of insulin resistance (Ebleling
et al., 1998). Their opinion was based on observations that were provoked by
hyperglycemia and GLUT-1 overexpression models of insulin resistance, in which
excessive glucose influx into non-stimulated cells (i.e. cells not exposed to insulin or made
to contract) is thought to be toxic to the cell. Hyperglycemia is thought to promote
glucose toxicity in skeletal muscle by augmenting glucose flux through hexosamine
synthetic pathways (Baron et al., 1995). As well, transgenic mice that overexpress
GLUT-1 in skeletal muscle could easily increase intramuscular glucose concentrations to
undesirable (glucose toxic) levels. Buse et al. showed metabolic activity of hexosamine
producing pathways to be increased in muscle from transgenic mice overexpressing
GLUT-1 (Buse et al., 1996). However. under more realistic physiological conditions
GLUT-1 may compensate for insulin resistance when GLUT-4 activation is suboptimal.
Earlier studies by Charron and Kahn showed that GLUT-1 expression can be increased in
muscle by fasting and these higher glucose transporter levels can return to control levels
upon refeeding suggesting that glucose transporter availability is highly adaptable

(Charron and Kahn, 1990).

The etiology behind the insulin resistance following the consumption of diets high
in unsaturated fat could differ from the insulin resistance caused by glucose toxicity.
Hyperglycemia-induced insulin resistance is associated with impaired Akt activation

(Kurowski et al., 1999; Krook et al., 1997; Heart et al., 2000). In studies by Krook, the
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impaired insulin-induced Akt activity found in the muscle of hyperglycemic diabetic rats
was corrected, and insulin-stimulated glucose transport was restored, when urinary
glucose excretion was promoted with phlorizin to normalize blood glucose concentrations
(Krook et al.. 1997). Insulin-activated Akt has also been found to be impaired in skeletal
muscle subjected to 4 h hyperglycemia in vitro (Kurowski, 1999) or in 3T3-L1 adipose
cells exposed 6 h to high 50 mM glucosamine concentrations (Heart et al., 2000). These
studies (Kurowski et al., 1999; Krook et al., 1997; Heart et al.. 2000) could indicate that a
reduction in insulin-activated Akt-derived signals might be central to insulin resistance
caused by glucose toxicity. In contrast, our findings seem to suggest that the insulin
resistance in muscle observed after high-fat-feeding may be dissimilar to that caused by
excessive glucose availability, since Akt activation in muscle was not impaired. but rather.

was found to be elevated after high-fat-feeding instead.

In high-fat-fed rats an increased Akt activation may be important for increasing
GLUT-1 levels. Insulin-activated Akt seems to upregulate GLUT-1 biosynthesis at
multiple levels; by increasing both GLUT-1 gene transcriptional and GLUT-1 mRNA
translational events. Akt-1 has been shown to increase GLUT-1 gene transcription in
cultured Hepalclc7 heptoma mouse cells (Barthel et al., 1999). Other studies in 3T3-L1
adipocytes have shown that GLUT-1 mRNA translation can be increased by activating a
PI3-kinase / Akt / 4E-BP1 signalling pathway (Taha et al., 1999). Akt is thought to be
important for phosphorylating 4E-BP1 (or PHAS-1 (phosphorylated heat- and acid-stable
protein)) in vivo (Gingras et al., 1997). 4E-BP1 has been found to hyperphosphorylate

and subsequently dissociate from the mRNA initiation factor eIF-4E in insulin-stimulated
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skeletal muscle (Kimball et al., 1997). Therefore, GLUT-1 mRNA translation may also be
upregulated by an Akt-dependent mechanism in skeletal muscle. Greater use of Akt-
dependent signalling pathways to increase GLUT-1 might be responsible for the increased

GLUT-1 levels observed in muscle of high-fat-fed rats in the present studies.

The increased basal glucose transport was far above the rise in GLUT-1 protein
levels indicating glucose transport was increased by means other than elevating GLUT-1
protein expression. Upregulation of basal glucose transport independent of GLUT-1
availability appears to have occurred differentially in the 2 groups of high-fat-fed rats.
PI3-kinase inhibition lowered muscle insulin-stimulated glucose transport of LF- and HF-
MIXED-fed rats, yielding glucose transport rates in these two groups which were
equivalent to their respective basal glucose transport levels. In contrast. the insulin-
stimulated glucose transport blocked by PI3-kinase inhibition in HF-SAFF was found to
be decreased to a level markedly below (-50%) the basal glucose transport level of HF-
SAFF-fed rats. PI3-kinase inhibition is known to decrease GLUT-4 translocation (Quon
et al., 1995). This could suggest that higher cell surface levels of GLUT-4 contributed to
some part of the higher rates of basal glucose transport which were observed in HF-
SAFF-fed rats. Reductions in total GLUT-4 were only slight (-15%) in high-fat-fed rats
suggesting GLUT-4 translocation was likely not limited by total muscle GLUT-4 content.
Total Akt-1 protein was not altered (Fig. 4.5) nor was Akt-2 activation (Fig. 4.6). This
could indicate some signals before Akt-1 may have been upregulated to promote increases

in cell surface GLUT-4 transporters in HF-SAFF-fed rats. PI3-kinase-dependent insulin
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signals were suggested to be enhanced in livers of rats provided with a diet high in

saturated fat (58% lard) for 2 weeks (Anai et al., 1999).

Besides increased GLUT-1, it is not entirely clear what else could have contributed
to an upregulation of basal glucose transport in HF-MIXED-fed rats. However, some
speculation can be made based on previous findings reported in Chapter 2. One
noteworthy observation is that insulin-stimulated 3-OMG transport was previously found
to be impaired in HF-MIXED-fed rats (Chapter 2), where as it was found here that
insulin-stimulated 2-DG transport occurred normally in these rats (Table 4.1). This could
suggest that post-transporter steps (i.e. hexokinase) involved in the phosphorylation of
glucose allowed normal glucose transport to occur in HF-MIXED-fed rats. Whether
upregulated hexokinase activity does indeed contributed to the increased basal glucose

transport in HF-MIXED-fed rats remains to be determined.

[n summary, insulin-activatable Akt-1 kinase activity was found to be increased in
oxidative muscle of rats fed diets high in unsaturated fat. These observations are in sharp
contrast to observations made in denervated muscle where a reduction in insulin-
stimulated Akt activation was found to be associated with an impairment in insulin-
stimulated glucose transport (Chapter 3). Nevertheless, the present data do indicate that
there are adaptive changes in insulin signalling and GLUT-1 protein expression in high-fat-
fed rats. Perhaps the augmented Akt activation observed in these studies represents an

attempt by muscle cells to increased the surface glucose transporter availability by
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promoting GLUT-1 biosynthesis and increasing surface GLUT-4 content when insulin-

stimulated glucose transport is made defective by high-fat-feeding.
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Chapter 5:

Red and white muscle differences in Akt activation are revealed in

chronically-active tibialis anterior muscle
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INTRODUCTION

Insulin stimulates glucose transport in tissues such as the heart, adipocytes and
skeletal muscle. Insulin acts by first binding to the extracellular a-subunit of its receptor
resulting in the autophosphorylation of tyrosine residues and the activation of a tyrosine
kinase in the B-subunit of the insulin receptor (IR). The IR tyrosine kinase phosphorylate
various insulin receptor substrate (IRS) proteins such as [RS-1 and -2 which couple [R
activity to key glucose transport activating kinases. Phosphatidylinositiol 3’-kinase (PI3-
kinase) is a key signalling protein which is necessary for insulin to promote GLUT-4
translocation. However, its activation alone in the insulin signalling cascade is not

sufficient to stimulate GLUT-4 translocation (Isakoff et ai., 1995).

Recently. the serine/threonine kinase Akt (protein kinase B, or related to A and C
(rac) protein kinase). a downstream target of PI3-kinase, has been implicated with this
signalling role. Over-expression of a constitutively active Akt kinase has been shown to
increase GLUT-4 translocation independently of insulin stimulation. Akt-derived signals
generated by insulin may be disturbed in some insulin resistant muscles; for example., when
insulin resistance is induced by hyperglycemia or denervation. In rats with hyperglycemia,
insulin-stimulated glucose transport was reduced and Akt activation was sub-optimal.
Normalization of circulating blood glucose levels by phlorizin restored both insulin-
stimulated glucose transport and insulin-stimulated Akt activation (Krook et al, 1997;
Song et al., 1999). In denervated muscles, reduced Akt activation was associated with
impaired GLUT-4 translocation (Wilkes and Bonen, 2000). Collectively. these studies

(Krook et al., 1997; Song et al., 1999;Wilkes and Bonen, 2000) demonstrate that when
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insulin signalling is disturbed at the level of Akt there is a concomitant change in the

effectiveness of insulin to stimulate glucose transport.

Recent studies have examined whether insulin signalling in muscle is directly
atfected by exercise training. Insulin-stimulated PI3-kinase activation was shown to
increase in trained quadricep muscles in humans (7 days @ 70% VO02max) (Koval et al.,
1999) and Akt activation was shown to be enhanced in muscle of swim trained rats (6 h /
day for 5 days) (Chibalin et al., 2000) suggesting that a heightened insulin signalling
response occurs with prolonged muscle activity. However, determining whether these
signalling changes alone impact on glucose transport has been problematical. One reason
for this appears to be that there is a concomitant increase in muscle GLUT-4 expression
that occurs with exercise training. Many studies suggest that glucose transport in muscle
is directly proportional to the size of the total GLUT-4 pool. Thus. it might seem that the
induction of similar levels of GLUT-4 in different muscles would result in similar rates of
insulin-stimulated glucose transport. However, in previous work, it has been observed
that in chronically active white tibialis anterior skeletal muscle total GLUT-4 content may
be increased more than insulin-stimulated glucose transport (Johannsson et al., 1996).
This may suggest that an increase in insulin-stimulated glucose transport in chronically
active muscle is not completely dependent on greater amounts of GLUT-4. Based on
previous evidence indicating that Akt impacts on insulin responsiveness in muscle, it may
be that adequate Akt activation is also required in chronically active muscles. Therefore,
in the present studies, we induced the same levels of total GLUT-4 in red and white

muscles via chronic electrical stimulation. In these muscles we examined insulin-
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stimulated glucose transport, Akt kinase activity and Akt activation. It is hypothesized
that improvements to insulin responsiveness caused by chronic muscle activity are

modulated by Akt-derived signalling influences.

METHODS
ANIMAL USE
Animal selection:

Male Sprague-Dawley rats weighing 250- 300g were used for these experiments.
Rats were provided with rat chow (Purina) and water ad libitum. Rats were kept ona
reverse 12 h light (6 pmto 6 am) and 12 h dark cycle (6 am to 6 pm). Ethical approval

was obtained by the committee on animal care at the University of Waterloo.

Rat surgery and chronic electrical stimulation of tibialis anterior muscle:

Muscles were stimulated as previously described (Johannsson et al., 1996). Rats
were anesthetized under halothane gas after a subcutaneous injection of buprenorphine
(0.03/mg/kg) analgesic. Stainless steel electrodes were sutured to underlying muscles on
either side of the peroneal nerve. These electrodes were passed subcutaneously from the
thigh, exteriorized at the nape of the neck, and attached to a miniature electronic
stimulator firmly secured to the rat’s back. Rats were housed individually for at least 5
days to permit for adequate recovery. Afterwards, simulators were turned on to stimulate
the peroneal nerve (10 Hz, 50 us duration) which innervates the red and white tibialis
anterior (TA) muscles. Every day TA muscles were electrically activated by turning

stimulators on at 9 am for 5, 15, 60, 180, or 360 minutes / day. Once the electrical
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stimulation protocols were finished (on day 7) stimulators were turned off. Experiments
were performed the next day. Rats were fasted overnight by removing food from the
cages at 6 pm. The first experimental phase involved stimulating muscles for 5-360
minutes / day to generate chronically active muscles for glucose transport determination
by hindlimb perfusions. The total GLUT-4 content was also determined in these
stimulated muscles (n=4-8 animals/group). This enabled us to ascertain insulin
responsiveness and GLUT-4 levels in muscles that undergo varied amounts of stimulation
time / day and to determine that the amount of stimulation time that induces equal
amounts of GLUT-4 in RTA and WTA is 360 minutes / day. In the second phase of
experiments rats (n=9) were electrically stimulated for 360 minutes /day. Rats in this

group received 0.4 U insulin by in vivo injection to activate muscle Akt.

ASSESSMENT OF INSULIN RESPONSIVENESS IN RELATION TO GLUT-4
LEVELS
Glucose transport:

Basal and insulin-stimulated glucose transport was determined using a cell-free.
perfused hindlimb preparation (Megeney et al., 1992; Wilkes et al., 1998). The animals
were surgically prepared under anesthesia (65 mg pentobarbital sodium / 100 g body
weight). The descending aorta was cannulated (20 gauge angiocath) to deliver perfusate
to the hindlimb and the inferior vena cava was cannulated (14 gauge angiocath) to remove
the effluent to complete a one pass perfusion system. A cell-free perfusate containing
Krebs-Henseleit buffer with 4% bovine serum albumin (BSA) under constant gassing

(95% O, / 5% CO,) was connected to the indwelling cannulae via tygon tubing that was
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connected to a pump while the rat lay in a warm chamber (30°C). Over the first 20
minutes of the perfusion protocol, the flow rate was gradually increased to 20 ml / minutes
to stabilize the pressure between -80 to -100 mm Hg. This flow rate is sufficient to
perfuse and oxygenate both the experimental and the contralateral hindlimb muscles
simultaneously (unpublished observations). To assess insulin-stimulated glucose uptake,
insulin 160 pU/ml was added to the buffer at the start of the perfusion and was maintained
at this concentration for the duration of the experiment. Insulin (porcine insulin, Iletin II
regular) has previously been infused at this concentration to maximally stimulate glucose
transport in this perfusion system (Wilkes et al., 1998). After 20 minutes, 30 mM 3-O-
methylglucose (3-O-MG) containing 5uCi ’H-3-0-MG and 2.5 pCi "C-L-glucose was
added to the perfusate and the hindlimb was perfused for an additional 5 minutes.
Inclusion of the "*C-L-glucose in the perfusate allowed us to account for the non-
transported diffusion component of glucose transport into skeletal muscle. Upon
completion, TA from both hindlimbs were quickly excised, RTA separated from WTA and

both muscles washed in cold saline and frozen in liquid N>.

GLUT-+:

GLUT-4 protein was determined in RTA and WTA muscle samples using Western
blotting procedures as previously described (Megeney et al., 1993 and 1994). Briefly,
samples were separated by SDS-polyacrylamide electrophoresis on a 12% gel
miniapparatus and transferred to an immobilon membrane by electromembrane transfer for
90 minutes Membranes were blocked overnight in 5% non-fat-dry milk (NFDM) made in

Tris-buffered saline (TBS, pH 7.6). GLUT-4 was detected by incubating blocked
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membranes with an anti-GLUT-4 polyclonal immuno-A purified antibody (1:7000)
followed by horse radish peroxidase (HRP)-conjugated anti-rabbit IgG diluted (1:2000) in
TBS, pH 7.6. GLUT-4 was visualized using an enhanced chemiluminescence system
according to the manufacturer’s instructions. Western blots were quantified using a

Macintosh LC with an Abaton scanner and appropriate software.

INSULIN SIGNALLING
Akt activation in vivo and muscle preparation:

For these experiments, rats were injected with saline (+0.1% BSA) or 0.4U insulin
mixed in saline (0.1% BSA) to activate Akt as previously reported in Chapter 3. TA
muscles were dissected 5 minutes after injection. Dissections were completed rapidly and
muscles were frozen in liquid N> quickly. Muscles were homogenized in ice-cold buffer 1
(150 mM NaCl. 50 mM TRIS pH 7.5. 30 mM sodium pyrophosphate, 10 mM sodium
fluoride. 1mM dithiothreitol (DTT), 10%v/v glycerol. 1% triton-X-100, 1 mig/mi
bacitracin, 200 mM PMSF, 10 mg/mL aprotinin, | mg/mL leupeptin, I mg/mL pepstatin A,

1 uM microcystin). Homogenates were spun at 15,000 rpm (70Ti, Sorvall) for | h at 4°C.

Measuring Akt-1 kinase activity:

Akt-1 kinase activity in vivo was determined as previously described in Chapter 3.
Anti-Akt-1 antibody was agitated with protein-G sepharose beads in Buffer 1 for 1 hour
to form an anti-Akt-ct-protein-G immune complex. Aliquots of muscle homogenate were
rotated with protein-G sepharose beads (50pl/ml) and pulsed in a bench top Sorvall (12,

000g) to reduce non-specific binding. The activated Akt kinase was immunoprecipitated
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from pre-cleared sample (500pg) by rotation with the anti-Akt-protein-G immune
complex overnight at 4°C. Akt-1 protein immunoprecipitates were collected by
centrifugation, washed 4 X in buffer 2 (1 M NaCl, 25 mM HEPES pH7.6, | mM DTT,
0.1% BSA, 10% glycerol, 1% tritonX-100) to remove unbound protein and washed 2
times in kinase buffer 3 (50mM TRIS pH 7.5, 10mM MgCl,, | mM DTT). The final
buffer was carefully removed, beads completely dried and resuspended in 30ul kinase
buffer 3 supplemented with 100uM cold ATP, 2uCi [y-* PJATP. 17nM protein kinase A
inhibitor, and 100uM Akt-specific crosstide peptide (GRPRTSSFAEG). After 30 minutes
gentle shaking at 30°C reactions were terminated by placing tubes into ice. [*P)-
incorporation into crosstide peptide was determined by resolving 25 pl reaction mixture
on a 40% urea-based acrylamide gel. Autoradiographs were generated by exposing the
dry gel to scientific imaging film X-OMAT™ AR and the band corresponding to the

peptide substrate was quantified by densitometry.

Akt-2 band shift assay:

Akt activation was determined by Akt-2 band motility shift assay. Western blots
were generated as already outlined for GLUT-4 with some modifications. Briefly, samples
were resolved on a large (20 X 22 cm) 6% gel by SDS-PAGE for maximal separation and
transferred to an immobilon membrane by electromembrane transfer for 90 minutes.
Membranes were blocked in 5% non-fat dry milk (1 hour), probed with anti-Akt-2
antibody (1 hour) followed by HRP-labeled anti-sheep IgG secondary antibody (1 hour).
Akt-2 was visualized and quantified as described above for GLUT-4. In the absence of

insulin an obvious lower (60 kDa) band and a more faint upper (>60 kDa) band were
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present. Phosphorylation causes Akt to ‘shift’ to the higher molecular weight (>60 kDa)
band. The degree of Akt phosphorylation is highly correlated with Akt activity (Alessi et
al., 1998). Akt activation was taken as a percent band shift by dividing densitometry
values obtained through scanning the upper band for each by the scanner values of the

lower band and muitiplying by 100.

Protein Assay:
All protein concentrations were determined in triplicate by the bicinchoninic acid

assay using BSA as a standard.

Statistical Analysis:
Data were analyzed using repeated measures analyses of variance, and paired t-

tests, as was appropriate for a given experiment.

RESULTS

Rats lost a small amount of body weight for 2 days after surgery. Afterwards rats
steadily regained weight for 5 days (P<0.05). Rats underwent chronic electrical
stimulation once weight loss was fully regained (P<0.05) so that full weight recovery was

attained first before electrical stimulation began (Fig. 5.1).

GLUCOSE TRANSPORTERS

Total GLUT-4 determination at various stimulation times:
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Figure 5.1. Weights of experimental rats: pre (p)-surgery, recovery (7 days) and during
chronic low frequency stimulation (CLFS) (7 days). means + SEM for n=4-6 rats.
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In control muscles GLUT-4 was greater in RTA than in WTA (P<0.05; Table 5.1).
Total GLUT-4 content was measured by Western blotting after all of the perfusions were
complete. Time-dependent increases in stimulation increased GLUT-4 in both muscles
(P<0.05) (Fig. 5.2). Short stimulation times of 5 and 15 minutes / day did not alter
GLUT-4 content in RTA. Electrical stimulation for 15 minutes / day increased GLUT-4
content of WTA by 1.8-fold over GLUT-4 in control (P<0.05). Maximal increases in
RTA GLUT-4 occurred with 60 minutes / day (1.6-fold over GLUT-4 in control RTA,
P<0.05); GLUT-4 increased by 2.5-fold in WTA with 60 minutes stimulation / day
(P<0.05). In RTA, total GLUT-4 content was not further altered with longer stimulation
times of 180 or 360 minutes / day (P>0.05 vs. 60 minutes / day). Longer electrical
stimulation of 180 minutes / day induced some further increase (+30%) in WTA GLUT-4
compared with GLUT-4 in WTA after 60 minutes stimulation / day (P<0.05). Stimulation
of 360 minutes / day resulted in a similar GLUT-4 content of the RTA and WTA muscles

(P>0.05, Fig.5.2).

GLUCOSE TRANSPORT
Control muscles:

Table 5.1 shows glucose transport in control muscles. Basal glucose transport was
1.6-fold greater in RTA than in WTA (P<0.05). Insulin increased 3-OMG transport in
both RTA and WTA muscles (P<0.05). Insulin-stimulated 3-OMG transport was 2.1

times greater in RTA than in WTA (P<0.05).
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Table 5.1. Basal and insulin-stimulated 3-OMG transport and total GLUT-4 in control red
tibialis anterior (RTA) and control white tibialis anterior (WTA) muscles (mean £ SEM).

3-CMG transport GLUT-4
(umol /g / 5 min) (arbitrary units)
Muscle Basal Insulin GLUT-4
RTA 0.43 £0.05 5.91 +0.28+ 100
WTA 027+£04* 2.76 £ 0.24 *+ 36+4

* WTA vs. RTA, P<0.05
+ insulin vs. basal, P<0.05
n = 16-26 muscles
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Figure 5.2. Chronic electrical low frequency stimulation time-dependent increase in
GLUT-4 protein expression in red tibialis anterior (RTA) and white tibialis anterior
(WTA) muscles (means + SEM). n = 4-5 muscles for each stimulation time point.
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Basal 3-OMG transport in chronically-active TA muscles:

Basal 3-OMG transport increased in both RTA (+30%) and WTA (+19%) muscles
compared with their respective controls (P<0.05). After 360 minutes / day of electrical
Fig. 2 (GLUT-4 time dpe increase) stimulation 3-OMG transport in the WTA remained

1.83-fold lower than basal 3-OMG transport in the RTA (P<0.05; Fig. 5.3A).

Insulin-stimulated 3-OMG transport in chronically-activate TA muscles:

Both RTA and WTA muscles showed increased insulin-stimulated 3-OMG
transport with chronic electrical stimulation (P<0.05) (Fig. 5.3B). For both muscles
maximal increases in insulin-stimulated 3-OMG transport were observed with 180 minutes
stimulation / day (P<0.05) with no further increases when the stimulation time was

extended to 360 minutes / day (P>0.05).

EFFECT OF 360 MINUTES STIMULATION / DAY ON GLUT-4. INSULIN-STIMULATED
GLUCOSE TRANSPORT AND AKT

Total GLUT-4 content was observed to be markedly increased (+117%) in WTA
and only moderately increased (+44%) in RTA (P<0.05; Fig. 5.4A). Electrical stimulation
for 360 minutes / day increased insulin-stimulated glucose transport by 45% in RTA and

79% in WTA (P<0.05; Fig. 5.4B).

Akt-1 kinase activity after in vivo insulin administration.
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Figure 5.3. Basal (A) and insulin-stimulated (B) 3-O-methyl glucose transport (mean £
sem). RTA significantly different than WTA at all stimulation times tested, P<0.05.
n = 5-6 muscles at each stimulation time point.
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Figure 5.4A. GLUT-4 protein expression inducible by 360 minutes of CLFS / day for 7
days (means + SEM). n = 5-6 muscles for each group.

* chronically-active muscle vs. respective control muscle, P<0.05.
L chronically-active white vs. chronically-active red, P<0.05.
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Figure 5.4B. Insulin-stimulated glucose transport inducible by 360 minutes of CLFS /
day for 7 days (means £ SEM). n = 5-6 muscles for each group.

* chronically-active muscle vs. respective control muscle, P<0.05
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Basal Akt-1 kinase activity was not easily detected in either red or white muscles
since bands generated were too faint to scan. Insulin treatments increased Akt-1 kinase
activity by 92% in chronically-active RTA muscle compared to Akt-1 kinase activity in

control RTA muscles (P<0.01). Similar to the control RTA muscles, the Akt-1 kinase
activity in control WTA muscles was found to be increased by insulin treatments (P<0.05).
But in contrast to the chronically-active RTA muscles, Akt-1 kinase activity in chronically-

active WTA muscles was found to be reduced (-36%) (P<0.01; Fig. 5.4C).

Akt-2 activation after in vivo insulin administration:

Band shift assays were performed to demonstrate insulin-induced activation of Akt
(Fig. 5.5). Motility shift (activation) of Akt-2 in RTA and WTA was slight under basal
conditions and not significantly different in the chronically-active muscles (P>0.05). Total
Akt-2 protein levels were not altered by chronic electrical stimulation (Fig. 5.6). Insulin
activated Akt-2 in all control muscles (P<0.01). In chronically active RTA, Akt-2
activation was 2.3-fold greater than in control RTA (P<0.05). In contrast, Akt-2
activation was found to be lower (-37%) in chronically active WTA than in control WTA

(P=0.059).

DISCUSSION

The objective of this study was to compare two actions induced by insulin (Akt
activation and glucose transport) in red and white muscles that are similar in GLUT-4
content. We found that after chronic electrical stimulation (360 minutes / day) for 7 days,

red tibialis anterior muscle (RTA) and white tibialis anterior muscle (WTA) displayed 1)
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Figure 5.4C. Akt kinase activity in control muscles and muscles chronically-active for
360 minutes / day for 7 days (means £ SEM). n=5-6 muscles for each group.

1 chronically-active red vs. control red, P<0.05

$ chronically-active white vs. control white, P<0.05
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Fig. 5.5. [nsulin-stimulated Akt activation in control muscles and muscles chronically-
active for 360 minute / day for 7 days (means £ SEM). n = 5-6 muscles for each group.

Insulin vs. basal, P<0.05 for control red, chronically-active red, control white, and
chronically-active white muscles.

t chronically-active red vs. control red, P<0.05

t chronically-active white vs. control white, P<0.05
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Figure 5.6. Total Akt-2 in control muscles and muscles chronically-active for 360
minutes / day for 7 days (means + SEM). n = 5-6 muscles for each group.
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similar levels of total GLUT-4 content but 2) different rates of insulin-stimulated glucose
transport (RTA>WTA) and 3) a differential effect on Akt activation. [nsulin-induced Akt
activation was increased in chronically-active RTA while, unexpectedly, this was

suppressed in chronically-active WTA.

Increasing GLUT-4 in red and white muscles can be achieved with relative ease by
chronic electrical stimulation of rat hindlimb muscles (Johannsson et al., 1996). The
advantage of this model is that all muscle fibers in a given muscle can be made to contract
at the same intensity while the muscles of the contralateral limb serve as controls. This
technique offers an effective means by which to vary GLUT-4 levels in skeletal muscle of
living animals because the amount of expressed GLUT-4 protein is dependent on the
duration of electrical stimulation (present study and Johannsson et al., 1996). The 7 day
electrical stimulation protocol employed in our studies does not alter muscle fiber
composition (McCullagh et al., 1997). Longer periods of stimulation (18-56 days) have
been used to promote muscle fiber remodeling in TA muscles in rats (Termin et al, 1989;
Bonen et al., 2000). Moreover, since WTA muscles are more responsive to chronic
electrical stimulation than RTA muscles (Johannsson et al., 1996), it was possible to

elevate total GLUT-4 to levels comparable with GLUT-4 in RTA (Fig. 5.2).

It has long been thought that muscle activity-induced increases in GLUT-4 protein
content in muscle enhance insulin responsiveness. Muscle GLUT-4 content is highly
correlated with glucose transport rates in insulin-stimulated muscles (Megeney et al.,

1993). These studies infer that the translocation of more GLUT-4 in insulin-stimulated
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muscles is a direct result of the increased intracellular GLUT-4 availability. A substantial
induction of GLUT-4 occurred in WTA, while improvements in insulin-stimulated glucose
transport resulting from prolonged muscle activity were not nearly as dramatic. These
discrepancies between the inducible GLUT-4 observed and the degree to which insulin-
stimulated glucose transport was found to be improved in WTA may suggest significantly
more GLUT-4 is produced with electrical stimulation than is actually recruited (i.e.
translocated) by insulin. The amount of GLUT-4 which is translocated by insulin
stimulation is normally in good relation to the amount of glucose transport stimulated by
insulin (Lund et al., 1993 and 1995). It may be that in muscle made chronically-active for
360 minutes / day for 7 days. the lower insulin-stimulated glucose transport rates observed
in WTA were due to less efficient recruitment of GLUT-4, due in part, to inadequate
generation of Akt-derived signals. In 24 h denervated muscles, GLUT-4 translogation is
reduced or absent when insulin-induced Akt activation is impaired (Wilkes and Bonen.

2000).

Oxidative muscles express more insulin receptors (Bonen et al., 1981) and elicits
higher IR tyrosine kinase activity (James et al., 1986) than receptors associated with
glycolytic muscles. Recently, PI3-kinase, Akt and glucose transport activation were
compared in vitro in soleus (~80% slow oxidative fibers / 20% fast oxidative glycolytic
fibers) and EDL muscles (50% fast oxidative glycolytic / 50% fast glycolytic). Song et al.
(1999) found that the time course for PI3-kinase and Akt activations by insulin were
qualitatively similarly, but the maximal activity attained was greater in soleus muscle for

both PI3-kinase and Akt. Moreover, Turinsky and Damrau-Abney (1999) showed Akt
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activation was not increased in plantaris muscles to the level of activation observed in
soleus muscles after 0.1 U insulin administration. These findings support the idea that
insulin-signalling influences may contribute to fiber-type specific differences in glucose

transport activation.

The present studies are unique, since the total amount of GLUT-4 present could
not explain the discrepancy between maximal insulin-stimulated glucose transport in
chronically-active RTA and chronically-active WTA muscles. Interestingly, glucose
transport improved (+45%) in line with the amount GLUT-4 increase (+44%) in RTA,
whereas the improvement in insulin-stimulated Akt activity was slightly greater (+92%) in
this muscle group. This could suggests that both a change in Akt-mediated insulin
signalling along with a concomitant increase in GLUT-4 content together contribute to
improving insulin-stimulated glucose transport of chronicaily-active RTA muscle. In
contrast, the results in the WTA could suggest that increasing total GLUT-4 is necessary
to increase insulin-stimulated glucose transport, but this increase alone is not sufficient to
fully activate glucose transport. It also appears necessary to have an adequate insulin
signalling response at the level of Akt. Given a key role proposed for Akt in insulin-
stimulated GLUT-4 translocation, lessening the activation of Akt in chronically-active
WTA may limit the increase in glucose transport in this muscle. Compared to the
chronically-active RTA, it appears that the differential effect of muscle activity on
reducing insulin-stimulted Akt activation in chronically-active WTA is what might
modulate the rise in insulin-stimulated glucose transport in WTA with similar GLUT-4

availability to RTA.

121



In summary, the findings reported here show that a) higher insulin-stimulated
glucose transport rates in RTA muscles can be associated with greater insulin-activated
Akt. But, b) in WTA muscles, with levels of GLUT-4 increased to levels comparable to
GLUT-4 in RTA muscles, insulin-stimulated glucose transport remained lower than
insulin-stimulated glucose transport in RTA muscles. In chronically-active WTA insulin-
stimulated Akt activation was found to be depressed. Therefore, it is concluded that full
activation of glucose transport by insulin in chronically-active muscles is not solely
dependent on the availability of total GLUT-4 but also on the adequate activation of the

key signalling protein Akt.
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Chapter 6:

SUMMARY
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It is becoming increasingly apparent that an intact insulin signalling system is vital
for insulin to effectively stimulate glucose transport. Therefore, there is a great deal of
interest on the impact of metabolic and physiological changes on those parts of the insulin
signalling pathway that regulate glucose transport. This was previously not possible
because, in the past, any insulin-activated signals with clearly defined roles were relatively
unknown. For instance, in some earlier studies it was first presumed that cAMP acted as a
second messenger for insulin. The belief that cAMP was directly responsible for
promoting glucose transport implicated cAMP regulating enzymes (i.e. adenylate cyclase)
as targets of insulin receptor activity. Later on, the observations that diacylglycerol
(DAG) concentrations could be increased by insulin stimulation implicated phospholipase
C as another potential signal that might also activate the glucose transport system.
However. since it was found that insulin requires src-homologous containing proteins
coupling IR activity by IRS proteins (see introduction), it has been possible to verify that
the enzymes which increase cAMP and DAG levels are not the intermediate signals that

link insulin receptor activity to the induction of GLUT-4 translocation.

Soon after the discovery of PI3-kinase, this insulin signalling intermediate was
acknowledged to be a signalling protein linking IR activity to glucose transport activation.
PI3-kinase converts IR tyrosine kinase activity to signals that increase GLUT-4
translocation in insulin sensitive tissues such as skeletal muscle. However, although PI3-
kinase is required, the activation of PI3-kinase itself is insufficient to activate glucose

transport on its own (Isakoff et al., 1995). Several research groups have since proposed
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that molecules known to follow PI3-kinase in insulin signalling pathways might also be

involved in stimulating glucose transport activation.

My attention has been focused on Akt. This signalling protein is likely to have a
pivotal effect on cellular glucose utilization. Akt has been shown to promote glucose
transport by increasing GLUT-4 translocation (Kohn et al., 1996; Hajduch et al., 1998)
and GLUT-1 biosynthesis (Hajduch, 1998). As well, Akt is thought to lie within a
signalling pathway important for increasing glycogen synthesis in skeletal muscle. This
illustrates that Akt appears to have a central role in regulating muscle glucose utilization.
Therefore, I examined Akt in muscles in which insulin responsiveness was altered by

various physiological and metabolic perturbations.

In the first study on Akt (Chapter 3) it was found that a reduction in muscle
activity caused by muscle denervation led rapidly to a loss of insulin-stimulated Akt-1
kinase activity. The reduced insulin-stimulated Akt-1 activation observed was found to be
associated with a severe reduction in GLUT-4 translocation and. as well, a lowering of
glucose transport. Prior work had shown that long term denervation (>24 h) decreased
muscle GLUT-4 concentrations (Megeney et al., 1993). However, these studies with
short term denervations (<24 h) demonstrate that before GLUT-4 is reduced, insulin
signalling at the level of Akt could be disrupted. Thus, it appears that the denervation-
induced impairment in Akt activation is a means by which an inactive muscle reduces
insulin-mediated glucose utilization. Muscles with lower activity levels presumably

require less glucose. Therefore, decrements in a more flexible insulin signalling system
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rather than lost GLUT-4 from a rigid GLUT-4 pool could represent a means to rapidly
diminish insulin-stimulated glucose transport, when the muscle’s requirement for glucose
is instantly lowered by denervation. Alternatively, there may be as yet unidentified

neurotrophic substances that serve to maintain signalling proteins.

The second study on Akt (Chapter 4) reports on the effect of feeding a high-fat-
diet on Akt. The high-fat-feeding protocol is outlined in Chapter 2. In HF-MIXED-fed
rats, insulin-stimulated 3-O-methyl-glucose transport was observed to be decreased
(Chapter 2). The impairment in insulin-stimulated 3-O-methylglucose glucose transport
found (Chapter 2) seemed to be some what paradoxical with the normal glucose tolerance
test results (Chapter 2) given that skeletal muscle is the most important tissue for insulin-
mediated glucose disposal (DeFronzo et al.. 1981). This was not the case for the HF-
SAFF-fed rats. These rats showed a decrease in insulin-stimulated 3-O-methylglucose
transport which was accompanied more characteristically by whole body glucose
intolerance. In these earlier studies (Chapter 2) it was suggested that the additional
adipose mass as well as the increased muscle basal glucose uptake may have accounted for

normal disposal of glucose in HF-MIXED-fed rats.

In contrast to denervation-induced insulin resistance, the insulin resistance induced
in muscle by high-fat-feeding was accompanied by a concomitant increase in muscle Akt
activation (Chapter 4). These studies implicate Akt as a perturbed signal when insulin
resistance is caused by the consumption of a high-fat diet. However, these studies do not

implicate Akt as a defective signal that lowers insulin-stimulated glucose transport in
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muscle of high-fat-fed rats. One interpretation is that the increased Akt-1 activation may
have occurred to compensate for insulin resistance in the muscle of high-fat-fed rats,
analogous to the hyperinsulinemia that occurs during the development of insulin resistance
in humans. In both instances (increased Akt or increased hyperinsulinemia), these
compensatory effects to insulin resistance would act to alleviate the reduction in insulin-
stimulated glucose uptake in tissues important for blood glucose removal (ie. skeletal

muscle) and enable animals to retain normal circulating blood glucose concentrations.

The finding that basal glucose transport increases in both groups of high-fat-fed
rats prompted an inquiry as to whether there are additional changes in the glucose uptake
system that occur in skeletal muscle with high-fat-feeding (Chapter 4). The increase in
Akt-1 kinase activation and total GLUT-1 found with high-fat-feeding (Chapter 4) was
suggested to have occurred in order to compensate for insulin resistance. Interestingly. in
this set of studies it was found that the muscle of HF-MIXED-fed rats displayed normal
insulin-stimulated 2-deoxyglucose transport, while muscle from the HF-SAFF-fed rats still
displayed an overt resistance to insulin (Chapter 4). These findings could suggest that
compensatory mechanisms in skeletal muscle, which attempt to offset insulin resistance
caused by high-fat-feeding, were more effective in HF-MIXED-fed rats, and not
completely effective in HF-SAFF-fed rats. Adaptive changes in muscles of HF-MIXED-
fed rats were likely more effective since this dietary group consumed a diet with a very
different fatty acid composition. Select biochemical features of the HF-MIXED diet may
have allowed for more normal insulin actions of insulin-sensitive tissues to occur (see

introduction in Chapter 2).
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Studies on chronically-active RTA and WTA muscles demonstrate that Akt
activation. as well as changes in GLUT-4 content, could explain, in part, discrepancies
between insulin-stimulated glucose transport in chronically-active red and white muscle
(Chapter 5). These studies showed insulin-stimulated glucose transport to be greater in
chronically-active RTA than in chronically-active WTA when total GLUT-4 content and
Akt activation were concomitantly increased in chronically-active RTA muscle. In
contrast. the ability to induce Akt activation with insulin in the chronically-active WTA
was suppressed. Yet, chronic electrical stimulation induced a very dramatic increase in
GLUT-4 protein expression in WTA to the level equivalent with the total GLUT-4 level in
chronically-active RTA. It is well known that normal red muscle is substantiaily more
insulin responsive (demonstrated in Chapter 2) and contains impressively more GLUT-4
than normal white muscle (Megeney et al.. 1993). The studies in Chapter 5 could indicate
that fiber-type differences in signal transduction mechanisms in chronically-active muscle
might also contribute to fiber-type differences in glucose transport regulation independent

of muscle total GLUT-4 content.

Clearly there are differences in insulin-stimulated Akt activation in denervated—
muscle, chroncially-active muscle and muscle from high-fat-fed rats which should be
noted. In previous studies with chronic electrical stimulation or denervation as models of
altered muscle activity, changes in total GLUT-4 content have been used to explain effects
on maximal insulin-stimulated glucose transport activity (Megeney, 1993; Johannsson,

1996). However, in my studies, denervation and chronic white TA muscle activation
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produced muscles with total GLUT-4 content that did not easily predict the insulin-
stimulated glucose transport potential. Therefore, it seems as though the decrement in
Akt activation in denervated muscle and in chronically-active white muscle limited or at
the very least, restricted insulin-stimulated glucose transport when there was more than an
adequate total GLUT-4 content. [t may be interesting to speculate that when GLUT-4
content of muscle is mismatched with insulin responsiveness, then signals from Akt are
changed in order to fine tune the insulin-stimulatable glucose transport system mediated by

the GLUT-4 transporter.

Unlike in denervated muscle, Akt in high-fat-fed rat muscle did not explain insulin
resistance, since Akt-1 activation was increased and Akt-2 activation was normal. A
possible explanation for this is that insulin-stimulated glucose transport is diminished in
muscle of high-fat-fed rats due to an impairment in insulin signalling situated downstream
from Akt in the insulin signalling pathway, or in the GLUT-4 trafficking / activation steps
beyond Akt. As such, the insulin stimulation of Akt-1 could have increased in an attempt
to correct a deficiency in post-Akt signals or compensate for faulty steps in GLUT-4
trafficking. Whether GLUT-4 translocation was increased by an enhancement of Akt-1
activation is unknown. Furthermore, an elevation of Akt-1 kinase activity may have had
alterior or additional affects on glucose transport activation. Because Akt has also been
implicated in GLUT-1 biosynthesis (Hajduch et al., 1998), the increased Akt-1 kinase
activity observed could have been responsible for the higher GLUT-1 levels detected in

muscle of high-fat-fed rats (Chapter 4). Although this is not definitive, the work in this
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thesis begins to establish that there is possibility of a linkage between the synthesis of
GLUT-1 and the activity of Akt-1 in muscle made insulin resistant by high-fat-feeding.

In conclusion, this thesis supports a role for Akt in insulin-stimulated glucose
transport. However, the present studies in this thesis show that when muscle Akt is
affected by select models of insulin resistance and muscle models of improved insulin
action, the Akt responses are more complex than have previously been recognized. These
studies indicate that skeletal muscle Akt makes key contributions to muscle glucose
transport by exploiting glucose transporter availability when the insulin responsiveness of

this tissue is altered by high-fat-feeding or muscle activity changes.
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RECOMMENDATIONS

It may be of interest to feed rats high-fat diets for longer periods of time to allow animals
to become obese. This would allow for determining whether insulin resistance
deteriorates further and permit for addressing the question of whether Akt activation

decreases in obese high-fat-fed rats?

Muscle denervation interupts both muscle activity and neurotrophic flow. It would be of
considerable interest to determine whether nerve-derived factors maintain Akt activity in
inactive muscles. This may be ascertained using tetrodotoxin treatment to block sodium

channels while retaining axoplasmic flow.

131



REFERENCES

Alessi, D. R., M. Andjelkovic, F. B. Caudwell, P. Cron, N. Morrice, P. Cohen, and B. A.
Hemmings. 1996. Mechanisms of activation of protein kinase B by insulin and [GF-1.

EMBO J. 15: 6541-6551.

Alessi, D. R., and P. Cohen. 1998. Mechanism of activation and function of protein kinase

B. Curr. Opin. Genet. Dev. 8: 55-62.

Altomare, D. A., K. Guo. J. Q. Cheng, G. Sonoda. K. Walsh, and J. R. Testa. 1995.
Cloning, chromosomal localization and expression analysis of the mouse Akt2 oncogene.

Oncogene 11: 1055-1060.

Anai, M.. M. Funaki, T. Ogihara, A. Kanda, Y. Onishi, H. Sakoda, K. Inukai, M.
Nawano, Y. Fukushima, Y. Yazaki, M. Kikuchi, Y. Oka. and T. Asano. 1999. Enhanced
insulin-stimulated activation of phosphatidylinositol 3-kinase in the liver of high-fat-fed

rats. Diabetes 48: 158-169.

Avruch. J., H. E. Tornqvist, J. R. Gunsalus, E. J. Yurkow, J. M. Kyriakis, and D. J. Prive.

1990. Insulin regulation of protein phosphorylation. "The Handbook of Experimental

Pharmacology, Insulin." New York:: Springer-Verlag Berlin/Heidelberg, pp. 313- 366 .

132



Backer, J. M., M. G. J. Myers, X. Sun, D. J. Chin, S. E. Shoelson, M. Mirapleix, and M.
F. White. 1993. Association of IRS-1 with the insulin receptor and the
phosphatidylinositol 3'-kinase: formation of binary and ternary signalling complexes in

intact cells. J. Biol. Chem. 268: 8204-8212.

Backer, J. M., M. G. J. Myers, and S. E. Shoelson. 1992. The phosphatidylinositol 3'-
kinase is activated by association with IRS-1 during insulin stimulation. EMBO J. 11:

3469-3479.

Banting, F. G.. and C. H. Best. 1922. The internal secretion of the pancreas. J. Lab. Clin.

Med. 7: 464-472.

Baron. A. D., J. S. Zhu, J. H. Zhu, H. Weldon, L. Maianu, and W. T. Garvey. 1995.
Glucosamine induces insulin resistance in vivo by affecting GLUT-4 translocation in

skeletal muscle. J. Clin. Invest. 96: 2792-2801.

Barrett, M. P.. A. R. Walmsley, and G. W. Gould. 1999. Structure and function of

facilitative sugar transporters. Cur. Opin. Cell Biol. 11: 496-502.

Barthel, A., S. T. Okino, J. Liao, K. Nakatani, J. Li, J. P. J. Whitlock, and R. A. Roth.

1999. Regulation of GLUT-1 gene transcription by the serine / threonine kinase Aktl. J.

Biol. Chem. 29: 20281-20286.

133



Becker, M., S. Newman, and F. [smail-Beigi. 1996. Stimulation of GLUT-1 glucose
transporter gene expression in response to inhibition of oxidative phosphorylation: role of

reduced sulfhydryl groups. Mol. Cell. Endocrinol. 121: 165-170.

Bell, G. I., T. Kayano, J. B. Buse, C. F. Burant, J. Takeda, D. Lin, H. Fukumoto, and S.
Seino. 1990. Molecular biology of mammalian glucose transporters. Diabetes Care 13:

198-208.

Bell, R. C.. R. Ing, and D. McCutcheon. 1996. Effects of low protein followed by high fat

intakes in rats compromised B-cell function. Faseb J. 10: A744.

Bellacosa, A.. J. R. Testa, S. P. Staal. and P. N. Tsichlis. 1991. A retroviral oncogene.
Akt. encoding a serine/threonine kinase containing an SH-2-like region. Science 254:

274-2717.

Birnbaum, M. J., H. C. Haspel. and O. M. Rosen. 1986. Cloning and characterization of a
cDNA encoding the rat brain glucose transporter protein. Proc. Nat. Acad. Sci. USA 83:

578-588.

Birnbaum, M. J., H. C. Haspel. and O. M. Rosen. 1987. Transformation of rat fibroblasts

by FSV rapidly increases glucose transporter gene transcription. Science 235: 1495-1498.

134



Bjornholm, M., Y. Kawano, M. Lehtihet, and J. R. Zierath. 1997. Insulin receptor
substrate-1 phosphorylation and phosphatidylinositol 3-kinase activity in skeletal muscle

from NIDDM subjects after in vivo insulin stimulation. Diabetes 46 (3): 524-527.

Block. N. E., D. R. Menick, K. A. Robinson, and M. G. Buse. 1991. Effect of denervation
on the expression of two glucose transporter isoforms in rat hindlimb muscle. J.Clin.

Invest. 88: 1546-1552.

Bonen. A.. M. G. Clark. and E. J. Henrikksen. 1994. Experimental approaches to the
study of skeletal muscle metabolism: comparison of hindlimb perfusion and isolated

muscle incubations. Am. J. Physiol. 266 (Endocrinol. Metabol.): E1-E16.

Bonen. A.. J. C. McDermott, and M. H. Tan. 1990. Glycogenesis and glyconeogenesis in
skeletal muscle: effects of pH and hormones. Am. J. Physiol. 258 (Endocrinol. Metabol.):

E693- E700.

Bonen. A., M. H. Tan. L. A. Megeney, and J. C. McDermott. 1992. Persistence of
glucose metabolism after exercise in trained and untrained soleus muscle. Diabetes Care

15 (Suppl 4): 1694-1700.

Brodbeck. D., P. Cron, and B. A. Hemmings. 1999. A human protein kinase B gamma
with regulatory phosphorylation sites in the activation loop and in the C-terminal

hydrophobic domain. J. Biol. Chem. 274: 9133-9136.

135



Brozinick, J. T. J., G. J. Etgen, B. B. 3. Yaspelkis, and J. L. Ivy. 1992. Contraction-
activated glucose uptake is normal in insulin resistant muscle of the obese Zucker rat. J.

Appl. Physiol. 73: 382-387.

Brozinick, J. T., G. J. Etgen, B. B. 3. Yaspelkis, H. Y. Yang, and J. L. Ivy. 1993. Effects
of exercise training on muscle GLUT- 4 protein content and translocation in obese Zucker

rats. Am. J. Physiol. 265 (Endocrinol. Metabol.): E419-E427.

Brozinick, J. T.. G. J. Etgen, B. B. Yaspelkis, and J. L. [vy. 1994. The effects of muscle
contraction and insulin on glucose transporter translocation in rat skeletal muscle.

Biochem. J. 297: 539-545.

Burant, C. F., S. K. Lemmon, M. K. Treutelaar, and M. G. Buse. 1984. Insulin resistance

of denervated rat muscle: a model for impaired receptor-function coupling. Am. J.

Physiol. 247 (Endocrinol. Metabol.): E657-E666.

Burant, C. F., J. Takeda, E. Brot-Laroche, G. I. Bell, B. Davidson. and N. O. Davidson.
1992. Fructose transporter in human spermatozoa and small intestine is GLUTS5. J. Biol.

Chem. 267: 14523-14526.

Burgering, B. M., and P. J. Coffer. 1995. Protein kinase B (c- Akt) in

phosphatidylinositol-3-OH kinase signal transduction. Nature (London) 376: 599-602.

136



Buse, M. G., K. A. Robinson, B. A. Marshall, and M. Mueckler. 1996. Differential effects
of GLUT-1 or GLUT-4 overexpression on hexosamine biosynthesis by muscle of

transgenic mice. J. Biol. Chem. 271: 23197-23202.

Calderhead, D. M., K. Kitagawa, L. I. Tanner, G. D. Holman, and G. E. Lienhard. 1990.
Insulin regulation of the two glucose transporters in 3T3-L1 adipocytes. J. Biol. Chem.

265: 13800-13808.

Calera, M. R., C. Martinez. H. Liu. A. K. Jack, M. J. Birnbaum. and P. F. Pilch. 1998.
Insulin increases the association of Akt-2 with GLUT-4-containing vesicles. J. Biol.

Chem. 273: 7201-7204.

Carvatho. C. R. O., S. L. Brenelli, C. Silva, A. L. B. Nunes, L. A. Velloso. and M. J. A.
Saad. 1996. Effects of aging on insulin receptor. insulin receptor substrate-1. and

phosphatidylinositol 3-kinase in liver and muscle of rats. Endocrinology 137: 151- 159.

Charron, M. J., and B. B. Kahn. 1990. Divergent molecular mechanisms for insulin-
resistant glucose transport in muscle and adipose cells in vivo. J. Biol. Chem. 265: 7994-

8000.

Cheatham, B., C. J. Vlahos, L. Cheatham, L. Wang, J. Blenis, and R. C. Kahn. 1994.

Phosphatidylinositol 3-kinase activation is required for insulin stimulation of pp70s6

137



kinase, DNA synthesis, and glucose transporter translocation. Mol. Cell. Biol. 14: 4902-

4911.

Chen, K. S.. J. C. Friel, and N. B. Ruderman. 1993. Regulation of phosphatidylinositol 3-
kinase by insulin in rat skeletal muscle. Am. J. Physiol. 265 (Endocrinol. Metabol.): E736-

E742.

Chibalin, A. V., M. Yu, J. W. Ryder, X. M. Song, D. Galuska, A. Krook, H. Wallberg-
Henriksson, and J. R. Zierath. 2000. Exercise- induced changes in expression and activity
of proteins involved in insulin signal transduction in skeletal muscle: differential effects on

insulin-receptor substrate | and 2. Proc. Nat. Acad. Sci. USA 97: 38-43.

Clark. A. E., G. D. Holman, and [. J. Kozka. 1991. Determination of the rates of
appearance and loss of glucose transporters at the cell surface of rat adipose cells.

Biochem. J. 278: 235-241.

Clarke, J. F., P. W. Young, K. Yonezawa. M. Kasuga. and G. D. Holman. 1994.
[nhibition of the translocation of GLUT1 and GLUT4 in 3T3-L1 cells by the

phosphatidylinositol 3-kinase inhibitor, wortmannin. Biochem. J. 300: 631-635.

Coderre, L., M. M. Monfar, K. Chen, S. J. Heydrick, T. G. Kurowski, N. B. Ruderman,
and P. F. Pilch. 1992. Alteration in expression of GLUT-1 and GLUT-4 protein and

messenger RNA levels in denervated rat muscles. Endocrinology 131: 1821-1825.

138



Coffer, P. J., J. Jin, and J. R. Woodgett. 1998. Protein kinase B (c-Akt): a multifunctional

mediator of phosphatidylinositol 3- kinase activation. Biochem. J. 335: 1-13.

Coffer, P. J., and J. R. Woodgett. 1991. Molecular cloning and characterization of a novel
putative protein-serine kinase related to the cAMP-dependent and protein kinase C

families. Eur. J. Biochem. 201: 475-481.

Cohen, P., D. R. Alessi, and D. A. Cross. 1997. PDK1, one of the missing links in insulin

signal transduction? FEBS Letters 410: 3-10.

Cong, L. N., H. Chen, Y. Li. L. Zhou, M. A. McGibbon, S. [. Taylor. and M. J. Quon.
1997. Physiological role of Akt in insulin-stimulated translocation of GLUT-4 in

transfected rat adipose cells. Molecular Endocrinology 11: 1881-1890.

Corvera. S., D. F. Graver, and R. M. Smith. 1989. Insulin increases the cell surface
concentration of alpha 2-macroglobulin receptors in 3T3-L1 adipocytes. Altered transit of

the receptor amoung intracellular endocytic compartments. J. Biol. Chem. 264: 10133-

10138.

Cross, D. A. E., D. R. Alessi, P. Cohen, M. Andjelkovich, and B. A. Hemmings. 1995.
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature

378: 785-789.

139



Cross, D. A., P. W. Watt, M. Shaw, J. Van-Der-Kaay, C. P. Downes, J. C. Holder, and P.
Cohen. 1997. Insulin activates protein kinase B, inhibits glycogen synthase kinase-3 and
activates glycogen synthase by rapamycin-insensitive pathways in skeletal muscle and

adipose tissue. FEBS Letters 406: 211-215.

Cushman S.W.. and L. J. Wardzala. 1980. Potential mechanism of insulin action on
glucose transport in the isolated rat adipose cell: apparent translocation of intracellular

transport systems to the plasma membrane. J. Biol. Chem. 255: 4758-4762.

Czech. M. P., and J. M. Buxton. 1993. Insulin action on the internalization of the GLUT4

glucose transporter in isolated rat adipocytes. J. Biol. Chem. 268: 9187-9190.

Dauterive. R., S. Laroux. R. C. Bunn, A. Chaisson, T. Sansoq, and B. C. Reed. 1996. C-
terminal mutations that alter the turnover number for 3-O-methylglucose transport by

GLUT-1 and GLUT-4. J. Biol. Chem. 271: 11414-11421.

DeFronzo, R. A., E. Jacot, E. Jequier, J. Maeder, J. Wahren, and J. P. Felber. 1981. The

effect of insulin on the disposal of intravenous glucose. Diabetes 30: 1000-1007.

Doege, H.. A. Schurmann, G. Bahrenberg, A. Brauers, and H. G. Joost. 2000. GLUT-8. a
novel member of the sugar transport facilitator family with glucose transport activity. J.

Biol. Chem. 21: 16275-16280.

140



Dombrowski, L., D. Roy, B. Marcotte, and A. Marette. 1996. A new procedure for the
isolation of plasma membranes, T tubules and internal membranes from skeletal muscle.

Am. J. Physiol. 270 (Endocrinol. Metab.): E667-E676.

Douen. A. G., T. Ramlal, S. Rastogi. P. J. Bilan, G. D. Cartee, M. Vranic, J. O. Holloszy,
and A. Klip. 1990. Exercise induces recruitment of the "insulin-responsive glucose

transporter”. J. Biol. Chem. 265: 13427-13430.

Egert, S., N. Nguyen, and M. Schwaiger. 1999. Myocardial glucose transporter GLUT-1:

translocation induced by insulin and ischemia. J. Mol. Cell. Cardiol. 31: 1337-1344.

Elchebly, M., P. Payette, E. Michaliszyn, W. Cromlish, S. Collins, A. L. Loy, D.
Normandin, A. Cheng, J. Himms-Hagen, C. C. Chan, C. Ramachandran, M. J. Gresser. M.
L. Tremblay, and B. P. Kennedy. 1999. Increased insulin sensitivity and obesity resistance

in mice lacking the protein tyrosine phosphatase-1B gene. Science 283: 1544-1548.

Elmendorf. J. S., A. Damrau-Abney, T. E. Smith, T. S. David, and J. Turinsky. 1997.

Phosphatidylinositol 3-kinase and dynamics of insulin resistance in denervated slow and

fast muscles in vivo. Am. J. Physiol. 272 (Endocrinol. Metab.): E661-E670.

141



Etgen, G. J., R. P. Farrar, and J. Ivy. 1993. Effect of chronic electrical stimulation on
GLUT-4 protein content in fast-twitch muscle. Am. J. Physiol. 264 (Reg. Integrative

Comp. Physiol.): R816-R819.

Etgen, G. J. J., W. I. Zavadoski, G. D. Holman, and E. M. Gibbs. 1999. Insulin-sensitive
regulation of glucose transport and GLUT- 4 translocation in skeletal muscle of GLUT-1

transgenic mice. Biochem. J. 337: 51-57.

Fickova, M. P.. G. Hubert, G. Cremel, and C. Leray. 1998. Dietary (n-3) and (n-6)
polyunsaturated fatty acids rapidly modify fatty acid composition and insulin effects in rat

adipocytes. J. Nut. 128: 512-519.

Fischer, M. D., and S. C. Frost. 1996. Translocation of GLUT-1 does not account for
elevated glucose transport in glucose- deprived 3T3-L1 adipocytes. J. Biol. Chem. 271:

11806-11809.

Friedman, J. E.. W. M. Sherman, M. J. Reed, and G. L. Dohm. 1990. Exercise training

increases glucose transporter protein GLUT-4 in skeletal muscle of obese Zucker (fa/fa)

rats. FEBS Letter 268: 13-16.

Gao. J.. J. Ren, E. A. Gulve, and J. O. Holloszy. 1994. Additive effect of contractions and

insulin on GLUT-4 translocation into the sarcolemma. J. Appl. Physiol. 77: 1597-1601.

142



Garg, A., S. M. Grundy, and R. H. Unger. 1992. Comparison of effects of high and low
carbohydrate diets on plasma lipoproteins and insulin sensitivity in patients with mild

NIDDM. Diabetes 41: 1278-1284.

Gingras, A., S. G. Kennedy, M. A. O'Leary, N. Sonenberg, and N. Hay. 1998. 4E-BP1, a
repressor of mRNA translation, is phosphorylated and inactivated by the Akt (PKB)

signaling pathway. Genes and Development 12: 502-513.

Goodyear, L. J., M. F. Hirshamn, R. J. Smith. and E. S. Horton. 1991. Glucose
transporter number, activity, and isoform content in plasma membranes of red and white

skeletal muscle. Am. J. Physiol. 261 (Endocrinol. Metabol.): E5S56-E561.

Goodyear, L. J., M. F. Hirshman, P. M. Valyou, and E. S. Horton. 1992. Glucose
transporter number. function and subcellular distribution in rat skeletal muscle after

exercise training. Diabetes 41: 1091-1099.

Gould. G. W., and G. D. Holman. 1993. The glucose transporter family: structure,

function and tissue-specific expression. Biochem. J. 295: 329-341.

Gulve, E., J. M. Ren, B. Adkins Marshall, J. Goa, P. A. Hansen, J. Holloszy. and M.

Mueckler. 1994. Glucose transport activity in skeletal muscle from transgenic mice

overexpressing GLUT-1. J. Biol. Chem. 269: 18366-18370.

143



Haber, R. S., F. Ismail-Beigi, and J. N. Loeb. 1988. Time-course of Na, K transport and
other metabolic response to thyroid hormone in Clone 9 cells. Endocrinology 123: 238-

247.

Hajduch, E., D. R. Alessi, B. A. Hemmings, and H. S. Hundal. 1998. Constitutive
activation of protein kinase B-alpha by membrane targeting promotes glucose and system
A amino acid transport, protein synthesis, and inactivation of glycogen synthase kinase 3

in L6 muscle cells. Diabetes 47: 1006-1013.

Hallakou. S. L.. L. Doare. F. Foufelle. M. Kergoat. M. Guerre- Millo, M. F. Berthault, [.
Dugail, J. Morin, J. Auwerx. and P. Ferre. 1997. Pioglitazone induce in vivo adipocyte

differentiation in the obese Zucker fa/fa rat. Diabetes 46: 1393- 1399.

Han, D. H.. P. A. Hansen, H. H. Host, and J. O. Holloszy. 1997. Insulin resistance of
muscle glucose transport in rats fed a high-fat diet: a reevaluation. Diabetes 46: 1761-

1767.

Han, X., and A. Bonen. 1998. Epinephrine translocates GLUT-4 but inhibits insulin-

stimulated glucose transport in rat muscle. Am. J. Physiol. 274 (Endocrinol. Metab.):

E700-E707.

144



Han, X., T. Rloug, and H. Galbo. 1995. Effect of diet on insulin- and contraction-
mediated glucose transport and uptake in rat muscle. Am. J. Physiol. 269 (Reg.

Integrative Comp. Physiol.): R544-R551.

Handberg, A., L. A. Megeney, K. J. A. McCullagh, L. Kayser, X. X. Han, and A. Bonen.
1996. Reciprocal GLUT-1 and GLUT-4 expression and glucose transport in denervated

muscles. Am. J. Physiol. 271 (Endocrinol. Metabol.): E50-E57.

Handberg, A., A. Vaag, P. Damsbo. H. Beck-Heilsen. and J. Vinten. 1990. Expression of
insulin regulatable glucose transporters in skeletal muscle from type 2 (non-insulin

dependent) diabetic patients. Diabetologia 33: 625-627.

Hansen. P. A., D. H. Han, B. A. Marshall. L. A. Nolte, M. M. Chen. M. Mueckler. and J.
O. Holloszy. 1998. A high fat diet impairs stimulation of glucose transport in muscle.

Functional evaluation of potential mechanisms. J. Biol. Chem. 273: 26157-26163.

Hansen, P. A., W. Wang, B. A. Marshall, J. O. Hollozy, and M. Mueckler. 1998.
Dissociation of GLUT4 translocation and insulin- stimulated glucose transport in

transgenic mice overexpressing GLUT1 in skeletal muscle. J. Biol. Chem. 273: 18173-

18179.

Heart, E., W. S. Choi, and C. K. Sung. 2000. Glucosamine-induced insulin resistance in

3T3-L1 adipocytes. Am. J. Physiol. 278 (Endocrinol. Metabol.): E103-E112.

145



Heirich, S. P., D. R. Ragland, R. W. Leung, and R. S. Puffenbarger. 1991. Physical
activity and reduced occurrence of non-insulin dependent diabetes mellitus. New England

Journal of Medicine 325: 147-152.

Heller-Harrison, R.. M. Morin, A. Guilherme, and M. P. Czech. 1996. Insulin-mediated
targeting of phosphatidylinositol 3'- kinase to GLUT4-containing vesicles. J. Biol. Chem.

271: 10200-10204.

Henriksen, E. J.. K. J. Rodnick, C. E. Mondon, D. E. James, and J. O. Holloszy. 1991.
Effect of denervation or unweighting on GLUT-4 protein in rat soleus muscle. J. Appl.

Physiol. 70: 2322-2327.

Himsworth, H. P. 1935. The dietetic factor determining the glucose tolerance and

sensitivity to insulin of healthy men. Clin. Sci. 2: 67-94.

Hirshman, M. F.. L. J. Goodyear, L. J. Wardzala, E. D. Horton, and E. S. Horton. 1990.
[dentification of an intracellular pool of glucose transporters from basal and insulin-

stimulated rat skeletal muscle. J. Biol. Chem. 265: 987- 991.

Holgado-Madruga, M., D. R. Emlet, D. K. Moscatello, A. K. Godwin, and A. J. Wong.
1996. A Grb2-associated docking protein in EGF- and insulin-receptor signalling. Nature

379: 560-563.

146



Holloszy, J. O., and H. T. Narahara. 1965. Studies of tissue permeability to 3-
methylglucose associated with contraction of isolated frog muscle. J. Biol. Chem. 240:

3493-3500.

Holman, G. D.. and M. Kasuga. 1997. From receptor to transporter: insulin signalling to

glucose transport. Diabetologia 40: 991- 1003.

Houmard. J. A.. T. Hortobayi. P. D. Neufer, R. A. Johns. and D. E. Fraser. 1993. Training
cessation does not alter GLUT-4 protein levels in human skeletal muscle. J. Appl.

Physiol. 74: 776-781.

[sakoff, S. J., C. Taha, E. Rose. J. Marcusohn. A. Klip. and E. Y. Skolnik. 1995. The
inability of phosphatidylinositol 3'-kinase activation to stimulate GLUT4 translocation
indicates additional signaling pathways are required for insulin-stimulated glucose uptake.

Proc. Nat. Acad. Sci. USA 92: 10247-10251.

Ismail-Beigi, F. 1993. Metabolic regulation of glucose transport. J. Mem. Biol. 135: 1-10.

James, D. E., R. Brown, J. Navarro, and P. F. Pilch. 1988. Insulin-regulatable tissues

express a unique insulin-sensitive glucose transporter protein. Nature (London) 333: 183-

185.

147



James, D. E., K. M. Burleigh, and E. W. Kraegen. 1986. In vivo glucose metabolism in

individual tissues of the rat. J. Biol. Chem. 261: 6366-6374.

James, D. E., A. Zorzano, M. Boni-Schnetzler, R. A. Nemenoff, A. Powers, P. F. Pilch,
and N. B. Ruderman. 1986. Intrinsic differences of insulin receptor kinase activity in red

and white muscle. J. Biol. Chem. 261: 14939-14944.

James. S. R., C. P. Downes, R. Gigg, S. J. A. Grove. A. B. Holmes, and D. R. Alessi.
1996. Specific binding of the Akt-1 protein kinase to phosphatidylinositol 3.4.5-

triphosphate without subsequent activation. Biochem. J. 315: 709-713.

Jhun, B. H.. A. L. Rampal, H. Liu, M. Lachaal. and C. Y. Jung. 1992. Effects of insulin on
the steady state kinetics of GLUT4 subcellular distribution in rat adipocytes: evidence of

consitutive GLUT4 recycling. J. Biol. Chem. 267: 17710-17715.

Johannsson. E.. K. Jensen, K. Gunderson, H. A. Dahl, and A. Bonen. 1996. Effect of
electrical stimulation patterns on glucose transport in rat muscle. Am. J. Physiol. 271

(Reg. Integrative Comp. Physiol.): R426-R431.

Johannsson, E., K. J. A. McCullagh, X. Han, P. K. Fernando, J. Jensen, H. A. Dahl. and

A. Bonen. 1996. Effect of overexpressing GLUT-1 and GLUT-4 on insulin-stimulated

glucose transport in muscle. Am. J. Physiol. 271 (Endocrinol. Metabol.): E547-E555.

148



Jones, P. F., T. Jakubowicz, F. J. Pitossi, F. Maurer, and B. A. Hemmings. 1991.
Molecular cloning and identification of a serine / threonine protein kinase of the second-

messenger subfamily. Proc. Nat. Acad. Sci. USA 88: 4171- 4175.

Kahn, B. B. 1994. Dietary regulation of glucose transporter gene expression: tissue

specific effects in adipose cells and muscle. J. Nut. 124: 1289s-1295s.

Kahn, B. B.. and O. Pedersen. 1993. Suppression of GLUT-4 expression in skeletal
muscle of rats that are obese from high-fat-feeding but not from high carbohydrate feeding

or genetic obesity. Endocrinology 132: 13-22.

Kahn, C. R. 1994. Banting lecture. Insulin action. diabetogenes. and the cause of type I1

diabetes. Diabetes 43: 1066-1084.

Kanai. F.. K. [to, M. Todaka, H. Hayashi, S. Kamohara, K. Ishii. T. Okada, O. Hazeki. M.
Ui. and Y. Ebina. 1993. Insulin- stimulated GLUT4 translocation is relevant to the
phosphorylation of IRS-1 and the activity of PI3-kinase. Biochem. Biophys. Res. Com.

195: 762-768.

Kandel, E. S., and N. Hay. 1999. The regulation and activities of the multifunctional serine

/ threonine kinase Akt / PKB. Exp. Cell Res. 253: 210-229.

149



Kelly, K. L., and N. B. Ruderman. 1993. Insulin-stimulated phosphatidylinositol 3-kinase:
association with a 185-kDa tyrosine phosphorylated protein (IRS-1) and localization in a

low density membrane vesicle. J. Biol. Chem. 268: 4391-4398.

Khoursheed. M., P. D. G. Miles, K. M. Gao, M. K. Lee, A. R. Moossa, and J. M. Olefsky.
1995. Metabolic effects of troglitazone on fat-induced insulin resistance in the rat.

Metabolism 44: 1489-1494.

Kim, J. K.. J. K. Wi, and J. H. Youn. 1996. Metabolic impairment precedes insulin

resistance in skeletal muscle during high-fat feeding in rats. Diabetes 45: 651-658.

Kim, Y. B.. R. Nakajima. T. Matsuo, T. Inoue, T. Sekine, T. Komuro. K. Tamura. K.
Tokuyama, and M. Suzuki. 1996. Gene expression of insulin signal-transduction pathway
intermediates is lower in rats fed a beef tallow than in rats fed a safflower oil diet.

Metabolism 45: 1080-1088.

Kimball, S. R., C. V. Jurasinski, J. C. J. Lawrence, and L. S. Jefferson. 1997. 1997.
Insulin stimulates protein synthesis in skeletal muscle by enhancing the association of eIF-

4F and e[F-4G. Am. J. Physiol. 272 (Cell. Physiol.): C754-C759.

Klein. H. H., S. Matthael, M. Drenkhan, W. Ries, and P. C. Scriba. 1991. The relationship
between insulin binding, insulin activation of receptor tyrosine kinase activity, and insulin

stimulation of glucose uptake in isolated rat adipocytes. Biochem. J. 275: 787-792.

150



Kliewer, S. A., S. S. Sundseth, S. A. Jones, P. J. Borwn, G. B. Wisely, C. S. Koble. P.
Devchand, W. Wahil, T. M. Willson, J. M. Lenhard, and J. M. Lehmann. 1997. Fatty acids

and eicosanoids regulate gene expression through direct interactions with perioxisome
proliferator-activated receptors alpha and gama. Proc. Nat. Acad. Sci. USA 94: 4318-

4323.

Klip, A.. T. Ramal, D. A. Young, and J. O. Holloszy. 1987. Insulin-induced translocation

of glucose transporters in rat hindlimb muscles. FEBS Letter 224: 224-230.

Klip. A., A. Marette. 1992. Acute and chronic signals controlling glucose transport in

skeletal muscle. J. Cell. Biochem. 48: 51-60.

Kohen. A. D.. K. S. Kovacina. and R. A. Roth. 1995. Insulin stimulates the kinase activity
of RAC-PK a pleckstrin homology domain containing serine/threonine kinase. EMBJO J.

14: 4288-4295.

Kohn, A. D., S. A. Summers, M. J. Birnbaum, and R. A. Roth. 1996. Expression of a

constitutively active Akt Ser / Thr kinase in 3T3- L1 adipocytes stimulates glucose uptake

and glucose transporter 4 translocation. J. Biol. Chem. 271: 31372- 31378.

151



Koval, J. A., K. Maezono, M. E. Patti, M. Pendergrass, R. A. DeFronzo, and L. J.
Mandarino. 1999. Effects of exercise and insulin on insulin signaling proteins in human

skeletal muscle. Med. Sci. Sports Exerc. 7: 998-1004.

Kraegen, E. W., P. W. Clark, A. B. Jenkins, E. A. Daley. D. J. Chisholm, and L. H.
Storlien. 1991. Development of muscle insulin resistance after liver insulin resistance in

high-fat-fed rats. Diabetes 40: 1397-1403.

Kraegen, E. W., D. E. James, L. H. Storlien, K. M. Burleigh. and D. J. Chisholm. 1986. In
vivo insulin resistance in individual peripheral tissues of the high fat fed rat: assessment of

euglycemic clamp plus deoxyglucose administration. Diabetiologia 29: 192-198.

Krook. A.. Y. Kawano, X. M. Song, S. Efendic. R. A. Roth, H. Wallberg-Henriksson. and
J. R. Zierath. 1997. Improved glucose tolerance restores insulin-stimulated Akt kinase
activity and glucose transport in skeletal musice from diabetic Goto-Kakizaki (GK) rats.

Diabetes 46: 2110-2114.

Krook. A., R. A. Roth, X. J. Jiang, J. R. Zierath, and H. Wallberg-Henriksson. 1998.

Insulin-stimulated Akt kinase activity is reduced in skeletal muscle from NIDDM subjects.

Diabetes 47: 1281-1286.

152



Kupriyanova, T. A., and K. V. Kandror. 1999. Akt-2 binds to GLUT- 4-containing
vesicles and phosphorylates their component proteins in response to insulin. J. Biol.

Chem. 274: 1458-1464.

Kurowski, T. G., Y. Lin, Z. Luo, P. N. Tsichlis, M. G. Buse, S. J. Heydrick, and N. B.
Ruderman. 1999. Hyperglycemia inhibits insulin activation of Akt/protein kinase B but not

phosphatidylinositol 3-kinase in rat skeletal muscle. Diabetes 48: 658-663.

Kuruvilla, A. K., C. Perez, F. Ismail-Beigi, and J. N. Loeb. 1991. Regulation of glucose

transport in Clone 9 cells by thyroid hormone. Biochim. Biophys. Acta. 1094: 300-308.

Lang, C. H., G. J. Bagby, D. M. Hargrove, P. M. Hyde, and J. J. Spitzer. 1987.
Alterations in glucose kinetics induced by pentobarbitol anaesthesia. Am. J. Physiol. 253

(Endocrinol. Metabol.): E657-E663.

Lavan, B. E., W. S. Lane, and G. E. Lienhard. 1997. The 60 kDa phosphotyrosine protein

in insulin-treated adipocytes is a new member of the insulin receptor substrate family. J.

Biol. Chem. 272: 11439-11443.

Le Marchand-Brustel, Y., B. Jeanrenaud, and P. Freychet. 1978. Insulin binding and

effects in isolated soleus muscle of lean and obese mice. Am. J. Physiol. 234: E348-E358.

153



Lee, A. D., P. A. Hansen, and J. O. Holloszy. 1995. Wortmannin inhibits insulin-
stimulated but not contraction-stimulated glucose transport activity in skeletal muscle.

FEBS Letters 361: 51-54.

Lee, J., and P. F. Pilch. 1994. The insulin receptor: structure, function, and signaling.

Am. J. Physiol. 266 (Cell Physiol. 35): C319-C334.

Le-Marchand-Brustel, Y.. N. Gautier, M. Cormont, and E. V. Obberghen. 1995.
Wortmannin inhibits the action of insulin but not that of okadaic acid in skeletal muscle:

comparison with fat cells. Endocrinology 136 : 3564-3570.

Lemieux, K., X. X. Han. L. Dombrowski, A. Bonen, and A. Marette. 2000. The
transferrin receptor defines two distinct contraction- responsive GLUT-4 vesicle

populations in skeletal muscle. Diabetes 49: 183-189.

Lienhard, G. E. 1989. Insulin may cause translocation of proteins to the cell surface by
stimulating membrane trafficking from the trans Golgi reticulum. In Genes and Gene
Products in the Development of Diabetes Mellitus: Elsevier Science Publishing Co., Inc.

New York, 313-328.

Loike, J. D., L. Cao, J. Brett, S. Ogawa, S. C. Silverstein, and D. Stern. 1992. Hypoxia
induces glucose transporter expression in endothelial cells. Am. J. Physiol. 263 (Cell

Physiol.): C326-C333.



Low, C. C., E. B. Grossman, and B. Gumbiner. 1996. Potentiation of effects of weight

loss by monounsaturated fatty acids in obese NIDDM patients. Diabetes 45: 569-575.

Lui, S., V. E. Baracos, H. A. Quinney, and M. T. Clandinin. 1996. Dietary fat modifies

exercise-dependent glucose transport in skeletal muscle. J. Appl. Physiol. 80: 1219-1224.

Lund, S.. G. D. Holman, O. Schmitz. and O. Pedersen. 1995. Contraction stimulates
translocation of glucose transporter GLUT- 4 in skeletal muscle through a mechanism

distinct from that of insulin. Proc. Nat. Acad. Sci. USA 92: 5817-5821.

Lund. S.. G. D. Holman, O. Schmitz, and O. Pedersen. 1993. GLUT-4 content in the
plasma membrane of rat skeletal muscle: comparative studies of the subcellular
fractionation method and the exofacial photolabeling technique using ATB-BMPA. FEBS

Letter 330: 312-318.

Maegawa, H., M. Koybayashi. O. Ishibashi, Y. Takata, and Y. Shigeta. 1986. Effect of
diet change on insulin action: difference between muscles and adipocytes. Am. J. Physiol.

251 (Endocrinol. Metabol.): E616-E623.

Manson, J. E., D. M. Nathan, A. S. Krolewski, M. J. Stampfer, W. C. Willett. and C. H.
Hennekens. 1992. A prospective study of exercise and incidence of diabetes amoung US

male physicians. JAMA 268: 63-67.

155



Marette, A., J. M. Richardson, T. Ramal, T. W. Balon, M. Vranic, J. E. Pessin. and A.
Klip. 1992. Abundance, localization, and insulin-induced translocation of glucose

transporters in red and white muscle. Am. J. Physiol. 263 (Cell Physiol.): C44-C452.

Mayer, E. J., B. Newman, C. P. J. Quesenberry, and J. V. Selby. 1993. Usual dietary fat

intake and insulin concentrations in healthy women twins. Diabetes Care 16: 1459-1469.

McCullagh, K. J. A, R. C. Poole, A. P. Halestrap, K. F. Tipton, M. OBrien, and A.
Bonen. 1997. Chronic electrical stimulation increases MCT1 and lactate uptake in red and

white skeletal muscle. Am. J. Physiol. 273 (Endocrinol. Metabol.): E239-E246.

McDermott, J. C.. A. Hutber, M. H. Tan. and A. Bonen. 1989. The use of a cell-free
pertusate in the perfused rat hindquarter: methodological concerns. Can. J. Physiol.

Pharmacol. 67: 1450-1454.

Megeney, L., G. Elder, M. Tan, and A. Bonen. 1992. Increased glucose transport in non-

exercising muscle. Am. J. Physiol. 262 (Endocrinol. Metabol.): E20-E26.

Megeney, L. A., R. N. Michel, C. S. Boudreau, P. K. Fernando, M. Prasad, M. H. Tan,
and A. Bonen. 1995. Regulation of muscle glucose transport and GLUT-4 by nerve-
derived factors and activity-related processes. Am. J. Physiol. 269 (Reg. Integrative

Comp. Physiol.): R1148-R1153.

156



Megeney, L. A., P. D. Neufer, G. L. Dohm, Tan M.H., C. A. Blewtt, G. C. B. Elder, and
A. Bonen. 1993. Effects of muscle activity and fiber composition on glucose transport and

GLUT-4. Am. J. Physiol. 264 (Endocrinol. Metabol.): ES83-E593.

Megeney, L. A., M. Prasad, M. H. Tan, and A. Bonen. 1994. Expression of the insulin-

regulatable transporter GLUT-4 is influenced by neurogenic factors. Am. J. Physiol. 266

(Endocrinol. Metabol. ): E813-E816.

Mikines, K. J., B. Sonne, P. A. Farrell, B. Tronier, and H. Galbo. 1988. Effect of physical

exercise on sensitivity and responsiveness to insulin in humans. Am. J. Physiol. 254

(Endocrinol. Metabol.): E248-E259.

Miller. W. J., W. M. Sherman, H. Didd, and J. L. Ivy. 1985. Influence of dietary

carbohydrate on skeletal muscle glucose uptake. Am. J. Clin. Nut. 41: 526-532.

Mueckler, M. 1994. Facilitative glucose transporters. Eur. J. Biochem. 219: 713-725.

Mueckler, M. 1993. The molecular biology of glucose transport: relevance to insulin

resistance and non-insulin dependent diabetes. J. Diabetes Comp. 7: 130-141.

157



Mueckler, M., C. Caruso, S. A. Baldwin, M. Panico, I. Blench, H. R. Morris, W. J.
Allard, G. E. Lienhard, and H. F. Lodish. 1985. Sequence and structure of a human

glucose transporter. Science 225: 941-945.

Nakatani, K., H. Sakaue, D. A. Thompson, R. J. Weigel, and R. A. Roth. 1999.
Identification of a human Akt3 (protein kinase B gama) which contains the regulatory

serine phosphorylation site. Biochem. Biophys. Res. Com. 257: 906-910.

Nishimura, H., J. Saltis, A. D. Habberfield, N. B. Garty, A. S. Greenburg, S. W. Cushman.
C. Londos, and I. A. Simpson. 1991. Phosphorylation state of the GLUT4 isoform of the
glucose transporter in subfractions of the rat adipose cell: effects of insulin, adenosine,

and isoproterenol. Proc. Nat. Acad. Sci. USA 88: 11500-11504.

Okada, T. Y.. T. Kawano. O. Sekakibara, O. Hazeki. and M. Ui. 1994. Essential role of
PI3-K in insulin-induced glucose transport and antilipolysis in rat adipocytes. J. Biol.

Chem. 269: 3568-3573.

Pan, D. A,, S. Lillioja, A. D. Kriketos, M. R. Milner, L. A. Baur, C. Bogardus, A. B.
Jenkins, and L. H. Storlien. 1997. Skeletal muscle triglyceride levels are inversely related

to insulin action. Diabetes 46: 983-988.

Pan, D., and L. Storlien. 1993. Dietary lipid profile is a determinant of tissue phospholipid

fatty acid composition and rate of weight gain in rats. J. Nut. 123: 512-519.

158



Parillo, M. R., R. Giacco, A. V. Ciardullo, A. A. Rivellese, and G. Riccardi. 1996. Does a
high-carbohydrate diet have different effects in NIDDM patients treated with diet alone or

hypoglycemia drugs? Diabetes Care 19: 498-500.

Parker, D. R., S. T. Weiss, R. Troisi, P. A. Cassano, P. S. Vokonas, and L. Landsberg.
1993. Relationship of dietary saturated fatty acids and body habitus to serum insulin

concentration: the normative aging study. Am. J. Clin. Nut. 58: 129-136.

Pedersen, O., J. F. Bak, P. H. Andersen, S. Lund, D. E. Moller. and et al. 1990. Evidence
against altered expression of GLUT-1 or GLUT-4 in skeletal muscle of patients with

obesity or NIDDM. Diabetes 39: 65-70.

Ploug T., Galbo H., T. Ohduwa, J. Tranum-Jensen, and J. Vinten. 1992. Kinetics of
glucose transport in rat skeletal muscle membrane vesicles: effects of insulin and

contraction. Am. J. Physiol. 262 (Endocrinol. Metabol.): E700-E711.

Quon, M. J., H. Chen, B. L. Ing, M. Liu, M. J. Zarnowski, K. Yonezawa, M. Kasuga. S.
W. Cushman, and S. Taylor. 1995. Roles of phosphatidylinositol 3-kinase and ras in
regulating translocation of GLUT4 in transfected rat adipose cells. Mol. Cell. Biol. 15:

5403-5411.

159



Ren, J. M., C. F. Semenkovich, E. A. Gulve, J. Gao, and J. O. Holloszy. 1994. Exercise
induces rapid increases in GLUT-4 expression, glucose transport capacity, and insulin-

stimulated glycogen storage in muscle. J. Biol. Chem. 269: 14396-14401.

Reusch, J. E. B., K. E. Sussman, and B. Draznin. 1993. Inverse relationship between

GLUT4 phosphorylation and its intrinsic activity. J. Biol. Chem. 268: 3348-3351.

Reynolds, T. H. 4., J. T. J. Brozinick, M. A. Rogers, and S. W. Cushman. 1997. Effects of
exercise training on glucose transport and cell surface GLUT-4 in isolated rat

epitrochlearis muscle. Am. J. Physiol. 272 (Endocrinol. Metabol.): E320-E325.

Reynolds. T. H. 4.. J. T. J. Brozinick, M. A. Rogers, and S. W. Cushman. 1998.
Mechanism of hypoxia-stimulated glucose transport in rat skeletal muscle: potential role of

glycogen. Am. J. Physiol. 274 (Endocrinol. Metabol.): E773-E778.

Rice, K. M., and C. W. Garner. 1994. Correlation of the insulin receptor substrate-1 with

insulin-responsive deoxyglucose transport in 3T3-L1 adipocytes. Biochem. Biophys. Res.

Com. 198: 523-530.

Richter, E. A.. K. J. Mikines, H. Galbo, and B. Kiens. 1989. Effects of exercise on insulin

action in human skeletal muscle. J. Appl. Physiol. 66: 876-885.

160



Rocchini, A. P., P. Marker, and T. Cervenka. 1997. Time course of insulin resistance
associated with feeding dogs a high-fat diet. Am. J. Physiol. 272 (Endocrinol. Metabol.):

E147-E154.

Rodbell, M. 1964. Metabolism of isolated fat cells. I. Effect of hormones on glucose

metabolism and lipolysis. J. Biol. Chem. 239: 375-380.

Rodnick. K. J., E. J. Henriksen, D. E. James, and J. O. Holloszy. 1992A. Exercise
training, glucose transporters, and glucose transport in rat skeletal muscles. Am. J.

Physiol. 262 (Cell Physiol.): C9-C14.

Rodnick. K. J.. R. C. Piper. J. W. Slot. and D. E. James. 1992B. Interaction of insulin and

exercise on glucose transport in muscle. Diabetes Care 15: 1679-1689.

Rosholt, M. N., P. King, and E. S. Horton. 1994. High-fat diet reduces glucose
transporter responses to both insulin and exercise. Am. J. Physiol. 266 (Reg. Integrative

Comp. Physiol.): R95-R101.

Ruderman, N., C. Houghton, and R. Hmes. 1971. Evaluation of the isolated perfused rat

hindlimb for the study of muscle metabolism. Biochem. J. 124: 639-651.

Satoh, S., H. Nishimura, A. E. Clark, . J. Kozka, S. J. Vannucci, I. A. Simpson, M. J.

Quon, S. W. Cushman, and G. D. Holman. 1993. Use of bis-mannose photolabel to

161



elucidate insulin- regulated GLUT4 subcellular trafficking kinetics in rat adipose celis:
evidence that exocytosis is a critical site of hormone action. J. Biol. Chem. 268: 17820-

17829

Shetty, M., A. K. Kuruvilla, F. [smail-Beigi, and J. N. Loeb. 1996. Stimulation of glucose
transport in Clone 9 cells by insulin and thyroid hormone: role of GLUT-1 activation.

Biochim. Biophys. Acta. 1314: 140-146.

Shimizu, Y.. S. Satoh, H. Yano, Y. Minokoshi. S. W. Cushman. and T. Shimazu. 1998.
Effects of noradrenaline on the cell-surface glucose transporters in cultured brown
adipocytes: novel mechanism for selective activation of GLUT1 glucose transporters.

Biochem. J. 330: 397-403.

Simpson, . A., and S. W. Cushman. 1986. Hormonal regulation of mammalian glucose

transport. Annual Reviews of Biochemistry 55: 1059-1089.

Somwar, R.. S. Sumitani, C. Taha, G. Sweeney, and A. Klip. 1998. Temporal activation
of p70 S6kinase and Aktl by insulin: PI3- kinase-dependent and -independent

mechanisms. Am. J. Physiol. 275 (Endocrinol. Metabol.): E618-E625.

Song, X. M., Y. Kawano, A. Krook, J. W. Ryder, S. Efendic, R. A. Roth, H. Wallberg-
Henriksson, and J. R. Zierath. 1999. Muscle fibre type-specific defects in insulin signal

transduction to glucose transport in diabetic GK rats. Diabetes 48: 664-670.

162



Song, X. M., J. W. Ryder, Y. Kawano, A. Chibalin, A. Krook. and J. R. Zierath. 1999.
Muscle fiber type specificity in insulin signal transduction. Am. J. Physiol. 277 (Reg.

Integrative Comp. Physiol.): R1690-R1696.

Sowell, M. O., K. P. Boggs, K. A. Robinson, S. L. Dutton, and M. G. Buse. 1991. Effects
of insulin and phospholipase C in control and denervated rat skeletal muscle. Am. J.

Physiol. 260 (Endocrinol. Metabol.): E247-E256.

Spiegelman, B. M. 1998. PPARgama: adipogenic regulator and thiazolidinedione

receptor. Diabetes 47: 507-514.

Stevenson. R. W., R. K. Mcpherson, L. M. Persson. P. E. Genereux. A. G. Swick. J.
Spitzer, J. J. Herbst, K. M. Andrews, D. K. Kreutter, and E. M. Gibbs. 1996. The
antihyperglycemic agent englitazone prevents the defect in glucose transport in rats fed a

high-fat diet. Diabetes 39: 621-631.

Stokoe, D., L. R. Stephens. T. Copeland, P. R. Gaffhey, C. B. Reese. G. F. Painter. A. B.

Holmes, F. McCormick, and P. T. Hawkins. 1997. Dual role of phosphatidylinositol 3,4,5

triphosphate in the activation of protein kinase B. Science 277: 567-570.

163



Storlien, L. H., D. E. James, K. M. Burleigh, D. J. Chisholm, and E. W. Kraegen. 1986.
Fat feeding causes widespread in vivo insulin resistance, decreased energy expenditure,

and obesity in rats. Am. J. Physiol. 251 (Endocrinol. Metabol.): E576- E583.

Storlien, L. H., A. B. Jenkins, D. J. Chisholm, W. S. Pascoe, S. Khouri, and E. W.
Kraegen. 1991. Influence of dietary fat composition on development of insulin resistance

in rats: relationship to muscle triglyceride and n-3 fatty acids in muscle phospholipid.

Diabetes 40: 280- 289.

Storlien, L. H.. N. D. Oakes, D. A. Pan, and M. J. A. Kusunoki. 1993. Syndromes of
insulin resistance in the rat: inducemendiet and amelioration with benfluorex. Diabetes 42:

457- 462.

Strommer, L., J. Permert. U. Arnelo, C. Koehler. B. Isaksson, J. Larsson, I. Lundvist. M.
Bjornholm, Y. Kawano, H. Wallberg- Henriksson, and J. R. Zierath. 1998. Skeletal
muscle insulin resistance after trauma: insulin signaling and glucose transport. Am. J.

Physiol. 275 (Endocrinol. Metabol.): E351- E358.

Sun, X. J,, P. L. Rothenberg, C. R. Kahn, J. M. Backer, E. Araki, P. A. Wilden. D. A.

Cahill, B. J. Goldstein, and M. F. White. 1995. Role of IRS-2 in insulin and cytokine

signalling. Nature 377: 173-177.

164



Sun, X. J., P. Rothenburg, C. R. Kahn, J. M. Backer, E. Araki, P. A. Wilden, D. A. Cahill,
B. J. Goldstein, and M. F. White. 1991. The structure of the insulin receptor substrate

[RS-1 defines a unique signal transduction protein. Nature 352: 73-77.

Suzuki, K. 1988. Reassessment of the translocation hypothesis by kinetic studies on

hexose transport in isolated rat adipocytes. J. Biol. Chem. 263: 12247-12252.

Suzuki. K., and T. Kono. 1980. Evidence that insulin causes translocation of glucose
transport activity to the plasma membrane from an intracellular storage site. Proc. Nat.

Acad. Sci. USA 77: 2542-2545.

Sweeney. G.. R. Somwar, T. Ramlal, A. Volchuk. A. Ueyama, and A. Klip. 1999. An
inhibitor of p38 mitogen-activated protein kinase prevents insulin-stimulated glucose
transport but not glucose transporter translocation in 3T3-L1 adipocytes and L6

myotubes. J. Biol. Chem. 274: 10071-10078.

Taha, C.. Z. Liu, J. Jin, H. Al-Hasani, N. Sonenberg, and A. Klip. 1999. Opposite

translational control of GLUT-1 and GLUT-4 glucose transporter mRNAs in response to

insulin. J. Biol. Chem. 274: 33085-33091.

Tanti, J., T. Gremeaux, S. Grillo, V. Calleja, A. Klippel, L. T. Williams, E. Van

Obberghen, and Y. Le Marchand-Brustel. 1996. Overexpression of a constitutively active

165



form of phosphatidylinositol 3-kinase is sufficient to promote GLUT4 translocation in

adipocytes. J. Biol. Chem. 271: 25227-25232.

Tanti, J. F., S. Grillo, T. Gremeaux, P. J. Coffer, E. Van- Obberghen, and B. Le
Marchand-Brustel. 1997. Potential role of potein kinase B in glucose transporter 4

translocation in adipocytes. Endocrinology 138: 2005-2010.

Termin, A., R. S. Staron., and D. Pette. 1989. Changes in myosin heavy chain isoforms
during chronic low-frequency stimulation of rat fast hindlimb muscles. A single fiber

study. Eur. J. Biochem. 186: 749-754.

Thomas, H. M., A. M. Brant, C. A. Colville, M. J. Seatter, and G. W. Gould. 1992.
Tissue-specific expression of facilitative glucose transporters: a rationale. Biochemical

Society Transactions 20: 538-542.

Tordjman, K. M., K. A. Leingang, and M. Mueckler. 1990. Differential regulation of the
HepG?2 and adipocyte/muscle glucose transporter in 3T3-L1 adipocytes. Effect of chronic

glucose deprivation. Biochem. J. 271: 201-207.

Toyoda, N., J. E. Flanagan, and T. Kono. 1987. Reassessment of insulin effects on the

Vmax and Km values of hexose transport in isolated rat epididymal adipocytes. J. Biol.

Chem. 262: 2737-2745.

166



Turinsky J. 1987. Dynamics of insulin resistance in denervated slow and fast muscles in

vivo. Am. J. Physiol. 252 (Reg. Integrative Comp. Physiol.): R531-R537.

Turinsky, J., and A. Damrau-Abney. 1999. Akt kinase and 2- deoxyglucose uptake in rat
skeletal muscles in vivo: study with insulin and exercise. Am. J. Physiol. 276 (Reg.

Integrative Comp. Physiol.): R277-R282.

Turinsky, J., and A. Damrau-Abney. 1998. Akt-1 kinase and dynamics of insulin resistance
in denervated muscles in vivo. Am. J. Physiol. 275 (Reg. Integrative Comp. Physiol.):

R1425-R1430.

Ueki, K.. R. Yamamoto-Honda. Y. Kaburagi. T. Yamauchi. K. Tobe. B. M. T. Burgering,
P. J. Coffer, I. Komuro, Y. Akanuma, Y. Yazaki, and T. Kadowaki. 1998. Potential role
of protein kinase B in insulin-induced glucose transport. glycogen synthesis, and protein

synthesis. J. Biol. Chem. 273: 5315-5322.

Ui, M., T. Okada, K. Hazeki, and O. Hazeki. 1995. Wortmannin as a unique probe for an
intracellular signalling protein, phosphatidylinositide 3-kinase. Trends in Biochemical

Science 20: 303-307.

Wainwright, P. E., Y. S. Huang, B. Bulman-Fleming, D. Dalby, D. E. Mills, P. Redden,
and D. McCutcheon. 1992. The effects of dietary n-3/n-6 ratio on brain development in

the mouse: a dose response study with long chain n-3 fatty acids. Lipids 27: 98- 103.

167



Walker, K. S., M. Deak, A. Paterson, K. Hudson, P. Cohen, and D. R. Alessi. 1998.
Activation of protein kinase B isoforms by insulin in vivo and by 3-phosphoinositide-
dependent protein kinase-1 in vitro: comparison with protein kinase B-alpha. Biochem. J.

331:299-308.

Wang. Q., R. Somwar, P. J. Bilan, Z. Liu, J. Jin, J. R. Woodgett, and A. Klip. 1999.
Protein kinase B / Akt participates in GLUT-4 translocation by insulin in L6 myoblasts.

Mol. Cell. Biol. 19: 4008-4018.

Wardzala, L. J., S. W. Cushman, and L. B. Salans. 1978. Mechanism of insulin action and

glucose transport in the isolated rat adipose cell. J. Biol. Chem. 253: 8002-8005.

Wardzala, L. J., I. A. Simpson, M. M. Rechler, and S. W. Cushman. 1984. Potential
mechanism of the stimulatory action of insulin on insulin-like growth factor II binding to
the isolated rat adipose cell. Apparent redistribution of receptors cycling between a large

intracellular pool and the plasma membrane. J. Biol. Chem. 259: 8378-8383.

Wertheimer, E., S. Sasson, E. Cerasi, and Y. Ben-Neriah. 1997. Glycemia-lowering effect

of cobalt chloride in diabetic rat: increased GLUT-1 mRNA expression. Mol. Cell.

Endocrinol. 133: 151-160.

168



White, M. F. 1997. The insulin signaling system and the IRS proteins. Diabetologia 40:

s2-sl7.

Wilkes, J.J. and A. Bonen. 1998. Denervation impairs GLUT-4 arrival in the plasma

membrane which is associated with lower total Akt-a quantity but not phosphotyrosine

immunoprecipitated [RS-1 (abstract). FASEB J. 12: 4. A355.

Wilkes, J. J., L. L. DeForrest, and L. E. Nagy. 1996. Chronic ethanol feeding in a high fat
diet decreases insulin-stimulated glucose transport in rat adipocytes. Am. J. Physiol. 271

(Endocrinol. Metab.): E477-E484.

Wilson, C. M.. and S. W. Cushman. 1994. Insulin stimulation of glucose transport activity
in rat skeletal muscle: increase in cell surface GLUT4 as assessed by photolabeling.

Biochem. J. 299: 755-759.

Wojtaszewski, J. F. P., J. Lynge, A. B. Jakobsen, L. J. Goodyear, and E. A. Richter. 1999.
Differential regulation of MAP kinase by contraction and insulin in skeletal muscle:

metabolic implications. Am. J. Physiol. 277 (Endocrinol. Metabol.): E724-E732.
Yaspelkis, B. B. 3., A. L. Castle, R. P. Farrar. and J. L. Ivy. 1997. Contraction-induced

intracellular signals and their relationship to muscle GLUT-4 concentrations. Am. J.

Physiol. 272 (Endocrinol. Metabol. ): E118-E125.

169



Yaspelkis, B. B. 3., A. L. Castle, R. P. Farrar, and J. L. Ivy. 1998. Effect of chronic
electrical stimulation and beta-GPA diet on GLUT-4 protein concentration in rat skeletal

muscle. Acta. Physiol. Scand. 163: 251-259.

Yeh, J.. E. A. Gulves, L. Rameh, and M. J. Birnbaum. 1995. The effects of wortmannin on

rat skeletal muscle. J. Biol. Chem. 270: 2107-2111.

Young, L. H., R. R. 3. Russell, R. Yin, M. J. Caplan, J. Ren, R. Bergeron, G. I. Shulman,
and A. J. Sinusas. 1999. Regulation of myocardial glucose uptake and transport during

ischemia and energetic stress. Am. J. Cardiol. 83 (12A): 25H- 30H.

Zaninetti, D.. R. Greco-Perotto. and B. Jean-Renaud. 1988. Heart glucose transport and
transporters in rat heart: regulation by insulin, workload and glucose. Diabetologia 31:

108-113.

Zhou, Q., and L. G. Dohm. 1997. Treadmill running increases phosphatidylinositol 3-

kinase activity in rat skeletal muscle. Biochem. Biophys. Res. Com. 236: 647- 650.
Ziel. F. H., N. Venkatesan, and M. B. Davidson. 1988. Glucose transport is rate limiting

for skeletal muscle glucose metabolism in normal and STZ-induced diabetic rats. Diabetes

37: 885-890.

170



Zierath, J. R., K. L. Houseknecht, L. Gnudi, and B. B. Kahn. 1997. High-fat feeding
impairs insulin-stimulated GLUT-4 recruitment via an early insulin-signaling defect.

Diabetes 46: 215-223.

Zorzano, A., W. Wilkinson, N. Kotliar, G. Thoidis, B. E. Wadzinski, A. E. Ruoho, and P.
F. Pilch. 1989. Insulin-regulated glucose uptake in rat adipocytes is mediated by two
transporter isoforms present in at least two vesicle populations. J. Biol. Chem. 264:

12358-12363.

171





