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1 INTRODUCTION

1.1 Glucose Homeostasis

Glucose represents an essential energy substrate for many tissues. The
maintenance of narrow-controlled blood glucose concentrations (glucose
homeostasis) is central for a constant provision of glucose to the brain. Glucose
homeostasis is a physiologically well-balanced mechanism depending on three
coordinated and simultaneously ongoing processes involving insulin secretion by the
pancreas, hepatic glucose output and glucose uptake by splanchnic (liver and gut)
and peripheral tissues (muscle and fat).

1.2 Insulin Signal Transduction

Glucose uptake in peripheral tissues is mediated by glucose transporters (see
below). Insulin stimulates the translocation of glucose transporters to the surface of
muscle and adipose cells, which increases glucose uptake in these tissues.
Considerable advances have been recently made in identifying the mechanism of
insulin-stimulated glucose uptake.

1.2.1 The Insulin Receptor

Insulin signal transduction into muscle and fat involves coupling of ligand-receptor
and its interaction to many intracellular events. The eventual outcome is increased
glucose uptake as well other metabolic and mitogenic consequences (Denton &
Tavare , 1995).
The insulin receptor (IR) belongs into the family of transmembraneous receptors with
tyrosine kinase domain. IR consists of two extracellular α-subunits and two β-
subunits, which transverse the membrane and  are linked  by disulfide bonds (s. fig.
1.2.1). The insulin receptor can be divided into three structural regions: an
extracellular segment, where binding to insulin occurs, a transmembrane domain,
which is a passive lipid anchor and an intracellular domain consisting of a regulatory
domain and a tyrosine kinase domain capable of autophosphorylation as well as
phosphorylation of intracellular substrates on their tyrosine residues (Haring, Kasuga,
et al. 1982), (Kasuga, Zick, et al. 1982).
Binding of insulin to its receptor induces a conformational change of the subunits
bringing them into close proximity, which in turn facilitates pair trans-phosphorylation
of each subunit (by the other). Autophosphorylation on tyrosine residues located on
an activation loop displaces the latter from the catalytic site allowing access to
intracellular substrates (Ashcroft & Ashcroft, Insulin, Oxford press, 1992). The insulin
receptor is internalized upon binding to insulin. Insulin is then dissociated in
endosomes from its receptor and degraded subsequently. The insulin receptor is
then redistributed to the cell surface (Carpentier 1992).
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Figure 1.2.1 Schematic presentation of the insulin receptor showing the two extracellular
α-subunits and the cytosolic β-subunits. Specific tyrosine phosphorylation sites (Tyr) are
indicated. From (Carpentier 1992).

Figure 1.2.2 Schematic presentation of the activation model of IR. (a) in basal state,
autophosphorylation site is obscured by an activation loop. (b) Binding of insulin to its
receptor induces conformational changes allowing cross phosphorylation of β-subunits. (c)
Autophosphorylation induces further conformational changes making phosphorylated sites
accessible for intracellular substrates. From (Ashcroft & Ashcroft, Insulin, Oxford Express,
1992).
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1.2.2 Formation of Signaling Complexes for the Intracellular
Propagation of Insulin Action

Autophosphorylation of IR creates binding sites for signaling molecules to interact
specifically with phosphotyrosine. Tyrosine phosphorylated sites on IR are
recognized by conserved phosphotyrosine binding domains (PTB) like Src homology
2 domain (Rous asian sarcoma tyrosine kinase) (SH2) and Src homology 3 (SH3) as
well as pleckstrin homology domain (PH) in signaling molecules. Tyrosine
phosphorylated proteins are discriminated by the local residues surrounding of
phosphorylated tyrosine. SH2 domains bind to short amino acid sequence containing
phosphotyrosine, SH3 domains bind to proline-rich sequences, whereas PH domains
can bind to membrane phospholipids and phosphorylation sites that can bind to SH2
(Kellerer, Lammers, et al. 1999).
A variety of signaling molecules with PTB domains (Kellerer, Lammers, et al. 1999)
binds to phosphorylated IR. Apart from other proteins with adapter function like
growth factor receptor binding protein-10 (Grb-10) and src homologous and collagen
(SHC), which couple insulin to a complex network of actions, phosphorylated insulin
receptor binds to members of insulin receptor substrate family (IRS-1,-2,-3,-4) and
phosphorylates them on tyrosine residues (White 1997), (Shoelson, Chatterjee, et al.
1992), (Holman & Kasuga 1997), (Zhou, Chen, et al. 1999).
Among the latter, IRS-1 is the major cytosolic insulin receptor substrate of
approximately 160-180 KDa  and 22 potential tyrosine phosphorylation sites.
Once IRS-1 becomes tyrosine phosphorylated, it interacts with SH2 domains of
several intracellular targets representing a point of divergence for insulin actions.
IRS-1 binding proteins identified thus far include SHC, p21ras activated complex
(Czech 1995), Grb2/SOS (Baltensperger, Kozma, et al. 1993), the protein tyrosine
phophatase SH-PTP2 as well as the regulatory subunit of the serine/lipid kinase
phosphatidylinositol 3-kinase (Myers, Backer, et al. 1992).

1.2.3 Phosphatidylinositol 3-Kinase is a Hallmark in the Insulin
Signaling Pathway

The PI3-K is a heterodimeric enzyme consisting of two subunits, p85α and p110α
(Shepherd, Withers, et al. 1998). The p110α subunit is the catalytic subunit with a
phospholipid- and a serine kinase activity, whereas the p85α subunit represents the
regulatory domain containing two SH2 domains and one SH3 domain. In human
skeletal muscle, different isoforms of the regulatory subunit have been identified,
which are differently regulated by insulin (Shepherd, Withers, et al. 1998).
PI3-K phosphorylates the inositol ring at position D-3 yielding PI-3-phosphate from
PI, PI-3,4-diphosphate from PI 4-phosphate and PI-3,4,5-triphosphate from PI-4,5-
biphosphate (Corvera, D’Arrigo, et al. 1999). Insulin was shown to enhance the
enzyme activity of IRS-1 associated PI3-K resulting in an increase in
phosphatidylinositol triphosphate (PIP3) (Chen, Friel, et al. 1993). The physiological
functions of products phosphorylated by PI3-K is not clearly understood. The
generation of PIP3 is believed to be physiologically most important (Holman &
Kasuga 1997). PIP3 interacts with downstream of PI3-K, particularly since PIP3 is not
a substrate for phospholipases.



INTRODUCTION 4

PIP3 interacts with a serine/threonine kinase called AKT or Protein kinase B (PKB)
and phospholipid dependent kinases (PDK1 and PDK2) (Burgering & Coffer 1995),
(Vanhaesebroeck & Alessi 2000).

1.2.4 Downstream Targets of PI 3-Kinase

The insulin sensitive PKB represents a downstream component of PI3-Kinase. PKB
is activated upon phosphorylation on serine 473 and threonine 306, which is induced
by PDK1 and PDK2 (Vanhaesebroeck & Alessi 2000). Activation of PKB by a PI3-K-
dependent mechanism leads to many cellular effects such as cell differentiation,
glycogen synthesis and GLUT4 translocation (Downward 1998). Overexpression of
PKB promotes glucose transport and GLUT1 and GLUT4 translocation in 3T3-L1
adipocytes (Cong, Chen, et al. 1997), (Kohn, Summers, et al. 1996) and glucose
transport in L6 myotubes (Ueki, Yamamoto-Honda, et al. 1998). Furthermore,
overexpression of an inhibitory mutant of PKB inhibits insulin-stimulated
translocation of GLUT4 (Cong, Chen, et al. 1997).

Figure 1.2.3 Schematic presentation of PKB showing phosphorylation sites on regulatory
domain and kinase domain.

1.2.5 The Protein Kinase C Family (PKC)

Protein kinases C play a key role as a target for second messengers transducting
signals from plasma membrane to cellular processes (Hunter 1995). PKCs play a
central pathogenic role in hypertension, atherogenesis, cancer promotion (McCarty
1996) and diabetic complications (Koya & King 1998), (Murphy, McGinty, et al. 1998).

PH Kinase

PP

Threonine306 Serine473

regulatory domain

catalytic domain

Glycine domain

Pleckstrin Homology



INTRODUCTION 5

PKCs represent a family of 11 structurally and functionally related isoforms of
serine/threonine kinases (α, βI, βII, γ, δ, ε, θ, η, ζ, λ, and µ (human) and its murine
homolog D), (Mellor & Parker 1998), (Newton 1995). PKC isoforms are divided into
three subgroups due to their activation by second messengers (Newton 1995).
Conventional or classical  PKCs (cPKC) (α, βI, βII, γ) are Ca2+ and Diacylglycerol
(DAG) dependent, new or novel PKCs (nPKC) (δ, ε, θ, η) are DAG dependent and
atypical isoforms (aPKC) (ζ, λ, µ), which are independent of Ca2+ and DAG.
Protein kinase C consists of a single polypeptide chain. The regulatory domain is
located at the amino terminus and the catalytic domain is located at the carboxy
terminus. The regulatory domain contains besides an autoinhibitory domain different
domains referred to as C1-C2, which differentiate (due to their binding affinity) PKCs
in the mentioned three subgroups.

Figure 1.2.4 Schematic presentation of PKC isoforms. Pseudosubstrate (autoinhibitory domain)
is indicated black. C1 domain (mostly tandem repeat) binds diacylglycerol or phorbol esters

(with exception to atypical isoforms). C2 domain binds Ca2+. C3 and C4 represent ATP-binding
and substrate-binding domains. N, amino terminus, C, carboxy terminus. From (Newton 1997).

PKC activation involves their redistribution from the cytosol to the plasma membrane
(Newton 1997), (Mosthaf, Kellerer, et al. 1996), (Yamada, Avignon, et al. 1995).
PKCs have been implicated in regulation of insulin secretion (Jones & Persaud 1998)
and insulin signal transduction (Haring, Tippmer, et al. 1996), (Mosthaf, Kellerer, et
al. 1996), (Bandyopadhyay, Standaert, et al. 1997).
PKC activation increased glucose transport (Cooper, Watson, et al. 1999), (Etgen,
Valasek, et al. 1999), (Ishizuka, Kajita, et al. 1999), (Hansen, Corbett, et al. 1997)
and induced glucose transporter translocation to the plasma membrane (Standaert,
Bandyopadhyay, et al. 1999), (Lawrence, Hiken, et al. 1990) (Holman, Kozka, et al.
1990).
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Furthermore, the Pleckstrin homology domain of PKB has been shown to interact
with protein kinase isoform PKCζ, suggesting that this PKC might be involved in
regulation of PKB (Konishi, Kuroda, et al. 1994) and in vitro expression of active
PKCζ stimulates glucose transport in rat skeletal muscle (Etgen, Valasek, et al.
1999).

Another atypical PKCλ has been reported to be downstream of PI3-K (Akimoto,
Takahashi, et al. 1996) activating GLUT4 translocation (Standaert, Bandyopadhyay,
et al. 1999).
Taking together, PKCs are potent modulators of insulin signal transduction inducing
glucose transporter translocation.
As to insulin stimulation of glucose uptake, glucose transporters terminate the insulin
signaling cascade.

1.2.6 Glucose Transport via Facilitative Glucose Transporter Family

All mammals possess transport systems for energy substrates across the plasma
membrane. The transport system for glucose employs ion-dependent cotransporters,
e.g. epithelial cells in small intestine and proximal tubule in the kidney (Bell, Kayano,
et al. 1990), which actively accumulate glucose and simple facilitative uniporters
“facilitative glucose transporters” (Mueckler 1994), which are passive carriers
transporting the D-enantiomer of glucose energy-dependent down a concentration
gradient.
Glucose transporters may involve a net input of glucose into the cell or output from
the cell, depending on the type of the cell, e.g. net uptake in muscle, output  from
liver in post-absorptive or fasting state.
Facilitative glucose transporters (GLUTs) represent a family of highly related
transporters, which are products of distinct genes. Six mammalian glucose
transporter have been characterized thus far (Gould & Holman 1993). The human
genes encoding these proteins are named GLUT1-5 and GLUT7. GLUT6 is a
pseudogene, that is not expressed at protein level (Kayano, Burant, et al. 1990). The
most characteristic feature of GLUTs is the presence of 12 transmembrane segments
(amphipatic helices), which are arranged so that both N- and C-termini are located at
the cytoplasmatic surface (see below).
GLUTs show tissue specific distribution and transport glucose and other hexoses
with different efficiencies and kinetics (Gould & Holman 1993), the glucose
transporter isoform 1 (GLUT1), also called the erythrocyte glucose transporter is the
most ubiquitously distributed isoform and is highly conserved with 97-98% sequence
identity between analogous of human, rat, mouse, rabbit and pig proteins. GLUT1 is
expressed highly in all cell culture lines (Gould & Holman 1993) and in many fetal
and adult mammalian cells (Thorens, Charron, et al. 1990), although frequently at low
levels and in conjunction with other more tissue restricted transporter isoforms.
Examples for cooperative coexistence of two isoforms of glucose transporter occur in
the insulin sensitive tissues, muscle and fat. In these tissues, GLUT1 provides with
low level of glucose required for basal cellular activity (house-keeping function), its
high Km for glucose and its asymmetry allow the transporter to function as
unidirectional transporter, when extracellular glucose is low and cell demand for
glucose is high.
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GLUT1 is translocated to the cell surface by insulin in cardiac muscle (Rett,
Wicklmayr, et al. 1996), (Fischer, Thomas, et al. 1997), (Laybutt, Thompson, et al.
1997), in skeletal muscle (Lund, Flyvbjerg, et al. 1994), in adipocytes (Gould &
Holman 1993) and in human fibroblasts (Miele, Formisano, et al. 1997).
Furthermore, intracellular abundance of GLUT1 has been shown in cardiac muscle
(Fischer, Thomas, et al. 1997), whereas others reported about restriction of GLUT1
to the cell surface (Zorzano, Munoz, et al. 1996), (Marette, Richardson, et al. 1992),
where it was found to be 5-6 fold enriched than in transverse tubule membrane (TT)
(Ploug & Ralston 1998). No translocation upon insulin stimulation was reported
(Galante, Maerker, et al. 1994). Estimations have been made about the content of
GLUT1 in muscle and its relation to GLUT4. GLUT1 shows only 8% of GLUT4
expression in rat soleus muscle and after considering of fibroblasts and endothelial
cells contained in muscle tissue, there will be for 30 GLUT4 only 1 GLUT1 (Ploug &
Ralston 1998). Taken together, GLUT1 is probably localized to both the plasma
membrane and intracellular sites and a modest redistribution to the plasma
membrane occurs upon insulin stimulation.
GLUT4 is the major insulin sensitive glucose transporter in fat and muscle of rat and
man (Rodnick, Slot, et al. 1992), (Friedman, Dudek, et al. 1991). GLUT3 and GLUT5
were also reported to be expressed at a lower abundance in muscle (Grover, Walsh,
et al. 1999), (Hundal, Darakhshan, et al. 1998). In contrast to GLUT1, the major
pool(s) of GLUT4 is located subcellularly (Bornemann, Ploug, et al. 1992), (Rodnick,
Slot, et al. 1992). Insulin stimulates the translocation of GLUT4 to the plasma
membrane (Ramlal, Sarabia, et al. 1988), (Rett, Wicklmayr, et al. 1996), (Zorzano,
Munoz, et al. 1996), (Guma, Zierath, et al. 1995) and to the TT membrane (Marette,
Burdett, et al. 1992), (Munoz, Rosemblatt, et al. 1995), (Wang, Hansen, et al. 1996),
(Munoz, Rosemblatt, et al. 1995). Furthermore, Insulin increases the intrinsic activity
of glucose transporter (Zierler 1998). Recently, at least two different intracellular
pools of GLUT4 have been identified, which are differently sensitive to insulin (Aledo,
Lavoie, et al. 1997) and exercise (Hayashi, Wojtaszewski, et al. 1997).

Figure 1.2.5 Schematic presentation of facilitative glucose transporter showing transmembrane
domains numbered M1-M12. CHO denotes site of aspargine-linked glycosylation.

From (Bell, Kayano, et al. 1990).
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1.3 Insulin Signal Transduction in Diabetes

Sensitivity of peripheral tissues for circulating insulin plays a key role in the
maintenance of a balanced glucose homeostasis. Skeletal muscle accounts for the
majority of whole body glucose uptake (DeFronzo 1988), whereas adipose tissue
plays a lesser role in glucose uptake (Garvey 1992). Glucose transport across the
plasma membrane is the rate limiting step in the overall glucose uptake process.
Insulin-stimulated glucose transport is altered in diabetes (Cline, Petersen, et al.
1999), (Utriainen, Takala, et al. 1998), in obesity (Zaninetti, Greco, et al. 1989),
(Miele, Formisano, et al. 1997) and in high fat diet (Han, Hansen, et al. 1997). The
mechanism(s) underlying altered glucose transport in diabetes is ill defined.
Total cellular expression of GLUT1 was found to be increased in diabetic mice
(Bonini, Colca, et al. 1995), in fibroblasts of NIDDM (Miele, Formisano, et al. 1997)
and in muscle of diabetic Zucker rats (Handberg, Kayser, et al. 1994). In contrast, no
changes in GLUT1 expression were reported for Zucker rats by (Galante, Maerker, et
al. 1994), for diabetic rats (Kahn, Rossetti, et al. 1991), whereas Vogt et al reported
decreased cellular GLUT1 expression from NIDDM (Vogt, Muhlbacher, et al. 1992).
GLUT4 cellular expression was reported to be decreased in skeletal muscle of
diabetic rats (Dombrowski & Marette 1995), in skeletal muscle of NIDDM subjects
(Vogt, Muhlbacher, et al. 1992), in obese rats (Brozinick-JT, Etgen-GJ, et al. 1994),
whereas no changes were reported in skeletal muscle of diabetic rats (Kahn,
Rossetti, et al. 1991), in hyperinsulinemic hypertensive rats (Bader, Scholz, et al.
1992). Moreover, Sato et al reported an increase in GLUT4 from skeletal muscle of
insulin resistant fatty rats (Sato, Man, et al. 1997). Thus changes in total expression
of GLUTs may be a site of molecular defects of insulin-stimulated glucose uptake in
insulin resistance and in diabetes.
Additionally, decreased translocation of GLUT4 to the plasma membrane and more
recently to the transverse tubules membrane was reported for diabetic rats (Kahn,
Rossetti, et al. 1991), (Klip, Ramlal, et al. 1990), for streptozotocin rats (Dombrowski,
Roy, et al. 1998), (Dombrowski & Marette 1995) and in skeletal muscle of NIDDM
(Zierath, He, et al. 1996). Thus altered translocation of glucose transporter seems to
be more clearly implicated in altered insulin-stimulated glucose uptake in diabetes.

Moreover, defects in expression and cellular activity of downstreams of insulin
receptor towards translocation of glucose transporter have been reported in diabetes.
Binding of insulin to its receptor is not changed in diabetes. Even more, binding of
insulin to its receptor is not essential for insulin receptor signaling, since anti-insulin
receptor antibodies can activate glucose transport (Holman & Kasuga 1997). Insulin
binding studies are complicated by the phenomenon of negative cooperation, an
observation of accelerated dissociation of insulin from its receptor by excess amount
of insulin (Bak 1994).
Total expression of insulin receptor is reduced in adipose tissue of insulin resistant
diabetic mice (Bonini, Colca, et al. 1995) and reduced  autophosphorylation of IR was
reported from skeletal muscle of NIDDM (Obermaier-Kusser, White, et al. 1989),
(Maegawa, Shigeta, et al. 1991), whereas others reported no changes in
autoactivation of IR in insulin resistant subjects (for review see (Bak 1994)).
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Studies with muscle insulin receptor knockout mice (MIRKO) revealed normal
glucose homeostasis, (Bruning, Michael, et al. 1998), suggesting a minor role of the
insulin receptor in the glucose homeostasis in skeletal muscle. Furthermore, exercise
improves glucose uptake in these mice (Wojtaszewski, Higaki, et al. 1999).
Thus post receptor defects may play a role in insulin resistance metabolic states. In
fact, insulin-induced phosphorylation of IRS-1 is reduced in skeletal muscle of
NIDDM
(Bjornholm, Kawano, et al. 1997) and in diabetic GK rats (Song, Ryder, et al. 1999).
PI3-K activity was reduced in NIDDM (Bjornholm, Kawano, et al. 1997) and in GK
rats (Song, Ryder, et al. 1999) as well as in high-fat-feeding in mice (Zierath,
Houseknecht, et al. 1997). Furthermore, PKB (Krook, Roth, et al. 1998) and PKC
activities (Schmitz, Browne, et al. 1997), (Avignon, Yamada, et al. 1996) are altered
in diabetes.

1.4 Effects of Hyperglycemia on Insulin Signal Transduction
Towards Glucose Transport

Hyperglycemia is a common feature of diabetes mellitus, which is “a group of
metabolic diseases characterized by hyperglycemia resulting from defects in insulin
secretion, insulin action or both” 1.
Hyperglycemia per se is not only a potent metabolic marker of diabetes, but also a
potent regulator of insulin secretion (Leahy, Cooper, et al. 1987), (Ammon 1997) and
insulin action (Yki 1992) leading to insulin resistance. A term referring to altered
hepatic glucose output (HGO) (Hother & Beck 1991) and insensitivity of peripheral
tissues to insulin (Vuorinen, Koivisto, et al. 1992). Inhibition of both insulin secretion
and action by hyperglycemia in diabetes is a phenomenon referred to as glucose
toxicity. Glucose toxicity is a well-established term involving furthermore the diabetic
complications accompanied and/or followed by hyperglycemia (Rossetti, Giaccari, et
al. 1990), (King & Brownlee 1996). Skeletal muscle can be protected from diabetic
complications due to an adaptation in the insulin stimulated glucose uptake, which
limits the glucose flux into this tissue (Yki & Makimattila 1997).
Hyperglycemia, acutely increases glucose uptake in skeletal muscle in a
concentration-dependent fashion (glucose mass-action effect) (Yki 1997).
The mass-action effect of glucose implies that the rate of glucose uptake is directly
proportional to its plasma glucose concentrations and may compensate for insulin
resistance (Vaag, Damsbo, et al. 1992), which is, as mentioned above, evolves to
protect insulin sensitive peripheral tissues from glucose oversupply.
In the sum, the absolute rate of whole body glucose uptake in IDDM and NIDDM is
not changed from normal subjects, provided that, it is measured under conditions of
actual glucose and insulin concentrations found in these patients postprandially (Yki-
Jarvinen, Sahlin, et al. 1990), (Henry, Gumbiner, et al. 1990).

                                           
1 Definition extracted from Clinical Practice Recommendations of American Diabetes Association 1998
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The mechanism(s), by which hyperglycemia induces glucose uptake was reported to
be insulin-independent (Galante, Mosthaf, et al. 1995). Nolte et al. (Nolte, Rincon, et
al. 1995) suggested that hyperglycemia activates glucose transport by a Ca2+-
dependent mechanism, since activation was blocked by dantrolene. In concomitance,
hyperglycemia-induced glucose transport does not appear to employ PI3-K activation
(Nolte, Rincon, et al. 1995). Most recently, Kawano et al (Kawano, Rincon, et al.
1999) showed that hyperglycemia-induced glucose uptake in rat skeletal muscle was
dependent on activation of PKCβII isoform, since inhibition of PKC blocked the
stimulatory effects of hyperglycemia on glucose uptake. In the same approach, it was
shown again, that hyperglycemia activates glucose transport in an insulin-
independent pathway.
Furthermore, chronic hyperglycemia was reported to induce insulin resistance (Yki
1992), (Yki 1997), (Rossetti, Giaccari, et al. 1990). Insulin-stimulated glucose uptake
was lowered after 24h of hyperglycemia in type 1 diabetic patients (Vuorinen,
Koivisto, et al. 1992) and insulin resistance was reported from glucose-infused rats
for 72h (Hager, Jochen, et al. 1991). Lessons from transgenic animals show that
overexpression of GLUT1 in mice leads to decreased insulin-stimulated glucose
uptake (Etgen-GJ, Zavadoski, et al. 1999), (Hansen, Wang, et al. 1998). The
increased glucose flux in this transgenic animals overexpressing GLUT1 is important
for the development of insulin resistance, as further supported by Buse et al (Buse,
Robinson, et al. 1996). Furthermore, normalization of glycemia by phlorizin (an
inhibitor of proximal glucose reabsorption) reversed the inhibitory effects of
hyperglycemia on glucose transport without affecting serum insulin (Dimitrakoudis,
Vranic, et al. 1992) suggesting that inhibitory effects of hyperglycemia are located in
insulin signaling.
Taken in toto, hyperglycemia may increase glucose flux in insulin sensitive tissues in
an insulin-independent fashion and increased glucose flux leads to the development
of insulin resistance. The mechanism(s), by which increased glucose flux induces
insulin resistance is temporarily a matter of intensive investigations.
One of the plausible mechanisms proposed to underlie hyperglycemia-induced
insulin resistance involves the activation of PKCs (Haring, Kellerer, et al. 1994).
Hyperglycemia activates PKC isoforms in fibroblasts (Berti, Mosthaf, et al. 1994), in
glomerular cells (Derubertis & Craven 1994), in endothelial cells (Inoguchi, Battan, et
al. 1992), in rat fat cells (Muller, Kellerer, et al. 1991), in L6 skeletal muscle cells
(Caruso, Miele, et al. 1999), in C2C12 myotubes (Galante, Mosthaf, et al. 1995) and in
rat skeletal muscle (Nolte, Rincon, et al. 1995), (Kawano, Rincon, et al. 1999).
PKC stimulates glucose transport (van-de-Werve, Zaninetti, et al. 1987), (Khayat,
Tsakiridis, et al. 1998), (Etgen, Valasek, et al. 1999), (Standaert, Bandyopadhyay, et
al. 1999), (Lawrence, Hiken, et al. 1990), the translocation of glucose transporter
(Holman, Kozka, et al. 1990), (Etgen, Valasek, et al. 1999), (Standaert,
Bandyopadhyay, et al. 1999), (Galante, Mosthaf, et al. 1995) by a distinct mechanism
of insulin (Hansen, Corbett, et al. 1997) and inhibits insulin-stimulated glucose
transport (van-de-Werve, Zaninetti, et al. 1987), (Guma, Camps, et al. 1990),
(Filippis, Clark, et al. 1997).
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Activated PKC forms a complex with insulin receptor and modulates its tyrosine
kinase activity through serine/threonine phosphorylation of the β-subunit of the
receptor (Haring, Kellerer, et al. 1994), (Berti, Mosthaf, et al. 1994), (Bossenmaier,
Mosthaf, et al. 1997), (Kellerer, Mushack, et al. 1997), (Bollag, Roth, et al. 1986).
PKC overexpression, chronic exposure to TPA (PKC activator) downregulates IRS-1
expression and leads to insulin resistance (deVente, Carey, et al. 1996).
Furthermore, our laboratory showed that the involvement of IRS-1 in the inhibitory
effects of PKCs on insulin receptor function, may be through serine/threonine
phosphorylation of IRS-1 (Kellerer, Mushack, et al. 1998). Moreover, inhibitory effects
of hyperglycemia and of PKC on the insulin receptor autophosphorylation can be
reversed by PKC inhibitor (Muller, Kellerer, et al. 1991), (Berti, Mosthaf, et al. 1994)
and hyperglycemia-induced diabetic complications can be nullified by an oral PKC-
inhibitor (Koya, Jirousek, et al. 1997). Thus, PKC activation by hyperglycemia and the
attenuation of insulin signaling by PKC represents an attractive hypothesis to explain
the mechanism of hyperglycemia-induced insulin resistance.

An alternative hypothesis for hyperglycemia-induced insulin resistance suggests
increased flux of glucose through the hexosamine biosynthesis pathway (Robinson,
Weinstein, et al. 1995), (Yki 1997), (Marshall, Bacote, et al. 1991), (Crook, Zhou, et
al. 1995).
In this pathway, under physiological circumstances, 2-3% of phosphorylated glucose
(Glc-6-P) is converted to fructose-6-phosphate, which is in turn converted by
glutamine:fructose-6-phosphate amidotransferase (GFAT) to glucosamine-6-
phosphate (GlcN-6-P). Glc-6-P is metabolized to UDP-N-acetylglucosamine (UDP-
GlcNAc) and UDP-N-acetylgalactosmine (UDP-GalNAc). Both of the latter are
precursors for synthesis of glycoproteins, proteoglycans and glycolipids (Marshall,
Bacote, et al. 1991).

Figure 1.4.1 Schematic presentation of hexosamine biosynthetic pathway.
                  From (Buse, Robinson, et al. 1996).
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UDP-GlcNAc is covalently coupled to serine or threonine residues on cytosolic and
nuclear proteins (intracellular O-linked glycosylation) (Yki & Makimattila 1997). This
step is catalyzed by UDP-GlcNAc β-N-acetylglucosaminyltransferase (O-GlcNAc
transferase) (Yki, Vogt, et al. 1997) and interacts with phosphorylation
/dephosphorylation state of cellular proteins (Hart 1992). Added on, GlcNAc is
coupled to aspargine residues on secreted and surface proteins (N-linked
glycosylation) (Dinter & Berger 1995), (Kandror & Pilch 1994).
GFAT activates the rate limiting step in hexosamine biosynthetic pathway and its
expression was shown in different tissues including skeletal muscle (Nerlich, Sauer,
et al. 1998). Recently, a novel subtype designated GFAT2 (GFAT was then called
GFAT1) was identified in human and mouse tissues and different tissue distribution
between GFAT1 and GFAT2 has been shown (Oki, Yamazaki, et al. 1999). Whether
or not GFAT2 is expressed in skeletal muscle and whether GFAT1 or GFAT2 plays a
larger role in hyperglycemia-induced insulin resistance in skeletal muscle is subject to
further analysis, since antisera produced in our laboratory recognize both GFATs
(Nerlich, Sauer, et al. 1998).
Hyperglycemia increases GFAT activity (Daniels, Ciaraldi, et al. 1996) and GFAT
activity is increased in hyperglycemic obese mice (Buse, Robinson, et al. 1997) and
in hyperglycemic NIDDMs (Yki, Daniels, et al. 1996).
Overexpression of GFAT leads to insulin resistance (Hebert-LF, Daniels, et al. 1996),
(Crook, Daniels, et al. 1993), (Crook & McClain 1996), (Crook, Zhou, et al. 1995) and
reduced insulin-stimulated translocation of GLUT4 to the plasma membrane (Chen,
Ing, et al. 1997), (Cooksey, Hebert-LF, et al. 1999). Additionally, GFAT inhibition by
azaserine (a glutamine antagonist) blocks the ability of glucose, insulin and glutamine
to interact with glucose transport (Baron, Zhu, et al. 1995).
Tissue concentrations of UDP-GlcNAc are elevated in insulin resistant ob/ob mice
(Buse, Robinson, et al. 1997) and elevated UDP-GlcNAc concentrations correlates
with impaired insulin action on muscle glucose uptake (Hawkins, Angelov, et al.
1997).
Glucosamine per se, which enters the cell via glucose transporter and catches into
the hexosamine pathway distal to GFAT, impairs glucose transport (Baron, Zhu, et al.
1995). It was reported to induce insulin resistance in isolated rat skeletal muscle
(Robinson, Sens, et al. 1993), in 3T3-L1 adipocytes (Heart, Choi, et al. 2000) and
after in vivo infusion in rats (Virkamaki, Daniels, et al. 1997) by affecting GLUT4
translocation (Baron, Zhu, et al. 1995). Glucosamine impaired insulin
autophosphorylation, IRS-1 phosphorylation (Hresko, Heimberg, et al. 1998) and
IRS-1 associated PI 3-K activity (Hresko, Heimberg, et al. 1998), (Hawkins, Hu, et al.
1999). Glucosamine depleted intracellular ATP, which in turn inhibits translocation of
GLUT1 and GLUT4 (Hresko, Heimberg, et al. 1998), (Sofue, Yoshimura, et al. 1993).
Furthermore, glucosamine impaired insulin-stimulated PKB activation (Heart, Choi, et
al. 2000).
Patti et al (Patti, Virkamaki, et al. 1999) confirmed the role of glucosamine-induced
O-linked glycosylation in the interaction with insulin signaling cascade.
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The impairment of IR, IRS-1 and PI 3-K activity by glucosamine was challenged by
the work of (Heart, Choi, et al. 2000) and another group showed that troglitazone (an
insulin sensitizer) was able to prevent hyperglycemia-induced but not glucosamine-
induced insulin resistance suggesting that hexosamine biosynthetic is not a major
mechanism for hyperglycemia-induced insulin resistance (Miles, Higo, et al. 1998).
Maegawa et al., (Maegawa, Ide, et al. 1995) showed a normalization of protein-
tyrosine phosphatase activities by thiazolidine, which they reported to be higher in
hyperglycemia. The latter approach might explain the results reported by Miles et al.

Mechanisms of hyperglycemia-induced insulin resistance merged together, as Kolm
et al. reported that glucosamine activates the translocation of PKC isoforms in
mesangial cells (Kolm, Tippmer, et al. 1998). Fillipis et al (Filippis, Clark, et al. 1997)
have furthermore shown that PKC inhibition can reverse glucosamine effects on
glucose transport.
Thus, with the goal of discovery of new remedies in diabetes, the elucidation of the
“sinister scenario” of hyperglycemia to positively or negatively alter glucose uptake
will be of highest interest to diabetic research.
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Figure 1.4.2 Shows potential mechanisms involved in insulin signaling cascade.
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2  AIM

The aim of this thesis was to elucidate pathological effects of prolonged glucose
infusion on insulin signal transduction and glucose transport in normal conscious rats.
In our experimental design, we set up an in vivo animal model that has never been
described before as to the period of glucose infusion and the simultaneous
investigation of effects of glucose infusion on insulin secretion (thesis was performed
in parallel by a colleague) and on insulin signal transduction towards glucose
transport in skeletal muscle.

The central hypothesis is that infused glucose interacts with its own metabolism in
skeletal muscle and propagates its uptake in an insulin-independent fashion leading
to insulin resistance.
In particular, the following questions have been addressed:

- Does infused glucose influence insulin signaling and glucose transporter
translocation to the plasma membrane?

- Does infused glucose activate PKC isoforms?

- Is the hexosamine pathway involved in effects of infused glucose on its own
uptake in skeletal muscle?
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3 METHODS

3.1 Materials

Chemicals, solvents and other reagents were purchased from Sigma (Deisenhofen,
Germany), Roth (Karlsruhe, Germany), Fluka (Neu-Ulm, Germany) as well as from
Boehringer Mannheim / Roche Molecular Diagnostics (Mannheim, Germany).
Exceptions well be specified in context.

3.2 Instruments

Perfusor syringe pump: B.Braun, Melsungen, Germany.
Micro-Dismembrator s: B.Braun, Melsungen, Germany.
Potter s: B.Braun, Melsungen, Germany.
Spectrophotometer: Genesys 5 (Spectronic, Runcorn, Cheshire,

England).
GeneQuant II (Pharmacia, Freiburg,
Germany).

Centrifuges: Optima Max (Beckman, München, Germany)
Biofuge fresco (Heraeus, Osterode,
Germany).
Hettich (Universal 30 RF, Tuttlingen,
Germany).

Gel electrophoresis Cell: Protean II 20 cm (Bio-Rad, München,
Germany).
MWG Biotech (München, Germany).

Semi-Dry-Blotting apparatus: (Harnischmecher, Arnsberg, Germany).
Film Handling: Sterling Diagnostic Imaging (Du Pont de

Nemours, Bad Homburg, Germany).
Capillary electrophoresis: BioFocus 3000 (Bio-Rad, München,

Germany).
ABI PRISM 310 (Perkin-Elmer, Überlingen,
Germany)

SpeedVac Concentrator: Savant (Bachofer, Reutlingen, Germany).
PCR-Cycler: Perkin-Elmer-PCR-System 9700

Mastercycler Gradient, (Eppendorf-Netheler,
Hamburg, Germany).
Light-Cycler (Boehringer, Mannheim,
Germany).

Scales: BL 1500 (Sartorius, Göttingen, Germany).
AB 104 (Mettler-Toledo, Gießen, Germany).

Gel documentary: Mididoc (Herolab, Wiesloch, Germany).
Glucose analyzer: YSI 2300 STAT Plus (Kraienbaum,

Langenfeld, Germany).
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Water specification: prepared using Milli-Q plus (Millipore,
Bedford, Massachusetts, USA) or
Fi-Stream (Fison, Beverly, Massachusetts,
USA.

Scanner: Sharp scanner JX-330, software from
ScionImage, (www.scioncorp.com/)

3.3 Prolonged Glucose Infusion into Conscious Rats

3.3.1 Animals

Female Wistar rats weighing 250-350 g were purchased from Charles River, Sulzfeld
Germany and were kept at 22 °C with a 12h light-darkness cycle and a relative
humidity of 55-60% during the whole experimental period. The rats were given free
access to water and standard chow pellet diet (Altromin 1324, Altromin-Futterwerk,
Lage, Germany).

3.3.2 Glucose Infusion Procedure

Glucose infusion was performed as previously described (Ammon, Bacher, et al.
1998). Briefly, each rat was anesthetized with an intraperitoneal injection of a mixture
of ketamine (Ketanest, Parke-Davis, Freiburg, Germany) and Rompun (Bayer,
Leverkusen, Germany) at 45 mg/kg and 12 mg/Kg,  respectively.
2-3 drops of atropine sulfate solution (1 mg/ml) were added to 1 ml of the mixture
mentioned above.
As anesthesia deepens, the paw reflex of the rat becomes reduced or abolished.
Depth of anesthesia was then continuously monitored by this reflex.
Surgery was performed at semisterile conditions, whereas sterile instruments were
used.
A 1 cm long incision was made between sternum and mandibula, right external
jugular vein was exposed by blunt dissection and was dissected free of the
surrounding connective tissue. The jugular vein was ligated cranially and the vein
was incised distal to the ligature.
Catheters were constructed in our work group and were made of silicone rubber
(Silastic, Dow corning, Midland, MI, USA) and Polyethylene tube and catheter fleece.
The catheter were filled with 50 I.U. heparin (Liquemine, Roche, Grenzach,
Switzerland) in 0.9% saline and introduced into the vein so that its tip lays just before
the right atrium. Catheter placement was confirmed by aspiration. The catheter was
then anchored by double ligature.
The free end of the catheter was then routed dorsally subcutaneously to the back of
the neck. A second incision was then made and the catheter was externalized and
fixed using a teflon anchoring device.
The incision was then sutured. Externalized catheter was routed through a flexible
spring tether to a swivel (ZAK-Medizintechnik, München, Germany) and connected
via an oscillating arm to a Perfusor syringe pump (Braun, Melsungen, Germany).
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The rats were housed singly in a cylindrical Plexiglas metabolic cage and allowed to
recover for 48h, after which glucose infusion (50% glucose, Fresenius, Bad
Homburg, Germany) at a rate of 2 ml/h (GIR) versus 0.45% saline infusion at 2 ml/h
(Control or SIR) was started. Usually, a glucose and a saline infusion were carried
out at a time.
Animals were allowed to water and chow pellet ad libitum.

Figure 3.3.1 Implantation of a catheter system for long-term intravenous infusion in
unrestrained rats:
1 refers to PE-part of the catheter
2 represents silicone fleece to cover the incision of the vein
3 silastic part of the catheter inserted into jugular vein
4 cranial ligature of the jugular vein
5 incision of jugular vein for the insertion of catheters
6 anesthetized rat
Modified from Brändle, dissertation from the department of Pharmacology at the university of
Tübingen, Germany, 1995.
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Figure 3.3.2 Free moving system constructed in our work group for single housing of rats
during the experimental period:
1 Plexiglas metabolic cage
2 Drawer for disposable sawdust
3 cage gound
4 necklace
5 teflon anchoring device
6 flexible spring tether
7 lower catheter-swivel connection
8 swivel
9 upper swivel- Perfusor syringe pump connection
10 oscillating arm
11 balancing weight
12 lattice
From Brändle, dissertation from the department of Pharmacology at the university of Tübingen,
Germany, 1995.
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3.3.3 Monitoring of Plasma Glucose and Insulin Concentrations
During the Experimental Period

Blood samples were withdrawn from the tail vein and glucose and insulin
concentrations were determined as previously described (Ammon, Bacher, et al.
1998).

3.3.4 Sacrificing of Animals and Excision of Hind Limb Muscle

After 48h (2d) or 120h (5d) of continuous glucose or saline infusion, experiments
were terminated by disconnecting the syringe pump. Animals were then immediately
removed from the Plexiglas cage and sacrificed by placement in a container
saturated with Diethylether (Ether). Hind (pelvic) limb muscles were then quickly
excised; hind limb were firstly amputated, skin was then excised and mixed hind limb
muscles, e.g. soleus, gastrocnemius, flexor and adductor digitorum groups, adductor
group, gracilis, vastus lateralis and gluteus were dissected free of connective tissue
and fat and were chopped in small pieces. This step was carried out on ice.
Chopped muscles were immediately frozen in liquid nitrogen and subsequently
stored  at  -80 °C until further preparation. Thoracic limbs were not excised.
In the meanwhile of muscles excision, the pancreas was excised by a colleague for
the investigation of insulin secretion parameters.

3.4 Preparation of Muscle Extracts for SDS-PAGE and Western-
Blotting

For characterization of intracellular proteins, their extraction in a harmless method is
a prerequisite. A variety of homogenization techniques has been developed.
Non of the developed methods can be considered as universally applicable.
In the following, a combination of chopping and forcing the tissue through a narrow
opening (potter, liquid shear) was chosen.
Although the potter method is a standard technique for smooth tissues (liver) and is
considered to be inefficient for skeletal muscle, the method efficiency should be
sufficient if muscles were grounded beforehand.
The liquid shear or potter method was the standard technique used for
homogenization in this work, since the resulting homogenate can be further
centrifuged per differential pelleting and isopycnic centrifugation techniques.
Aliquots of excised muscles were weighted, grounded in a liquid nitrogen cooled
Porcelain mortar using a Porcelain pistil. Muscles were subsequently placed in liquid
nitrogen cooled Dismembrator (B. Braun, Melsungen, Germany)  and powdered at
setting 2000 rpm for 1 min.
Powdered muscles were placed in ice-cold buffer A (10 mM NaHCO3

 pH=7, 0.25 M
sucrose, 5 mM NaN3, freshly added protease inhibitor cocktail (Sigma, P8340) and
100 µM PMSF). Further homogenization was carried out with a motor-driven Potter-
Elvehjem Teflon-glass tissue grinder at setting 1500 rpm for 1 min and approximately
10 ups-and-downs.
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The resulting homogenates were taken for protein concentration determination.
Equal amounts of protein were introduced into the wells of gel ranging from
50-200 µg per lane, separated on 7.5-10% SDS-PAGE and used for the study of:

1) Insulin receptor total protein expression and its tyrosine phosphorylation. S. 4.2.
2) IRS-1 total protein expression and its tyrosine phosphorylation. S. 4.3.
3) PI3-K total protein expression. S. 4.4.A.
4) PKB total protein expression and its serine phosphorylation. S. 4.5.
5) Total protein expression of PKC isoforms. S. 4.6.
6) GFAT total protein expression. S. 4.7.1.
7) O-GlcNAc-glycosylation. S. 4.9.
8) GLUT4 total protein expression. S. 4.10.1.
9) GLUT1 total protein expression. S. 4.11.1.

3.5 Protein Concentration Determination

Protein concentrations were determined using the dye-based Bradford assay. This
assay is also referred to as Bio-Rad assay after the company which sells the kit.
Aliquots of samples (ranging from 1-5 µl) were diluted in water to 800 µl and 200 µl of
the Bio-Rad-Kit (Biorad, München, Germany) was added.
Extinction of the contained Serva Blue G dye was then measured after 20-30 min at
595 nm in a Genesys 5 spectrophotometer (Spectronic, Runcorn, Cheshire,
England).
A standard curve with samples of known protein concentration was prepared in
parallel to assess the unknown protein concentrations.
Bovine serum albumin, BSA, (Boehringer, Mannheim, Germany) was used as a
standard and the following dilutions were usually used for the standard curve:

Standard Protein/µg µl BSA(200 µg/ml)
1 0 0
2 4 20
3 8 40
4 12 60
5 16 60
6 20 100

Table 3.5.1 Known protein concentrations used for the standard curve

Extinction was measured in plastic cuvettes and polynomic regression was used for
the calculation of unknown protein concentration of the sample.
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3.6 Membrane-Cytosol Fractionation for the Assessment of
Subcellular Distribution of PKCs

Many papers have dealt with PKC subcellular redistribution from cytosolic fraction to
the total membrane fraction (Avignon, Standaert, et al. 1995), (Mosthaf, Kellerer, et
al. 1996), (Standaert, Bandyopadhyay, et al. 1999), (Schmitz, Browne, et al. 1996),
(Berti, Mosthaf, et al. 1994). Considering only papers dealing with skeletal muscle,
e.g. (Avignon, Standaert, et al. 1995), (Schmitz, Browne, et al. 1996), (Schmitz,
Browne, et al. 1997),  (Khayat, Tsakiridis, et al. 1998), (Kawano, Rincon, et al. 1999),
there still a big variety in fractionation media and centrifugation conditions.
In this work total homogenate was obtained as described in 3. 4.
Total homogenate was then spun at 186000 g for 1h using TLA 55-eppendorf cups
rotor (Beckman, München, Germany) and Optima Max centrifuge (Beckman,
München, Germany). Supernatant was referred to as cytosolic fraction, whereas
pellet contained total membrane fraction. The latter was resuspended in buffer A
containing 1% Triton X-100, solubilized and centrifuged again at 10000 g  in MLA 80
rotor (Beckman, München, Germany) for 10 min. The supernatant was retained and
referred to as total membrane fraction. All steps were carried out at 4 °C.
This method was applied for the study of PKC translocation. S. 4.6.   

3.7 Subcellular Fractionation of Rat Skeletal Muscle

The first prerequisite for the establishment of a method for subcellular fractionation is
the knowledge of the ultrastructure of the tissue type being dealt with.
The homogenization media and homogenization method must take the ultrastructure
of the material being homogenized into consideration. Homogenization methods like
nitrogen cavitation (French pressure cell) will result in small vesicles with similar sizes
from both endosomal compartment and plasma membrane, besides it might cause
damage to cell organelles separated. Thus one would prefer liquid shear method like
potter, in spite of relatively poor reproducibility, if cell organelle damage is to be
avoided.
It should be stressed that damage to a part of cell organelles is obvious in each
homogenization method.
Successful homogenization combined maximal retention of cell organelle nature and
maximal cell lysis and plasma membrane disruption.
To meet this requirements, a homogenization method as in 3.4 was again used for
subcellular fractionation of rat skeletal muscle.
5 g of mixed hind muscles were homogenized as in 3.4. The powdered muscle was
placed in buffer A (5g/75 ml buffer A) and pottered as described in 3.4. In this crude
homogenate four classes of structure will be encountered:
First, the relatively compact cell organelles, nuclei, mitochondria, microbodies,
lysosomes and secretion granula, which will survive the homogenization procedure
intact.
A second class of structure is membrane systems of the plasma membrane, the
endoplasmatic reticulum as well as the Golgi apparatus. The endoplasmatic
compartment will form small vesicles. Plasma membrane and Golgi apparatus will
partially stay intact, provided that mild homogenization was used.
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Fragmentation of the plasma membrane to small vesicles will be encountered, where
either “right side out” or “inside out” vesicles are formed. Sheets of plasma
membrane will form, only where strong junctional complexes are available.
Attention must be paid to the latter, since a lot of centrifugation works of skeletal
muscle do not consider the low spin pellet for further analysis, albeit this pellet will be
enriched in sheets of plasma membrane important for evaluation of translocation
studies, e.g. of glucose transporter.
The third class of structures is the cytoskeletal elements. Usually, no big attention
has to be paid for cytoskeletal elements in subcellular fractionation.
The fourth class encountered is the proteins and small vesicles of the cytosol.
Usually, they do not interfere with cell organelle separation because of their small
size (they remain in the supernatant of the 190000 g centrifugation).

A typical subcellular centrifugation involves two different centrifugal methods for the
separation of the cell organelles:
First, differential pelleting, where the difference in particle size is used for separation.
In this technique, a suspension of particles is placed into a centrifuge and centrifuged
to pellet the largest group of particles. The supernatant is then poured off and
recentrifuged to collect the next fraction and so on.
The first fraction yielded is usually referred to as Low spin pellet or fraction N (nuclear
fraction). It is enriched in unbroken, partially broken cells and large sheets of the
plasma membrane as well as Transversal-tubules region and contains ~ 40% of total
GLUT4 and > 50% of sarcoplasmatic reticulum (Rodnick, Slot, et al. 1992). Repeated
wash of this pellet reveals no more than 20-30% of the surface membranes (Rodnick,
Slot, et al. 1992).
In this work, the Nuclear pellet was resuspended in LiBr-containing buffer B (50 mM
Tris-HCl, 0,5M LiBr ) and freshly added protease inhibitor cocktail (Sigma) and stirred
at 4 °C for 4h. LiBr was added to break actin-myosin bond and liberates GLUT4-
enriched internal membranes as described in (Burdett, Beeler, et al. 1987),
(Dombrowski, Roy, et al. 1996).
Washing of the low speed pellet is important to minimize the loss of the small
organelles. The combined supernatants were then centrifuged at 9000 g for 10 min.
The resulting pellet is usually referred to as M-fraction (mitochondria fraction), large
particulate fraction or high density membrane fraction (HDM). This fraction contains
the majority of intact organelles.
Finally, microsomes (small vesicles of all kind of membranes) were pelleted by
centrifugation at 190000 g for 1h. The supernatant is referred to as cytosolic fraction
and the pellet represents total membranes fraction or low density membrane fraction
(LDM). Microsomal fraction contains small size vesicles of different origins that can
not be further separated by differential pelleting.
Further separation is performed depending on density. In this case, resuspended
microsomal fraction was topped on a sucrose step gradient and centrifuged for 7h.
During this time, microsomes sediments until they reach a region of their own density
and stops there. This is referred to as isopycnic or buoyant density banding
(isopycnic centrifugation).
Interphases from the gradient were then collected, diluted with sucrose free buffer A
and repelleted at 444000 g for 1h.
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Further centrifugation steps are outlined in fig. 3.7.1.
Pellets were re-suspended in appropriate volume of buffer A and protein
concentration was determined.

Pulverize in mortar and Dismembrator,
Suspend in buffer A (5 g/75 ml),
Dounce homogenization (Potter S).

Reserve an aliquote.
Spin at 1300 g for 10 min
(Megafuge 2.0, 2500 rpm, 10 min).

 Pellet (N-Fraction) Supernatant 1
   Resuspend in buffer A,
   Dounce again, spin as above. +

Supernatant 2

     Pellet    Spin at 9000 g for 10 min,
  Resuspend in buffer B (150 ml),                     Hettich centrifuge, rotor 1415
  Stir on ice for 4h.
  Spin at 10000 g for 25 min
  (Hettich centrifuge, 9360 rpm)

     Pellet                            Pellet ( M-fraction)

 Supernatant
  Spin at 53000 g for 20 min   Supernatant
   (MLA 80 rotor, 32000 rpm)                              spin at 190000 g for 20 min,

                              MLA 80, 61000 rpm

.

Supernatant

 

5g rat skeletal muscle

Crude Homogenate

Fraction enriched
        in TT.

Microsomal
   Fraction

Supernatant
   Cytosol
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     Supernatant
    

        Centrifuge at 190000 g
for 20 min

           Resuspend in buffer A,
Apply on sucrose step
gradient and centrifuge
at 150000 g for 7h.
Collect the interphases
and pellet again.

                                                                   F25%
         25% sucrose
   F32%

                                                                                32% sucrose
                                  F35%(TT)
                         35% sucrose
          pellet

Figure 3.7.1 Schematic presentation of subcellular fractionation method.

3.8 Identification and Purity Assessment of Separated Fractions

Marker enzymes were used to identify the separated fractions.
Na+/K+-ATPase is found only in the plasma membrane. Methods for the
measurement of the activity of this enzyme were developed to identify cardiac
sarcolemma (Bers 1979), (Bers, Philipson, et al. 1980), (Pierce & Dhalla 1983).
Lately, Western-Blot was employed to identify the expression of the α1 and α2
subunits of Na+/K+-ATPase in the plasma membrane (Hundal, Marette, et al. 1992).
Insulin does not affect the expression of the α1 subunit, whereas it induces the
translocation of the α2 and β1 subunits (Hundal, Marette, et al. 1992), (Marette,
Krischer, et al. 1993). In this work, Western-Blot analysis of insulin independent α1
subunit was used to identify plasma membrane fractions.
For the characterization of fractions enriched in transversal tubules, the
dihydropyridine receptor α1 subunit was employed in Western-Blot as described
(Munoz, Rosemblatt, et al. 1995), (Horgan & Kuypers 1988).

Microsomal
   Fraction

Intracellular Membrane
             Fraction
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3.9 Immunoprecipitation

Immunoprecipitation allows the concentration of isolated proteins by the use of a
protein-specific antibody. The procedure consists of three steps. First, the specific
antibody is added to the extract and allowed to bind specifically to the protein of
interest. Second, purified protein A (or alternatively protein G) coupled to beads of
Sepharose is added. Protein A is a bacterial protein with high affinity to the Fc portion
of immunoglobulins. It binds to the antibody-antigen complex and provides a mass
necessary for precipitation from solution. Antigen-antibody-protein complex is
subsequently pelleted. Finally, the pellet is thoroughly washed to remove
unprecipitated material.
The immunoprecipitaion procedure was used in this work for the isolation of the
insulin receptor and the insulin receptor substrate 1 as well as for the measurement
of IRS-1 associated PI3K activity (Wang, Bilan, et al. 1998 ), (Smith, Elmendorf, et al.
1997).
Immunoprecipitaion was performed as follows:

Immunoprecipitation of IR/IRS-1 from Rat Skeletal Muscle:

200 mg mixed muscle of hind limb

1.) Pulverize in a mortar, Dismembrator for 1 min 2000 rpm,
               both steps liquid nitrogen cooled.
2.) Suspend in buffer at 1.5 ml / 200 mg muscle
     (buffer IP with 1% Triton X-100 (m/V) and freshly added
      Na3VO4 and  20 µl Protease Inhibitor Cocktail Sigma)
      or in IP-1 with NP-40 1% instead of Triton X-100
      and 1 mM CaCl2 for PI3-K Assay.
3.) Potter in motor-driven Potter-Elvehjem, ice-cooled.
4.) Incubate for 5 min on ice.

Crude Homogenate

Spin at 10000 g for 10 min and discard pellet.

Supernatant

Spin again at 10000 g for 10 min and discard pellet.
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Figure 9.3.1 Schematic presentation of  the used immunoprecipitation method.

IP-buffer:
50 mM HEPES pH 7.5
150 mM NaCl
1.5 mM MgCl2
1 mM EGTA
10%  Glycerol
1% (m/V) Triton X-100 (use NP-40 for PI3-K assay)
100 mM NaF
10 mM Na4P2O7

Add freshly 1 mM PMSF
20 µl/1.5 ml buffer Protease inhibitor cocktail
400 mMNa3VO4

Washing-buffer for IP:

50 mM HEPES pH 7.5
150 mM NaCl
0,1%(m/V) Triton X-100
10% Glycerol
100 mM NaF
2 mM Na3VO4  to be added freshly

Purified Supernatant

1.) Determine protein concentration.
2.) Dilute with HNTG-buffer to obtain 10 µg/µl.
3.) pipette 1 mg (100 µl) in a new Eppendorf cup.
4.) Add 10 µl Protein-A-cepharose and 10 µl cepharose (Pharmacia)
     and shake well.
5.) Add 5 µg  IR-atibody or IRS-1-antibody.
6.) Gently rock for 4h or overnight  at 4 °C.
7.) Spin at 5000 rpm for 1 min in cooled centrifuge.

Pellet Save aside the supernatant.

1.) Wash 3-4 x using IP-washing buffer of à 500 µl
     and spin at 5000rpm for 1 min. Be careful not to aspirate beads.
2.) Add as little as 20 µl of IP-washing buffer to the beads.
3.) Add Laemmli buffer and boil with closed cup for 10 min at 98 °C.
4.) Load the supernatant of beads on 7,5% SDS- PAGE and proceed as
     in Western-Blotting.

Reserve an aliquote for protein
concentration determination.
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3.10 Sodium Dedecyl Sulfate - Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

SDS-PAGE is a rapid qualifying and quantifiying method for proteins. The method
separates proteins based on their molecular weights (Laemmli 1970).
SDS binds to hydrophobic domains of proteins and disrupts their folded structure
allowing them to exist stable in solution. The resulting SDS-protein complex is
proportional to the molecular weight of the protein. SDS-protein complexes have all a
negative charge and can be size-separated; SDS-treatment masks individual charge
differences of proteins. During separation, SDS-protein complexes are attracted to
the anode and separated by enforcement through the porous acrylamide gel.
Usually, proteins are first concentrated on a stacking gel and later separated on a
separating gel.
In this work, a separating gel of 7,5-10% acrylamide was used.
Protein samples were combined with 5x Laemmli-buffer and heated at 95 °C for 10
min.

5x Laemmli buffer: 1 M Tris-HCl pH 6.8, 10% SDS, 50% glycerol, 0.1%
bromophenol blue, 50% 2-mercaptoethanol.

Samples and weight marker (cat. No.1495922, Boehringer, Mannheim, Germany)
were introduced into wells of stacking gel using Hamilton syringe (Exmire
Microsyringe, Roth, Karlsruhe, Germany). Gel apparatus (Protean II Cell, Bio-Rad,
München, Germany) was assembled. Power supply was attached and separation
was performed overnight.

Separating gel:
12.5 ml Acrylamide solution (Rotiphorese gel 30, Roth, Karlsruhe, Germany)
12.5 ml Lower buffer (1,5 M Tris-HCl pH 8.8, 2% SDS)
 25 ml  Aqua dest.
0.33 ml Ammonium persulfate 10% solution.
80 µl N,N,N’,N’,- Tetramethylethylendiamine (TEMED).

Stacking gel:
1.8 ml Acrylamide solution (Rotiphorese gel 30, Roth)
3.5  ml Upper buffer (1,5 M Tris-HCl pH 6.8, 2% SDS)
9.4 ml  Aqua dest.
0.15 ml Ammonium persulfate 10% solution.
20 µl N,N,N’,N’,- Tetramethylethylendiamine (TEMED).

Electrophoresis buffer:
248 mM Tris-base
1918 mM Glycin
1% SDS

Usually four 1.5 mm thick gels of each 15 wells were separated at a time.
Electrophoresis was terminated, after the bromophenol blue dye front had passed
through the majority of the separating gel. Thereafter, Immunoblots were performed.
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3.11 Immunoblotting (Electrotransfer and Immunodetection)

In immunoblotting or also called Western-blotting, SDS-PAGE separated proteins are
transferred and immobilized on a matrix. Thereafter, monoclonal or polyclonal
primary antibodies are added. Binding of primary antibodies to the antigen is
visualized using horseradish peroxidase bound second antibodies. The limit of
detection of this method is reported to be about 10 pg.
In this work, semi-dry blotting was performed using nitrocellulose membranes
(Protran 0.45 µm, Schleicher & Schuell, Dassel, Germany).

Semi-dry transfer buffer (10x Stock):
480 mM Tris-HCl pH 7.5
390 mM Glycin
400 ppm SDS
100 ml of the 10x transfer buffer was freshly diluted with 200 ml methanol and made
up to 1 L with water.

Transfer was performed at 0.8 mA/cm2 for 2h at room temperature. The transfer
efficiency was verified by Ponceau staining of the nitrocellulose membranes
(Fractosan staining solution, Olympus, Hamburg).
Nitrocellulose membranes were subsequently soaked with blocking agent (NET-G)
in a plastic container. This step was repeated 3x a 15 min.
After the membrane was blocked, so that primary antibodies can not bind to the
membrane nonspecifically, solution of the primary antibody or also called first
antibody in NET-G was added and gently rocked for 2h at room temperature or
overnight at 4 °C.
Membranes were subsequently washed in NET-G 2 x a 15 min (first antibody wash)
and a dilution of the appropriate second antibody was added and incubated at room
temperature for 1h.
The second antibody recognizes the Fc portion of the first antibody and was
purchased as horseradish peroxidase-conjucated. Second antibody wash was
performed (2 x a 15 min.). Antibody detection was performed using a
chemiluminescent detection reagent (Amersham, England). Emitted light was
detected by Hyperfilm ECL films (Amersham, England). Films were developed using
a Sterling Diagnostic Imaging apparatus (Du Pont de Nemours, Bad Homburg
Germany) and measured by scanning densitometry using Sharp Scanner JX-330.
Membrane were reblotted, if indicated, using Strip-buffer at 50 °C for 30 min in a
water bath, blocked and incubated with a new antibody as described.
Membranes were stored after use in heat-sealed plastic bags at  4 °C.
NET-G:
150 mM NaCl
5 mM EDTA
50 mM Tris-HCl pH 7.5
0.05 Triton X-100
0.255 Gelatin (microbiology grade, Merck, Darmstadt, Germany)

Strip-buffer:
66 mM Tris-HCl pH 6.8
0.55 2-mercaptoethanol
2% SDS
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In tables 3.11.1 and 3.11.2 used first and second antibodies, their working dilutions
and commercial supplier are summarized

Antibody against Supplier Dilution Species
IRβ subunit Sc-711 1:500 Rabbit polyclonal

p-Tyrosine(PY99) Sc- 7020 1:500 Mouse monoclonal
IRS-1 Sc-560

UBI- 06248
1:500
1:500

Rabbit polyclonal
Rabbit polyclonal

p85 PI3K UBI-06195 1:500 Rabbit polyclonal
PKB or Akt1 Sc-7126 1:500 Rabbit polyclonal

p-Akt1(Ser473) UBI-06801 1:500 Rabbit polyclonal
PKCα Sc-208 1:500 Rabbit polyclonal
PKCβI Sc-209 1:500 Rabbit polyclonal
PKCβII Sc-210 1:500 Rabbit polyclonal
PKCθ Sc-212-G 1:500 Goat polyclonal
PKCδ Sc-213 1:500 Rabbit polyclonal
PKCε Sc-214 1:500 Rabbit polyclonal
PKCζ Sc-7262 1:500 Goat polyclonal
PKCλ Sc-1091 1:500 Goat polyclonal
GFAT Donated by

Prof. Schleicher
1:500 Rabbit polyclonal

O-GlucNAc MA1-072 1:1000 Mouse monoclonal
GLUT4 Sc-1608 1:800 Goat polyclonal
GLUT1 Sc-1605 1:400 Goat polyclonal

Na/K-ATPase α1 UBI-06-520 1:500 Rabbit polyclonal
DHPRα1 Sc-8160

MA3-920
1:500
1:500

Goat polyclonal
Mouse monoclonal

Table 3.11.1 Summary of used primary antibodies in Western-Blot.

Second antibody Supplier Dilution
Anti-goat IgG-HRP Sc-3020 1:2500
Anti-rabbit IgG-HRP Sc-2004 1:10000-1:20000
Anti-mouse IgG-HRP Sc-2005 1:2000

Table 3.11.2 Summary of used second antibodies in Western-Blot.

Abbreviations of providers: Sc: Santa Cruz, UBI: Upstate Biotechnology,
 MA: antibody from Affinity Bioreagents.
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3.12 Phosphatidylinositol 3-Kinase Activity Assay

Activity of IRS-1 associated PI3-kinase was assayed as previously described
(Mosthaf, Kellerer, et al. 1996) with some modifications.
Immunoprecipitaion was performed as described in 3.9 using NP-40 as a detergent.
Collected immunoprecipitate were washed with freshly prepared buffers as follows:
- Immunoprecipitates were washed three times with Phosphate buffered saline
      pH 7.5 containing 1% NP-40 and 100 µM Na3VO4.
- Immunoprecipitates were then washed three times with 100 mM Tris-HCl pH 7.5,

500 mM LiCl and 100 µM Na3VO4.
- Thereafter, twice washed with 10 mM Tris-HCl pH 7.5, 100 mM NaCl,

1 mM  EDTA and 100 µM Na3VO4.
- The last wash was completely removed and beads were stored in 50 µl of 10 mM

Tris-HCl pH 7.5, 100 mM NaCl, 1 mM  EDTA and 100 µM Na3VO4 at -80 °C until
assay was performed.

- Phosphoinositol (PI) (Avanti, Albaster, USA) was prepared by removing the
organic solvent under nitrogen stream and resuspending the PI pellet in 10 mM
Tris-HCl pH 7.5, 1 mM EGTA by sonication in ice bath at setting 7 (2µg/µl).

- 20 µg of PI  and 10 µl of 100 µM MgCl2 were added to each tube of beads.
- Phosphorylation was started by the addition of γ-[32P]ATP and MgCl2 at final

concentrations of 20 µCi and 5 mM, respectively.
- Mixture was incubated for 10 min at 22 °C.
- Reaction was stopped by adding 20 µl of 8 N HCl.
- Lipids were extracted by addition of 160 µl of CHCl3: MeOH [1:1].
- Organic phase was separated by centrifugation for 3 min.
- 50 µl of the lower organic phase was spotted on TLC Plates (Merck 5735,

Darmstadt, Germany).
- TLC plate was developed by chromatography in CHCl3:MeOH:H2O:NH4OH

[60:47:11.3:2].
- Plates were then dried and spots were detected by autoradiography.
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3.13 Quantitative Analysis of Nucleotid-linked Hexoses and
Hexosamines by Capillary Zone Electrophoresis

Capillary electrophoresis represents one of the most efficient and easy-to-use
techniques in separation of peptides, proteins, glycoproteins and oligonucleotides
(Lehmann, Voelter, et al. 1997), (Landers, Oda, et al. 1992), (Rickard, Strohl, et al.
1991). In capillary electrophoresis, charged molecules migrate to the electrode of
opposite charge and are separated depending on their electrophoretic mobility. The
latter is dependent on charge and size of molecules being separated and will be
influenced by type, concentration and pH of the used puffer as well as by
temperature and field strength. In capillary zone electrophoresis (CZE) a
homogeneous buffer system is used over the whole separation time to ensure a
constant pH. Separation is performed in a fused silica capillary of 20-30 cm and an
internal diameter of 25-100 µm. the capillary is immersed at both ends in buffer. High
voltage power supply is needed for field strengths up to 30000 V. The capillary is
usually cooled.
Separation times are relatively short as capillary wash and conditioning times
between runs are. Detection is typically carried out by UV/Vis at 260-280 nm.

Figure 3.13.1 Instrumentation used for capillary electrophoresis.

In this work, optimal results were obtained with 90 mM borate buffer pH 9.0 at 18 °C
and 15.5 kV in an uncoated fused silica capillary (Grom, Herrenberg, Germany) of 50
cm length and an internal diameter of 50 µm. UV-detection was carried out at λ = 262
nm. The method was evaluated in our group for the measurement of UDP-sugars in
different systems like mesangial cells and leukocytes and was eventually evaluated
for rat skeletal muscle.
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3.13.1 Sample Preparation

Rat skeletal muscle was prepared as described by (Lehmann et al. 2000). Briefly,
100 mg of frozen muscle tissue were powdered in a Dismembrator. Powdered
muscle was suspended in 0.6 ml phosphate buffered saline (PBS) pH 7.3 containing
0.5% Triton X-100 and 10 µm 8-bromoguanosine (Sigma) as internal standard.
Extracts were subsequently sonicated at lowest setting and centrifuged in a cooled
microcenrifuge (15000 rpm for 2 min). Supernatant was deproteinized with
acetonitrile (at final concentration of 66%). Supernatants were dried in SpeedVac
concentrator and reconstituted in 40 µl H2O for CZE analysis.
Run conditions were exactly as described (Lehmann et al, 2000).
In the following, there will be a presentation of  migration times identification of UDP-
sugars.

3.13.2 Identification of UDP-sugars in Rat Skeletal Muscle Extracts

Standards of UDP-sugars were added separately to a sample and spiked samples
were analyzed. Migration times were identified by integration of peak areas.

Figure 3.13.2 Electropherogram of sample of rat skeletal muscle extract spiked with UDP-Glc-
          NAc. UDP-Glc-NAc migration time 41.95 min.
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Figure 3.13.3 Electropherogram of sample of rat skeletal muscle extract spiked with UDP-Gal-
          NAc. UDP-Gal-NAc migration time 44.49 min.

Figure 3.13.4 Electropherogram of sample of rat skeletal muscle extract spiked with UDP-Glc.
          UDP-Glc migration time 46.16 min.
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Figure 3.13.5 Electropherogram of sample of rat skeletal muscle extract spiked with UDP-Gal.
          UDP-Gal migration time 49.03 min.

Time shifts between different runs were corrected using relative migration to the
internal standard (8-bromoguanosine).
Quantification was made by analyzing the peak levels and plotting them against the
added amount of the standard. Procedure was repeated individually for each UDP-
sugar. Sample’s content was then calculated from the intercept and the slope of the
line.
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3.14 Preparation of Total RNA from Rat Skeletal Muscle

Analysis of RNA levels is a method for gene expression studies. Isolation of total
RNA of full-length is the first and may be the most critical step in analyzing RNA
levels. Total RNA from eukaryotic RNA contains primarily ribosomal RNA (rRNA) and
transfer RNA (rRNA) and in a much lesser amount messenger RNA (mRNA).
The quanidinium-isothicyanate method represents a powerful means for total RNA
preparation (Laville, Auboeuf, et al. 1996), (Auboeuf & Vidal 1997), (Kohout & Rogers
1993). In this work, an optimized one step Guaninidinium isothiocyanat / Phenol
method was used for isolation of total RNA (peqGOLD TriFast, peqLab
Biotechnology, Erlangen, Germany). In this method, simultaneous extraction of RNA,
DNA and proteins is performed. Isolation was performed according to manufacturer’s
instructions with minor modifications. Briefly,
- 1 ml of peqGOLD reagent was added to 100 mg rat skeletal muscle. The

suspension was well mixed using Vortex Genie, subsequently forced through a
12-gauge needle and further homogenized using ice-cooled motor driven
Potter S (Braun, Melsungen, Germany) at setting 2000 rpm for 1 min.

- Samples were incubated at room temperature for 1h.
- 0.2 ml chloroform was added, well mixed again and incubated for 10 min at

room temperature.
- Separation of the organic phase from the aqueous was then performed by

centrifugation at 12000 g for 5 min.
- RNA was retained in the aqueous phase, whereas DNA and protein were

yielded in the organic phase and the interphase.
- RNA precipitaion was performed by adding 0.5 ml isopropanol to the

separated aqueous phase.
- Samples were incubated at room temperature for 10 min and centrifuged at

13000 g for 10 min.
- Supernatant was removed and the RNA-pellet was washed twice with 75%

ethanol and centrifuged at 13000 g for 10 min.
- RNA was then dried and reconstituted in 75 µl ribonuclease-free water

(RNAse free H2O).
- Quantification of RNA was made using absorption at 260 nm (GeneQuant II,

Pharmacia, Freiburg, Germany).

3.15 Reverse Transcription of mRNA in Complementary DNA
(cDNA)

Reverse transcription was performed using a 1st Strand cDNA synthesis Kit for RT-
PCR  with AMV (avian myeloblastis virus) as reverse transcriptase (Boehringer,
Mannheim, Germany) and Random primer p(dN)6. A larger amount of a master mix
was prepared and aliquots were added to each sample reaction tube.
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For 20 µl  total volume, the following volumes were pipetted:

2 µl 10x reaction buffer
4 µl 25 mM MgCl2 (final concentration 5 mM)
2 µl Desoxynucleotide mix (dNTPs) (final concentration 1 mM)
2 µl random primer (final concentration 0.08 A260 units)
1 µl RNase inhibitor (final concentration 50 units)
0.8 µl AMV reserve transcriptase (final concentration more than 20 units)
0.2 µl gelatin (final concentration 0.01 mg/ml)
1 µg total RNA
Sterile water ad 20 µl
Reverse transcription was performed in Perkin-Elmer-PCR-System 9700 (Überlingen,
Germany). RNA was preincubated at 65 °C for 15 min and reverse transcription was
performed with the following cycling-program:
10 min at 25 °C / 60 min at 42 °C / 5 min at 95 °C.

3.16 Primer Design and Annealing Temperature Determination
Using a Gradient Cycler

Primer design was made from a gene sequence of a discrete DNA segment, which
was extracted from the GenBank (www.genome.ad.jp/dbget/dbget.links.html).
The software program “Primer” was used and primer sequence alignment to gene
sequence was then verified by using BLAST (www.ncbi.nlm.nih.gov/BLAST/html).

Primers Primer sequence Product
length, bp

IR
Forward
Reverse

5´-CTG GAT TAC GTG GAG GAC AA-3´
5´-GTG AAG GTC TTG GCA GAA GC-3´

381

IRS-1
Forward
Reverse

5´-CAA GGA GGT CTG GCA GGT TA-3´
5´-GGT TGG AGC AAC TGG ATG AA-3´

356

PI3-K
Forward
Reverse

5´-TTC TTC CAG GCA AGT CAG GT-3´
5´-GCC AGT GGA TGA CGG AGT TA-3

355

PKC α
Forward
Reverse

5´-TCA ACT TCC TCA TGG TGC TG-3´
5´-TGA CGT TGT CCA GCT TCA GA-3´

393

PKC βI
Forward
Reverse

5´-CAG CAG GAA TGA CTT CAT GG-3´
5´-CTT CAG GAT CTT CAC GGC AT-3´

373

PKC δ
Forward
Reverse

5´-GTG GTG TTG ATC GAC GAT GA-3´
5´-CTT GAT GTG GCC ATC CTT GT-3´

315

Table 3.16.1 Summarizes primer sequence and base pair of the corresponding PCR product .
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Primers Primer sequence Product
length, bp

PKC ε
Forward
Reverse

5´-GTG GTG TTG ATC GAC GAT GA-3´
5´-CTT GAT GTG GCC ATC CTT GT-3´

315

PKC ζ
Forward
Reverse

5´-GAC GAA GTG CTC ATC ATC CA-3´
5´-GGA AGG CAT GAC AGA ATC CA-3´

309

PKC λ
Forward
Reverse

5´-CGG GAA GGT CTC CAT TTG AT-3´
5´-GTT CCT TTG GGT CCT TGT TG-3´

168

GFAT
Forward
Reverse

5´-CAG TTC GTG TCC CTT GTG ATG-3´
5´-ATA TAT GTA ATC TCC TTG-3´

239

GLUT1
Forward
Reverse

5´-CTT CCA ACT CAA CCA ACC AC-3´
5´-GAG TGT CCG TGT CTT CAG CA-3´

191

Table 3.16.1 Summarizes primer sequence and base pair of the corresponding PCR product,
                     continue.

The approximate primer annealing temperature was estimated with the “Primer”
software and exact annealing temperature was obtained using a gradient cycler
(Mastercycler gradient, Eppendorf-Netheler, Hamburg, Germany).

3.17 Polymerase Chain Reaction (PCR) using the Light-Cycler-
System

The PCR is a rapid procedure for the in vitro amplification of a specific segments of
DNA of as little as several nanomols. A segment of DNA is amplificated using specific
two single-stranded oligonucleotides (primers). Furthermore, a DNA polymerase,
deoxyribonucleoside triphosphate (dNTPs) and a buffer system are needed.
Denaturation (melting the DNA to single strands), annealing (flanking of single-
stranded DNA by primers) and synthesis (amplification of complementary strands to
produce double-stranded DNA) are the three components of ”PCR amplification
cycle”. Usually 30 cycles are performed resulting in a 228-fold amplification of a
discrete product.
The Light-Cycler-System (Roche Diagnostics, Mannheim, Germany) is a novel fast
thermocycler (30 cycles can be run in less than 30 min) with integrated fluorimeter
and specially developed fluorescent dyes. Data are monitored online in a real time
kinetics and quantification software replaces conventional post PCR processing.
(s. manufacturer’s homepage in the world wide web and manufacturer released
information).
In this work, the SYBR Green I dye (Roche Diagnostics, Mannheim, Germany) was
used for DNA detection. This stable fluorescent dye binds to minor groove of the
DNA double helix. This in turn enhances fluorescence of the dye. Fluorescence is
measured at the end of synthesis step of each cycle. In post run analysis, the product
can be easily identified and quantification can be performed.
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Figure 3.17.1 Illustrates the principle of DNA detection using the SYBR Green dye.
Upper left panel: in a mixture of denatured DNA, primers and SYBR Green dye, unbound dye
molecules weakly fluoresce, producing a background fluorescence signal which is subtracted
in post run analysis.
Upper right panel: after annealing of primers, SYBR Green can bind to double-stranded DNA
and a dramatic increase in light emission upon exicitation can be monitored.
Lower panel: gradually, more and more SYBR Green can bind to synthesized DNA and a
continuous increase in fluorescence can be monitored. Denaturation of DNA in the following
cycle release the dye molecules, the fluorescence signal decays. Figures were extracted from
(http://biochem.boehringer.com/lightcycler/monito01.htm).

β-Globin was used as external standard for quantification, known amounts of
β-Globin were simultaneously run with samples and quantification was performed
using the Light-Cycler-software version 3.0.  Control animals were set at 100 % per
definition and comparison was made to the corresponding treated animals.
PCR product sizes expected were additionally verified in a conventional way using
2% agarose gel electrophoresis. Agarose was dissolved in TAE-buffer by microwave
heating, poured into electrophoresis apparatus and allowed to cool a little before
ethidium bromide (Roth, Karlsruhe, Germany) was added. PCR products were
recovered from the Light-Cycler capillaries by short centrifugation in upside down
position and were mixed with sample-indicator (10% bromphenol blue-glycerol).
Samples were subsequently introduced into gel wells and electrophoresis was run at
10 V/cm for 60-90 min. Gel was then placed on a UV-transilluminator (Stratagene
transilluminator 400) and photographed using Mididoc gel documentation system
(Herolab, Wiesloch, Germany).

50x TAE-buffer: 2.0 M Tris-HCl pH 8.0, 1.0 acetic acid, 50 mM EDTA.
To be diluted with water.  
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3.18 DNA Sequencing of PCR Product of GFAT

The PCR product of GFAT was sequenced using an automated fluorescent DNA
sequencer  (ABI-PRISM 310 Gene analyzer, Perkin-Elmer, Überlingen, Germany)
according to manufacturer’s instructions. Briefly, the PCR product was purified using
a Qiagen Purification kit (PCR purification kit) and purity was verified using agarose-
electrophoresis. 2 µl of Pre-Mix (DNA sequencing kit bigdye, Perkin-Elmer,
Überlingen, Germany) and 0.5 µl of specific Primer solution (20 µM) were added to
1µl of PCR porduct and made up to 10 µl with water. Amplification was then carried
out after incubation for 1 min at 96 °C using the following cycling-program:
10 s at 96 °C / 10 s at 50 ° C / 4 min at 60 °C  for 25x cycles. Fluorescent reaction
mixture was subsequently purified on CENTRI-SEP columns (Princenton, Adelphia,
New Jersey, USA), 5 µl were mixed with 20 µl template suppression Reagent (TSR)
to avoid damage to the capillary, placed into special sequencing cups and analyzed
using capillary electrophoresis. Data evaluation was made with sequencing analysis
software provided.
Sequence comparison was made with BLAST (www.ncbi.nim.nih.gov/BLAST/)

3.19 Quantitative Assay of Muscle Tissue Glycogen

Glycogen values assay from rat skeletal muscle was performed as described in (Carr
& Neff 1984). Briefly, ca 100 mg of pulverized mixed hind limb muscle were weighted.
0.75 ml of preheated (40 °C) citrate buffer (100 mM sodium citrate, pH 5.0  adjusted
with citric acid) were added, mixed well and homogenized using Potter S at 1500 rpm
for 30 s. Two sets of aliquots of each 200 µl were made from each sample. One of
the sets was incubated with 0.5% amyloglucosidase in citrate buffer at 55 °C for 150
min with periodical agitation (amyloglucosidase from aspergillus niger, A7420, Sigma,
München, Germany). Samples were then centrifuged at 28000 rpm in TLA 55 rotor
(Beckman, München, Germany) for 30 min. Supernatants were measured using YSI
analyzer (YSI 2300 STAT Plus, Kraienbaum, Langenfeld, Germany). Observed and
expected glucose readings of 0.1% glycogen standard (Type III from rat liver, Sigma)
were processed for quantification.
In preliminary experiments, different concentrations of glucose were measured in
citrate buffer pH 5.0. Regression analysis revealed a correlation coefficient of
r2=0.9995.

3.20 Statistical analysis

All data are expressed as means ± SEM. Data were analyzed using SPSS software.
The one-tailed student’s unpaired test was used for comparison of mean values.
Statistical significance was accepted at p < 0.05.
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4 RESULTS

4.1.1 Effects of Continuous Glucose Infusion on Plasma Glucose
and Insulin Concentrations in Rats

To characterize the metabolic state reached after glucose infusion (2d vs. 5d),
plasma glucose and insulin concentrations were monitored from blood samples taken
from the tail vein of saline-infused rats (SIR) and glucose-infused rats (GIR).
Plasma glucose concentrations peaked after 24h of glucose infusion and decreased
continuously to reach normoglycemia after 5d of infusion.
Extended glucose infusion up to 7d showed, that GIRs were able to maintain reached
normoglycemia despite ongoing glucose infusion:

Figure 4.1.1.1 Plasma glucose concentrations reached during glucose infusion,
*** p<0.001.
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Serum insulin concentrations followed a similar pattern. Hyperinsulinemia sustained,
albeit rats were normoglycemic. Hyperinsulinemia monitored after 5d of infusion was
“mild” when compared with hyperinsulinemia after 2d of glucose infusion.

    Figure 4.1.1.2 Serum insulin concentrations reached during glucose infusion, *** p<0.001.

4.1.2 Effects of Continuous Glucose Infusion on Body weight,
Glucosuria and Food Consumption in Rats

Infusion period 2d
 control             GIR

5d
control                     GIR

Glucose infused (g/d) 0 24 0 24
Urine glucose Negative Positive Negative Negative
Food consumption (g/d) 10 ± 0.3 7.8 ± 0.2 12 ± 0.3 7 ± 0.3
Gained weight (g/d) 1.8 ±0.1 3 1.8 ± 0.1 3.4 ±0.2

         Table 4.1.2 Summarizes metabolic data monitored during the infusion period.
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4.2 Effects of Glucose Infusion on The Insulin Receptor

To investigate whether early events of insulin signal transduction are altered due to
the prolonged glucose infusion period, insulin receptor protein expression, its
phosphotyrosine phosphorylation  and messenger expression were determined:

A. Insulin Receptor Protein Expression

Insulin receptor protein expression in total extracts of mixed hind limb muscle was
determined using immunoprecipitation, SDS-PAGE and Western-Blotting.
Antibodies directed against the β-subunit were used.
Protein expression of the insulin receptor was not significantly changed after 2d of
glucose infusion, whereas it was slightly diminished after 5d:

Figure 4.2.1  Western-Blot of IR-β-subunit after 2 and 5d of glucose infusion (left hand-side)
and a Western-Blot of the same when specific antibodies were blocked using a
competitive peptide (right hand side). C: controls, GIR: glucose-infused rats.

Figure 4.2.2 Shows results of scanning densitometry of Western-Blots of n=3 different
               experiments, results are expressed relative to control animals.
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B. Insulin Receptor Tyrosine Phosphorylation

The phosphorylation of the insulin receptor on tyrosine residues and thus its
functional activation was investigated using a non site-specific anti-phosphotyrosine-
antibody.
Again no significant change was monitored after 2d of infusion, whereas
phosphorylation of the β-subunit was decreased after 5d.
To determine whether this decrease is only due to decreased protein expression, the
ratio of phosphorylation of IR / IR protein expression was calculated and resulted at
91.5%. Thus, decreased phosphorylation observed was not only due to decreased
protein expression of insulin receptor β-subunit.

Figure 4.2.3 Western-Blot of p-tyrosine-phosphorylation of the β-subunit of the insulin
                     receptor.

Figure 4.2.4 Shows results of scanning densitometry of Western-Blots of n=3 different
               experiments, results are expressed relative to control animals.
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C. Insulin Receptor mRNA-Expression

The messenger RNA-Expression of the insulin receptor was determined by RT-PCR
using the Light-Cycler-System with β-Globin as an external standard.
The mRNA-expression after 2d of infusion was not significantly changed, whereas it
decreased after 5d of infusion.

Figure 4.2.5 mRNA-Expression of IR in mixed hind limb muscle after 2d of glucose infusion.

Figure 4.2.6 mRNA-Expression of IR in mixed hind limb muscle after 5d of glucose infusion.
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4.3 Effects of Glucose Infusion on Insulin Receptor Substrate 1
(IRS-1)

The major cytosolic substrate of IR, IRS-1, was investigated at protein expression
level, p-tyrosine phosphorylation and mRNA-level:

A. IRS-1 Protein Expression

Western-Blot analysis showed no significant change in protein expression of IRS-1:

Figure 4.3.1 Representative Western-Blot of IRS-1. N=3 different experiments were performed.

B. IRS-1 Tyrosine Phosphorylation

The tyrosine phosphorylation of IRS-1 was not significantly changed:

Figure 4.3.2 Representative Western-Blot of IRS-1 P-Tyr-phosphorylation. N=3 different
        experiments were performed.
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C. IRS-1 mRNA-Expression

The mRNA-expression of IRS-1 was determined by RT-PCR using the Light-Cycler-
System with β-Globin as an external standard.
The mRNA-expression was not significantly changed during the whole infusion
period.

Figure 4.3.3 mRNA-Expression of IRS-1 in mixed hind limb muscle after 2d of glucose infusion.

Figure 4.3.4 mRNA-Expression of IRS-1 in mixed hind limb muscle after 5d of glucose infusion.
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4.4 Effects of Glucose Infusion on Phosphatidylinositol 3-Kinase
(PI3-K)

Protein expression of PI3-K regulatory domain p85, mRNA-expression and enzyme
activity of PI3-K were measured:

A. Protein Expression of PI3-K p85-Subunit

p85-subunit expression in total extracts of mixed hind limb muscle was determined
using  SDS-PAGE and Western-Blotting.
No significant changes in the protein expression of the p85-subunit was detected
during the whole infusion period.

Figure 4.4.1 Representative Blot of PI3-K-p85-subunit. N=3 different experiments were
        performed.

Figure 4.4.2 Results of scanning densitometry of Western-Blots of n=3 different experiments,
        results are expressed relative to control animals.
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B. PI3-K mRNA-Expression

No significant changes in PI3-K mRNA-expression were detected during the whole
period of infusion:

Figure 4.4.3 mRNA-Expression of PI3-K in mixed hind limb muscle after 2d of glucose infusion.

Figure 4.4.4 mRNA-Expression of PI3-K in mixed hind limb muscle after 5d of glucose infusion.
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C. IRS-1 Associated Phosphatidylinositol 3-Kinase Activity Assay

The ability of PI3-K to phosphorylate Phosphatidylinositol-4-phosphate PtdIns(4)P
and/or Phosphatidyl-4,5-phosphate (PtdIns(4,5)P2) at position 3 of the inositol ring to
Phosphatidylinositol-3,4-phosphate (PtdIns(3,4)P2) or Phosphatidylinositol-3,4,5-
phosphate (PtdIns(3,4,5)P3) was investigated. No significant changes were seen
during the whole infusion period. Wotmannin was used as inhibitor of PI3-K.

 PIP3

Figure 4.4.5  Effect of glucose infusion on IRS-1 associated PI3-K activity, measured by
autoradiography and calculated results. The PI3-K activity is expressed relative to
control animals.
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4.5 Effects of Glucose Infusion on Protein Kinase B (PKB or AKT1)
      Expression and its Serine Phosphorylation

A. Protein Expression

Protein expression was determined using a specific antibody against PKB.
No significant changes were seen during the whole period of infusion.

Figure 4.5.1 Representative Western-Blot of PKB. N=3 different experiments were performed.

B. Serine Phosphorylation

Serine phosphorylation on serine 473 of PKB was unchanged during the entire
period of infusion.

Figure 4.5.2 Representative Western-Blot of PKB-serine 473 -phosphorylation. N=3 different
        experiments were performed.
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4.6 Effects of Glucose Infusion on Protein Kinase C Isoforms (PKC)

Protein expression and cellular distribution of thoroughly all detectable isoforms of
PKC were investigated. Translocation and thus activation resulted in redistribution of
PKC isoforms from total membrane fraction to cytosolic fraction. In addition, the
mRNA-expression was determined, where applicable.

A. Classical PKC Isoforms

Among these, PKCα, βI, βII were investigated.

A.1.1 Effects of Glucose Infusion on Protein Kinase C Isoform α
          Expression and Translocation (PKCα)

Protein expression of total PKCα increased significantly after 2d, whereas PKCα
expression was significantly decreased after 5d.

Figure 4.6.1 Representative Western-Blot of total PKCα in mixed hind limb muscle
        homogenate.

Figure 4.6.2 Results of scanning densitometry of PKCα in mixed hind limb muscle
        homogenate.
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Figure 4.6.3 Representative Western-Blot of PKCα in membrane fraction of mixed
                     hind limb muscle and results of scanning densitometry.

Figure 4.6.4 Representative Western-Blot of PKCα in cytosolic fraction of mixed hind limb
        muscle and results of scanning densitometry .

A significant translocation can be shown after 2d, whereas after 5d a decrease in
both membrane and cytosolic fractions was seen.
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A.1.2 Effects of Glucose Infusion on mRNA-Expression of PKCα

Figure 4.6.5 mRNA-expression of PKCα after 2d of glucose infusion.

Figure 4.6.6 mRNA-expression of PKCα after 5d of glucose infusion.

The tendency towards an increase in mRNA-expression after 2d just missed
statistical significance, whereas a significant decrease can be shown after 5d of
infusion.
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A.2.1 Effects of Glucose Infusion on Protein Kinase C Isoform βI
Expression and Translocation (PKCβI)

Protein expression of PKCβI increased significantly after 2d and was restored to
normal levels after 5d of infusion.

Figure 4.6.7 Representative Western-Blot of PKCβI  in mixed hind limb muscle homogenate and
        results of scanning densitometry.
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Figure 4.6.8 Representative Western-Blot of PKCβI in membrane fraction of mixed
                     hind limb muscle and results of scanning densitometry.

Figure 4.6.9 Representative Western-Blot of PKCβI in cytosolic fraction of mixed
                     hind limb muscle and results of scanning densitometry.

The strong translocation from the plasma membrane fraction to cytosolic fractions
after 2d indicates a strong activation of PKCβI during the early hyperglycemic period,
whereas translocation was unchanged after 5d of infusion.
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A.2.2 Effects of Glucose Infusion on Protein Kinase C Isoform βI
mRNA-Expression

 
  Figure 4.6.10 mRNA-expression of PKCβI after 2d of glucose infusion.

  Figure 4.6.11 mRNA-expression of PKCβI after 5d of glucose infusion.

mRNA-expression increased significantly after 2d of infusion and decreased below
normal levels after 5d of infusion.
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A.3  Effects of Glucose Infusion on Protein Kinase C Isoform βII
        Expression and Translocation (PKCβII)

Protein expression of PKCβII was not significantly changed after 2d, whereas it was
significantly decreased after 5d of infusion.

Figure 4.6.12 Representative Western-Blot of PKCβII  in mixed hind limb muscle homogenate
                       and results of scanning densitometry.
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Figure 4.6.13 Representative Western-Blot of PKCβII in total membrane fraction of
          mixed hind limb muscle and results of scanning densitometry.

Figure 4.6.14 Representative Western-Blot of PKCβII in cytosolic fraction of mixed
                       hind limb muscle and results of scanning densitometry.

Strong translocation from the cytosolic fraction to the plasma membrane fraction after
2d indicates a strong activation of PKCβII during the early hyperglycemic period,
whereas translocation was unchanged after 5d of infusion.
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B. New PKC Isoforms

Among these, PKCθ, δ and ε were investigated.

B.1  Effects of Glucose Infusion on Protein Kinase C Isoform θ
Expression and Translocation (PKCθ)

Protein expression of PKCθ was signifcantly increased after 2d and after 5d of
glucose infusion.

Figure 4.6.15 Representative Western-Blot of PKCθ  in mixed hind limb muscle homogenate
           and results of scanning densitometry.
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Figure 4.6.16 Representative Western-Blot of PKCθ in total membrane fraction of
          mixed hind limb muscle and results of scanning densitometry.

Figure 4.6.17 Representative Western-Blot of PKCθ in cytosolic fraction of mixed
                       hind limb muscle and results of scanning densitometry.

Translocation from the cytosolic fraction to the plasma membrane fraction was shown
after 2d, whereas no translocation can be shown after 5d of glucose infusion.
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B.2.1  Effects of Glucose Infusion on Protein Kinase C Isoform δ
           Expression and Translocation (PKCδ)

Protein expression of PKCδ was significantly increased after 2d, whereas no
significant changes were seen after 5d.

Figure 4.6.18 Representative Western-Blot of PKCδ in mixed hind limb muscle homogenate
          and results of scanning densitometry.
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Figure 4.6.19 Representative Western-Blot of PKCδ in total membrane fraction of
          mixed hind limb muscle and results of scanning densitometry.

Figure 4.6.20 Representative Western-Blot of PKCδ in cytosolic fraction of mixed
                       hind limb muscle and results of scanning densitometry.

No significant translocation from the cytosolic fraction to the plasma membrane
fraction was seen after 2d, nor after 5d.

~85KDa

  C       GIR      C   GIR
       2d               5d

PKC  delta protein PM
p=0,202

100%

153%

0%

50%

100%

150%

200%

Control PM GIR PM

C ontrol vs GIR  after 2d,  n=2
Data represent m ean ± SE M

PKC delta protein PM
p=0,352

100% 102%

0%

20%

40%

60%

80%

100%

120%

Control PM GIR PM

Control vs GIR after 5d,  n=2
Data represent mean ± SEM

~85KDa

   C       GIR          C      GIR
      2d                       5d

PKC delta protein Cyt.
p=0,25

100% 92%

0%

20%

40%

60%

80%

100%

120%

Control Cyt GIR Cyt

Control vs GIR after 2d,  n=2
Data represent mean ± SEM

PKC delta protein Cyt.
P=0,021

100%
115%

0%

20%

40%

60%

80%

100%

120%

140%

Control Cyt GIR Cyt

Control vs GIR after 5d,  n=2
Data represent mean ± SEM

*



RESULTS 64

B.2.2 Effects of Glucose Infusion on Protein Kinase C Isoform δ
          mRNA-Expression

     Figure 4.6.21 mRNA-expression of PKC δ after 2d of glucose infusion.

                      Figure 4.6.22 mRNA-expression of PKCδ after 5d of glucose infusion.

mRNA-expression did not significantly change after 2d of infusion and decreased
below normal levels after 5d of infusion.
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B.3  Effects of Glucose Infusion on Protein Kinase C Isoform ε
        Expression (PKCε)

PKCε was not detectable by Western blotting at 100µg/Lane.
The following results are restricted to mRNA-expression.

    Figure 4.6.23 mRNA-expression of PKC ε after 2d of glucose infusion.

      Figure 4.6.24 mRNA-expression of PKC ε after 5d of glucose infusion.

mRNA-expression increased significantly after 2d of infusion and  was diminished
significantly after 5d of infusion.
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C. Atypical PKC Isoforms

PKC ζ, λ were investigated.

C.1.1 Effects of Glucose Infusion on Protein Kinase C Isoform ζ
Expression and Translocation (PKCζ)

Protein expression of PKCζ was significantly increased after 2d and decreased
significantly after 5d.

Figure 4.6.25 Representative Western-Blot of PKC ζ in mixed hind limb muscle homogenate
          and results of scanning densitometry.
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Figure 4.6.26 Representative Western-Blot of PKCζ in total membrane fraction of
          mixed hind limb muscle and results of scanning densitometry.

Figure 4.6.27 Representative Western-Blot of PKCζ in cytosolic fraction of mixed
                       hind limb muscle and results of scanning densitometry.

No significant translocation from cytosolic fraction to plasma membrane fraction was
seen after 2d, nor after 5d.
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C.1.2 Effects of Glucose Infusion on Protein Kinase C Isoform ζ
mRNA-Expression (PKCζ)

Figure 4.6.28 mRNA-expression of PKCζ after 2d of glucose infusion.

Figure 4.6.29 mRNA-expression of PKCζ after 5d of glucose infusion.

A significant decrease after 5d of infusion can be reported.
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C.2  Effects of Glucose Infusion on Protein Kinase C Isoform λ
Expression (PKCλ)

PKCλ was not detectable by Western-Blotting at 100µg/Lane.
The following results are restricted to mRNA-expression.

     Figure 4.6.30 mRNA-expression of PKCλ after 2d of glucose infusion.

                   Figure 4.6.31 mRNA-expression of PKCλ after 5d of glucose infusion.

mRNA-expression was increased after 2d of infusion and decreased significantly
after 5d of infusion.
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4.7 Effects of Glucose Infusion on Glutamine:Fructose-6-
phosphate- Amidotransferase (GFAT)

4.7.1 Protein Expression in Crude Homogenate

The effect of glucose infusion on the protein expression of GFAT in crude
homogenate of mixed hind limb muscle was investigated. The protein expression was
highly increased after 2d as well as after 5d of glucose infusion.

Figure 4.7.1 Representative Western-Blot of GFAT in mixed hind limb muscle, specificity proof
                     of the antibody and results of scanning densitomery.

80 KDa

  C     GIR      C     GIR
      2d               5d GFAT-antibody + competitive peptide

GFAT protein expression in 
crude Hom.

P=0,009

100%

321%

0%

50%

100%

150%

200%

250%

300%

350%

Control GIR

Control vs GIR after 2d, n=3
Data represent mean ± SEM

GFAT Protein expression in 
crude Hom.

P=0,0004

100%

345%

0%

50%

100%

150%

200%

250%

300%

350%

400%

Control GIR

Control vs GIR after 5d, n=3
Data represent mean ± SEM

***
**



RESULTS 71

4.7.2 Effects of Glucose Infusion on GFAT mRNA-Expression

The mRNA-expression increased after 2d of infusion and decreased after 5d of
glucose infusion.

           Figure 4.7.2 GFAT mRNA-expression after 2d and after 5d of infusion.

4.7.3 DNA Sequencing of GFAT from Rat Skeletal Muscle

DNA sequencing of PCR-product of GFAT was performed. Sequence is delineated
below:

5´- TCTGATGTGTGATGACAGAATCTCCATGCNAGAAAGACGCAAAGAGATCATGCTGGGACTGAAGCGACTGCC
   GGACTTGATTAAGGAAGTGTTGAGCATGGATGATGAAATTCAGAAGCTGGCTGACAGAGCTTTACCACCAGA
   AGTCGGTCCTGATAATGGGCCGAGGCTATCATTATGCTACATGTCTNGAAGGAGCCCTGAAAATCNNGGAGA
   TTACATATATACCACNCACCCCTNCCCCNCCTCNAAAANNNNACACNCCCNTTTTTNTNCNANCCCCNNANC
   CNACAACCNNCCCTCCCAATNNANTNTNCNCTCCCCCNNCCNCNNNTACCCANTCNNCANTCACCANNNCTN
   CGACCNCCACCNCCNCNCACANTNCNAACTCNCNCCTCCTNNCNACCNCTTCACCTNCTACGCCCTCNCTCC
   CGNTANNNNCNN-3´
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4.8 Effects of Glucose Infusion on Tissue Concentrations of
UDP-Glc, UDP-Gal, UDP-GlcNAc and UDP-GalNAc by Capillary
Zone Electrophoresis

The tissue concentrations of the four UDP-sugars were investigated.
Tissue concentrations of UDP-sugars increased after 2d, only UDP-GlcNAc was
decreased.

Figure 4.8.1 Electropherograms of separated UDP-sugars from extracts of mixed hind limb
                     muscle.
The upper electropherogram was obtained from GIR after 2d of glucose infusion.
The lower electropherogram was obtained from SIR after 2d of infusion (control).
Separation profile: UDP-GlcNAc, followed by UDP-GalNAc, UDP-Glc and UDP-Gal, respectively.

UDP-sugar UDP-GlcNAc
   AUC      conc.

UDP-Glc
   AUC       conc.

UDP-GalNAc
     AUC       conc.

UDP-Gal
   AUC       conc.

Control 603.38 26,01 529.77 16,72 842.53 33,75 245.7 5,93
GIR 308.84 13,29 824.38 25,97 1.480.2 59,02 429.6 10,01

Table 4.8.2 Integration of the labeled peaks in figure 4.8.1 and calculated corresponding
                   concentrations (pmol/mg).
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UDP-sugars tissue concentrations also increased after 5d of infusion. Again only the
tissue concentration of UDP-GlcNAc was decreased.

Figure 4.8.3 Electropherograms of separated UDP-sugars from extracts of mixed hind limb
                     muscle.
The upper electropherogram was obtained from GIR after 5d of glucose infusion.
The lower electropherogram was obtained from SIR after 5d of infusion (control).
Separation profile: UDP-GlcNAc, followed by UDP-GalNAc, UDP-Glc and UDP-Gal, respectively.

UDP-sugar UDP-GlcNAc
   AUC      conc.

UDP-Glc
   AUC       conc.

UDP-GalNAc
     AUC       conc.

UDP-Gal
   AUC       conc.

Control 7.490 323,43 694.07 21,88 746.02 29,92 1.498 33,69
GIR   7.001 302,33 2.228 70,05 3.887.7 154,45 1.557 34,99

Table 4.8.4 Integration of the labeled peaks in figure 4.8.3 and calculated corresponding
                   concentrations (pmol/mg).
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4.9 O-linked N-Acetylglucosamine Modification of Early Post Insulin
Receptor Signal Transduction:

To determine whether O-GlcNAc glycosylation may obscure phosphorylation sites
and act as a mediator of signaling, total extracts of SIRs and GIRs were separated on
SDS-PAGE and incubated with an anti-O-linked GlcNAc Glycoproteins antibody.
The antibody recognized several bands representing O-GlcNAc glycoproteins.
The “O-GlcNAc glycosylation state” was monitored and no changes were seen
compared to control animals.

Figure 4.9.1 Representative Western-Blot of n=3 different experiments of O-GlcNAc glycosy-
                     lation in mixed hind limb muscle of the rat after 2d and 5d of glucose infusion.
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4.10 Effects of Glucose Infusion on Glucose Transporter Isoform 4
(GLUT4)

The effect of glucose infusion on total expression of GLUT4 was investigated.
The translocation of GLUT4 was then studied using subcellular fractionation of mixed
hind limb muscle.

4.10.1 Effects of Glucose Infusion on Expression of GLUT4 in Crude
Homogenate of Skeletal Muscle

The total expression of GLUT4 strongly increased after 2d of infusion and was
slightly increased after 5d of infusion (158% vs. 111%).

Figure 4.10.1 Representative Western-Blot of GLUT4 in crude homogenate of mixed hind limb
     muscle and results of scanning densitometry.
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4.10.2 Effects of Glucose Infusion on the Translocation of the
Glucose Transporter Isoform 4 (GLUT4) to the Plasma
Membrane PM

A strong Translocation of GLUT4 to different plasma membrane regions as well as to
the transversal tubules region after 2d of glucose infusion can be clearly shown:

a)

b)

Figure 4.10.2. a) Representative Western-Blot of subcellular fractionation of n=3
different animals after 2d of glucose infusion: total plasma membranes were first
collected using differential centrifugation and the PM pellet was loaded on the top of
a sucrose step gradient. Bands from the interfaces were collected and similar
amounts of protein were separated on 7.5% SDS-PAGE and blotted with anti-GLUT4
antibodies.
b) refers to the low spin pellet, which was treated with LiBr and further centrifuged to yield a
fraction enriched in TT and an intracellular fraction enriched in glucose transporter.
Na/K-ATPase α1 subunit and DHPR α1 subunit were used as enzyme markers to characterize
fractions yielded during subcellular centrifugation. 190 kg pellet: 190000 Xg pellet referring to
total plasma membrane pellet.
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Translocation of GLUT4  to plasma membrane region can be also shown for glucose
infused rats (GIR) after 5d.

a)

b)

Figure 4.10.3. a) Representative Western-Blot of subcellular fractionation of n=3
different animals after 5d of glucose infusion: total plasma membranes were first
collected using differential centrifugation and the PM pellet was loaded on the top of
a sucrose step gradient. Bands from the interfaces were collected and similar
amounts of protein were separated on 7.5% SDS-PAGE and blotted with anti-GLUT4
antibodies.
b) refers to the low spin pellet, which was treated with LiBr and further centrifuged to yield a
fraction enriched in TT and an intracellular fraction enriched in glucose transporter.
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4.11 Effects of Glucose Infusion on Glucose Transporter Isoform 1
(GLUT1)

The effect of glucose infusion on total expression of GLUT1 was investigated.
The translocation of GLUT1 was then studied using subcellular fractionation of mixed
hind limb muscle.

4.11.1 Effects of Glucose Infusion on Expression of GLUT1 in Crude
Homogenate of Skeletal Muscle

No changes in the total protein expression of GLUT1 were seen.

Figure 4.11.1 Representative Western-Blot of GLUT1 in crude homogenate of mixed hind limb
muscle. N=3 blots were performed and resulted in no changes in expression at protein level.

4.11.2 Effects of Glucose Infusion on  mRNA-Expression of GLUT1

The mRNA-expression decreased after 2d of infusion and was then restored to
normal levels after 5d of infusion.

Figure 4.11.2 mRNA-expression of GLUT1 in mixed hind limb muscle after 2d and 5d of glucose
infusion.
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4.11.3 Effects of Glucose Infusion on the Translocation of the
Glucose Transporter Isoform 1 (GLUT1) to the Plasma
Membrane PM

In two cases (figure 4.10.3 a & b) translocation of GLUT1 to plasma membrane can
be shown, whereas in a third subcellular fractionation (figure 4.1.3 c) no translocation
occurred:

 a)

 b)

 c)

a)

b)

c)

Figure 4.11.3 Western-Blot of subcellular fractionation of n=3 different animals after 2d of
glucose infusion: total plasma membranes were first collected using differential centrifugation
and the PM pellet was loaded on the top of a sucrose step gradient. Bands from the interfaces
were collected and similar amounts of protein were separated on 7.5% SDS-PAGE and blotted
with anti-GLUT1 antibodies.
The low spin pellet was treated with LiBr and further centrifuged to yield a fraction enriched in
TT and an intracellular fraction enriched in glucose transporter.
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a, b and c refer to different subcellular centrifugations, each from two different rats.

No translocation of GLUT1 to the plasma membrane can be shown after 5d of
infusion.

Figure 4.11.4 Representative Western-Blot of subcellular fractionation of n=3 different animals
after 5d of glucose infusion: total plasma membranes were first collected using differential
centrifugation and the PM pellet was loaded on the top of a sucrose step gradient. Bands from
the interfaces were collected and similar amounts of protein were separated on 7.5% SDS-
PAGE and blotted with anti-GLUT1 antibodies.
The low spin pellet was treated with LiBr and further centrifuged to yield a fraction enriched in
TT and an intracellular fraction enriched in glucose transporter.
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4.12 Effects of Glucose Infusion on Glycogen Content in Rat
Skeletal Muscle

The effects of glucose infusion on glycogen content in rat skeletal muscle was
investigated.
Glycogen content evidently increased after 2d of glucose infusion and was
increased at a lesser extent after 5d of glucose infusion.

Figure 4.12.1 Glycogen content in rat skeletal muscle after 2d of glucose infusion.

Figure 4.12.2 Glycogen content in rat skeletal muscle after 5d of glucose infusion.
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5 DISCUSSION

5.1 Experimental Design

Animal models represent a powerful means for the investigation of a metabolic
disease like diabetes. GLUT1 expression is increased in all cell culture lines (Gould &
Holman 1993), thus limiting the ability of cell culture experiments to represent a real
life situation as encountered in tissues. In addition, paracrine hormonal effects and
other influences, e.g. endocrine, nervous and hemodynamic effects can not be
considered in cell culture models.
Numerous of animal models have been described for type 1 diabetes (IDDM) (Cheta
1998), (Mathe 1995) and for type 2 diabetes (NIDDM) (Shafrir 1992 ), (Mathe 1995).
The diversity of pathogenic factors used to induce diabetes in these animals
(Chattopadhyay, Ramanathan, et al. 1997) often does not correspond to human
diabetes and thus restricts the validity of conclusions made from these models for
man.
Thus, in our experimental design, glucose infusion into normal conscious rats was
chosen, which might in addition address the question to whether pathophysiological
effects of hyperglycemia per se will be reproducible in nondiabetic animals.

5.2 Effect of Glucose Infusion on Plasma Glucose and Serum
Insulin Concentrations

Chronic infusion of saline showed no effect on plasma glucose, nor on serum insulin.
Glucose infusion increased plasma glucose concentrations to peak after 24h. Despite
further continuous glucose infusion, plasma glucose levels decreased continuously to
reach normoglycemia after 5d. Moreover, normoglycemia was maintained after 7
days of continuous glucose infusion. Serum insulin concentrations followed a similar
pattern. Hyperinsulinemia persisted in GIR during the whole infusion period, though.
These findings are in accordance with previous results reported from other groups
(Ammon, Bacher, et al. 1998), (Ammon 1997), (Hager, Jochen, et al. 1991), (Leahy,
Cooper, et al. 1987), (Laybutt, Thompson, et al. 1997).
Rats were sacrificed after 2d or 5d of infusion, which represent hyperglycemic
hyperinsulinemic (2d) and normoglycemic mild hyperinsulinemic (5d) metabolic
states, respectively.

5.3 Effect of Glucose Infusion on Glucose Transporter Expression
and Translocation

Since glucose excretion in the urine of GIR was only positively monitored on the 2nd

day of infusion, whereas no urine glucose was measured on the 5th day of infusion
and since GIR significantly gained more body weight than controls, despite of less
food consumption, it can be concluded that GIR were able to dispose excessively
infused glucose not only by the fashion of glucosuria (urinary excretion).



DISCUSSION 83

Since skeletal muscle represents 40% of body weight. 60% of basal glucose uptake
and 80% of insulin-stimulated glucose uptake are accounted for by muscle (Yki
yärvinen 1993) and since leg muscles are representative for all skeletal muscles and
64% of leg tissue is muscle (Stolwijk & Hardy 1966), rat hind limb muscle was used
for our investigations.
If rats are able to dispose of infused glucose by increasing muscle glucose uptake,
we would expect alterations in glucose transporter expression and/or their
intracellular distribution.
In fact, our findings show that the expression of total cellular GLUT4 was highly
increased in GIR at hyperglycemic hyperinsulinemic conditions on the 2nd day of
glucose infusion and was still higher than in control rats after 5 days of infusion.
In contrast, total cellular expression of GLUT1 was not changed during the whole
infusion period, whereas its messenger RNA-expression was decreased on the 2nd

day of glucose infusion in GIR and was restored slightly above normal level as
normoglycemia was reached on the 5th day of infusion.
Furthermore, redistribution of GLUT4 to PM and TT regions and concomitant
decrease in IM-fraction can be shown in GIR on the 2nd day of glucose infusion
Translocation of GLUT1 was less evident. On the 5th day of glucose infusion,
translocation can be shown only for GLUT4.
Our findings suggest that glucose infusion increased expression of GLUT4 and
translocation of both GLUT1 And GLUT4 to the plasma membrane reflecting a
mechanism, by which GIR manage to dispose of infused glucose and decline plasma
glucose levels.
In fact, the role of GLUT4 expression on glucose uptake has not been confirmed yet.
Sato et al. reported in accordance to our findings increased GLUT4 levels and normal
GLUT1 levels in an animal model of NIDDM (Sato, Man, et al. 1997).
Furthermore, Laybutt et al. have shown that whole body glucose uptake and more
interesting skeletal muscle glucose disposal were elevated in glucose infused rats
after 1d and after 4d of  glucose infusion (Laybutt, Chisholm, et al. 1997). Davidson
et al. showed that plasma membrane GLUT4 content was doubled in glucose infused
rats after 48h of glucose infusion (Davidson, Bouch, et al. 1994). GLUT4 content was
also doubled in rat adipose tissue after 24h of hyperinsulinemia (Postic, Leturque, et
al. 1993).
Furthermore, Zierath’s group showed that GLUT4 expression was increased in
NIDDM patients when compared with controls (Zierath, He, et al. 1996). Moreover,
upregulation of GLUT4 was shown to enhance whole body glucose utilization and to
prevent fasting hyperglycemia induced by high-sugar diet (Marshall, Hansen, et al.
1999) or by high fat diet (Gnudi, Shepherd, et al. 1996).
Overexpression of GLUT4 in muscle of normal, db/db and streptozotocin diabetic
mice produced animals of superior glycemic control (Katz, Burcelin, et al. 1996).
Finally, exercise increases GLUT4 expression and enhances glucose tolerance
(Hayashi, Wojtaszewski, et al. 1997).

Thus increased GLUT4 expression in GIR enhances glucose uptake in skeletal
muscle.
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We previously reported the translocation of GLUT4 due to hyperglycemia in C2C12

cells and in rat skeletal muscle (Galante, Mosthaf, et al. 1995).
Findings in this work and previous findings challange the results of Wallberg-
Hendriksson (Nolte, Rincon, et al. 1995), (Kawano, Rincon, et al. 1999) in terms of
glucose-induced translocation of glucose transporter. Wallberg-Hendriksson
suggested modification of cell surface glucose transporter activity, instead of glucose
transporter translocation.
In fact, it can not be ruled out, that the activity of cell surface glucose transporter was
also altered in GIR, since activity studies were not performed.
However, increased glucose transport is obvious in our model since glycogen content
was highly increased in GIR during the infusion period.
Increased muscle glycogen content due to hyperglycemia was also reported by
others (Vaag, Damsbo, et al. 1992). The increase in glycogen content in GIR on the
5th day was less than on day 2 of glucose infusion and might be due to differential
effects of hyperinsulinemia (day 5) or combined hyperinsulinemia and hyperglycemia
(day 2) as previously reported (Sugden, Holness, et al. 1997).

The decrease in mRNA levels of GLUT1 seen on 2nd day might be due to altered
mRNA stability (Qi & Pekala 1999). In concomitance, hyperglycemia was reported to
decrease GLUT1 mRNA levels in rat skeletal muscle (Simmons, Flozak, et al. 1993).
In contrast, Simmons et al. reported decreased GLUT1 protein expression either. The
divergence might be due to a lack of simultaneous hyperinsulinemia as it was
monitored in GIR. Simultaneous hyperinsulinemia might prevent hyperglycemia’s
effect of lowering GLUT1 expression.
Furthermore, Vinals et al. showed no change in GLUT1 expression in human
endothelial cells when preincubated with high glucose concentrations (Vinals, Gross,
et al. 1999).

In sum, it can be concluded that glucose infusion into normal rats leading to
hyperglycemic, hyperinsulinemic metabolic states increases glucose flux and
glycogen content in skeletal muscle.
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5.4 Increased Glucose Flux in Muscle Impaired Insulin Signal
Transduction

Increased glucose flux in skeletal muscle was reported to impair insulin-stimulated
glucose transport (Etgen-GJ, Zavadoski, et al. 1999), (Hansen, Wang, et al. 1998),
(Buse, Robinson, et al. 1996).
To determine whether increased glucose flux in rat skeletal muscle impairs insulin-
stimulated glucose uptake, insulin signaling was studied.
The protein and messenger expression of the insulin receptor as well as its
autophosphorylation was investigated. Our results show no significant change in
messenger nor in protein expression of IR on the 2nd day of infusion.
The autophosphorylation of IR was not changed either. In terms of insulin resistance,
these findings are in fact surprising, since highest serum insulin concentrations
measured permanently in GIR were not able to induce autophosphorylation of IR
above control levels. Moreover, insulin receptor messenger and protein expression
as well as autophosphorylation in GIR decreased after 5d of infusion when compared
to controls.

The significance of insulin autophosphorylation for the transmission of insulin signal
was reported by studies showing the inability of mutated insulin receptor to mediate
insulin effects (McClain, Maegawa, et al. 1987).
High glucose conditions were reported to decrease insulin receptor
autophosphorylation (Ide, Maegawa, et al. 1995), (Berti, Mosthaf, et al. 1994),
(Haring, Kellerer, et al. 1994) and IR protein expression was decreased compared to
controls in insulin resistant diabetic mice (Bonini, Colca, et al. 1995). Thus decreased
IR expression and autophosphorylation might be involved in hyperglycemia-induced
insulin resistance.
However, certain insulin receptor antibodies mediate insulin stimulation of glucose
transport without autophosphorylation of IR (Simpson & Hedo 1984).
Chinese hamster ovary cells transfected with insulin receptor mutants unable of
autophosphorylation respond to insulin by an increase in glucose transport (Moller,
Benecke, et al. 1991). Additionally, muscle specific insulin receptor knockout mice
(MIRKO) showed normal glucose uptake (Wojtaszewski, Higaki, et al. 1999).
Thus modulation of insulin signaling at the post receptor level might be a site of
modulation in insulin action.
IRS-1 plays a major role in insulin action in skeletal muscle (Kido, Burks, et al. 2000).
IRS-2 plays a role in insulin action in liver (Kido, Burks, et al. 2000) and is not
necessary for insulin stimulated glucose transport in skeletal muscle (Higaki,
Wojtaszewski, et al. 1999). IRS-3 and IRS-4 are not expressed in skeletal muscle
(Lavan, Lane, et al. 1997).
Altered expression of IRS-1 contributes to insulin resistance (deVente, Carey, et al.
1996) and phosphorylation of IRS-1 on serine or threonine residues by PKC is
required to inhibit tyrosine kinase activity of the insulin receptor (Kellerer, Mushack, et
al. 1998).
In this work, glucose infusion showed no effects on the protein expression, nor
messenger expression of IRS-1. The tyrosine phosphorylation of IRS-1 was not
changed from control animals.
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These findings are in accordance with findings of others (Bjornholm, Kawano, et al.
1997). In the latter approach, no changes on protein expression, nor on insulin
stimulation of IRS-1 phosphorylation were found in NIDDM muscle.
Furthermore, both expression and enzyme activity of PI3-K to generate PIP3 is
altered in insulin resistance (Shepherd, Withers, et al. 1998). The functional
consequences of these alterations on insulin action is not fully understood.
Decreased insulin stimulation of IRS-1 associated PI3-K activity was reported in
NIDDM (Bjornholm, Kawano, et al. 1997).
Direct binding of PI3-K to the C-terminus of phosphorylated insulin receptor was also
reported, but may not play a major role in insulin-stimulated PI3-K activity (Shepherd,
Withers, et al. 1998).
The Zierath’s group demonstrated a decrease in phosphotyrosine-associated PI3-K
activity in NIDDM muscle upon stimulation with insulin when compared to controls
(Bjornholm, Kawano, et al. 1997).
However, the decrease in insulin-stimulated glucose uptake after 1 day of muscle
denervation was not associated with changes in PI3-K expression, nor activity
(Elmendorf, Damrau, et al. 1997). And englitazone enhances insulin action without
affecting PI3-K activity (Stevenson, Kreutter, et al. 1998). Moreover,  inhibition of
PI3-K by wortmannin did not affect hyperglycemia-induced glucose uptake (Nolte,
Rincon, et al. 1995).
Thus hyperglycemia-induced effects on insulin signaling might not involve PI3-K.

In concomitance, our findings suggest no alteration in PI3-K protein expression, nor
in its IRS-1-associated enzyme activity and furthermore rule out an activation of
PI3-K to be involved in glucose-induced glucose uptake in GIR.

Activation of downstream targets of PI3-K, particularly PKB was decreased in rat liver
of hyperglycemic diabetic rats (Nawano, Ueta, et al. 1999), (Krook, Kawano, et al.
1997). Insulin-stimulated PKB activity was reduced in NIDDM muscle (Krook, Roth, et
al. 1998) and phlorizin improvement of glycemia restored PKB activity suggesting
possible affecting of PKB by hyperglycemia.
In contrast, our results suggest no effect of glucose infusion on PKB expression, nor
activation upon phosphorylation on serine residue 473.
In fact, the role of PKB in glucose uptake is (temporarily) controversial. Kasuga et al
(Kitamura, Ogawa, et al. 1998) challenged the role of PKB to be necessary for
insulin-stimulated glucose uptake, since mutations on phosphorylation sites threonine
308 and serine 473 had no effect on insulin-stimulated glucose uptake.
On the other hand, insulin-activated PKB enhances insulin-induced glucose transport
(Ueki, Yamamoto-Honda, et al. 1998) and stimulate the translocation of GLUT4
(Foran, Fletcher, et al. 1999), (Kohn, Summers, et al. 1996).
Serine phosphorylation of IRS-1 by PKB enables IRS-1 to maintain its active
tyrosine-phosphorylated conformation (Paz, Liu, et al. 1999).
Our results favor no involvement of PKB in glucose-induced glucose uptake.

Thus, it can be concluded that glucose infusion in conscious rats enhances glucose
uptake in skeletal muscle via an insulin-independent mechanism and increased
glucose flux desensitizes insulin action by modulation at the level of receptor
autophosphorylation.
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5.5 Glucose Infusion in Conscious Rats Activates the Redistribution
of PKC Isoforms

PKC Isoform   Protein
expression

 mRNA-
expression

Translocation

Infusion period 2d 5d 2d 5d 2d 5d
PKC α ↑ ↓ n.s. ↓ ↑ n.s.
PKC βI ↑ n.s. ↑↑ ↓ ↑↑ n.s.
PKC βII n.s. ↓ n.d. n.d. ↑↑ n.s.
PKC θ ↑ ↑ n.d. n.d. ↑ n.s.
PKCζ ↑ ↓ n.s. ↓ n.s. n.s.
PKCδ ↑ n.s. n.s. ↓ n.s. n.s.
PKCε n.d. n.d. ↑ ↓ n.d. n.d.
PKCλ n.d. n.d. ↑ ↓ n.d. n.d.

Table 5.5.1 summarizes results obtained for PKC isoforms. n.s., not significant, n.d., not
determined (for PKC βII and PKCθ mRNA expression) or not detecable for the rest.

The majority of all investigated PKCs showed an increase at similar extent in both
protein- and mRNA-expression on the 2nd day of glucose infusion compared to
control rats.
The increased protein levels might be involved in the increased glucose uptake in
these animals.
The process of PKC activation involves their translocation to the plasma membrane
followed by proteolysis, possibly by calpain (Verret, Poussard, et al. 1999), (Hong,
Huan, et al. 1995) and the parallel increase in messenger levels on the 2nd glucose
infusion day might be a regulatory process to compensate for protein amounts being
degraded after translocation as suggested by (Avignon, Standaert, et al. 1995),
(Ishizuka, Kajita, et al. 1996).
After 5d of infusion, where normoglycemia was reached and PKC translocation
ceased to be higher than control animals, PKC protein expression and mRNA
expression returned to normal levels or were even more decreased to levels lower
than in control animals. Long-term activation of PKCs might have caused down
regulation of PKC. In fact, long-term exposure to TPA, which activates PKC leads to
downregulation of PKC (Hong, Huan, et al. 1995). Furthermore, decreased PKC
expression in GIR after 5d of glucose infusion might be related to glucose-induced
insulin resistance in these animals, since PKC protein levels and mRNA expression
were decreased in muscle of insulin resistant rats (Cooper, Watson, et al. 1993),
(van-de-Werve, Zaninetti, et al. 1987).
Moreover, hyperglycemia, which is a potent inductor of PKC redistribution (Galante,
Mosthaf, et al. 1995) was normalized after 5d of infusion.

Thus, activation of PKC via both increased expression and translocation was only
evident when rats were hyperglycemic.
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The translocation of PKCβI and PKCβII was most evident and less obvious in PKCα
and PKCθ on the 2nd day of glucose infusion.
PKCβ was repeatedly reported to be involved in mediating effects of hyperglycemia
on glucose transport. Hyperglycemia increased translocation of PKCβ in smooth
muscle (Ganz & Seftel 2000) and in rat skeletal muscle (Galante, Mosthaf, et al.
1995), (Kawano, Rincon, et al. 1999) leading to increased glucose uptake in an
insulin-independent fashion (Galante, Mosthaf, et al. 1995), possibly involving Ca2+

(Nolte, Rincon, et al. 1995), (Kawano, Rincon, et al. 1999), (Khayat, Tsakiridis, et al.
1998), (Keranen & Newton 1997).
Overexpression of PKCβI and PKCβII inhibits the tyrosine kinase activity of the
insulin receptor (Bossenmaier, Mosthaf, et al. 1997) and mediates hyperglycemia-
induced diabetic complications (Koya & King 1998), (Wakasaki, Koya, et al. 1997).
Moreover, a specific inhibitor of the PKCβ isoform normalized renal and retinal
dysfunctions induced by hyperglycemia (Koya, Jirousek, et al. 1997).

Thus, it can be concluded that increased expression and translocation of PKCβI and
PKCβII measured in GIR on the 2nd day of glucose infusion activates glucose uptake
independently of insulin and mediate hyperglycemia induced insulin resistance.

PKCα (Berti, Mosthaf, et al. 1994), (Koya, Jirousek, et al. 1997), (Ishizuka, Kajita, et
al. 1999) and PKCθ (Kellerer, Mushack, et al. 1998) may furthermore contribute to
increased glucose-induced glucose uptake and hyperglycemia-induced insulin
resistance.
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5.6  Glucose Infusion in Conscious Rats Activates the Hexosamine
Biosynthesis Pathway

Activation of the hexosamine pathway induces insulin resistance (Virkamaki, Daniels,
et al. 1997), (Patti, Virkamaki, et al. 1999) and hyperglycemia activates the
hexosamine pathway (Kolm, Sauer, et al. 1998), (Robinson, Weinstein, et al. 1995).
GFAT, which activates the rate limiting step in this pathway, is highly expressed in
skeletal muscle (Nerlich, Sauer, et al. 1998). Hyperglycemia increases GFAT activity
(Daniels, Ciaraldi, et al. 1996) and GFAT activity is increased in hyperglycemic obese
mice (Buse, Robinson, et al. 1997) and hyperglycemic NIDDMs (Yki-Yärvinen,
Daniels, et al. 1996).
Here, we are the first group to show increased GFAT expression in rat skeletal
muscle of GIR, particularly with the antisera, produced in our laboratory (Nerlich,
Sauer, et al. 1998).
GFAT expression was increased to the same level in skeletal muscle of GIR on both
2nd and 5th day of glucose infusion.
Increased GFAT activity reported from other groups might be due to increased GFAT
protein expression, since activity studies were usually not paralleled by studies of
GFAT protein expression.
The increased GFAT protein expression was associted with an increase in
messenger expression only under hyperglycemic conditions (on day 2) and
decreased significantly after 5d.
Elevated levels of GFAT proteins in GIR, despite the decrement of messenger
expression on the 5th day of glucose infusion might be due to a long turnover of
GFAT protein. However, GFAT turnover was reported to be short of approximately
(half-life time t1/2 45 min) (Marshall, Bacote, et al. 1991).
Thus, the discrepancy might be due to post-transcriptional modification stabilizing
GFAT. In fact, UDP-HexNAc concentrations (see below) were also elevated in GIR
after 5d suggesting increased GFAT activity.
Furthermore, levels of mRNA and protein did not correlate in rat skeletal muscle
(Robinson, Weinstein, et al. 1995), nor in liver of diabetic rats (Yki, Nyman, et al.
1999).
In addition, this discrepancy might reflect differential regulation of GFAT1 and
GFAT2, since our antisera recognize both GFAT1 and GFAT2, whereas analysis of
mRNA expression was made for GFAT1.

For further characterization of the GFAT-PCR product, DNA sequencing of GFAT-
PCR product was performed and pair comparison was made using BLAST2 search in
the GenBank  (www.ncbi.nlm.nih.gov/blast/). Pair comparison revealed high
alignment to mouse GFAT1 and human GFAT1 as delineated below:
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Pair comparison with mouse GFAT1:

href="http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=Nucl
eotide&list_uids=00414424&dopt=GenBank">gb|U00932.1|U00932</a> Mus musculus
glutamine:fructose-6-phosphate amidotransferase mRNA, complete cds,
Length = 2046
Score =  278 bits (140), Expect = 1e-72
Identities = 203/224 (90%), Gaps = 1/224 (0%)

Strand = Plus / Plus (Query:Rat GFAT, subject: Mouse GFAT1)

Query: 3   tgatgtgtgatgacagaatctccatgcnagaaagacgcaaagagatcatgctgggactga 62
           |||||||||||||||| |||||||||| ||| |||||||||||||||||||| |||||||
Sbjct:1472 tgatgtgtgatgacaggatctccatgcaagagagacgcaaagagatcatgctcggactga1531

Query: 63  agcgactgccggacttgattaaggaagtgttgagcatggatgatgaaattcagaagctgg 122
           ||||||||||||||||||||||||| ||| ||||||||||||||||||| |||||||| |
Sbjct:1532 agcgactgccggacttgattaaggaggtgctgagcatggatgatgaaatccagaagctag1591

Query: 123 ctgacagagctttaccaccagaagtcggtcctgataatgggccgaggctatcattatgct 182
           |  || ||||||||||||||||||||||||||||||||||| || ||||| |||||||||
Sbjct:1592 c-aacggagctttaccaccagaagtcggtcctgataatggggcggggctaccattatgct1650

Query: 183  acatgtctngaaggagccctgaaaatcnnggagattacatatat 226
            ||||| || ||||| || |||||||||  ||||||||| |||||
Sbjct: 1651 acatgccttgaaggggctctgaaaatcaaggagattacttatat 1694

Pair comparison with human GFAT1:

href="http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retrieve&db=Nucl
eotide&list_uids=04503980&dopt=GenBank">ref|NM_002056.1||</a> Homo sapiens
glutamine-fructose-6-phosphate transaminase 1 (GFPT1)mRNA, Length = 3082
Score =  192 bits (97), Expect = 7e-47
Identities = 180/207 (86%), Gaps = 1/207 (0%)

Strand = Plus / Plus (Query:Rat GFAT, subject: human GFAT1)

Query: 3   tgatgtgtgatgacagaatctccatgcnagaaagacgcaaagagatcatgctgggactga 62
           |||||||||||||  | |||||||||| |||||||||||||||||||||||| ||| |||
Sbjct:1594 tgatgtgtgatgatcggatctccatgcaagaaagacgcaaagagatcatgcttggattga1653

Query: 63  agcgactgccggacttgattaaggaagtgttgagcatggatgatgaaattcagaagctgg 122
           | || ||||| || ||||||||||||||  ||||||||||||| ||||||||||| || |
Sbjct:1654 aacggctgcctgatttgattaaggaagtactgagcatggatgacgaaattcagaaactag1713

Query: 123 ctgacagagctttaccaccagaagtcggtcctgataatgggccgaggctatcattatgct 182
           |  ||||| ||||| || |||||||| || ||||||||||| ||||||||||||||||||
Sbjct:1714 c-aacagaactttatcatcagaagtcagttctgataatgggacgaggctatcattatgct1772

Query: 183  acatgtctngaaggagccctgaaaatc 209
            || ||||| ||||| || |||||||||
Sbjct: 1773 acttgtcttgaaggggcactgaaaatc 1799
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Pair comparison with human GFAT2 (GenBank Accession Nr. AB016789) revealed a
much lesser alignment:

Score = 46.8 bits (24), Expect = 0.002
Identities = 41/50 (82%), Positives = 41/50 (82%)

 Query:159  atgggccgaggctatcattatgctacatgtctngaaggagccctgaaaat 208
            ||||| || |||||  | ||||| || || || |||||||||||||||||
 sbct :1729 atggggcggggctacaactatgccacctgcctggaaggagccctgaaaat 1778

Thus it can be shown that  the measured GFAT mRNA levels involved only GFAT1
mRNA.

UDP-Glc is precursor for glycogen. CE analysis revealed increased tissue UDP-
Hexose (UDP-Hex: UDP-Glc and UDP-Gal). This is in concomitance with the
increased glycogen content in GIR on both 2nd and 5th day of glucose infusion.
In fact, overexpression of GFAT was shown to increase basal glycogen synthase
activity in rat-1-fibroblasts (Crook, Daniels, et al. 1993).
Again the accumulation of glycogen and the increased availability of UDP-Hex in GIR
reflect the increased glucose flux in rat skeletal muscle of GIR.
The ratio UPD-HexNAc/UDP-Hex  for GIRs revealed 76% and 68% of controls after 2
and 5d, respectively. This indicates increased metabolization of glucose flux towards
glycogen synthesis.
Although the overall concentrations of UDP-HexNAc was elevated, which is in
agreement with increased GFAT expression in GIRs and which was repeatedly
reported by others (Buse, Robinson, et al. 1996), (Hawkins, Angelov, et al. 1997),
(Robinson, Weinstein, et al. 1995), the tissue concentrations of UDP-GlcNAc were
decreased in GIR on both the 2nd and  the 5th day of infusion when compared with
control animals.

Thus, it seems that under conditions of increased glucose flux, the equilibrium
between UPD-GlcNAc and UDP-GalNAc is favored unidirectional to produce more
UDP-GalNAc.

On the other hand, UDP-GlcNAc might be depleted by O-linked attachment to serine
and threonine residue on intracellular proteins (Patti, Virkamaki, et al. 1999).
O-GlcNAc transferase activity, however, does not appear to be increased in muscle
of NIDDM (Yki-Yärvinen, Vogt, et al. 1997). Furthermore, in GIR O-linked
glycosylation was not found to be increased in comparison to control animals.
Moreover, keeping UDP-GlcNAc at low concentrations favors its own production by
GFAT, since feed-back-inhibition of GFAT by UDP-GlcNAc (Nerlich, Sauer, et al.
1998), (Yki-Yärvinen, Daniels, et al. 1996) is kept at a minimum.

Thus, increased glucose flux in rat skeletal muscle involves activation of the
hexosamine pathway by increasing GFAT protein expression and tissue
concentrations of UDP-HexNAc.
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Taken together, glucose infusion increased glucose flux in rat skeletal muscle by
increasing the total expression of GLUT4 and inducing its translocation (and
translocation of GLUT1) to the plasma membrane. The mechanism of increased
glucose flux altered insulin receptor phosphorylation.
Increased glucose flux in rat skeletal muscle involved elevated PKC expression and
translocation as well as the activation of hexosamine pathway.
As normoglycemia was reached, increased glucose flux persisted, increased GLUT4
expression and translocation, GFAT expression and hexosamine pathway activation
were retained, but not PKC activation.
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6 SUMMARY

6.1 INTRODUCTION

Hyperglycemia is a common feature of diabetes mellitus.
Hyperglycemia per se is a potent regulator of insulin action. Inhibition of insulin action
by hyperglycemia in diabetes is a phenomenon referred to as glucose toxicity.
Under hyperglycemic conditions, skeletal muscle can be protected from glucose
oversupply due to adaptation in the insulin-stimulated glucose uptake, which limits
the glucose flux into this tissue (insulin resistance).
Hyperglycemia increases glucose uptake in skeletal muscle in a concentration-
dependent fashion (glucose mass-action effect)
The mechanism(s), by which hyperglycemia induces glucose uptake and increases
glucose flux in skeletal muscle is important for the development of insulin resistance
and is temporarily a matter of intensive investigations.
One of the plausible mechanisms proposed to underlie hyperglycemia-induced
insulin resistance involves the activation of PKCs.
An alternative hypothesis for hyperglycemia-induced insulin resistance suggests
increased flux of glucose through the hexosamine biosynthesis pathway.
The elucidation of the “sinister scenario” of hyperglycemia to positively or negatively
alter glucose uptake in skeletal muscle is of highest interest to diabetic research.

6.2 AIM

The aim of this thesis was to elucidate pathological effects of prolonged glucose
infusion on insulin signal transduction towards glucose transport in normal conscious
rats.
The central hypothesis is that infused glucose interacts with its own metabolism in
skeletal muscle and propagates its uptake in an insulin independent fashion leading
to insulin resistance.
In particular, the following questions have been addressed:

- Does infused glucose influence insulin signaling towards  glucose transporter
translocation to the plasma membrane?

- Does infused glucose activate PKC isoforms?

- Does the hexosamine pathway mediate effects of infused glucose on its own
uptake in skeletal muscle?
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6.3 RESULTS

Glucose uptake in rat skeletal muscle was increased in glucose-infused rats when
compared to saline-infused rats as evidenced by the measurement of UDP-Hexose
concentrations and glycogen content.
Glucose-infused rats managed to normalize plasma glucose concentrations, despite
of 5d of continuous glucose infusion.

The mechanism of hyperglycemia-induced glucose uptake in skeletal muscle was
shown to involve increased expression of the glucose transporter isoform 4 and the
translocation of both glucose transporter isoform 1 and 4.
Glucose infusion increased the protein expression of several PKC isoforms and their
translocation to the plasma membrane indicating that their activation may play a role
in the glucose-induced glucose uptake.
In agreement with other groups, we confirm the role for PKCβ in hyperglycemia-
induced insulin resistance and in enhancing insulin-independent glucose uptake in
rat skeletal muscle.
Furthermore, hyperglycemia activated the hexosamine biosynthesis pathway via
increasing the expression of GFAT. The activation of the hexosamine pathway
increased the tissue concentrations of UDP-HexNAc.

Increased glucose flux in skeletal muscle via activation of PKC and hexosamine
pathway may induce insulin resistance in skeletal muscle by modulation at the level
of autophosphorylation of the insulin receptor, whereas no effects can be reported for
post receptor signaling.

Thus, our data has put more spotlight on mechanisms involved in muscle glucose
uptake and could fairly show the involvement of hyperglycemia in induction of insulin
resistance apparently by inhibition of insulin signaling cascade. We could furthermore
report an increased hyperglycemia-induced, insulin-independent glucose uptake in
rat skeletal muscle.
Since activation of PKC, particularly PKCβ, has been shown to inhibit insulin
signaling and evidence exists that it also may stimulate cellular glucose uptake, our
data indicate that PKC activation may shift glucose uptake from an insulin-dependent
to an insulin-independent pathway.
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