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Abstract

The Characterization of the Glucose Tolerance Factor (GTF) in L6 Myotubes and
3T3-L1 Adipocytes

Donato Brunetti

This thesis reports the effects of the Glucose Tolerance Factor (GTF) on the
stimulation of 2-deoxyglucose (2-DG) transport in 3T3-L1 adipocytes and in L6
myotubes. The maximal effects on 2-DG transport in adipocytes were observed at
concentrations of 133 nM insulin. The maximal effect of GTF was seen at 20 mg/ml in
3T3-L1 fat cells while maximal stimulation of GTF was seen in L6 myotubes at 50
mg/ml. Both insulin and GTF exhibited concentration dependent stimulation of 2-DG
transport. In 3T3-L1 adipocytes combination of both insulin plus GTF gave higher sugar
transport than either treatment alone. Also, we examined the effect of insulin, GTF and
the combination of insulin an(i GTF on isoproterenol induced lipolysis. Lipolysis was
decreased 28% by the addition of 1 mg/ml GTF. Addition of 0.04 nM insulin decreased
lipolysis by 48%. In combination, GTF and insulin at the concentrations employed above
decreased the lipolysis rate by 68%. Cells that were exposed to insulin, GTF, or a
combination of both did not change 125 insulin binding to its receptor on 3T3-L1
adipocytes and therefore GTF does not bind to the insulin receptor. We observed no
tyrosine phosphorylation of the insulin receptor 3 chain in the presence of GTF. When
GTF was added in combination with insulin, we observed a decrease in tyrosine
phosphorylation of the insulin receptor  chain compared to insulin alone. We observed
phosphorylation of the insulin receptor substrate-1 (IRS-1) in the presence of insulin,

GTF and a combination of insulin plus GTF at an exposure time of 15 minutes. When
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GTF was added to insulin, we observed a decrease in IRS-1 phosphorylation compared to
insulin alone. Also, we observed that GTF had an effect on GLUT 1 and GLUT 4
recruitment from endosomes to the plasma membrane. In the presence of insulin alone,
effects on GLUT 4 translocation were greater than GTF alone, or in combination of
insulin and GTF. There was a difference in GLUT 1 translocation compared to GLUT 4
translocation. GTF alone had the same effect on GLUT 1 translocation as insulin alone.
The combination of insulin and GTF had higher effects of GLUT 1 translocation than

either alone.

These observations indicated that GTF had similar effects to insulin in stimulating
glucose uptake in 3T3-L1 adipocytes and in L6 myotubes. Also, GTF works in an
additive manner with insulin giving a higher stimulation in glucose transport without
interfering with insulin binding to its receptor. GTF’s mode of action is not through the
phosphorylation of the insulin receptor B chain. However, GTF seems to stimulate

phosphorylation of downstream signals such as the IRS-1.
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Introduction

1.1 Insulin and its Receptor

Insulin is a very important molecule due to its many functions primarily in
glucose metabolism. Insulin’s discovery by Banting and Best in 1925 led to great medical
advancements in the treatment of diabetes. Diabetes can be fatal if untreated. People with
type 2 diabetes are insulin resistant; therefore they need alternative medicines to replace
or to potentiate insulin’s effects. One such compound studied in this thesis is the Glucose
Tolerance Factor or known as GTF. In order to characterize GTF, it is important to

understand the insulin molecule and its mode of action.

Insulin is a small anabolic hormone with a molecular weight of 6 Kd (fig.1) (1).
The insulin molecule has two amino acid chains held together by disulfide bonds (1).
The A chain contains 21 amino acids and the B chain contains 30 amino acids (2). These
amino acid sequences are similar throughout different species, but do have highly

conserved regions such as both ends of the A chain and the C-terminus of the B chain

(fig2) (1, 2).

Insulin has many physiological effects. It can stimulate glucose, amino acid and
uptake of ions such as zinc (3). Also, insulin can activate transcription factors and
modulate differentiation and cell growth (fig.3) (4). These physiological effects all occur

through insulin action on the insulin receptor. The insulin receptor contains two o-



subunits, which are totally extracellular to the plasma membrane. They are held together
by disulfide bonds. The a-subunits are attached to B-subunits by disulfide bonds. They
form a heterotetramer (a232) (3-5). The B-subunits have three domains. They have an
extracellular domain, a transmembrane domain which span the plasma membrane, and a
cytosolic domain (3-5). The a-subunits contain the insulin binding site(s) and are
cysteine rich (3) and the B-subunits the autophosphorylation sites, such as the

juxtamembrane NPXY-Motif at position 960 and C-terminal (fig.4).
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FIGURE 1. The structure of the insulin molecule,

The ball and stick presentation of the 3D structure of insulin depicts the A-chain
and the B-chain which are held together by disulfide bonds represented in yellow. Insulin

is an anabolic hormone that has a molecular weight of 6000 Daltons.
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FIGURE 2. The amino acid sequence of insulin.

The diagram shows the amino acid sequence of the A-chain and B-chain of insulin. The
red amino acid chain represents the A chain which is composed of 21 amino acids. The A
chain has its own disulfide bond between amino acids 71 and 76. The green amino acid
chain represents the B chain. The B chain has 30 amino acids and form two disulfide
bridges with the A chain at amino acids 6 and 19. The amino acids outlined in yellow
indicate the amino acids present in the pro-insulin state before being cleaved to insulin.
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FIGURE 3. Overview of the insulin signaling pathway and its physiological
functions.

This diagram shows the insulin receptor composed of two o chains that are located
outside the cell membrane, and two B chains that span the membrane. When insulin binds
to the receptor, it triggers a series of cascading events that allow numerous events to take
place depending on physiological needs. The diagram shows different signaling
molecules involved in the insulin pathway such as IRS-1, PI3-kinase, Ras, PKB/Akt,
which are involved in glucose transport into cell via glucose transporter GLUT 4, and
other signaling molecules involved in transcription, glycolysis, and protein synthesis.
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FIGURE 4. The structure of the insulin receptor.

The insulin receptor is composed of two o subunits held together by disulfide bridges. It
is located extracellular to the plasma membrane and it is the insulin binding domain. The
o subunits are cysteine rich. The B subunits have three domains. The first domain is
located extracellelarly, which is bound to the a subunits by disulfide bridges. The second
is a transmembrane domain, and third is the cytosolic domain. The cytosolic domain,
which contains tyrosine residues at juaxtamembrane at positions 960, 953/972, at a tri-
tyrosine cluster at positions 1146, 1150, 1151 and C-terminus at positions 1316, 1322.
These tyrosine residues become phosphorylated when insulin binds to its receptor.



1.2 Insulin Binding to its Receptor

When insulin is secreted by the P cells of the pancreas, it circulates throughout the
blood, and binds to its receptor on most cell surfaces (3). Upon insulin binding to the
receptor, insulin and the receptor complex is internalized into the cell (6, 7). Once the
complex is internalized, insulin is dissociated from its receptor by an acidic endosomal
vesicle or lysosome (8). After the dissociation of insulin from its receptor, each segregate
into separate vesicular structures (9, 10). Most of the insulin in the vesicular structures
are degraded into lower molecular weight products and are used for energy through
catabolism (11, 12). Most of the insulin receptors are recycled back to the plasma

membrane (13, 14).

1.3 The Insulin Signaling Pathway

When insulin binds to the a-subunits, it mediates autophosphorolation of the
chain and trans-autophosphorylation between the f-subunits (fig.4) (3, 15-18). This
allows the autophosphorylation of the tyrosine residues (19-22) and the phosphorylation
of the Insulin Receptor Substrate -1 (IRS-1). IRS-1 protein has a molecular weight of
131 Kd and was detected in insulin-stimulated hepatoma cells by immunoprecipitation
with anti-phosphotyrosine antibodies (23). It was shown by retarded migration on a
SDS-PAGE gel that IRS-1 has many sites for phosphorylation (3). IRS-1 has 21 pufative
tyrosine phosphorylated sites (24, 25, 26) but phosphorylation occurs on eight tyrosine

residues at positions 608, 628, 939 and 987 (3) when insulin activates the insulin



reéeptor. When insulin does not bind to its receptor, IRS-1 is serine phosphorylated (25).
When insulin binds to the insulin receptor, the NH,-terminal (pleckstrin homology)
portion of IRS-1 binds to tyrosine at position 960 of the insulin receptor (27-29). Then
the IRS-1 becomes tyrosine phosphorylated. This phosphorylation allows many enzymes
and adaptor proteins to associate with IRS-1. Some of these proteins are phosphatidyl-
inositol 3-kinase (PI3-kinase), phosphotyrosine phosphatase SHP2, which acts as an
adapter molecule between growth factor PDGFr, and Grb 2-Sos complex when
phosphorylated. Grb 2, which is also an adapter molecule, is a small protein that is
located in the cytoplasm. The SRC homology domain 2 (SH2) of Grb 2 binds to IRS-1

when stimulated by insulin (3).

During glucose uptake in 3T3-L1 adipocytes, IRS-1 is tyrosine phosphorylated by
the insulin receptor in the presence of insulin. The phosphorylated IRS-1 is located in the
intracellular membrane (IM) compartment which is an aqueous insoluble multi-protein
complex, which is the cytoskeleton portion underlying the plasma membrane (30). The
phosphorylation of IRS-1 causes IRS-1 to associate with PI3-kinase. This association
occurs in the intracellular membrane (IM) compartment (30). The phosphorylation of
IRS-1 recruits PI3-kinase from the cytosol to thev IM and then associates in the IM (31-
34). IRS-1 is then translocated from the IM to the cytosol (31), and subsequently
associates with the 85-Kd subunit of the PI3-kinase (3, 15, 31), which is a heterodimer
made up of an 85-Kd (a-p85) and 110-Kd (p110) subunits (4, 5). The o p85 subunit has
two SH2 domains and a SH3 domain also (35-37). The SH2 and SH3 domains are known

as the Src homology domains. They bind to phosphotyrosine residues. The p110 subunit



contains the catalytic activity (38, 39). When IRS-1 is phosphorylated it comes together
with the p85 of the PI3-kinase and it becomes activated (40). The activated form of PI3-
kinase recruits protein kinase B (PKB) through its lipid products (41). PI3-kinase lipid
products phosphatidyl-inositol 3, 4, 5 triphosphate PI (3, 4, 5) P; and or phosphatidyl-
inositol 3, 4 biphosphate PI (3, 4) P, bind to the protein kinase B pleckstrin homology
(PH) domain containing serine/threonine kinase (42). This allows PKB to go to the
plasma membrane where it undergoes a conformational change. This conformational
change allows the serine and threonine to be accessible for phosphorylation (42-44). The
phosphorylation occurs at serine 473 and threonine 308 in PKBa. PKB has three
isoforms. PKBa, which is the major form, activated by insulin in muscle and adipocytes
(45). PKB B is activated in adipocytes and PKBy is activated by insulin in cell culture
models (45). PKB is a cellular homologue of the transforming oncogene v-akt (46).The
activation of PKB by PI3-Kinase ultimately leads to glucose uptake by GLUT 4 the main

insulin-responsive glucose transporter in muscle and fat (fig.5) (47).
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FIGURE 5. The insulin signaling pathway leading to glucose transport via GLUT 4
vesicles in muscle cells and adipocytes.

Insulin is secreted by P cells into the blood where it binds to the insulin receptor. Once
insulin is bound to its receptor, autophosphorylation of the tyrosine residues on the
insulin receptor P chain occurs. This leads to phosphorylation of IRS-1, which docks to
other signaling molecules such as PI3-kinase through its p85 subunit. The catalytic
subunit of PI3-kinase that is bound to p85 activates protein kinase B (Akt) and atypical
protein kinase C. The activation of PKB and PKC allows translocation of GLUT 4
vesicles located intracellularly to the plasma membrane. The translocation of GLUT 4
transporter to the plasma membrane stimulates glucose transport into the cell.
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Eight facilitated-diffusion glucose transporters have been identified (47-51). The
first is GLUT 1 found in the brain, erythrocytes and endothelial cells. GLUT 2 was
found in the kidneys, small intestines, in the pancreatic B cells, and the liver. GLUT 3
has been found in neurons, muscle cells and placenta. GLUT 4 has been found in skeletal
muscle, cardiac muscle and adipose cells. GLUT 5 was found in the small intestine,
sperm, kidney, brain, adipose cells and muscle (47). GLUT 6 is a glucose transporter
pseudogene which was found using an erythrocyte/ GLUT 1 cDNA probe (48). The
GLUT 6 cDNA was isolated from human small intestine and fetal skeletal muscle cDNA
libraries (48). Part of the GLUT 6 mRNA is found in all human tissue (48). GLUT 7 was
thought to be a liver plasma membrane transport protein with closest similarities to
GLUT 2 (49). GLUT 7 ¢cDNA was isolated from screening the rat liver library (49), but it
was later found that GLUT 7 was a cloning artefact and it is not a liver plasma membrane
transport protein (50). GLUT 8 was cloned from a murine embryonic teratocarcinoma
cell line F9. It is 478 amino acids long, shortest of all the GLUTs (51). Northern Blots
showed that GLUT 8 mRNA is expressed highly in the placenta. It was shown that
GLUT 8 translocation occurred in the presence of insulin in mouse blastocyst (51).

GLUT 8 is a glucose transporter in mammalian blastocyst (tablel).

11



TRANSPORTER TISSUE DISTRIBUTION
GLUT 1 BRAIN, ERYTHROCYTES,AND
ENDOTHELIAL CELLS*
GLUT 2 KIDNEY, SMALL INTESTINES,
EPITHELIA, LIVER, AND PANCREATIC
p CELLS*
GLUT 3 NUERONS, AND PLACENTA*
GLUT 4 SKELETAL MUSCLE, CARDIAC
MUSCLE, AND ADIPOSE CELLS*
GLUT S SMALL INTESTINES, SPERM,
KIDNEY, BRAIN, ADIPOSE CELLS, AND
MUSCLE*
GLUT 6 Pseudogene**
GLUT 7 LIVER (CLONING ARTIFACT)***
GLUT 8 PLACENTA, AND
BLASTOCYST****

*New England Journal of Medicine 341: 248-257, 1999
**J.Biol.Chem. 265: 13276-13282, 1990

***Biochem J. 285: 173-177, 1992

**%*PNAS. 97: 7313-7318, 2000

TABLE 1. The location and characterization of 8 glucose transporters.

The table gives a summary of the eight glucose transporters. In this thesis, work was done
on GLUT 1 and GLUT 4. GLUT 1 is found in the brain, erythrocytes, and endothelial
cells, and is constitutive glucose transporter. GLUT 4 is found in the skeletal muscle,
cardiac muscle, and adipose cells. GLUT 4 is responsive to insulin.
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The main focus in this thesis is on the GLUT 4 transporters. The GLUT 4
transporter protein is part of a transport vesicle that contain a phospholipid membrane
with other proteins such as the insulin-responsive amino peptidase, synaptobrevin (also
known as V-SNARE) and the Rab-4 binding protein (fig.6) (47). When insulin is not
present, about 90% of the GLUT 4 is present in intracellular vesicles (47-52,53). When
insulin binds to its receptor it activates the tyrosine kinase phosphorylation of IRS-1 and
SHC proteins (39). This leads to the phosphorylation of PI3-kinase by IRS-1 association
with the p85 of PI3-kinase (39, 54). The activated PI3-kinase produces phophatidyl-
inositol lipid products PI (3, 4, 5) P; and or PI (3, 4) P,, which binds to the
serine/threonine PH domain of the protein kinase B (40). This is associated with
translocation of GLUT 4 to the plasma membrane from activation of PKB or atypical
isoforms of protein kinase C (55-57). Once GLUT 4 is present at the plasma membrane,

glucose is transported into the cell by facilitated diffusion.
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FIGURE 6. The mechanisms involved in the translocation of the GLUT 4
transporters in muscle cells and adipocytes.

When insulin binds to its receptor, the GLUT 4 transporter moves to the plasma
membrane. The GLUT 4 vesicle contains a vesicle-associated membrane protein-2 also
known as synaptobrevin (v-SNARE) and a small guanosine triphosphate-binding protein
called Rab-4. Here, synaptobrevin docks with a docking protein called syntaxin-4 (or also
known as t-SNARE). The GLUT 4 vesicle then fuses with the plasma membrane. Then
Rab-4 dissociates from the vesicle and moves to the cytosol. Once insulin is removed
from its receptor, budding of the clathrin-coated vesicle from the plasma membrane
causes internalization of the GLUT 4 back into the cytoplasm.
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1.4 Regulation of the Insulin Signaling Pathway

Regulation of the insulin signaling pathway is done through a series of
phosphorylation and dephosphorylation steps. Also, serine phosphorylations of certain
signaling molecules such as IRS-1 can regulate the insulin signaling pathway (3). Other
molecules such as PTPase 1B, which is a tyrosine phosphatase is able to dephosphorylate
the insulin receptor in vitro and therefore can act as a potential negative regulator of

insulin action (4).
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2. Insulin’s Role in Sugar Metabolism

2.1 Insulin and Glucose Transport

Glucose is a key source of energy and is constantly needed by the brain. After a
meal, blood glucose levels rise and in response to the rise in blood glucose, insulin is
secreted into the blood stream. Insulin then stimulates glucose transport, metabolism, and
storage. Glucose which is used for energy during physical activity and for fuel is taken up

by glucose transporters GLUT 1 and GLUT 4 in muscles and in adipocytes.

Cain et al. (58) made the important observation that vesicles - or - V-SNAREs of
the synaptobrevin family are present on GLUT 4 vesicles (fig.6). Timmers et al. (59)
have also found that these GLUT 4 V—SNARES form a complex with recombinant NSF
and o-SNAP and syntaxin-4. Insulin signaling may lead to an enhancement of vesicle V-
SNARE participation to form complexes possibly via the activation of Rab protein GLUT
4 proteins (10). GLUT 4 proteins translocate from intracellular vesicular pools to the
plasma membrane by a process of targeted exocytosis and then return to the intracellular
environment via endocytotic events (60). GLUT 4 translocation occurs by docking to t-
SNARES (Syntaxin-4) via its vesicle v-SNARE (synaptobrevin) (61-65). Other
components involved in the docking of the vesicles to the plasma membrane are Synips
which associates with Syntaxin-4. Rab-4 is also involved in GLUT 4 translocation (61).

Disruption of the clatherin coat by acidification of the cytosol can cause endocytosis of
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Glut-4 allowing internalization of the vesicle (fig .6) (61, 66, 67). Also, the GTPase
dynamin is involved in the endocytosis of GLUT 4 (68, 69). It was shown that insulin
induces phosphorylation of dynamin (70). This suggests that internalization of GLUT 4

occurs through a clatherin-coated pit-mediated dynamin-dependent endocytic pathway

(61).

Any disruptions in these steps in the insulin-mediated pathway can disrupt
glucose uptake by the glucose transporters. Inhibition of PI3-kinase with antibiotic
wortmannin can inhibit or reduce the translocation of the GLUT 4 transporter to the
plasxha membrane (4, 41). Also, creating knockout mutants for the ap85 subunit of PI3-
kinase in mice inhibits GLUT 4 translocation (71). Other factors also can contribute to

the lack of glucose uptake by the cell.
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2.2 Insulin and Type 1 Diabetes

A major problem arising from the lack of glucose uptake is a disease known as
Diabetes mellitus. There are two types of Diabetes mellitus. Type 1 diabetes occurs due
to a genetic or autoimmune disorder where the pancreatic beta cells are compromised
(72). The B cells are targets of auto reactive T-lymphocytes (72). Also, the islets become
inflamed where macrophages, dendritic cells and B-lymphocytes can be involved in the
destruction of the pancreatic B cells (72). Other studies show that T cells (CD4" and
CD$§") are involved for Type 1 diabetes (73). Suppression of islet auto antigens suéh as

GADG65 or GAD67 inhibits the development of insulitis and Type 1 diabetes (74).

There are other reasons for the occurrence of Type 1 diabetes. As mentioned
previously, Type 1 diabetes can be inherited. One genetic factor can be the insulin like
growth factor (IGF) gene. Specifically IGF-I and IGF-II are involved in the regulation of
B cell replication and apoptosis (75, 76). If the equilibrium of growth and death of the B
cells are disrupted by changes in IGF-I or IGF-1I, glucose intolerance can result (77).
Some experiments done by knocking out receptors specific for pancreatic B cells in mice
showed that there are impairments or lack of glucose stimulated insulin secretion (78,
79). One study did not show any significance in the impairment of insulin secretion with
gene variants of IGF-I and IGF-II (77). The researchers tested IGF-I gene polymorphism
with (CA) , repeats located in its promoter region, and Apa I polymorphism in the IGF-II

gene. The researchers observed no significant impairment of insulin secretion with the
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IGF-I and IGF-II gene variants (77). People with Type 1 diabetes are dependent on
insulin since the P cells cannot secrete sufficient amounts of insulin for proper glucose
disposal. Therefore Type 1 diabetes is insulin dependent and regular injections of insulin
are required. More modern approaches for treatment of Type 1 diabetes is by the use of
insulin pumps. Injections and insulin pumps are usually inserted in the abdominal area.
Insulin pumps usually secrete insulin in spurts throughout the day. People with Type 1
diabetes usually develop this disease as a child which Type 1 diabetes is also known as

Juvenile onset diabetes. People with Type 1 diabetes are usually thin and are not obese.
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2.3 Insulin and Type 2 Diabetes

The second form of diabetes, known as Type 2 diabetes, has complications due to
the association with obesity. Type 2 diabetes occurs mainly in adults, but there are
increases in the incidence of type 2 diabetes in children. About 80-85% of people with
diabetes have Type 2 diabetes. Type 2 diabetes differs from Type 1 diabetes in the fact
that people with Type 2 diabetes are insulin resistant to glucose stimulation (80-82). .
This insulin resistance can be due to a number of factors such as a loss of B cell mass (83)

due to B cell destruction and due to free fatty acids (83-86).

Elevated free fatty acids in the blood are predictors of decreases in glucose
tolerance (87, 88). It was also shown in animals and in vivo that increases in free fatty
acids can affect B cell decompensation by disrupting glucose metabolism. This disruption
is caused by affecting the Randle cycle, which results in the inhibition of glucose-
stimulated insulin secretion (74, 89- 92). The second way free fatty acids can affect
cell decompensation is by signal transduction (78). Insulin resistance due to free fatty
acids affects protein kinase C and other stress-activated kinases (93, 94). A third way is
through affecting transcription. Free fatty acids and acyl CoA derivatives are important
ligands for several classes of nuclear receptors (95). Fatty acids regulate expression of
hundreds of § cell genes (83, 96, 97). Also, free fatty acids are known to lower hepatic
insulin clearing (87, 98). Free fatty acids in the systemic circulation may inhibit skeletal
muscle glucose metabolism and contribute to peripheral insulin resistance (99). Also,

increased triglyceride stores due to circulating free fatty acids can give higher rates of
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lipolysis and thus influence both basal and stimulated insulin secretion (84). It is possible
that the inhibition of glucose stimulated insulin secretion due to chronic free fatty acid
presence is not due to an inhibitory effect but as a switch of B3 cell response to the free

fatty acids and away from the glucose (85).

Type 2 diabetes is also associated with obesity, which is a major risk factor for
non-insulin-dependent diabetes mellitus (84-86). There is increasing evidence that there
are links between obesity and diabetes depending on the region where body fat is located
(85, 87). Men that are obese (in the abdominal region) have a higher incidence of
diabetes (81, 100). This rise in the incidence of disbetes is increased with the increasing
of fat in the abdominal region (101). Obesity can cause many complications with
diabetes, or be a health risk on its own. It was shown by Patterson et al. (102) that pre-
pregnant woman with higher Body Mass Index (BMI) that had gestational diabetes had a
greater risk of their child getting congenital malformations than pre-pregnant women
with lower BMIs. Pre-pregnancy BMI was a major predictor of heart and renal/urinary
complications (102). Obesity can cause other complications such as atheroscleroses and
dyslipidemia (80). In recent studies researchers found that there are obesity-related loci
on a chromosome region 12q23-24 (103). Li et al. (103) took DNA samples from parents
of the families and were genotyped using microsatellite markers across the human
genome. They used a program gene hunter 1.3 to find obesity related chromosomes with
BMTI’s above 27. They showed strong evidence for linkage related phenotypes on
chromosome region 12q23-24 (103). There is also evidence that there were some genes

in certain chromosomes that were susceptible to Type 2 diabetes (104). Using linkage

21



analysis Silander et al. (104) found that genes on chromosomes 6, 11 and 14 are
predisposed to Type 2 diabetes. The next step was to determine how genetic alterations
of these genes can cause Type 2 diabetes. Since obesity is rapidly becoming a large
health problem associated with hypertension, diabetes, cardiovascular disease and cancer,
particular attention has been taken (103). Some simple changes in life-style such as
dietary modifications, lowering glycemic intake can control the diabetes and help lose

weight (105-107). Exercise can increase lipolysis of adipose tissue to release free fatty

acids (108,109).
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2.4 Disruption of the Insulin Signaling Cascade

Other factors that can cause diabetes cannot be modulated by nutritional
improvements or exercise. One such factor is inhibition of the insulin signaling system.
Incidences of diabetes have been associated with mutations in the insulin receptor (110).
Disruption of the insulin receptor in humans or mice showed high levels of
hyperglycaemia, with other developmental defects, which become lethal soon after birth
(111-113). Knocking out IRS-I function in mice causes peripheral insulin resistance
(114-116) and decreased iﬁsulin—stimulated peripheral glucose uptake. Disruptions of
IRS-2 in mice develop progressive diabetes during the first 10 weeks of life (117). Mice
homozygous for IRS-1 showed higher serum insulin levels before and after glucose
intake (116). Mice that were homozygous for mutations in the IRS-1 locus showed
abnormal glucose tolerance (115). Also, these mice showed growth retardation and lower
birth weight (115,116). This is due to IRS-1 dependent and independent pathway of
insulin and IGF-1 and IGF-2 signal transduction (115,116). Also it was shown that mice
lacking IRS-1 did not activate PI3-kinase (115,116). Little or no PI3-kinase activity was
co-immunoprecipitated in a-IRS-1 homozygous mouse for the mutation, but stimulation
of PI3-kinase was seen (116). This can be due to the presence of IRS-2, which can be
seen, in the anti-phosphotyrosine immunoblots of anti-p85 (115). Disruption of PI3-
kinase with inhibitors such as wortmannin and L Y294002 gave evidence that it is
required for GLUT 4 recruitment (118). Also, experiments done by Hara et al. (71)

showed that Chinese hamster ovary (CHO) cell lines with mutant p85c (Ap85) have
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reduced glucose uptake. The formation of the IRS-1 and PI3-kinase complex is hindered
but the tyrosine phosphorylation of PI3-kinase is unaffected (71). The lipid products of
PI3-kinase PI (3, 4, 5) P3 in Ap85 CHO cells were also reduced (71). This can lead to
lower activation of Protein kinase B and other downstream mediators. GLUT 1
transporter in Ap85 CHO cells was impaired compared to wild type CHO cells (71). If
further steps in the pathway are perturbed, then this can lead to impaired and/or reduced
glucose uptake, which can lead to developing diabetes. The next step in the pathway is
the activation of protein kinase B. Inhibition of Protein kinase B in L6 myotubes
abolishes insulin-stimulated glucose transport (119). Using specific inhibitors of
PKB/Akt completely inhibited translocation of the GLUT 4 transporters but had no effect
on PI3-kinase (120,121). Finally, some mutations in the glucose transporters will result
in inhibition of glucose uptake and other deleterious effects. For example, mutations in
GLUT 1 cause seizures due to low glucose uptake across the blood brain barrier (122).
Mutations in GLUT 2 cause the Fanconi-Bickle syndrome, which is an autosomal
recessive metabolic disorder (123). People with Fanconi-Bickle tend to have impaired
utilization of glucose and galactose, nephropathy, and hepatic and renal glycogen
accumulation (123). Most important for Type 2 diabetes, mutations in GLUT 4 could

cause insulin resistance (47).

Much work has been done to understand the mechanisms involved to regulate
these defects in the insulin-mediated pathways. Many drugs have been developed to

bypass or correct these defects.
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3. Treatments for Type 2 Diabetes

3.1 Thiazolidinediones

Certain drugs like thiazolidinediones are used to treat Type 2 diabetes.
Thiazolidinediones are a class of anti-hyperglycaemic agents which are taken orally
(fig.12) (125,129). They are used as insulin sensitizing agents (124-130).
Thiazolidinediones are known to be able to stimulate glucose transport (124,128), but the
exact actions are still not fully understood (124,127,128,129). Experiments have been
done to try to elucidate the molecular mechanisms of thiazolidinediones activation in the
insulin pathway to stimulate glucose transport into cells (124,128,131). A
thiazolidinedione named rosiglitazone (fig.7) was administered to non-diabetic and Type
2 diabetic rats in vivo and an increase in basal and insulin stimulated phosphorylation and
activation of PKC-¢/A was seen (124). The stimulated phosphorylation of PKC was not
due to an increase of IRS-1 activated PI3-k or PKB (124). It was shown that
rosiglitazone did increase basal glucose transport which was shown to be dependent on
PI3-kinase, 3-phosphoinositide-dependent protein kinase-1 (PDK-1) and PKC-A (124).
Also, rosiglitazone showed an increase in tyrosine phosphorylation of Cbl, which is an
adapter protein that has numerous functions (128). It functions as an ubiquitin ligase for
protein breakdown. Also, it functions as a substrate for protein tyrosine kinases at
positions 371 and 731 (128). Cbl increases the activity of p85 by PI3-kinase and PKC-A

(124). This was shown in 3T3-LI adipocytes.
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FIGURE 7. The structures of thiazolidinediones

Figure 7 shows the structure of three thiazolidinediones, Rosiglitazone, Pioglitazone, and
Troglitazone.
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wortmannin, an inhibitor of PI3-kinase also inhibited rosiglitazone action on 2-
deoxyglucose uptake (124). Substitution mutations at positions 371 and 731 to
phenylalanine in the pY XXM8 motif of Cbl decreased its interaction with the p85 subunit
of PI3-kinase (128): This was shown to inhibit activity of PI3-kinase, PKC-A and
glucose transport (128). This also occurred with the presence of rosiglitazone. These
results show that the pYXXM motifs of Cbl are required for TZD-induced activation of

PI3-kinase, PKC-A and glucose transport (128).

Thiazolidinediones are known to increase expression and translocation of the
glucose transporters (125,127). Kramer et al. (125) measured protein expression of
GLUT 1 and GLUT 4 in both muscle and adipose tissue. Adipose tissue of diabetic rats
treated with rosiglitazone for 7 days showed a normalization of GLUT 4 and no change
in normal rats (125). Protein levels of GLUT 4 were also measured. Kramer et al. (125)
showed that protein content was increased in both skeletal muscle and adipose tissue.
They performed a glucose uptake experiment to see if an increase in GLUT 1 resulted in
an increase in glucose uptake. Kramer et al. (125) measured 3-0-methyl-D-glucose
transport in epitroclearis muscles from obese Zucker rats, with or without treatment with
rosiglitazone. It was shown that rosiglitazone did increase basal glucose transport
corresponding to increased glucose transport of only GLUT 1 and not GLUT 4.
Hernandez et al. (127) observed increased GLUT 4 translocation to the plasma membrane
but without changes in mRNA or protein expression (127). Also, there was an increase
in tyrosine phosphorylation of the insulin receptor f§ chain, IRS-1 and IRS-2 without

increasing expression of IRS-1 and IRS-2 with pre-treatment of rosiglitazone. An
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increase in PI3-kinase was observed with pre-treatment of rosiglitazone (127). An
increase in PI3-kinése with rosiglitazone led to increased tyrosine phosphorylation while

it decreased serine phosphorylation (127).

Thiazolidinediones are known to bind with high affinity for peroxisome
~proliferation activated receptors (PPARs) (125-127,130). Further PPARy was found in
adipocytes, which are nuclear hormone receptors involved in regulating terminal
adipocyte differentiation (131-134). To identify the specific interaction of thé
thiazolidinedione with the PPAR receptor isoforms Young et al. (126) used a
radioiodinated ligand ['*’I] SB-236636. They observed specific binding of ['’I] SB-
236636 with human PPARy. This binding was PPARy specific (126). No specific
binding was detected in non-confluent non-differentiated 3T3-LI Fibroblasts, but seen in
differentiated 3T3-L1 adipocytes (126). Severe insulin resistance has been shown to be
caused by a loss-of-function in the human PPARY gene (135). This mouse lacking in
white adipose tissue (WAT) was severely diabetic (136,137). WAT has a function in

glucose homeostasis.
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3.2 vanadium

Other compounds like vanadium are thought to be potential anti-diabetic agents
(138). The trace element vanadium has been shown to lower glucose levels in diabetic
rats and on plasma and adipose tissues but its mechanism of function is still unclear
(138, 139). Experiments done on streptozotocin (STZ) diabetic rats showed that the use
of vanadium improved glucose uptake but does not increase the level of GLUT 4
translocation (139). Also the effect of vanadium is insulin-enhancing and not insulin-
mimetic as vanadium depends on endogenous insulin (138), though vanadium does not
increase plasma insulin levels (140, 141). A study done (142) showed that vanadium
enhances insulin’s inhibitory effect on lipolysis. In vitro studies done on rat adipocytes,
show vanadium induce GLUT 4 translocation (143). This can be an indication that
vanadium affects the insulin mediated pathway because the effect of vanadium is blocked
by wortmannin, the inhibitor of PI3-kinase (144). In L6 myotubes vanadium induces
GLUT 1 and GLUT 4 translocation and is independent of PI3-kinase (145). Vanadium
was shown also to regulate food intake and lower body weight in fatty Zucker rats (146).
A proposed mechanism of vanadium is based on inhibition of tyrosil-protein phosphatase

activity (146).
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3.3 Chromium

Chromium is another compound shown to be an important trace element for
animals and humans (139-140). A chromium deficient diet led to development of
glucose intolerance (150-155). Chromium has been studied as chromium salts (156) or
organic chromium compounds like chromium picolinate (157,158) and as low molecular
weight Chromium Substance (LMWCr) (159-161). Animals deficient in chromium have
high blood glucose levels, but onée fed food containing chromium their blood glucose

levels decreased (150).
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4. The Glucose Tolerance Factor (GTF)

4.1 Isolation and Purification of GTF

A yeast extract that was thought to be a chromium containing material was first
isolated by Schwartz and Mertz (162). This extract was called the Glucose Tolerance
Factor (GTF) since GTF can lower blood glucose levels in animals (163,164) and humans
(165,166). Other similar GTF extracts were isolated from various sources such as brewers
yeast and pork kidney extracts (164,167). It has been known that GTF extract is of low
molecular weight with a cut off of 3500 and is stable in neutral or acidic conditions
indicating it is cationic (163,167,168,172-174). Great effort has gone into purifying the
active ingredient of GTF as a pure, biologically active compound, but it has not been

identified yet (163,169-171).

Mirsky et al. (163) used 10g of Merck yeast extract powder to attempt to fully
purify the GTF extract. Most of the chromium in the yeast was isolated in the
concentrated dialyzate, which was passed through a DEAE-II cellulose column. The
column was washed twice once with water and then with 0-2M NH4Cl gradient. Fractions
of 5 ml were collected and optical absorbance of 262 nm was used to determine which
fraction contained chromium. The dialyzate was passed through a DEAE-cellulose
column and was further purified in a DOWEX 50W-x8 column and eluted as mentioned

above (163).Initial preparation of GTF contained chromium and thought to be important
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for biological activity. However other studies showed that chromium free fractions can be

obtained that have activity (168,174,175).

Haylock et al. (176) used similar methods to purifying GTF as Mirsky et al. (163),
but further purified it by separating fractions through a DOWEX 50-x12 cation-exchange
column using a pH gradient (176). All the chromium containing fractions from the ion-
exchange columns were bulked and freeze-dried (176). The freeze-dried extracts were put
in a sephadex G-10 desalting column using minimum volume of distilled water. The
fractions collected were analyzed for chromium. It should be noted that the freeze-drying
process did not cause any loss of chromium. Haylock et al. (176) separated the chromium
from the GTF fraction and performed a yeast fermentation assay, which monitors CO,
production manometrically to determine if chromium is important for biological activity.
It is known that GTF lowers blood glucose and causes CO, to be produced. More studies

showed that the biological activity does not contain chromium (171,177,178-182).

O’ Donoghue et al. (171) further purified the chromium fraction using previous
methods (176) and found that GTF contains basic peptides and free amino acids. Further
purification separated the chromium and the biological activity of GTF, indicating that
chromium is not involved in the biological activity (171). Amino acid analysis of GTF
showed that 2% of free arginine and lysine are present, but no other significant number of
other amino acids. The amino acid content accounted for 81% of the total weight of the
sample mass (171). Amino acid stoichiometry ratios showed that there may be di-and tri-

peptides present in the compound (171). Using a yeast bioassay system to determine
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which peptide fraction contains activity. It was shown that fractions containing only
arginine peptides (di-and tri-peptides) exhibited highest activity (171). There was no
relationship between peptide and biological activity. To understand if the peptides and
free amino acids work synergistically to give GTF its biological activity, hydrolysis of
the peptide chains into constituent amino acids showed that GTF still had biological
activity (171). Elucidation of the actual biological activity of GTF has still to be
determined. Since 20% of the total weight of the sample mass has not been elucidated, it
is postulated that this 20% of GTF contains the biological activity (171). Elucidation of

the actual biological activity of GTF has still to be determined.

4.2 GTF’s Function in Vive and in Vitroe

What is known is that GTF does lower blood glucose levels, and free fatty acids
(ffa) in diabetic rats (183) and increase glucose uptake in yeast and animal cells (170).
Experiments done by Mirsky on diabetic rats show that diabetic rats injected with GTF
with no addition of exogenous insulin cause a significant decrease in blood glucose and
free fatty acids (183). The effect of GTF on rats with lower blood glucose levels (250
mg/dl) was instant and lasted up to 24 hours (183). Rats with higher blood glucose levels
(>350 mg/dl) showed a decrease with a single dose of GTF, but the decrease was gradual
and lasted up to 24 hours. GTF decreased free fatty acids of diabetic rats within 30
minutes and the effects lasted up to 24 hours (183). GTF effects are well known, but its

mode(s) of action are still unclear. Davis et al. (160) proposed that a natural occurring
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biologically active chromium containing oligopeptide found mainly in mammalian liver
known as low molecular weight chromium (LMWCr) activates membrane
phosphotyrosine phosphatase (160). This was shown by kinetic studies (160). LMWCr
activation was due to insulin binding to its receptor, but LMWCr does not interfere with
insulin binding to its receptor (184). Insulin stimulation of LMWCr allows mobilization
of Cr, which in turn it can potentate, insulin’s effects (173). The objective of the work
described herein was to define sugar transport and intracellular signaling in fat cells in
vitro. It was shown that chromium oligopeptides can activate insulin receptor tyrosine
kinase activity (172). This can occur only in the presence of insulin, as kinetic studies
showed no activation of tyrosine kinase activity without insulin (172). By use of
polyclonal antibodies, it was shown that LMWCr significantly potentiated a membrane
kinase activity only in the presence of insulin, since any disruption of insulin binding to
its receptor eliminates LMWCr to potentate kinase activity (172). Experiments done by

Davis and Vincent showed that LMWCr functions at the insulin receptor (172).

4.3 Characterization of GTF and its Mode of Action

In the present study we determinined GTF’s characteristics and mode of action.
We observed that GTF increased glucose transport in 3T3-L1 adipocytes and L6
myotubes and inhibited isoproterenol induced lipolysis in fat cells. An additive effect
was observed for the combination of insulin and GTF for both glucose transport and
inhibition of lipolysis. No difference in specific '°I -insulin binding was seen after 1 hour

exposure to GTF, nor displacement of 121 _insulin from its receptor. Also, GTF did not
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stimulate phosphorylation of the insulin receptor f chain. GTF stimulated

phosphorylation of the insulin receptor substrate-1 (IRS-1) and in combination with
insulin. We observed that GTF stimulated translocation of both GLUT 1 and GLUT 4

transporters from the intracellular membrane to the plasma membrane.
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Materials and Methods

1. Preparation of GTF

Semi-purified GTF was kindly obtained from Dr. N. Mirsky’s laboratory in Haifa
Tivon, Israel and was mainly prepared as previously described (163). The semi-purified
GTF prep used in this thesis did not contain chromium. The experiments described in this
thesis were performed with partially purified material that was kindly given to us by Dr.

Mirsky at the University of Haifa, Israel.

2. Cell Culture

Cell cultures of 3T3-L1 pre-adipocytes were maintained in 10% DMEM (v/v)
fetal calf serum and 100U/ml penicillin and streptomycin. The cells were kept at 37°C in
a 5% CO, humidified incubator. Once cells reached 80% confluence, they were plated in
35 mm diameter plastic petri plates (Falcon) at 1x10° cells/plate. When the cells reached
confluence (~ 4 days), they were treated with induction medium containing 167nM
insulin, 0.5nM isobutylmethyl xanthine (IBMX) and 0.25uM dexamethasone in 10%
DMEM for 4 days and then in medium containing 10% DMEM with 167nM insulin for
another 3 days (187). The medium was then changed to 10% DMEM for 3 additional

days when the cells differentiate to fat cells (>90% adipocytes).
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3. 2-Deoxyglucose Uptake

Differentiated 3T3-L1 adipocytes were serum starved for two hours before
exposed to various concentrations of insulin, GTF, and a combination of insulin plus
GTF for 1 hour. Then zero time absorption controls were washed twice with 4°C PBS
(pH 7.4) and the 5 minute absorption times were washed twice with 37°C PBS (pH 7.4).
To each plate 0.8mls of 0.05 mM [ H]-2-DG ( specific activity 50 pCi/umole) was
added and removed immediately for the zero time absorption and kept for 5 minutes at
37°C for the 5 minute absorption times. Cells were then washed 4 times with 4°C PBS
(pH 7.4). Zero time absorption controls were subtracted. The monolayers were dissolved
in 1N NaOH, and aliquots were taken for liquid scintillation counting and protein

determination (188).

4. Insulin Binding

After differentiation of 3T3-L1 pre-adipocytes to adipocytes, the cells were
washed twice with 25°C Hank’s HEPES balanced salt solution (HHBSS) containing 0.1%
BSA, pH 7.4. Then, '*I-insulin (1ng/ml) alone (specific binding), or in combination with
a large excess of unlabeled insulin (non-specific binding), was added to cultured
adipocytes for 2 hours at 25°C on a rotary shaker and binding as described elsewhere

(189). Protein was determined using the Lowry protein assay (188).
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5. Insulin Displacement

The procedure was described above except the adipocytes were incubated with
increasing concentrations of unlabeled insulin (10ng-200ng) and GTF (0.5mg-10mg)
which represent concentrations used in other experiments that were physiologically

1257

significant to show any displacement of the insulin bound. Protein was determined

using the Lowry protein assay (188).

6. Preparation of Whole Cell Extracts

3T3-L1 adipocytes were washed twice with 4% PBS and solubilized with RIPA
buffer (1xPBS 1% nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1mM AEBSF,
1pg/ml aprotinin, 1pg/ml leupeptin, 1pug/ml pepstatin, ImM vanadate and 1mM sodium
fluoride); the cells were rocked in the cold for 15 minutes for further solubilization. The
lysates were centrifuged at 11,000 g for 15 minutes at 4°C to clarify the supernatant. A
modified Lowry assay (188) was used to determine the amount of protein the supernatant,

which contains the whole cell lysate.
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7. Ultra Centrifugation

After differentiation of 3T3-L1 pre-adipocytes to adipocytes, the cells were
incubated with insulin, GTF, and a combination of the two for one hour. Then, cells were
washed twice with PBS (4°C), and then cells were scraped with buffer I (Sucrose,
Sodium Azide, EGTA, HEPES, ImM AEBSF, 1 pul/ml leupeptin, and 1pug/ml pepstatin).
The samples were pelleted by centrifugation at 700 g for 10 minutes at 4°C. The pellet
was resuspended in Buffer I and then the cells were homoginized using a Dounce
homogenizer. The samples were pelleted by centrifugation at 550 rpm for 5 minutes at
4°C to remove cell debris. The supernatants were placed in SW-41 Beckman tubes and
pelleted by centrifugation at 14,800 rpm for 1 hour in the ultracentrifuge using a SW-41
swinging bucket rotor. The pellets were resuspended in Buffer I which contains the crude
plasma membrane extracts. After this spin, the supernatants were placed in SW-41 tubes
and pelleted by centrifugation at 34,860 rpms for 90 minutes. The pellets were collected

with Buffer I which contains the High density microsomal extract.
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8. Immunoprecipitation

Approximately 250 pg protein of whole cell lysate was used to form a complex
with 2 pg of anti insulin P chain in (rabbit polyclonal) or 2 pg of Anti IRS-1 (rabbit
polyclonal) in a microfuge tube. The complex was left to rock overnight at 4°C. The
complex was captured by the protein agarose bead slurry and rocked for 2 hours and
centrifuged at 1,500 g for 5 minutes. The bead slurry were pelleted by centrifugation and
the supernatant was used to determine the B chain tyrosine phosphorylation using an anti
phosphotyrosine antibody (4G10) and for IRS-1 phosphorylation using an anti-IRS-1

antibody to detect any phosphorylation of the insulin P chain receptor and/or IRS-1.

9. Western Analysis

40 pg of cell lysate proteins were mixed with 4x Laemmli buffer ( 8% SDS,
400nM DTT, 0.24M Tris (pH 6.8), 0.04% bromophenol blue, 40% glycerol, 4mM
EDTA) in a 1:4 ratio. The proteins were separated by SDS-PAGE at 200v for 30 minutes
on an 8% gel. Then the proteins were transferred at 100v for 1 hour onto a nitrocellulose
membrane. The blots were washed with PBS-T (0.1% tween), probed with rabbit anti-
mouse anti-phosphotyrosine, and/or anti-IRS-1 monoclonal antibodies in blocking buffer
(with 3% BSA) and left rocking overnight at 4°C. Next, the membranes were washed
again with PBS-T and incubated with horseradish peroxidase (HRP) secondary antibody.
The membranes were incubated with ECL a chemiluminescence detection kit
(Amersham) and exposed to Kodak x-Omat blue film. The intensities of the bands were

quantified using UN-SCAN-IT computer software (silk scientific).
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10. Lipolysis Assay

Epidymal fat pads were removed from Spraque Dawley male rats weighing 150-
200 g. The tissue was placed in a plastic vial in Krebs bicarbonate buffer with 4% BSA
and 2.5 mM glucose. Digestion was carried out in the same buffer with addition of 0.1%
collagenase (Worthington) at 37°C water bath shaker at 40 rpm for 7 minutes. The
digested tissue was passed through nylon gauze. The cells were washed three times in a
fresh buffer and allowed to float. The washed adipocytes were diluted 1:8 in Krebs
buffer and were used for lipolysis assays (190,191). All assays were made in triplicates.
A suspension (0.25ml), containing between 20 and 50 mg adipocytes was incubated in
plastic vials in the presence of isoproterenol (IP) (Sigma) and either insulin or GTF. The
vials were incubated for an hour at 37 °C with continuous shaking of 40 rpm. At the end
of the incubation period an aliquot of the supernatant was removed from each reaction
mixture and measured for the free fatty acid (ffa) content as described (190,191). This
was done by using a colorimetric enzymatic reaction using a stable copper reagent and a
sensitive copper indicator (2-(2-thiazolylazo)-4-methoxyphenol). Photometric

determination was used to measure the amount of free fatty acids produced.

41



11. Toxicity Assay

To determine the cell viability of 3T3-L1 in the presence of GTF a Cell Titer 96
Aqueous Non-Radioactive Cell Proliferation Assay (Promega) was used. 3T3-L1
adipocytes were cultures and differentiated in 96-well plates. After 2 days of incubation
at 37°C in a 5% CO, humidified incubator, to each well 15 pl of phenazine methosulfate/
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner-salt, (PMS/MST) was added. After every hour for 3 hours the media
optical density was determined using an ELISA plate reader at 492 nm. This was done for
3 consecutive days. This assay was used as a colometric method to determine the number
of viable cells in proliferation. PMS is used as a coupling reagent, where MTS is
bioreduced by the cells to produce formazan which is soluble in tissue culture medium.
This reaction is accomplished by the dehydrogenase enzymes that convert MTS into
soluble formazan that can be measured at 490 nm, which is directly proportional to the

number of living cells (192).

42



12. Materials

Dulbecco’s Modified Eagles Medium obtained from Gibco (Grand Island
Biologicalé). Isoproterenol, Insulin from Bovine Pancreas and Anti-receptor Beta chain
from Sigma. Anti-IRS-1 obtained from Interstate Biosignals. Anti-phosphotyrosine
antibody (4G10) was kindly obtained from Dr. S. Richard’s laboratory at the Lady Davis
Institute and *H-2 Deoxyglucose obtained from ICN/Amersham. Also, 125]_Nal was
obtained from ICN/Amersham. Monocomponent insulin was a gift from Lilly Labs
(Indianapolis). Semi-purified GTF was kindly obtained from Dr. N. Mirsky’s laboratory

in Haifa Tivon Israel.
13. Statistics

All experiments were done in triplicate and the statistical analysis used a one way

ANOVA where the levels of significance was set at p<0.05. All the data +/- SEM.
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Results

1. The Effect of Insulin on 2-DG Transport in 3T3-1.1 Adipocytes in Vitro

In order to determine if GTF had an effect on 2-deoxyglucose transport in 3T3-L1
adipocytes, we first showed 2-deoxyglucose transport by insulin on 3T3-L1 adipocytes.
3T3-L1 pre-adipocytes were differentiated into adipocytes, under proper culturing
conditions. Once the cells were differentiated into adipocytes (~90% induced), the cells
were exposed to various concentrations of insulin ranging from 0 nM to 133 nM for one

hour.

Figure 8 shows the results of insulin’s effect on 2-deoxyglucose transport in 3T3-
L1 adipocytes. The data showed that increasing concentrations of insulin (0-133 nM)
caused an increase in 2-deoxyglucose transport (nmoles/mg p/5 minutes) in the 3T3-L1
adipocytes in a dose dependent manner. The highest stimulated 2-deoxyglucose transport
occurred at the highest concentration used in these experiments which was 133 nM
compared to the control (0 nM), but 2-deoxyglucose transport still increased at higher
concentrations. The asterix indicates that these are statistically significant for a One-Way

ANOVA (p<0.05) where n=3 with triplicate plates in all experiments.
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FIGURE 8. The effect of insulin on 2-DG transport in 3T3-L1 adipocytes.

3T3-L1 adipocytes were treated for one hour with different concentrations of insulin
ranging from 0 nM to 133 nM and sugar uptake was measured. The data showed 2-DG
transport (nmoles/mg P/5min) increased with increasing concentrations of insulin in a
dose dependent manner. The highest 2-DG transport (nmoles/mg P/5min) in the
experiment was observed at 133 nM, but is still increasing. The data represented the
mean +/- SEM*. The application of the data to One Way ANOVA indicated a significant
elevation for all levels of insulin employed (P<0.05)* where n=3 with triplicate plates in
all experiments.
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2. The Effect of GTF on 2-DG Transport in 3T3-L.1 Adipocytes in Vitro

The next step was to observe if GTF has an effect on stimulating 2-DG transport
in 3T3-L1 adipocytes as insulin did. The 3T3-L1 pre-adipocytes were induced and
differentiated using various hormones into adipocytes. After differentiation of 3T3-L1
adipocytes, the cells were incubated with different concentrations of GTF ranging from 0

mg/ml to 20 mg/ml for one hour.

Figure 9 shows the effect of GTF on stimulating 2-DG transport. Like insulin,
with increasing concentrations of GTF (0 mg/ml-20 mg/ml) there was an increase in 2-
DG transport (nmoles/ mg P/Sminutes) in 3T3-L1 adipocytes. GTF increased 2-DG
transport in a dose dependent manner. Other evidence to support our results was shown
by Mirsky and Berdicevsky (194). They showed that GTF increased 2-DG uptake in
yeast (194). Maximal stimulation of 2-DG by GTF compared to the control occurred 10-
between 10-20 mg/ml. The asterix indicates that these results are statistically significant

for a One-Way ANOVA (p<0.05) where n=3 with triplicate plates in all experiments.
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FIGURE 9. The effect of GTF on 2-DG transport in 3T3-L1 adipocytes.

The 3T3-L1 adipocytes were treated with varying concentrations of GTF from 0 mg/ml
to 20 mg/ml for one hour. Then sugar transport (nmoles/mg p/5min) was determined. The
data showed increasing concentrations of GTF, there was an increase in sugar transport.
This occurred in a dose dependent manner, where 2-DG transport (nmole/mg P/5min)
was maximal between 10- 20 mg/ml. The data shows that sugar transport starts to level
off at 10 mg/ml GTF. For the GTF data One Way ANOVA indicated that significance
was observed at 5-20 mg/ml (P<0.05)* where n=3-4 with triplicate plates in all
experiments.
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3. The Effect of Insulin +/- GTF on 2-DG Transport in 3T3-L.1 Adipocytes in Vitro

Both insulin and GTF alone stimulated 2-DG transport in 3T3-L1 adipocytes in a
dose dependent manner. The following experiments were done to determine if a
combination of insulin and GTF had greater effect(s) on 2-DG transport in 3T3-L1
adipocytes. The 3T3-L1 pre-adipocytes were exposed to media containing drugs and
hormones and subjected to adipocyte differentiation in 10% DMEM. The differentiated
3T3-L1 adipocytes were incubated for one hour with no drugs, 6.7 nM insulin, 2.5 mg/ml

GTF, and a combination of insulin and GTF.

Figure 10 shows that treatment number one is the control, treatment number 2 is
insulin alone (6.7 nM), treatment number 3 is GTF alone (2.5 mg/ml), and treatment
number 4 is a combination of treatment number two and three ( 6.7 nM+2.5 mg/ml). The
data shows that compared to the control, treatment two (6.7 nM insulin) increased 2-DG
transport (nmoles/mg p/Sminutes) by two-fold. Exposure to treatment three (2.5mg/ml
GTF) increased 2-DG transport (nmoles/mg p/5minutes) about 1.6 fold. The combination
of treatment number two and three had a greater increase of 2-DG transport that either
treatment two alone or treatment three alone. The data indicated that insulin and GTF
work in an additive manner. The asterix indicate that the results are statistically
significant for a One-Way ANOVA (p<0.05) where n=3 with triplicate plates in all

experiments.
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FIGURE 10. The effect of insulin +/- GTF on 2-DG transport in 3T3-L1 adipocytes.

The cells were treated for one hour with the various conditions and sugar transport
(nmole/mgp/5min) was determined. The data represent three experiments with triplicate
plates in each experiment. One Way ANOV A indicated that all treatment groups were
significantly elevated (P<0.05)*where n=3 with triplicate plates in all experiments.
Treatment (1) was the control, no insulin or GTF, treatment (2) represented + insulin (6.7
nM), treatment (3) was GTF (2.5 mg/ml) alone, and treatment (4) was a mixture of both
insulin and GTF at the concentrations used in treatments (2) and (3).The data shows that
2-DG transport is increased with treatment (2), treatment (3), and treatment (4),
compared to the control (1). Treatment (4) gave the highest sugar transport
(nmole/mgp/5min) than any other treatment (1-3).
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4. The Effect of Insulin and GTF on 2-DG Transport in 3T3-1.1 Adipocytes in Vitro

Table 2 summarizes the 2-DG experiments done on 3T3-L1 adipocytes using
various concentrations of insulin alone, GTF alone, and a combination of insulin and
GTF. The results show that compared to the control, increasing concentrations of insulin
alone (6.7 nM-133 nM) stimulated 2-DG transport (nmoles/mg p/ 5 minutes). Maximal
insulin enhancement (6.63 times higher than uptake by untreated cells) was observed at
the concentration of 133 nM. Similar results show that compared to the untreated cells
(control), increasing GTF concentrations (0-50 mg/ml) increased 2-DG transport
(nmoles/mg p/5 minutes). Maximal GTF enhancement (3.5 times higher than untreated
cells) was detected at 50 mg/ml. When examining the 2-DG transport enhancement of the
combination of insulin and GTF, the results in table 2 show that the combination
exhibited a higher rate of 2-DG transport than either treatment of insulin or GTF alone.
The data shows that the lowest concentrations of both insulin (6.7 nM) and GTF (2.5
mg/ml) in combination had higher 2-DG transport than either higher concentrations of
insulin alone at 35.5 nM and GTF alone at 50 mg/ml. Maximal enhancement of the
combination of insulin and GTF (5.84 times higher than untreated cells) was detected at
6.7 nM insulin plus 5 mg/ml GTF. The data indicates that insulin in combination with

GTF (6.7 nM insulin + 2.5 mg/ml GTF) works in an additive manner.
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Treatment Concentration 2-DG Transport Ratio:
[nmoles/mg p/S Treated/Control
minutes]

Control 0.067 +/- 0.001 1
Insulin 6.7 nM 0.225 +/- 0.015 3.37 +/-0.22
35.5nM 0.37 +/- 0.022 5.55 +/- 0.32
133 nM 0.442 +/- 0.017 6.63 +/- 0.25

GTF 2.5 mg/ml 0.119 +/- 0.006 1.78 +/- 0.1
S mg/ml 0.165 +/- 0.006 2.47 +/- 0.09
10 mg/ml 0.091 +/- 0.003 1.36 +/- 0.05
20 mg/ml 0.151 +/- 0.008 2.26 +/- 0.09
50 mg/ml 0.235 +/- 0.004 3.53 +/- 0.06
Insulin nBM + GTF | 6.7 nM + 2.5 mg/ml 0.471 +/- 0.03 7.06 +/- 0.45
mg/ml

6.7 nM + 5 mg/ml 0.597 +/- 0.047 8.96 +/- 0.71
6.7 nM + 10 mg/ml 0.667 +/- 0.011 10.01 +/- 0.12

TABLE 2. The effect of insulin and GTF on 2-DG transport in 3T3-L1 adipocytes.

The data shows the effect of different concentrations of insulin, GTF, and a combination

_of insulin and GTF on 2-DG transport compared to the control. The adipocytes were
exposed to either insulin alone, GTF alone, or in combination of insulin and GTF for one
hour. Insulin had a maximal transport ratio of 6.63+/-0.25 at concentrations employed in
this thesis at 133 nM, but still increases beyond 133nM. GTF has a maximal transport
ratio of 3.53+/-0.06 at concentrations employed in this thesis is at 50 mg/ml. In
combination, insulin and GTF gave a maximum transport ratio of 10.01+/-0.12 with 6.7
nM insulin and 10 mg/ml GTF. This indicates that in combination insulin and GTF work
in an additive manner giving a higher transport ratio than either insulin alone, or GTF

alone. The data represents three experiments (triplicate plates in each experiment) -+/-
SEM.
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5. The Effect of Insulin and GTF on 2-DG Transport in L.6-Myotubes in Vitro

From the previous experiments it was shown that GTF stimulated 2-DG transport
in a dose dependent manner in 3T3-L1 adipocytes. The next sets of experiments were
done to observe the effects of insulin, GTF, and a combination of insulin and GTF on 2-
DG transport in L6 myotubes. L6-myoblasts were plated in 10% DMEM and induced
using 2% a-MEM then serum starved with 0% o-MEM (187). The L6-myotubes were

incubated with various concentrations of insulin, GTF, or no drugs present (control).

Skeletal muscle is another source for glucose storage and utilization and there for
the following experiments were done to observe if GTF, and when in combination has an
effect on stimulating 2-DG transport in L6 myotubes. Table 3 shows that after L6
myotubes were incubated with various concentrations of insulin (6.7-133 nM), there was
an increase on 2-DG transport (nmoles/mg p/5 minutes) compared to untreated cells
(control). The maximal stimulation of 2-DG transport by insulin (ratio 0.565+/- 0.13)
occurred at 133 nM (the highest concentrations used in the experiments). The data in
table 3 shows L6 incubated with various concentrations of GTF (0-50 mg/ml), had a
slight increase on 2-DG transport (nmoles/mg p/ 5 minutes) compared to untreated cells
(control). Maximal effect of GTF on 2-DG transport occurred at 50 mg/ml. The
combination of insulin and GTF, exhibited a higher 2-DG transport than either insulin or
GTF alone. Further experiments were not done using L6 myotubes because the results
showed that only at 50 mg/ml of GTF had any significant effect on stimulating 2-DG

transport in L6 myotubes, while lower concentrations of GTF had significant effects in
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stimulating 2-DG transport in 3T3-L1 adipocyfes. This may indicate that 1.6 myotubes
are less sensitive to GTF in stimulating 2-DG transport compared to 3T3-L1 adipocytes.
The asterix indicate they are statistically significant for a One-Way ANOV A where

p<0.05 and the data represents three experiments (triplicate plates in each experiment).

33



TREATMENT 2-DG TRANSPORT [nmoles/mg p/5
minutes]
Control 0.23 +/- 0.01
Insulin 6.7 nM 0.453 +/- 0.05*
Insulin 67 nM 0.497 +/- 0.02*
Insulin 133 nM 0.565 +/- 0.13*
GTF 10 mg/ml 0.227 +/- 0.01
GTF 20 mg/ml 0.259 +/- 0.007
GTF 50 mg/ml 0.29 +/- 0.012*

TABLE 3. The effect of insulin and GTF on 2-DG transport in L6-myotubes.

Insulin and GTF were employed as sugar transport stimulators in fully induced L6
myotubes. The data showed a dose dependent increase of sugar transport with increasing
concentrations of insulin, and GTF compared to the control. The maximum sugar
transport occurred at 133 nM for insulin, and 50 mg/ml GTF. The stimulation of GTF on
sugar transport is lower in myotubes than in adipocytes. The data represent three
experiments (triplicate plates in each experiment) +/- SEM *(P<0.05) for a One Way
ANOVA where n=3 with triplicate plates in all experiments.
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6. The Effect of Insulin and GTF on '*I-Insulin Binding to its Receptor in 3T3-L1

Adipocytes

Insulin’s mode of action is through insulin binding to its receptor on most cell
surfaces (3). Since GTF is able to stimulate 2-DG transport, the next sets of experiments
were done to observe if GTF mode of action is through the insulin receptor. In order to
perform the experiment, the 3T3-L1 adipocﬁes were treated with insulin, GTF, and a
combination of insulin and GTF for one hour. Then the 3T3-L1 adipocytes were washed
with Hanks Hepes Balanced Salt Solution (HHBSS)+ 0.1%BSA and incubated at room
temperature for two hours on a rotary shaker with '>’I-insulin alone (total binding) or

with a large excess of cold insulin (non-specific binding)

Figure 11 shows that compared to the control (treatment 1), there were no change
in '»I-insulin binding (fmoles/mg p) to its receptor on 3T3-L1 adipocytes in the presence
of insulin (treatment 2), GTF (treatment 3) or in combination (treatment 4). All 4
treatments had similar specific '*I-insulin bound (fmoles/mg p) to its receptor. These
results indicate that GTF does not bind to the insulin receptor and suggests its mode of

action is not through the insulin receptor.
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FIGURE 11. The effect of insulin +/-GTF on '*I-insulin binding in 3T3-L1
adipocytes.

The 3T3-L1 adipocytes were treated with either, no insulin or GTF (treatment 1), 6.7 nM
insulin alone (treatment 2), 2.5 mg/ml GTF alone (treatment 3), and a mixture of insulin
(2) and GTF (3) for 1 hour. Then the cells were washed with HEPES+0.1%BSA and
exposed to 'I-insulin for two hours. The data represent three experiments, triplicate
plates in all experiments +/- SEM. The data shows that there are no significant
differences observed in '*I-insulin binding (fmoles/mg P) among any of the treatments
(1-4). One Way ANOVA indicated that no differences were observed between any of the
treatments (P<0.05) where n=3 with triplicate plates in all experiments.
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7. The Effect of Insulin and GTF on  Chain Phosphorylation in 3T3-L.1 Adipocytes

Once insulin binds to the insulin receptor, autophosphorylation of the p chain of
the receptor occurs. Insulin receptor § chain phosphorylation is an important early signal
in the insulin cascade (186). Since GTF does not bind to the insulin receptor, does it
stimulate phosphorylation of the insulin receptor B chain without binding to the insulin
receptor? To answer this question, we examine the effects of insulin, GTF, and a
combination of insulin and GTF on insulin receptor B chain phosphorylation in 3T3-L1
adipocytes. Differentiated adipocytes were incubated with insulin, GTF, in combination,
or separately for 1 hour. The cells were extracted as described in the materials and
methods. We examined the effects of GTF on tyrosine phosphorylation of the insulin
receptor B chain. Immunoprecipitation of the insulin receptor B chain post treatment with

insulin or a combination of both GTF and insulin was examined.

The Western blot data in figure 12 represents an immunoprecipitated insulin
receptor BB chain probed with anti-phosphotyrosine anti-serum (4G10). Figure 12 shows
that compared to untreated cells (band in lane 1), insulin stimulated phosphorylation of
the insulin receptor B chain (band in lane 2). GTF (band in lane 3) did not stimulate
phosphorylation of the insulin receptor B chain compared to insulin (band in lane 2) or in
combination with insulin (band in lane 4). The band in lane 4 shows that the combination
of insulin and GTF stimulated phosphorylation of the insulin receptor B chain compared

to untreated cells ( band in lane 1) and GTF ( band in lane 3), but lower than insulin alone
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( band in lane 2). The reason for the apparent lowering of insulin receptor B chain
phosphorylation by GTF in the presence of insulin is presently unknown. A reason may
be due to the use of lower concentrations of insulin (1 mU/ml) and GTF (5§ mg/ml) in
combination, than in each treatment of insulin lone (20 mU/ml) and GTF alone (10
mg/ml). Future studies will be done to determine if GTF in combination with insulin
lowers insulin receptor B chain phosphorylation,‘ or is due to the lowering of
concentrations of both insulin and GTF. The dark bands at the bottom of the western blot

may be caused by un-precipitated insulin receptor f chain.

Figure 13 shows the densiometric analysis of the band intensities of the insulin
receptor B chain western blot using the UN-SCAN-IT computer software. The results
showed that insulin at 20 mU/ml (bar number 2) caused an increase in the
phosphorylation insulin receptor §§ chain phosphorylation in comparison to the control
(bar number 1), 10 mg/ml GTF (bar number 3), and in combination with insulin (1
mU/ml) and (5§ mg/ml) GTF (bar number 4). GTF alone (10 mg/ml) caused very little
- increase in phosphorylation of the insulin receptor B chain phosphorylation. GTF in
combination with insulin caused a decrease in the phosphorylation of the insulin receptor
beta chain protein. The amount of phosphorylation is still higher than GTF alone, but
much less than insulin alone. This may indicate that GTF has an inhibitory effect on the

insulin receptor beta chain.
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Lane 1= Control

Lane 2= Insulin (20 mU/ml)

Lane 3= GTF (10 mg/ml)
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FIGURE 12. The effect of GTF on tyrosine phosphorylation of the insulin receptor
chain. '

Figure 12 is a picture of a Western blot showing the immunoprecipitated insulin receptor
B chain probed with an anti-phosphotyrosine (4G10) probe. The top band of the Western
blot represents the phosphorylated insulin receptor B chain with a molecular weight of 95
Kd. Lane 1 is the control, lane 2 is plus insulin (20 mU/ml), lane 3 is plus GTF (10
mg/ml), and lane 4 is plus insulin (1 mU/ml) and GTF (5 mg/ml). The data is from three
experiments +/- SEM. The exposure time was one hour for all the treatment groups on
3T3-L1 adipocytes. The pattern was consistent for each of the three experiments. The
dark bands (that are not 95 Kd) at the bottom of the western blot represent proteins that
are tyrosine phosphorylated that are not the insulin receptor beta chain.
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The Effect of Insulin, GTF, and a Combination of Insulin and GTF on the Total Amount of Insulin
Receptor Beta Chain Protein
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Figure 13. The effect of insulin, GTF, and a combination of insulin and GTF on total
insulin receptor beta chain phosphorylation in 3T3-L1 adipocytes

The following is a chart indicating the differences in the amount of insulin receptor beta
chain phosphorylation using anti-phosphotyrosine antibody (4G10) in the presence of
insulin, GTF and a combination of insulin and GTF in 3T3-L1 adipocytes. The cells were
exposed to each treatment for one hour. The samples are as follows; control (lane 1),
insulin (20 mU/ml) (Lane 2), GTF (10 mg/ml) (lane 3), and insulin (1 mU/ml) + GTF (5
mg/ml) (lane 4). Using the UN-SCAN-IT computer program, this, analyzes the intensities
of the bands present on the blot. The intensities of each band are expressed as intensities
in pixel total (arbitrary numbers).
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8. The Effect of GTF on Isoproterenol Induced Lipolysis

Insulin has other physiological roles other than stimulating glucose transport.
Insulin is also able to inhibit lipolysis (183).We als_o wanted to observe if GTF has any
similar role as insulin on inhibiting lipolysis. GTF was assayed for its ability to inhibit
lipolysis. Adipocytes were incubated with isoproterenol (IP) (which induces free fatty
acid release) in concentrations of 1x107M to 4x10°M with or without the addition of

GTF (5 mg/ml).

The data in Figure 14 shows that increasing concentrations of isoproterenol (IP)
(1x107-4x10") on untreated cells ( control) caused an increase in free fatty acids (uM).
IP induced a dose dependent increase in free fatty acid production. This is represented in
by the top line in figure 14. The addition of GTF (5 mg/ml) decreased the amount of free
fatty acids produced in the presence of IP by 50%. This is represented by the lower line
of the figure 14. The data in figure 14 shows that GTF like insulin has an inhibitory effect

on lipolysis.

61



Control + IP

N A

Free Fatty Acids
(1 M)
<

4 - o x
. A
+GTF

0 T T 1

-7 -6 5 -4

iP Molar (log4o)

FIGURE 14. The effect of GTF on Isoproterenol (IP) induced lipolysis in 3T3-L1
adipocytes

3T3-L1 adipocytes were incubated for one hour with increasing doses of IP (from 5x10°
™ to 5x10™ M) with or without GTF (5 mg/ml). Free fatty acids were determined as
described under materials and methods. The data shows that addition of GTF (5 mg/ml)
inhibits lipolysis in the presence of IP. The lower line represents the addition of GTF.
The top line indicates higher levels of free fatty acids produced with control and IP, but
upon addition of GTF (5 mg/ml) there is a decrease in levels of free fatty acids produced
(lower line).
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9. The Effect of GTF, Insulin or the combination of Insulin and GTF on lipolysis

induced by isoproterenol (IP)

The effects of GTF, insulin, and the combination of insulin and GTF on IP
induced lipolysis in rat adipocytes were also examined. Adipocytes were incubated with
5x10°M IP alone and with the addition of 0.004 or 0.04 nM insulin, 0.2, 1 or 5 mg/ml

GTF in combination.

Figure 15 showed insulin concentrations of 0.004 or 0.4 nM, inhibited lipolysis in
adipocytes by 16.8% and 45.4% respectively. GTF concentration of 0.2 mg/ml had no
noticeable effects on lipolysis. A GTF concentration of 1 mg/ml alone inhibited ffa
release by 28.4%. In combination 0.2 mg/ml GTF with 0.004 or 0.04 nM insulin
potentiated the effect of inhibition of lipolysis by 34.8% and 66.3% respectively. A
combination of 1 mg/ml GTF with 0.004 or 0.04 nM insulin inhibited lipolysis by 45.5%
and 66.6% respectively. The results indicate, like the 2-DG transport ratios, GTF
possesses similar properties as insulin in the inhibition of lipolysis. Higher concentrations
of GTF have higher percentage of lipolysis inhibition. Low concentrations of GTF when
combined with either low or high concentrations of insulin produce a greater rate
inhibition of lipolysis than either GTF or insulin alone. The percentage of inhibition of
lipolysis is even greater when a higher concentration of GTF is used (1 mg/ml) with low

or high concentrations of insulin (0.004 or 0.04 nM).
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FIGURE 15. The effect of GTF, insulin, or the combination of insulin and GTF on
lipolysis induced by isoproterenol (IP) in 3T3-L1 adipocytes.

3T3-L1 adipocytes were incubated for one hour in the presence of 5x10°M IP, with GTF
(0, 0.2, 1, and 5 mg/ml), the white bar is GTF alone (no insulin), the gray dotted bar is
plus 0.004 nM insulin, and the solid black bar is plus 0.04nM insulin. Free fatty acids
were determined as described in the materials and methods. The data shows increased
concentrations of GTF alone (white bars) increased the inhibition of IP induced lipolysis.
Also, increased concentrations of GTF with increased concentrations of insulin in
combination, gave a greater amount of inhibition of IP induced lipolysis (grey dotted bars
and black bars). The highest inhibition on IP induced lipolysis was with the addition of
GTF plus 0.04 nM insulin (black bars).
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10. The Effect of GTF on Toxicity of 3T3-L.1 Adipocytes

The next sets of experiments were done to determine if GTF has any effect on cell
viability. If GTF is to be considered as an insulin substitute, it is very important to
ascertain if GTF is toxic to the cell and reduces cell proliferation. In these experiments
3T3-L1 adipocytes were used as cell models. Cells were plated in 96 well plates at 10
000 cells/well in phenol red free DMEM (PRF-DMEM). Various concentrations of GTF
(ranging from 0-5 mg/ml) were added to appropriate wells. After two days 15uL of
PMS/MTS were added to each well. The addition of PMS/MTS causes an enzymatic
reaction where it produces formazan which is soluble in the media. The optical density of
formazan can be measured at 490 nm using an ELISA plate reader (192). The

measurement of formazan is directly proportional to cell proliferation.

Table 4 shows the effect of exposure to various concentrations of GTF (0-
5 mg/ml) for 4 days on 3T3-L1 adipocyte toxicity. Cell toxicity is measured by the
amount of cell proliferation occurs. The data in table 4 shows that on day 3, increasing
concentrations of GTF did not affect cell proliferation compared to untreated cells
(control) which were 100% viable. Not only did GTF not affect cell proliferation, but
increasing concentrations of GTF caused an increase in cell proliferation. Exposure to
GTF (5 mg/ml) on day 3 caused a two-fold increase in cell proliferation compared to
untreated cells. Similar results were observed on day 4. Exposure to GTF (5 mg/ml) on
day 4 caused a 1.5 fold increase in cell proliferation. The reasons for this increase in cell
proliferation is presently unknown but will be studied in future experiments. The results

in table 4 show that GTF is not toxic to the 3T3-L1 adipocytes
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Control 0.5mg/ml 1mg/ml 2.5mg/ml Smg/ml
Time
Day 3 100 123 +/- 40 176 +/- 31 174 +/- 51 203 +/-14
Day 4 100 106 +/- 2 112 +/-8 175 +/- 36 146 +/- 6

TABLE 4. The effect of GTF on cell toxicity in 3T3-L1 adipocytes

3T3-L1 adipocytes were plated in 10% phenol red free DMEM. After 2 days the cells
were incubated with PMS/MST which is bioreduced by cells to form formazan.
Formazan absorbance was measured at 490 nm in one hour time points for a period of 4
days to determine cell proliferation. The following data shows the % viability (i.e. cell

proliferation).
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11. The Effect of Insulin on "*L-insulin Displacement from its Receptor in 3T3-L1

Adipocytes

First sets of experiments were done to show that insulin can displace '*I-insulin
from its receptor. Once the 3T3-L1 pre-adipocytes were differentiated to adipocytes, the
cells were treated with '**I-insulin alone (total binding) and with increasing concentration
of insulin (10ng-200ng) with '*I-insulin, or with a large excess of unlabeled insulin (40

1g) (non-specific binding).

Figure 16 shows the effect of insulin on '*I-insulin displacement from its
receptor. The results showed that increasing concentrations of insulin (0-200ng)
displaced '*’I-insulin bound (fmoles/mg p) from its receptor. This occurred in a dose
dependent manner, where 10 ng insulin slightly displaced '**I-insulin from its receptor
and 200 ng insulin had a large effect on displacing **I-insulin from its receptor. The data
in figure 16 shows that there is a decrease in '>I-insulin bound to the receptor due its
displacement by the addition of unlabeled insulin (ng). This is shown by the decreasing
line representing '*I-insulin bound to its receptor with increasing unlabeled insulin (x-

axis).
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FIGURE 16. The effect of insulin on the **I-insulin displacement of insulin from its
receptor in 3T3-L1 adipocytes

Differentiated 3T3-L1 adipocytes were exposed for two hours with 125 insulin (total
binding), with increasing concentrations of unlabeled insulin (0-200 ng), or with a large

excess of unlabeled insulin (40 pg) (non-specific binding). The data shows increasing
concentrations of insulin gave a dose dependent displacement of insulin from its receptor.
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12. The Effect of GTF on *L-insulin Displacement from its Receptor in 3T3-L1

Adipocytes

Our experiments showed that GTF did not bind to the insulin receptor. The next
sets of experiments were done to determine if GTF displaces '*I-insulin from its
receptor. Once the 3T3-L1 pre-adipocytes were differentiated to adipocytes, the cells
were treated with '*I-insulin alone (total binding) and increasing concentration of GTF
(0.5x10™"°-1x10ng) with *I-insulin, or with a large excess of cold insulin (40pg) (non-

specific).

Figure 17 shows the effect of GTF on '*I-insulin displacement from its receptor.
The results showed that increasing concentrations of GTF (0.5x10%-1x1 O7ng) did not
have any significant effect on '*I-insulin displacement from its receptor. Figure 17
shows that GTF had no significant effect on decreasing '*’I-insulin bound (fmoles/mg p)
from its receptor because there was no change with the addition of GTF (0.5x107'°-

1x107ng). This can be seen by a straight line in figure 17.
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FIGURE 17. The effect of GTF on the *I-insulin displacement of insulin from its
receptor in 3T3-L1 adipocytes

Differentiated 3T3-L1 adipocytes were exposed for two hours with '*’I-insulin (total

binding), with increasing concentrations of GTF (0.5x10™'°-1x10"ng), or with a large
excess of cold insulin (40 pg) (non-specific binding) at room temperature.
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13. The Effect of Insulin and GTF on GLUT 4 and GLUT 1 Translocation in 3T3-

L1 Adipocytes

Our results showed that GTF stimulated 2-DG transport, but did not bind to the
insulin receptor nor phosphorylated the insulin receptor B chain. Experiments were done
to determine if GTF had an effect on both GLUT 4 and GLUT 1 translocation. To
deterrnine the effects of insulin, GTF, and a combination of insulin and GTF on GLUT 4
and GLUT 1 translocation, differentiated adipocytes were incubated with insulin alone,
GTF alone, or in corhbination of insulin and GTF, or with no drugs for 1 hour. The cells
were extracted and collected with buffer I (see materials and methods). The cells were
pelieted by ultra centrifugation. The first spin at 14 800 rpms contained the crude plasma
membrane extract. The second spin at 35 000 rpms collected the high density
microsomal membrane. We examined the effects of insulin and GTF on GLUT 1 and
GLUT 4 translocation of 3T3-L1 adipocytes by western blot analysis using anti-GLUT 4

and anti-GLUT 1 probe.

Figure 18 shows the effect insulin alone (20 mU/ml), GTF alone (10 mg/ml), and
a combination of insulin (1 mU/ml) and GTF (5 mg/ml) on GLUT 4. The results showed
that in the presence of insulin (20 mU/ml) there is more GLUT 4 present in the crude
plasma membrane (band in lane 2) and high-density microsomal membrane (band in lane
6) compared to the control (band in lanes 1 and 5). GTF alsd showed the presence of

GLUT 4 in both crude plasma membrane (band in lane 3) and high-density microsomal
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membrane (band in lane 7) compared to the control ( band in lanes 1 and 5), but lower
than insulin (20 mU/ml) alone (band in lanes 2and 6). The presence of GLUT 4 in the
crude plasma membrane (band in lane 4) and high density microsomal membrane (band
in lane 8) was observed to be slightly higher in combination with insulin (1 mU/ml) and
GTF (5 mg/ml), for both crude plasma membrane (band in lane 4) and high-density
microsomal membrane (band in lane 8) than GTF (10 mg/ml) alone (band in lanes 3 and
7) and the control ( band in lanes 1 and 5). GLUT 4 was lower in combination for both
crude plasma membrane and high density microsomal membrane than insulin (20

mU/ml) alone (bands in lanes 2 and 6).

Figure 19 shows the densiometric analysis of the band intensities of the GLUT 4
western blot using the UN-SCAN-IT computer software. The results showed the effect of
insulin (20 mU/ml), GTF (10 mg/ml), and in combination of insulin (1 mU/ml) and GTF
(5 mg/ml) on GLUT 4 in the crude plasma membrane (blue bars) and high-density
microsomal membrane (red bars). The results showed that insulin treatment (20 mU/ml)
increased GLUT 4 content in both the crude plasma (blue bars) membrane and high-
density membrane (red bars) compared to either GTF alone (10 mg/ml), or in
combination with insulin. The combination of insulin (1mU) + GTF (5 mg/ml) has
slightly higher GLUT 4 content in the high density microsomal fraction (red bars), but
similar in the crude plasma membrane (blue bars) compared with GTF alone (10 mg/ml).
The high-density microsomal fractions in all treatments were higher than the control, but

lower in the crude plasma membrane with GTF and a combination with insulin.
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Figure 20 shows the effects of insulin (20 mU/ml), GTF (10 mg/ml), and a
combination of insulin (1 mU/ml) and GTF (5mg/ml) on GLUT 1. The results showed
that in the presence of insulin (20 mU/ml) alone (band in lanes 2 and 6), GTF (10 mg/ml)
alone (band in lanes 3 and 7), and in combination of insulin (1 mU/ml) + GTF (5 mg/ml)
(band in lanes 4 and 8), there was higher GLUT 1 in both crude plasma membrane and
high-density microsomal membrane than the control (band in lanes 1 and 5). The results
showed that the combination of insulin (1 mU/ml) and GTF (5 mg/ml) had the greatest
increase in GLUT 1 in both crude plasma membrane (band in lane 4) and high-density
microsomal membrane (band in lane 8) compared to either insulin (20 mU/ml) alone
(band in lanes 2 and 6) or GTF (10 mg/ml) alone (band in lanes 3 and 7). Insulin (20
mU/ml) and GTF (10 mg/ml) alone both had similar increases in GLUT 1 in the crude
plasma membrane (bands in lanes 2 and 3) and high-density microsomal membrane (band

in lanes 6 and 7) compared to the control (band in lanes 1 and 5).

Figure 21 shows the graphical analysis of the band intensities of the GLUT 1
western blot using the UN-SCAN-IT computer software. The results showed that the
combination of insulin (1mU/ml) and GTF (5 mg/ml) had the highest increase in GLUT 1
for both crude plasma membrane (blue bars) and high-density microsomal membranes
(red bars) compared to insulin (20 mU/ml) alone, or GTF alone (10 mg/ml). Insulin (20
mU/ml) alone and GTF (10 mg/ml) alone had similar amounts of high-density

microsomal membrane, but GTF had slightly higher amounts crude plasma membrane.
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These results showed that GTF has a greater effect on GLUT 1 transport and
protein content than in GLUT 4. The reason for the difference is presently not known.

This reason may explain GTF’s ability to potentate insulin’s effect.
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Lanel Lane 2 Lane3 Laned4 Lane$5 Lane6 Lane7 Lane$8

CRUDE HDM

Lane 1 and 5= Control

Lane 2 and 6= Insulin (20 mU/ml)

Lane 3 and 7= GTF (10 mg/ml)

Lane 4 and 8= Insulin (1 mU/ml) + GTF (5 mg/ml)

FIGURE 18. The effect of insulin, GTF, and a combination of insulin and GTF on
GLUT 4 translocation in 3T3-L1 adipocytes

Figure 18 is a GLUT 4 Western blot using an anti-GLUT 4 antibody. 3T3-L1 adipocytes
were treated with no drugs (control) (lanes 1 and 5), insulin (20 mU/ml) (lanes 2 and 6),
GTF (10 mg/ml) (lanes 3and 7), and in combination of insulin (1 mU/ml) + GTF (5
mg/ml) (lanes 4 and 8) for one hour. Lanes 1-4 are measuring the effects of each
treatment of GLUT 4 in the crude plasma membrane. Lanes 5-8 are measuring the effects
of each treatment of GLUT 4 in the microsomal membrane. The data shows that all
treatments have an effect on GLUT 4 translocation from the intracellular membranes to
the plasma membrane compared to the control (lane 1and 5).
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Pixel Total (arbitrary #)

The Effect of Insulin, GTF, and in a Combination of Insulin and GTF on Total amount of GLUT 4 Protein
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FIGURE 19. The effect of insulin, GTF, and in combination of insulin and GTF on
GLUT 4 in 3T3-L1 adipocytes.

The following is a chart indicating the difference in GLUT 4 protein in the presence of
insulin, GTF and a combination of insulin and GTF in 3T3-L1 adipocytes. The cells were
exposed to each treatment for one hour. The samples are as follows; control, insulin (20
mU/ml), GTF (10 mg/ml), and insulin (1 mU/ml) + GTF (5 mg/ml). The values from
.each sample are expressed as intensities of the bands in pixel total (arbitrary numbers) by
using a computer program called UN-SCAN-IT. The blue bars represent GLUT 4 present
in the crude plasma membrane and the red bars represent GLUT 4 in the high-density
microsomal membrane.
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Lanel Lane?2 Lane3 Lane 4 Lane s Lane6 Lane7 Lane$8

Lanes 1 and 5= control

Lanes 2 and 6= Insulin (20 mU/ml)

Lanes 3 and 7= GTF (10 mg/ml)

Lanes 4 and 8= Insulin (1 mU/ml) + GTF (5 mg/ml)

FIGURE 20. The effect of insulin, GTF, and a combination of insulin and GTF on
GLUT 1 translocation on 3T3-L1 adipocytes

Figure 20 is a GLUT 4 Western blot using an anti-GLUT 1 antibody. 3T3-L1 adipocytes
were treated with no drugs (control) (lanes 1 and 5), insulin (20 mU/ml) (lanes 2 and 6),
GTF (10 mg/ml) (lanes 3and 7), and in combination of insulin (1 mU/ml) + GTF (5
mg/ml) (lanes 4 and 8) for one hour. Lanes 1-4 are measuring the effects of each
treatment of GLUT 1 in the crude plasma membrane. Lanes 5-8 are measuring the effects
of each treatment of GLUT 1 in the microsomal membranes. The data shows that all
treatments have an effect on GLUT 1 translocation from the intracellular membranes to
the plasma membrane compared to the control.
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FIGURE 21. The effect of insulin, GTF, and a combination of insulin and GTF on
GLUT 1 in 3T3-L1 adipocytres.

The following is a chart indicating the difference in GLUT 1 protein in the presence of
insulin, GTF and a combination of insulin and GTF in 3T3-L1 adipocytes. The cells were
exposed to each treatment for one hour. The samples are as follows; control, insulin (20
mU/ml), GTF (10 mg/ml), and insulin (1 mU/ml) + GTF (5 mg/ml). The values from
each sample are expressed as intensities of the bands in pixel total (arbitrary numbers) by
using the UN-SCAN-IT computer program. The blue bars represent GLUT 4 present in
the crude plasma membrane and the red bars represent GLUT 4 in the high-density
microsomal membrane.
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14. The Effects of Insulin and GTF on IRS-1 Phosphoryvlation in 3T3-L.1 Adipocytes

GTF had an effect on both GLUT 4 and GLUT 1. Other signals in the insulin
pathway are involved in the translocation of the glucose transporters. If GTF had an
effect on GLUT 4 and GLUT]1, then GTF might have an effect on those signals involved
in translocating the glucose transporters. We examined the effects of one of these signals
the insulin receptor substrate-1 (IRS-1). 3T3-L1 adipocytes were treated as previously
mentioned in materials and methods. We examined the effects of GTF on IRS-1
phosphorylation. Immunoprecipitation of the IRS-1 post-treatment with insulin (20
mU/ml), GTF (10 mg/ml) and in combination of insulin (1 mU/ml) and GTF (5 mg/ml

GTF) were also examined.

Figure 22 shows the effects of insulin, GTF, and a combination of insulin and
GTF on IRS-1 phosphorylation. The results in figure 22 indicated that insulin (20 mU/ml)
alone (band in lane 2), GTF (10 mg/ml) alone (band in lane 3) and the combination of
insulin (1 mU/ml) and GTF (5 mg/ml) (band in lane 4) exhibited phosphorylation of IRS-
1. The greatest amount of IRS-1 phosphorylation occurred with insulin (20 mU/ml) alone
(band in lane 2) compared to the control (band in lane 1) and GTF (10 mg/ml) alone
(band in lane 3). The combination of insulin and GTF had a higher effect on
phosphorylation of IRS-1 than control (band in lane 1) and GTF (band in lane 3). GTF
exhibited an effect on phosphorylation of IRS-1compared to the control (band in lane 1)

but lower than insulin (band in lane 2) or in combination with insulin (band in lane 4).
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The results showed that GTF lowered the phosphorylation of IRS-1 in the presence of
insulin. This may be due to GTF having an inhibitory effect on IRS-1or due to the low
concentrations of insulin (1 mU/ml) and GTF (5 mg/ml) employed in combination
compared to each treatment of insulin (20 mU/ml) alone or GTF (10 mg/ml) alone.
Future studies will be done to determine what causes the apparent decrease of IRS-1

phosphorylation of GTF in combination with insulin.

Figure 23 shows the densiometric analysis of the band intensities of the IRS-1
Western blot using the UN-SCAN-IT computer software. The results showed that insulin
(20 mU/ml) increased the amount of phosphorylated IRS-1 compared to the control, GTF
(10 mg/ml) and in combination of insulin (1 mU/ml) and GTF (5§ mg/ml). Also, GTF and
in combination with insulin both increased the amount of phosphorylated IRS-1 protein
compared to the control. GTF alone (10 mg/ml) exhibited a slightly higher increase in

phosphorylation of IRS-1 compared with the combination treatment.
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Lane 1 Lane 2 Lane 3 Lane 4

Lane 1= Control

Lane 2= Insulin (20 mU/ml)

Lane 3= GTF (10 mg/ml)

Lane 4= Insulin (1 mU/ml) + GTF (5 mg/ml)

FIGURE 22. The effect of insulin, GTF, and a combination of insulin and GTF on
IRS-1 phosphorylation in 3T3-L1 adipocytes.

The Western blot shows IRS-1 phosphorylation using an anti-phosphotyrosine (4G10)
probe.The figure shows the phosphorylation of IRS-1 at 131 Kd in the presence of insulin
(20 mU/ml) alone (lane 2), GTF (10 mg/ml) alone (lane 3), and in combination of insulin
(1 mU/ml) and GTF (5 mg/ml) (lane 4). Lane 1 is the control. The 3T3-L1 adipocytes
were treated with each of the drugs for 15 minutes to give the maximal phosphorylation
of the IRS-1
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FIGURE 23. The effect of insulin, GTF, and in combination of insulin and GTF on
the phosphorylated IRS-1 in 3T3-L1 adipocytes

The following is a chart indicating the difference in phosphorylation of IRS-1 in the
presence of insulin alone (20 mU/ml), GTF alone (10mg/ml) and a combination of insulin
(1 mU/ml) and GTF (5 mg/ml) in 3T3-L1 adipocytes. The cells were exposed to each
treatment for 15 minutes. The samples are as follows; lane 1 is the control, lane 2 is
insulin (20 mU/ml), lane 3 is GTF (10 mg/ml), and insulin (I mU/ml) + GTF (5 mg/ml)
is lane 4. The values from each sample are expressed as intensities of the bands in pixel
total (arbitrary numbers) using the UN-SCAN-IT computer program.
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Discussion

The incidence of diabetes, especially type 2 diabetes is on the rise. New
alternative medicines are needed to replace or potentiate insulin’s effects since many are
insulin resistant. One possible drug is GTF. Since its discovery in 1957 by Schwartz and
Mertz (162) much work has been done to purify it (163) and to understand its
composition (171). Also, much work has been done to determine GTF’s physiological
effect(s) and mode of action (183). Most of the work done on GTF has been done in vivo.
Mirsky et al. (183) have done work on diabetic rats to observe GTF’s effect on lowering
blood glucose levels. Mirsky et al. (183) also have done work on obese rats to observe the
effect of GTF on lowering free fatty acids in the blood. Determining GTF’s effect(s) in
vitro and its mode of action have yet to be well characterized. In this thesis in vitro work
on 3T3-L1 adipocytes and L6 myotubes were done to understand its mode of action and

to study and interpret its effect(s).

If GTF will one day be used as an anti-diabetic drug, a major concern would be )
that GTF were safe. In this thesis, we examine GTF’s effect on cell viability. 3T3-L1
adipocytes were plated with media containing various concentrations of GTF (0-5 mg/ml)
for four days. Using a cell proliferation assay kit (Promega), we observed that GTF did
not reduce cell proliferation (Table 4). The highest concentration of GTF (5 mg/ml) up to
day 4 did not elicit any reduction on cell viability (Table 4). The reason for measuring

cell proliferation up to day 4 is that by day 4 the cells become confluent and the cells do
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not continue to divide. The cells are density dependent inhibited. Also, another reason
that we measure cell proliferation up to day 4 is that during our experiments we exposed
the cell for one hour with GTF; therefore exposure to GTF for 4 days was sufficient. Not
only did GTF have no effect on reducing cell proliferation, but also, it had an effect on
cell number (Table 4). Looking at the control we have 100% viability and wﬁh increasing
concentrations of GTF there is an increase in cell proliferation, which was measured
using a cell proliferation kit (Promega). This may be due to an increase in cell number or
cell size. GTF may act as a growth factor or as a hormone but this has yet to be studied.
Work done by Berdichevski and Mirsky (193) also observed yeast exposed to GTF grew

in size and had different cell morphology than yeast without GTF.

Our first sets of experiments were done to determine if GTF has an effect on
sugar transport in vitro. GTF is known to cause an increase in sugar uptake in rats
without the addition of exogenous insulin (183). A single dose of GTF showed immediate
effects on sugar uptake in vivo. The lowering of blood glucose levels by GTF lasted up to
24 hours (183). Evidence presented in this thesis shows that GTF does have an effect on
glucose transport in 3T3-L1 adipocytes (figure 9) and on L6 myotubes (Table 3).
Increasing concentrations of GTF showed significant increase in 2-DG transport in a dose
dependent manner like insulin (figures 8, 9 and Tables 2, 3). Our experiments have
shown that GTF in combination with insulin had a higher increase in 2-DG transport than
either insulin alone or GTF alone. A combination of insulin as low as 1 mU/ml and 2.5
mg/ml of GTF had a higher stimulated 2-DG transport than the highest insulin

concentration used in our experiments (133 nM) and GTF (20 mg/ml) (Table 2). This
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suggests that GTF works in an additive manner with insulin. Other researchers have
observed that GTF works in a synergistic manner with insulin (162-167). This additive
effect of insulin and GTF observed in this thesis may be due to the ability of GTF to bind
to the insulin receptor with insulin then an additive effect in 2-DG transport may occur.
Also, the stimulated 2-DG transport is due to GTF binding to the insulin receptor
therefore activating the insulin-signalling pathway to stimulate 2-DG transport in 3T3-L1
adipocytes and L6 myotubes. The next sets of experiments were done to determine if

GTF binds to the insulin receptor.

Treatments with other compounds that mimic insulin actions work by binding to
the insulin receptor. To determine if the effect(s) of GTF are due to binding to the insulin
receptor, we studied '*I-insulin binding on 3T3-L1 adipocytes. The data presented in
figure 11, showed that the addition of GTF did not change '*I-insulin binding to its
receptor on 3T3-L1 adipocytes. Davis et al. showed by kinetic studies that LMWCr has
an intrinsic role with insulin without binding to the insulin receptor (160). Our results
showed that GTF does not bind to the insulin receptor. GTF might also have an intrinsic
role with insulin without binding to the insulin receptor. One possibility can be that GTF
enters the cells through other cell receptors such as IGF-1. Future experiments will be
done to determine if GTF binds to other cell receptors. Another possibility is that GTF
might enter the cells by binding to insulin then entering the cell through its receptor.
McCarty (194) stated that GTF binds to insulin then it enters the cell. Other experiments
will be done to determine if GTF binds to insulin before entering the cell. GTF binding to

insulin and then entering the cell may explain why insulin and GTF in combination have
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an additive effect in stimulating 2-DG transport in 3T3-L1 adipocytes and L6 myotubes.
Since GTF did not bind to the insulin receptor, the next sets of experiments were done to

determine in GTF displaces '*’I-insulin from its receptor.

If GTF did not bind to the receptor then would GTF displace *I-insulin from its
receptor? Figure 17 showed that with increasing concentrations of GTF, there was no
displacement of '*I-insulin from its receptor. This then corresponds to the previous
results that GTF does not bind to the insulin receptor and GTF does not have an effect on
stimulating sugar transport through the insulin receptor. If GTF does not work through
the insulin receptor, how does it stimulate sugar transport? To answer the question, other

experiments were done to determine the effect of GTF on the insulin signaling pathway.

The first step of the insulin cascade is the phosphorylation of the insulin receptor
B-chain. The insulin receptor B-chain phosphorylation is an important early signal in the
insulin cascade (185, 186). The phosphorylation of insulin receptor f3-chain by insulin,
GTF and a combination of both GTF and insulin was examined. Our findings showed
that in the presence of insulin alone, there was tyrosine phosphorylation of the $-chain
(figure 12). The lack of tyrosine phosphorylation of the insulin receptor B-chain by GTF
can be due to the GTF not binding to the insulin receptor which stimulates the
phosphorylation of the 3-chain. When both insulin and GTF were present in
combination, the tyrosine phosphorylation of the insulin receptor 3-chain was lower than
insulin alone. One possible explanation for this observation is that low concentrations of

insulin (1 mU/ml) and GTF (5 mg/ml) in combination was used to stimulate tyrosine
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phosphorylation compared to the 20mU/ml of insulin used alone, therefore it might not
represent the true data. For future experiments new concentrations of insulin (20 mU/ml)
and GTF (10 mg/ml) in combination will be used to see if the lower tyrosine
phosphorylation is due to lower concentrations used or GTF in the presence of insulin
decreases tyrosine phosphorylation of the insulin f-chain. This may be due to the GTF
acting like or stimulating a phosphatase such as PTP-1B. Another possibility is that GTF
requires binding to insulin to affect tyrosine phosphorylation of the insulin receptor p-
chain. Davis et al. (173) showed that LMWCr which is a naturally-occurring
oligopeptide found mainly in mammalian liver did not activate tyrosine kinase activity
alone, but the presence of insulin was required. If insulin is removed, then the effect of
LMWCr on activation of tyrosine kinase is abolished (173). The reason for GTFs
apparent inhibition of the tyrosine phosphorylation is presently unknown. The next step
of the insulin signaling pathway is the phosphorylation of the IRS-1. Since GTF did not
stimulate phosphorylation of the insulin receptor B-chain, our next sets of experiments

were to determine if GTF stimulates phosphorylation of the IRS-1.

Figure 22 showed that immunoprecipitation of IRS-1 post treatment for 15
minutes with insulin, GTF and a combination of insulin and GTF stimulates
phosphorylation of IRS-1. Once again, the combination of insulin (1 mU/ml) and GTF (5
mg/ml) on phosphorylation of IRS-1 was lower than insulin alone. This can be due to the
use of lower concentrations of both insulin and GTF compared to each alone. To test this

hypothesis, future experiments will be done to correct these concentrations. Another

possibility is that GTF stimulates IRS-1 phosphorylation at an earlier time than insulin.
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IRS-1 phosphorylation by GTF might max out before insulin’s effect at 15 minutes.
Future experiments will be doﬁe using different time points to observe if there is any
change in IRS-1 phosphorylation by GTF. From our results, GTF does stimulate IRS-1
phosphorylation despite the lack of binding to insulin receptor or tyrosine
phosphorylation of the insulin receptor B-chain. The phosphorylation of IRS-1 by GTF
can be due to direct phosphorylation of IRS-1 through another pathway or GTF
phosphorlates another signaling molecule that interacts with IRS-1. To follow this up,
experiments will be done on other receptors such as IGF-1 (mentioned previously) and on
other signaling molecules like Grb2 and Ras. Glucose uptake ultimately arises from the
transport of glucose into the cell by glucose transporters (47). GTF stimulates sugar
transport and phosphorylation of IRS-1, therefore the next step was to determine if the

translocation of GLUT 1 and GLUT 4 glucose transporters is stimulated by GTF.

Down stream signals such as IRS-1, PI3-kinase and PKB once activated aliow
translocation of the glucose transporters from inside the cell to the plasma membrane. It
was shown in figure 22 that GTF stimulates phosphorylation of IRS-1 then GTF can
affect translocation of GLUT 1 and GLUT 4. We showed through immunoblotting using
GLUT 1 and GLUT 4‘ transporters that GLUT 1 and GLUT 4 are present in both plasma
membrane and in the cell with insulin, GTF and a combination of insulin and GTF (figure
18 and 20). GTF stimulates GLUT 1 and GLUT 4 which correlates with our other results

in GTF phosphorylation of IRS-1.
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Experiments done in this thesis showed that GTF has similar properties as insulin
in stimulating sugar uptake. Our results also correlate with in vivo studies done by
Mirsky et al. (183). Other experiments were done to observe if GTF has other insulin
like properties. One set of experiments were done to show the effects of GTF on

isproterenol induced lipolysis.

Figures 14 and 15 showed that like insulin, GTF inhibits lipolysis in the presence
of isoproterenol. This inhibition is also dose dependent. GTF in combination with insulin
stimulates a higher inhibition of lipolysis than either insulin or GTF alone. These results
indicate that GTF has other similar properties as insulin. These results further indicate

that GTF and insulin have similar modes of action.

Based on the 2-DG transport and lipolysis data, GTF has similar properties as
insulin. GTF mode of action is not through binding to the insulin receptor but may form
a complex with insulin by binding to insulin and then entering the cell. GTF might have
intrinsic activity once entering the cell. Another possibility is that GTF binds to another
receptor on cell surfaces and enters the cell and activates downstream signals of the
insulin pathway directly or via other signaling molecules that interact with the insulin
pathway. IRS-1 is phosphorylated by GTF which ultimately stimulates sugar uptake by

GLUT1 and GLUT4 sugar transporters.
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Future studies on characterizing GTFs mode of action will include binding studies
with GTF on other cell receptors like IGF-1 and on insulin itself. Other experiments that
will be done is characterizing GTFs effect on insulin downstream signals such as PI3-
kinase, PKB and other signals associated with the insulin pathway like Grb2, Ras. Also,
future experiments will include working with other insulin sensitizing drugs like
thiazolidinediones in the presence of GTF. Also, we will test the effects of GTF on other
cell lines like the human fibroblast cell lines. Other experiments will be repeated using
different concentrations for the insulin receptor B-chain and IRS-1 western blots.

Another experiment that will be done is using inhibitors of the insulin pathway such as
Wortmannin and tests its effect in the presence of GTF. Much more work must be done

to elucidate GTFs mode of action.
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