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ABSTRACT

The objective of this research was to determine if ligand-induced insulin receptor
internalization and translocation to the hepatocyte cell nucleus is a mechanism by which
insulin regulates nuclear processes including gene expression. Eight week old male mice
were fasted for 12 hours and then given an oral dose of glucose in order to stimulate
hepatocytes with insulin in vivo. Serum concentrations of glucose and insulin were
increased within 15 min of the glucose meal (p <0.05). Insulin binding to isolated nuclei
was increased by 205 £ 7 % compared to binding at basal conditions within 15 min
following oral glucose. Peak serum insulin concentrations and insulin binding to isolated
nuclei were correlated (r* = 0.44, P < 0.01), suggesting that increases in insulin levels

induced insulin receptor translocation to the nucleus.

Ligand-induced translocation and internalization of insulin receptor to the hepatocyte
nucleus was compared in lean versus obese mice following an oral glucose meal. Obese
animals exhibited increased insulin receptor levels in the nucleus when measured by
immunoassay compared to lean animals following an oral glucose meal (p < 0.05). This
finding suggests that associated hyperinsulinemia causes increased insulin receptor levels

in obese mice hepatocyte nuclei.

The effect of ligand-induced internalization and insulin receptor translocation to the
nucleus on nuclear processes such as nuclear protein phosphorylation and insulin

responsive gene expression was determined. Mice were fasted for 24 h and then given an



oral glucose meal. Insulin receptor levels and insulin receptor B-subunit
autophosphorylation in the hepatocyte nucleus were increased by 81 % and by 150 %
respectively, at 15 min following oral glucose (p <0.05). The increase of activated
insulin receptor in the cell nucleus was coincident with a decrease in the tyrosine
phosphorylation state of a DNA-binding protein (31 % decrease compared to basal, p <
0.05), and an increase in mRNA levels of malic enzyme and glyceraldehyde 3-phosphate
dehydrogenase (35 % increase and 16 % increase compared to basal, respectively, p <
0.05). These observations occurred within the time course of insulin receptor
translocation to the nucleus, which suggests that changes in phosphorylation state of
nuclear proteins and changes in insulin responsive gene expression may be regulated by

insulin receptor in the cell nucleus.

Activated insulin receptor was incubated with nuclei isolated from 24 h-fasted animals
and the effect on nuclear protein phosphorylation and changes in transcription factor
binding to an insulin responsive element (IRE), within the malic enzyme gene, was
determined. Insulin receptor attenuated the increase in phosphorylation of two DNA-
binding proteins (78 and 73 % decrease compared to phosphorylation without receptor
added, p < 0.05). Insulin receptor also increased the complex between transcription
factors and the IRS within the malic enzyme promoter compared to that found in the

basal state (p < 0.05).

These findings suggest a novel mechanism of insulin signal transduction by which insulin

receptor may directly generate insulin signaling in the cell nucleus.
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CHAPTER I

LITERATURE REVIEW

1. INTRODUCTION -INSULIN RECEPTOR

Like many other polypeptide hormones insulin initiates its cellular action by binding to a
specific hormone receptor on the plasma membrane of the cell. The coupling of insulin
with its receptor triggers a wide spectrum of biological effects including enhanced
transport of sugars and amino acids, stimulation of anabolic pathways, and promoting
cellular growth by the initiation of gene transcription (1). Insulin is produced and
secreted by the beta cells of the pancreas, when carbohydrate and protein are ingested (2).
Insulin then exerts its effects on organs that express receptors that specifically recognize
and bind the hormone. Mammalian cells are known to express 100 to 250, 000 receptors
on their cell surface. The cells expressing the highest number of receptors ie. adipose,
muscle and liver cells, are the most responsive to insulin stimulation (1,3). Therefore it
follows that the most important tissues with respect to insulin action are the liver, skeletal

muscle, and adipose tissue.

A significant body of knowledge regarding insulin action has been obtained since insulin
receptors were first demonstrated in the early 1970's (4,5). Since then, the basic
mechanism of receptor action; its specific recognition and binding of insulin, and its

subsequent activation, by the autophosphorylation of its tyrosine residues, has been



extensively described (1,3). However, the relationship between insulin-stimulated
activation of its receptor and the myriad of cellular processes that follow have not fully
been elucidated. Insulin signaling after receptor activation involves a protein
phosphorylation/dephophorylation cascade and the generation of second messengers,

some of which are unidentified (6).

1.1 Structure of the Insulin Receptor

The insulin receptor is a glycoprotein made up of two polypeptides linked together by
disulfide bonds to form a heterotetrameric complex. The first polypeptide o, was purified
(7) and was found to migrate around 135 Kilo Daltons (KDa) using soduim dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The second polypeptide B,
was identified a few years later (8), to have an apparent molecular weight of 95 KDa.

The native receptor has a stoichiometry of o8, and an estimated molecular mass of 350
KDa (1). The a-subunits are located entirely on the outside of the plasma membrane and
are joined by disulfide bonds to the B-subunits which transverse the membrane. A model
describing the structural topology of the receptor subunits was determined from
experiments where the receptor was iodinated on tyrosine residues within intact plasma
membrane vesicles and then specifically immunoprecipitated by using antireceptor
antibodies (9). The a-subunit was iodinated in right side-out vesicles only, whereas the
B-subunit was labeled in both right side-out and inside-out vesicles. This model was
confirmed when the insulin receptor gene was cloned and its amino acid sequence
deduced (10). Within the B-subunit only, a single 23 amino acid hydrophobic segment

was identified as the transmembrane domain of the receptor (10,11).



The susceptibility of the intact receptor to reductants such as dithiothreitol (DTT) and 2-
mercaptoethanol, suggests that it is held together by disulphide bonds (12,13). The intact
receptor was subjected to reducing conditions, followed by the alkylation of the free
cysteine residues, and the separation of the resulting subunits by SDS-PAGE.
Investigators demonstrated that a total of five disulphide bonds were responsible for
holding together the complex oligomeric structure (14). Three of these disulphide bonds
are between the homologous subunits (a -or) or (B-f) of the receptor complex and are
readily assessible to reduction. In contrast the two disulphide bonds between the o and
the B subunits and are virtually impossible to reduce without denaturing the protein (13).
An additional structural characteristic of the insulin receptor is that the extracellular
domains of both subunits are covalently attached to carbohydrate groups that bind the
protein moiety through asparagine or serine residues (10,11). The formation of
disulphide bonds between the subunits and the addition of sugars occur during the
translocation of the nascent protein from its site of synthesis to its final location in the

plasma membrane (15).

1.2 Ligand Binding

The binding of insulin to its receptor is a specific function of the a-subunit. The insulin
binding domain of the a-subunit contained was determined using labeling studies where
radiolabeled insulin was bound and covalently attached to the receptor with a crosslinking
agent, disuccinyl suberate (16,17). This amino-specific crosslinking agent covalently

linked ['”-I]-insulin to the a-subunit whereas crosslinking to the B-subunit was much



weaker or did not occur at all (18,19). Addition of nanomolar quantities of unlabelled
insulin was able to completely inhibit binding of the labeled hormone, indicating the high
affinity and specificity of the insulin receptor for its ligand. The amino acid sequence
deduced from the cloned gene offered additional evidence of an insulin binding domain in
the a-subunit. This region contains a high proportion of cysteine residues, which are
homologously spaced with the cysteine residues in the extracelluar domains of other
peptide hormones receptors, such as the insulin-like growth factor receptor and the
epidermal growth factor receptor (10). The network of disulphide bridges between the
cysteine residues of the a-subunit confer a rigid and compact structure to the subunit and

produce a ligand binding domain that is highly specific for insulin (1).

Morphological studies using fluorescent- and radio-labeled hormone have localized the
insulin receptor not only to the plasma membrane but to intracellular membranes such as
the nuclear membrane, lysosomal membranes, the endoplasmic reticulum, and the Golgi
apparatus (20-22). Although the presence of insulin receptor in the latter two
compartments may simply reflect the intracellular pathway of newly synthesized
receptors to the plasma membrane (23), the physiological relevance of insulin binding
sites at the nuclear membrane, has not yet been determined. The presence of nuclear
insulin binding sites suggests that insulin may be involved in nuclear processes. Such
processes include insulin-mediated regulation of the mRNA synthesis of certain genes

(24-26).

The binding of insulin to its receptor is assayed by competitive binding assays using '*I-
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labeled insulin and receptor either within intact membranes or in solubilized and partially

purified form (27). Typically '*I-labeled insulin is incubated with cells in the presence
of varying amounts on unlabeled hormone at optimum conditions. After steady state
binding has been attained, the radiolabeled hormone bound to membrane or to isolated
receptors is then separated from the free hormone by high speed centrifugation through
polyethylene glycol (27). Non-specific binding and cellular uptake of the radiolabel by
non-receptor mediated process such as adsorption of insulin to the cell membrane is
determined by the addition of a molar excess of unlabelled hormone to the reaction
mixture. This large amount of unlabeled insulin effectively inhibits radiolabeled insulin
binding to the receptor by saturating insulin-binding sites. Non specific binding is then

subtracted from total binding to measure the amount of specific binding (27).

Kinetic analysis of insulin binding data employs Scatchard plots, where the concentration
of bound hormone divided by free hormone is plotted on the vertical axis and the
concentration of bound hormone is plotted on the abscissa (28). An advantage of the
Scatchard plot is that it allows the estimation of the affinity constant of the receptor and
the receptor concentration from the slope and the x-intercept respectively (28). This is
most accurately determined when the plot is linear indicating homogeneity of reactants
and a monovalent receptor or non-cooperation between multiple sites of a polyvalent
receptor. However, this is not usually the case as many Scatchard plots of hormone-
receptor binding, including insulin-receptor binding, are curvilinear. This non-linearity is
generally attributed to heterogeneity of the receptor sites, each having different affinity

constants, or to the presence of cooperativity between allosteric sites. Scatchard analysis
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of insulin binding data usually reveals concave upward plots, suggesting more than one

independent binding site, with different receptor affinity and receptor concentration, or a
single class or receptors with negative cooperative interactions (28-30). Negative
cooperativity is ligand-induced dissociation of bound insulin. Evidence from recent
studies suggests that the insulin receptor has a maximum of three binding sites for insulin
and that each becomes occupied at high insulin concentrations (30). The estimation of
the number of binding sites from a Scatchard plot by extrapolation of the curve to the x-
intercept is usually subject to bias and results in a high amount of variability (31). In
addition, the estimation of the affinity constants for receptors with negative cooperative
interactions is also subject to variability since these quantities are based on estimated
receptor concentration values (31). Other methods are being considered to estimate
receptor affinity, such as the determination of the amount of unlabelled receptor required

to inhibit 50 % of labeled hormone binding (31).

1.3 Insulin Receptor Tyrosine Kinase

The B-subunit of the insulin receptor functions to anchor the protein in the plasma
membrane and to activate a signal upon insulin binding. Kasuaga et al., (32) first
demonstrated that insulin binding to the receptor induces the phosphorylation of the
receptor. The phosphorylation was catalyzed by a kinase located within the receptor. It
was subsequently found that tyrosine phosphorylation of the B-subunit further activates
this kinase (33). In highly purified insulin receptor preparations, the addition of insulin
stimulates the phosphorylation of tyrosine residues on the protein (33-37). However, in

intact cells insulin stimulates the phosphorylation of not only tyrosine residues but of
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serine and threonine residues as well (33,35,38). This led investigators to believe that the

insulin receptor is a tyrosine kinase, however, the series of proteins that it activates by
tyrosine phosphorylation may include enzymes with serine or threonine kinase activity

(1,3).

The mechanism by which insulin binding induces the autophosphorylation of its receptor
has not yet been elucidated. Evidence suggests that insulin binding promotes aggregation
of the extracellular domains of the receptor (39). This aggregation may cause a structural

change resulting in kinase activation (40-42).

Characteristics of insulin receptor tyrosine kinase have been determined using antibodies
directed against the insulin receptor (43,44), by site-directed receptor mutation analysis
(45,46) and by making comparisons for homology with sequences of other growth factor
receptors including the insulin-like growth factor receptor and the epidermal growth
factor receptor (47). Insulin activates the autophosphorylation of its receptor three-fold in
freshly isolated hepatocytes, with half maximum effects at approximately 2 nM (48,49).
The kinase is specific for ATP and has a requirement for divalent cations such as Mg*™ or
Mn™ (34). Upon exposure of intact cells to insulin increases in phosphorylation are seen
within 1 minute, and maximum phosphorylation occurs within 20 minutes.
Phosphorylation is restricted to the B-subunit (32,33). Following insulin stimulation, the
effect of insulin on receptor phosphorylation appears to be time-dependent. In the basal
state, the receptor contains only phospho-serine and -threonine residues. However, with

insulin exposure, a rapid rise in tyrosine phosphorylation occurs that reaches a steady
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state within 20 seconds. This is followed by a slower increase in phosphoserine content

of the receptor, that reaches a maximum in about 10 minutes (35,48). The immediate
phosphorylation of tyrosine residues upon insulin stimulation supports the concept that
tyrosine phosphorylation activates the receptor tyrosine kinase. Using anti-
phosphotyrosine antibodies to precipitate phosphotyrosine-containing receptors,
investigators have demonstrated that the phosphorylation of tyrosine residues is inhibited
when insulin receptors contain phosphoserine residues (35). This suggests that serine
phosphorylation serves as the means to regulate insulin receptor kinase activity, by

feedback inhibition.

Inactivation of insulin receptor tyrosine kinase activity by site-directed mutagenesis of
specific tyrosine residues (45,46,49,50). or by anti-receptor monoclonal antibody binding
to the ATP binding domain, compromises biological responses to insulin (45,46,49-51).
However, there is some evidence that some aspects of insulin action may be independent
of receptor tyrosine kinase activity. Recently, studies have shown that certain
monoclonal antibodies may bind to the insulin receptor and mimic certain insulin-induced
cellular responses without stimulating the receptor's tyrosine kinase activity (52,53).
Binding of these antibodies to the insulin receptor may induce a conformational change
similar to that caused by autophosphorylation. This conformational change may stimulate
a membrane bound signal transducer, possibly a GTP-binding protein that may mediate
insulin cellular responses (54). Evidence for this hypothesis has been provided by several
studies in which pertussis toxin, an inactivator of GTP-binding -proteins, was shown to

block certain actions of insulin (55). Therefore, it may be possible that insulin receptor



autophosphorylation produces receptor kinase activation as well as the non-covalent

activation of specific membrane-bound proteins.

1.4 Insulin Signal Transduction

Insulin binding to the receptors triggers the activation of a complex of intracellular
proteins that mediate insulin action. As insulin action diverse and seemingly unrelated
events ranging from glucose transport to DNA transcription, mediators of insu:lin action
are likely to be equally diverse. The first step in transducing the signal once insulin binds
to its receptor is the tyrosine phosphorylation of cellular proteins. Proteins
phosphorylated on tyrosine in response to insulin stimulation have been difficult to
identify. Less than 0.1 % of proteins are phosphorylated on tyrosine residues, therefore
putative substrates of the insulin receptor are present in very low amounts (56). To
remedy this detection problem researchers now use antibodies directed against
phosphotyrosine to selectively immunoprecipitate and isolate these proteins from [**P]-
phosphate labeled, insulin-treated cells (57). Following insulin stimulation, a major
protein species that is recognized by a phosphotyrosine antibody appears on SDS-PAGE.
This protein referred to as insulin receptor substrate-1 (IRS-1), migrates around 185 KDa
on SDS-PAGE gels (57), and is the most characterized of all insulin stimulated tyrosine
phosphorylated proteins (6). There is substantial evidence suggesting that this protein is
important in insulin action. Following insulin stimulation, the events of
autophosphorylation and IRS-1 tyrosine phosphorylation appear to be closely tied (57).
Cells expressing kinase defective receptors show a significant decrease in IRS-1

phosphorylation. (6). A putative IRS-1 binding domain on the insulin receptor has been
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identified. Cells expressing insulin receptor having mutations in this region are unable to

phosphorylate IRS-1, and also do not exhibit some insulin-stimulated biological effects,
including the activation of glycogen synthase, amino acid uptake, and thymidine
incorporation into DNA (58). These receptors exhibited normal insulin binding and
insulin stimulated autophosphorylation, suggesting that mutations made in the IRS-1
binding region affected subsequent steps in insulin action. The gene encoding IRS-1 has
been cloned and sequenced, and the protein has had its amino acid profile analyzed (59).
Its insulin receptor binding domain recognizes phosphorylated Tyroeo of the insulin
receptor. IRS-1 becomes phophorylated at eight tyrosine and at about 30 serine/threonine
residues upon insulin stimulation (57,60). In the basal state IRS-1 is serine
phosphorylated, upon insulin stimulation tyrosine phosphorylation and increased serine
phosphorylation occurs (57,60). Two proteins with high homology to IRS-1 have been
identified. Insulin receptor substrate-2 (IRS-2) and IRS-1 share extensive homology (61).
Differences between the two proteins may be found in their cellular distribution and
function (6). Another protein that becomes rapidly tyrosine phosphorylated upon insulin
stimulation is Shc, a 60 KDa protein (61). Members of the IRS family are distinguished
by multiple Tyr-Met-Xaa-Met motifs (YMXM), that become phophorylated on the
tyrosine residues upon insulin stimulation (60). A phosphorylated tyrosine within the
YMXM sequence allows the motif to be recognized by intracellular enzymes that are
activated by IRS proteins (62). The Y'PMXM recognition domain has been termed an
SH2 domain because it is homologous to a region of the src oncogene product (62). IRS
proteins interact with proteins containing SH2 domains including phosphatidylinositol

3’kinase (P-I-3’kinase) (60), Growth factor receptor bound-2 (GRB-2) an upstream
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regulator of p21™ (63), and two tyrosine phosphatases, SHPTP1C (64), and SHPTP2

(6S). After IRS activation, insulin signaling diverges into distinct and possibly
independent path, each directed by the action of SH2 containing proteins, P-I-3’K, GRB2,
or SHPTP2 (6). P-I-3’kinase catalyzes the phosphorylation of phosphatidylinositol (PI),
phosphatidylinositol-4 —-phosphate (PI-4-P), and phosphatidylinositol-4,5,-bisphosphate
(PI-4,5-P5) on the 3’ position to form PI-3-P, PI-3,4-P,, and PI-3,4,5-P; respectively (66).
Phosphatidylinositol compounds are activators of protein kinase C which lies downstream
of insulin action (6,67). P-I-3°K is responsible for mediating the activation of ribosomal
S6 kinase a (p70°°X), a protein that is translocated to the nucleus. The pathway directed

by P-I-3’K may play a role in mitogenic signaling by insulin (26).

Insulin stimulation results in the activation of the ras -mitogen activated protein kinase
(MAP-K) pathway, a pathway distinct from the signaling mediated by P-I-3’K. p21™isa
GTP-binding protein which is activated by GRB-2 via a protein named Son of Sevenless
(SOS) (26,68). Both SHPTP?2 and the GTP-bound form of p21™ stimulates the
serine/threonine Raf kinase. Raf-1 kinase phosphorylates and activates MAP kinase-
kinase, referred to as MEK. MEK activation leads to the phosphorylation of the MAP
kinase family (6,69). The MAP kinases are serine-threonine kinases that can translocate
into the nucleus and phosphorylate nuclear proteins such as p90 ribosomal-S6-kinase (70)
and glycogen synthase kinase (GSK-3) (71). The culmination of the insulin signal in the
nucleus via MAP-kinase suggests that there is a connection between MAP kinase cascade

and insulin regulation of gene expression.
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Evidence to date suggests that insulin intracellular signaling is mediated through IRS

proteins. By using IRS proteins, as intermediates, the insulin receptor signal can be
amplified. It has been suggested however, that some cellular responses to insulin may not
depend upon IRS activation. Disruption of IRS gene blunts but does not ameliorate

mitogenic signaling by insulin (6,72).

2 INSULIN ACTION

Insulin functions to maintain plasma glucose homeostasis, to stimulate anabolic pathways
and to promote cell growth and differentiation (73). Its most critical role is to strictly
regulate circulating glucose levels by stimulating glucose uptake into the liver and
peripheral tissues (74). Nevertheless, insulin also controls enzymes responsible for
glucose metabolism, glycogen and lipid storage, amino acid transport, protein synthesis
and mitogenesis (73). Insulin modulates the activity of enzymes at the level of gene
expression, and by post-translational modification of mature proteins. In the first case,
insulin has been demonstrated to influences the levels of several proteins expressed in the
cell by regulating their rate of transcription (26). In the second, insulin produces acute
changes in enzyme activity by covalent modification of the phosphorylation state of the
enzymes (75). Numerous hormones counterregulate insulin action in the hypoglycemic
state and during physiological stress, including glucagon, adrenaline, cortisol, and growth
hormone (76). However insulin is generally the dominant glucoregulatory homone under
physiological conditions, which emphasizes the magnitude of insulin's effect on

biological systems (74).
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2.1 Glucose Uptake into Muscle and Fat

Insuiin secretion from the pancreatic beta-cell is stimulated by the increase in plasma
glucose levels that follows a meal (2). The hormone acts chiefly on muscle and adipose
tissue cells, and stimulates glucose uptake from the blood. Glucose transporter proteins
are mobilized from intracellular compartments to the plasma membrane (77). In fat cells,
in the absence of insulin, less than 10% of glucose transporters are associated with the
membrane, instead they are located within intracellular vesicles. Within 10 minutes of
insulin exposure, about 50 to 60% of the transporters are in the plasma membrane,
exposed to the external milieu (78,79). Translocation may be initiated by changes in
phosphorylation state of the glucose transporters. Insulin or phorbyl ester-stimulated
activation of protein kinase C has been demonstrated to result in glucose uptake (80).
Protein kinase C phosphorylates glucose transporter proteins in vitro, but not in vivo (80).
MARP kinase has also been suggested to be involved in insulin signaling of the glucose

transport system (81).

Several isoenzymes of glucose transporter (GLUT-1, GLUT-2, GLUT-3, GLUT-4, and
GLUT-5, and SGLT-1) have been identified, which differ in insulin responsiveness and
tissue expression (82,83). GLUT-1 and GLUT-3 isoforms are found in plasma
membranes of most cell types including muscle, liver and adipose and are involved in
glucose transport under basal conditions (82,83). In adipose and muscle cells, insulin
stimulation accelerates basal glucose transport 20 - 30 fold with the translocation of
GLUT-4 from an intracellular pool to the plasma membrane. GLUT-4 is chiefly

responsible for the majority of insulin-stimulated of glucose uptake in these cells (84).
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GLUT-2 is uniquely expressed in gastrointestinal epithelial cells, in liver and beta cells of

islets. It is the predominant glucose transporter isoform found in the liver and is
responsible for both glucose uptake from the circulation and glucose release to the
circulation from the liver. SGLT-1 is the glucose transporter found in the basolateral
membrane of the gut epithelial cells. GLUT-2 and SGLT-1 activities do not appear to be

regulated by insulin (85).

2.2 Glucose Metabolism

Following a meal, insulin suppresses endogenous glucose production in the liver (75). It
inhibits the key enzymes of gluconeogenesis such as phosphoenolpyruvate carboxykinase
(PEPCK), fructose 1,6-bisphosphatase, and glucose-6-phosphatase and prevents glycogen
breakdown by inhibiting glucogen phosphorylase (75,86). Insulin also promotes glucose
utilization, predominantly in muscle, by stimulating enzymes for glycolysis including
pyruvate kinase, 6-phosphofructo 1-kinase, glucokinase, and glyceraldehyde-3-phophate
dehydrogenase (GAPDH) (75). These enzymes are subject to both short term regulation
by insulin via covalent modification and long term regulation by insulin via gene
expression. By suppressing hepatic glucose production and by increasing glucose

utilization, in muscle and adipose tissue, insulin lowers plasma glucose concentration.

2.3 Glycogen Storage
Following meal ingestion, insulin directs the flow of glucose into glycogen and inhibits
glycogen breakdown. Several hours after a meal, the insulin counterregulatory hormones

glucagon and epinephrine, promote glycogen degradation in an effort to raise plasma



15
glucose concentrations (75). Glycogen is synthesized in muscle, liver and fat cells by

glycogen synthase. The enzyme is activated by insulin in muscle and fat cells, and to a
lesser extent in hepatocytes (86). Following exposure to insulin, the phosphorylation state
of glycogen synthase decreases (87). Dephosphorylation of glycogen synthase is believed
to be catalyzed by an insulin responsive serine/threonine phosphatase (88). Insulin
stimulates dephosphorylation of glycogen synthase by an another mechanism. In rat
adipocytes, the increase in intracellular glucose-6-phosphate concentration resulting from
insulin-stimulated glucose transport, increases glycogen synthase phosphatase activity
(89). Glycogen degradation to glucose-1-phosphate is catalyzed by glycogen
phosphorylase. In the organs with substantial glycogen stores, such as muscle, liver and
kidney, glycogen phosphorylase is activated upon its phosphorylation by a specific
phosphorylase kinase. Insulin prevents the action of this kinase by phosphorylase kinase
dephosphorylation (90). In liver and kidney cells, glucose-1-phosphate is converted to
glucose-6-phosphate, which is then dephosphorylated to glucose by glucose-6-
phosphatase before it is released into the circulation (90). Although glycogenolysis does
occur in muscle cells, these cells do not express significant levels of glucose-6-
phosphatase, and therefore do not contribute much to the blood glucose concentration

(91).

2.4 Lipid Synthesis and Storage
Following a high carbohydrate meal, insulin stimulates fatty acid synthesis in the liver
and adipose tissue and suppresses lipolysis in adipose tissue, thus promoting lipid storage

(74). Key enzymes involved in fatty acid metabolism are regulated by insuiin. Pyruvate
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dehydrogenase catalyzes the irreversible conversion of pyruvate to acetyl CoA, thus

acetyl CoA cannot be used for net glucose synthesis (3). Acetyl CoA produced when
there are adequate carbohydrate reserves is shunted into fatty acid synthesis. In the
mitochondria of fat cells, insulin causes an acute increase in pyruvate dehydrogenase
activity (92). Insulin-induced dephosphorylation of pyruvate dehydrogense, catalyzed by

an insulin responsive phosphatase, increases pyruvate dehydrogenase activity (93).

Conversion of acetyl CoA into malonyl CoA, catalyzed by acetyl CoA carboxylase, is the
rate limiting step in long chain fatty acid synthesis. Insulin exposure causes
phosphorylation of some (and the simultaneous dephosphorylation of other) residues
within acetyl CoA carboxylase, which results in an increase in enzyme activity (94-96).
Insulin stimulates the activity of ATP citrate lyase, an enzyme that provides NADPH used
in fatty acid production. Insulin exposure causes the phosphorylation of ATP citrate lyase
on specific serine residues (97). In the fed state, insulin prevents fatty acid breakdown by
inhibiting the action of hormone-sensitive lipase. This enzyme catalyzes the breakdown
of adipose triglycerides into free fatty acids and glycerol, which are then transported to
the liver (98). Insulin blocks the phosphorylation of hormone-sensitive lipase (99). Key
enzymes involved in fatty acid synthesis including fatty acid synthase, malic enzyme, and
acetyl CoA carboxylase are subjected to acute regulation by insulin at the level of gene

expression (26).

2.5 Protein Metabolism

Following a meal, insulin promotes anabolism of protein by increasing the transport of
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most amino acids into muscle (74). In the normal physiological state, insulin promotes

net protein synthesis and inhibits proteolysis (74) Protein is catabolized to synthesize
glucose during physiological stressful conditions such as starvation, infection and cancer.

Under these conditions insulin action is countered by cortisol (76).

2.6 Gene Expression

The amount of a specific protein in a cell is in part determined by its rate of synthesis, a
process that begins at gene transcription, and ends after messenger RNA (mRNA) has
been translated and the product has been processed into the mature protein. Cytoplasmic
mRNA levels are influenced by mRNA synthesis, by the rate of mRNA transport from the
nucleus and by mRNA stability in the cytoplasm (24-26). Insulin has been demonstated
to affect the levels of cytoplasmic mRNA found in eukaryotic cells, and many of these
changes appear to be mediated at the level of gene transcription (24-26). Many studies
have examined the effects of insulin on the rates of expression of various genes in vivo by
nutritional and hormonal manipulation of insulin levels. The expression of several
insulin-responsive genes including those for pyruvate kinase, glucokinase, and lipogenic
enzymes are increased by a high carbohydrate diet, and are decreased by fasting and the
insulin-deficient diabetic state (100,101). In this experimental system however, these
differences are hard to interpret and cannot be attributed solely as insulin-mediated.
Carbohydrate metabolism may play an independent or permissive role in the regulation of
some insulin-responsive genes. For example stimulation of liver pyruvate kinase gene
expression can occur if hepatocytes are treated with low concentrations of fructose, in the

absence of an increase in insulin concentration (178). It has been suggested that glucose
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metabolites such as glucose-6-phosphate and pyruvate, rather than glucose, may be

critical components of the carbohydrate-induced gene expression (179,180). In this
instance, insulin may play a permissive role in carbohydrate-mediated gene expression as
insulin acts to stimulate the glycolytic process (181). The effect of insulin on the
regulation of genes can be complex when studied in the whole animal model. Insulin-
induced hypoglycemia causes the secretion of counterregulatory hormones which may

complicate insulin action (26).

Transcriptional regulation by insulin is demonstrated more directly using tissue culture
lines, primary cell culture, or tissue explants that have been treated with insulin under
conditions where the cellular environment is controlled. Gene transciption rates in
response to insulin exposure can be measured by nuclear run-on assays that determines

the incorporation of labeled nucleotides into newly synthesized mRNA (24).

The expression of many of the key enzymes in glycolysis is increased upon insulin
stimulation. In the liver, the mRNA levels of pyruvate kinase, 6-phosphofructo-1-kinase
and glucokinase are reduced in fasting and diabetes and restored to normal levels by
refeeding and insulin administration, respectively (102-104). Nuclear run-on experiments
using liver nuclei from diabetic animals have demonstrated a twenty-fold increase in the
glucokinase gene transcription rate after insulin administration of insulin (105). A seven-
fold increase was observed in the pyruvate kinase gene transcription rate (106). In
contrast, insulin suppresses the synthesis of key gluconeogenic enzymes,

phosphoenolpyruvate carboxykinase and fructose 1,6-bisphosphatase (26). In rat
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hepatoma cells previously treated with a cAMP analog to increase the rate of PEPCK

synthesis, physiological concentrations of insulin (1 M) abolished the stimulatory effect
of cAMP, by reducing mRNA synthesis to basal levels (107). This inhibitory effect was
acute (ti2= 20 min), appeared to be mediated by the specific binding of insulin to its
receptor and was reversible upon removal of the hormone (107). Insulin suppression of
PEPCK gene expression occurred without prior stimulation by cAMP, indicating that the
two regulators functioned via independent mechanisms. Further studies using gene
transfer, have identified putative sequences in the promotor region of the PEPCK gene
which are required for negative regulation by insulin. This PEPCK-insulin responsive
element (IRE) when fused to the chloroamphenicol-acetyl transferase (CAT)
promotorless gene construct conferred negative control of CAT expression in response to

insulin in transfected cells (108).

Insulin also regulates the expression of a number of proteins not directly involved in
glycolysis and gluconeogenesis. The list includes hormones such as prolactin,
thyroglobulin, and growth hormone, enzymes such as pancreatic amylase, glutamine

synthetase, and tyrosine aminotransferase and protooncogenes such as c-fos (24-26).

Insulin is able to illicit both acute (observed within min to one hour) and long term
(observed within several hours to days) changes on the rate of transcription of gene (25).
In intact animals, changes in ob (109), and L-type pyruvate kinase (110) gene expression
were observed within 2-4 hours of insulin stimulation but changes in FAS gene

expression were not observed until after 16 h following insulin stimulation (111). Using
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cells in culture, transcription regulation was observed within 5 min for c-fos (112) and

within 30 min for PEPCK (113) genes but was not observed for FAS (114) and prolactin

(115) genes until 16 hours and 24 hours, respectively.

Specific sequences within the promoter region of genes are necessary for gene
transcription to be responsive to insulin. These sequences are recognized by, and bound
by, transcription factors, nuclear proteins that bind to the promoter region and enhance or
repress the rate of transcription by interacting with the initiation machinery (24-26).
Insulin responsive elements (IRE) have been identified within the promoters of several
genes (26). Among known IREs no consensus sequence has been identified to date (26).
However close similarities have been observed between the IRE for GAPDH, ME and
FAS genes (116,117). A comparison of the IRE within PEPCK gene with those of other
insulin-regulated genes demonstrates some similarities to amylase and insulin like growth
factor binding protein 1 genes (118). An approach used to identification an IRE uses a
promoter construct containing the putative insulin-responsive element fused to the
promoter of a non-responsive gene. The transcription rate of this chimeric gene is then
determined upon exposure to insulin (24). Once the IRE is identified, double-stranded
oligonucleotides corresponding to its sequence may be used to screen cDNA libraries
constructed in prokaryotic expression vectors for clones expressing proteins that
specifically bind to the oligonucleotide probes (119). This approach is used to identify
transcription factors which bind to IREs. DNA-protein binding is analyzed using
DNAase 1 footprinting, methylation interference, and gel retardation assays.

Transcription factor-binding to the IRE within GAPDH (120), and ME (116) genes has
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been demonstrated. It has not been determined the transcription factors that bind to

homologous IRE motifs found within different genes are common proteins.

Within the promoter regions of some insulin-responsive genes, DNA sequences have
been identified that confer responsiveness to glucose. Carbohydrate responsive elements
(ChoRE), have been studied in the genes coding for liver pyruvate kinase and S14(179).
Homology exists between insulin response elements (core motif CGCCTC) (116) and
carbohydrate response elements (core motif CACGTG) (181), which suggests that
common DNA-binding factor(s) may control expression of genes the harbor these
sequences. Such a system would allow for synergistic interaction between metabolic and

hormonal signals (181).

Insulin affects other nuclear processes such as nuclear transport, and mRNA stability
(24,25). In order to stimulate nuclear transport of mRNA, insulin is thought to increase
the activity of nuclear membrane triphosphatase (NTPase), an enzyme that catalyzes the
energy-driven export of metabolites through pores in the nuclear membrane (121,122)
and of nucleolin, a nuclear lamin (123). Insulin decreases the phosphorylation state of
both proteins thereby stimulating enzyme activity. This effect of insulin may have been

mediated by specific binding of insulin to binding sites at the nuclear membrane (121).

3 INSULIN ACTION AT THE NUCLEUS
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3.1 Mediators of Insulin Action at the Cell Nucleus

The effects of insulin in the nucleus are likely to be mediated by nuclear DNA-binding
proteins that are activated by insulin signaling. The protein
phosphorylation/dephosphorylation cascade triggered by the insulin receptor tyrosine
kinase upon insulin binding include proteins that may have a mitogenic action. One such
group of proteins is the MAP kinase family. The MAP kinases appear to be central to the
action of a number of growth factors and are activated by insulin (124,125). MAP kinase
has been demonstrated to translocate to the nucleus following stimulation with serum or
with growth factors (126). Potential nuclear substrates of MAP kinase include p90
ribosomal-S6-kinase and GSK-3 (70,71). Signaling mediated through the MAP kinase
pathway is thought to be responsible for insulin-regulation of c-fos gene transcription as
well as other transcription factors in the activator protein-1 (AP-1) family (26). Inhibition
of p21™ (127), or expression of kinase defective MAP kinase blocks c-fos gene
expression (128). Evidence suggests that a connection between MAP kinase and a
transcription factor associated with the c-fos serum response element may exist. The
binding affinity of p62™F to a serum response element within the c-fos promoter has been
demonstrated to increase in insulin-treated cells (129). Increasing the phosphorylation of
p627CF increases its binding to the serum response element within c-fos gene (129), and
MAP kinase has been demonstrated to phosphorylate p62™F in vitro (130). Transcription
factors, c-fos and c-jun, have been demonstrated to become phosphorylated upon insulin
stimulation, possibly via MAP kinase (131). These transcription factors recognize AP-1
sites within collagenase and albumin genes, thus MAP kinase-mediated AP-1

phosphorylation may be involved in insulin regulation of gene trancription (132).
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Insulin-regulation of gene expression may be through the activation of P-I-3'K (26,133).
Inactivation of P-I-3'K by wortmannin blocks the effect of insulin on hexokinase (133)
and PEPCK gene expression (134). The direction of the signal after PI 3’K activation is
not clear. p70°* a downstream molecule of the PI 3’-K signal appears to be involved in
insulin-induced hexokinase (133), but not (135) insulin regulation of PEPCK gene

expression.

Evidence suggests that multiple signaling pathways mediate insulin regulation of gene
expression. The time course of insulin action is diverse, observed within min for
PEPCK and c-fos gene induction or slow in onset (hours or days for FAS) (26,111).
Deletion of the IRS-1 gene by targeted disruption is not able to block insulin stimulation
of mitogenesis (6,72). Mutant insulin receptors with reduced autophosphorylation
activity but normal ability to activate IRS-1, show marked impairment of glycogen
synthesis (50). Insulin-induced expression of egr-1, a member of the activator protein-1
family, does not require insulin receptor substrate-1 phosphorylation (136). Inhibition of
p21™ activation reveals that insulin-induced stimulation of glycogen synthase is ras-and
MAP-kinase independent (137). Insulin-induced c-fos stimulation of gene expression has

been demonstrated to require MAP-kinase but not IRS-1 and PI 3’'K activation (136).

Although activation of some intracellular mediators of insulin signaling are not essential
for insulin regulation of gene expression, insulin receptor ligand binding,

autophosphorylation and internalization may be indispensable. Insulin fails to stimulate
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DNA synthesis upon tyrosine kinase inactivation of the insulin receptor and impaired

internalization of the insulin-receptor complex (138). Taken together this evidence
suggests the possibility of an alternate pathway of insulin signaling to the nucleus; one

that bypasses activation of IRS-1.

3.2 Insulin Accumulation in the Nuclear Membrane

Nuclear processes influenced by insulin may be affected by direct interaction of insulin
receptor with the nucleus. Studies using ferritin- or gold-labeled insulin complexed to its
receptor have provided evidence of insulin accumulation in the nucleus (139,140). This
insulin-stimulated accumulation of labeled particles appeared to be dose-dependent and
saturable, suggesting that these effect are mediated by a nuclear envelope insulin receptor
(139,140). Smith and Jarrett, have demonstrated that, at high insulin concentrations,
insulin uptake into cell nuclei is non-saturable suggesting that insulin may be internalized
via nuclear pores (139). It is thought that insulin binds to receptors, which translocate to
the nucleus and mediate the nuclear insulin response, similar to insulin signaling at the
cell membrane. Insulin receptors have been recovered in isolated rat liver nuclear
membranes of animals in the fed state (141-143). However insulin-binding sites were
observed in nuclear membranes isolated from liver of fasted rats in one study (144)
suggesting that receptors could be found in the nucleus in the basal state. Two studies
have tracked insulin receptor accumulation in cultured cells after stimulation with insulin.
In one study using hepatocytes (145), insulin receptor was covalently crosslinked to
insulin to its receptor in intact cells at 4°C. Following incubation at 37°C, cell nuclei

were isolated and insulin receptors quantified by autoradiography. Insulin receptor was



not present in nuclei maintained at 4°C, presumably because insulin receptor
internalization was impaired. Incubation of cells at 37°C for 30 min resulted in the
accumulation of labeled insulin receptors. In a recent study, immunodetection methods
were used to track the appearance of insulin receptor in nuclei isolated of cultured
adipocytes. Insulin receptor levels in isolated nuclei increased within five min following
stimulation with insulin (146). The nuclear insulin receptor has been demonstrated to be
phosphorylated on the B-subunit and to exhibit tyrosine kinase activity towards

exogenous substrates (141,146).

Insulin receptor is internalized following ligand stimulation via a process termed
endocytosis. Following intemalization, insulin receptor-ligand complexes are localized
to endosomes and then lysosomes where insulin dissociates from its receptor and is
degraded. Insulin receptor then recycles back to the plasma membrane where it is reused
(147). A nuclear localizarion signal has been identified by computer analysis within the
amino acid sequence of the insulin receptor, which may function to target the receptor to
the cell nucleus (148). Nuclear translocations of the receptors for other growth factors
including growth hormone receptor (149) and epidermal growth factor (150) have been

demonstrated.

Insulin accumulation in the nucleus may in part be non-receptor mediated. Cultured
hepatoma cells treated with trypsin to abolish cell surface insulin binding and insulin-
stimulated tyrosine kinase activity, were able to internalize insulin and accumulate the

hormone in the nucleus (151). In addition, insulin accumulation in the nucleus was
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demonstrated to affect the transcription of insulin-responsive genes c-fos and g33. It

must be noted that supraphysiological concentrations of insulin (100 nM) were used in
order to stimulate non-receptor-mediated internalization of the insulin, therefore these

observations may not have physiological significance.

4 INSULIN ACTION AT THE NUCLEUS: FACTORS AFFECTING INSULIN

RECEPTOR FUNCTION

4.1 Dietary Fat Alters the Structure of the Nuclear Envelope

Changing the levels of specific fatty acids in the diet can alter plasma membrane lipid
composition. Increasing the ratio of dietary polyunsaturated to saturated fat P/S)
increases the total polyunsaturated fatty acid content of adipocyte plasma membrane
including the content of 18:2(w-6) and 20:4(w-6) in all membrane phospholipid classes
(152). The nuclear envelope is also responsive to dietary fatty acid manipulation. A
similar relationship between dietary P/S ratio and lipid composition is seen in the
hepatocyte nucleus. Rats and mice fed a high P/S diet have higher levels of 18:2(®-6) in
phosphotidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylinositol (PI)
and higher levels of 20:4(®-6) in PC, compared to animals fed a low P/S diet (153-155).
The ratio of ®-6 to ®-3 polyunsaturated fatty acids (PUFA) in the nuclear envelope can
also be manipulated by diet. Substituting increasing levels of 20:5(w-3) and 22:6(w-3) for
18:2(w-6) in a low P/S diet resulted in a displacement of w-3 for long-chain (LC) PUFA
in the nuclear membrane (156). Nuclear membrane fluidity and/or protein interactions

and subsequently membrane protein function may be influenced by the increased
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incorporation of dietary polyunsaturated fatty acids in the nuclear membrane.

4.2 Dietary Fat, Disease and the Nuclear Envelope

Obesity and diabetes are characterized by abnormalities in lipid metabolism. When
compared to normal animals, obese and diabetic animals show marked changes in
membrane fatty acid composition. For example, feeding high fat diets to lean and obese
animals results in lower levels of 20:4(®w-6) in membrane phospholipids in obese animals
(157). Both streptozotocin-induced diabetes and genetically spontaneous diabetes have
been associated with a decrease in the amount of LCPUFA, a decrease correctable by
insulin therapy (158-160). The decrease in membrane LCPUFA characteristic of both
obesity and diabetes suggests that the process of desaturation-elongation of the essential
fatty acids is impaired. These conversions are catalyzed by delta-6 desaturase,
responsible for the formation of 20:3(®-6) from 18:2(w-6), and delta-5 desaturase,
responsible for the formation of 20:4(®-6) from 20:3(w-6). In genetically obese mice and
rats, a lower delta-5 desaturase activity has been observed (157,161,162). Streptozotocin-
induced diabetes has been shown to be associated with decreased activity of microsomal
delta-9- and delta-6 desaturase in the liver (159). Evidence suggests that abnormal
insulin production, as seen in diabetes, and in obesity-induced insulin resistance causes
impaired desaturation/elongation of membrane lipid. This evidence indicates the

desaturase enzymes are insulin-dependent (163).

Obesity (143,154) and diabetes induce changes in nuclear membrane composition.

Nuclear membrane isolated from the liver of rats having genetically spontaneous diabetes
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was associated with an increase in 18:2(w-6) and a decrease in 20:4(w-6) in PC as

diabetes progressed, suggesting a decrease in desaturase activity (164). Decreased levels
of 20:4(>-6) observed in nuclear membrane phospholipid of streptozotocin-induced
diabetic animals were normalized by islet transplantation (163). Streptozotocin-induced
diabetes resulted in a lower content of 20:4(w-6) in PE in the rat liver nuclear envelope
(154). Dietary fat was able to abrogate the pertubations on the nuclear envelope fatty acid
composition induced by diabetes and obesity. High PUFA diets raised the levels of

20:4(®-6) in liver nuclear membrane PC of animals with spontaneous diabetes (165).

4.3 Relationship Between Dietary Fat, Disease and Insulin Receptor Function in the
Nucleus.

The insulin receptor is a membrane bound protein and therefore is influenced by factors
that determine membrane constituents and physical environment. Changes in membrane
lipid composition induced by diet fat and by obesity and diabetes do have an impact on
the function of the insulin receptor (152). A positive relationship was observed between
membrane PUFA content upon high-fat, high P/S feeding and insulin receptor ligand
binding. In rat adipocytes, a high P/S diet induced an increase in insulin receptor function
as assessed by insulin binding, which was coupled to increases in insulin-stimulated
functions within the cell, including glucose transport, glucose oxidation, and lipid
synthesis (166). A similar relationship between nuclear membrane composition and
insulin function in the nucleus may exist. The physical properties of the nuclear
membrane may influence the insulin receptor trafficking and translocation to the nucleus.

In the spontaneous diabetic BB rat, insulin binding to hepatocyte nuclear receptors
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decreases as diabetes becomes more pronounced (164). Scatchard analysis reveals that a

high and a low affinity binding site exist in the nucleus of control animals, but only a
single class of binding sites is observed in diabetic animals. Insulin binding levels are
increased in both diabetic and control animals by a high P/S diet compared to a low P/S
or chow diet. However high PUFA feeding only partially restored the reduced levels of
insulin binding is observed in diabetic animals (164). In diabetes induced by
streptozotocin, nuclear insulin receptors isolated from liver had higher insulin binding
capacity compared to control animal (163). Only one class of binding site was seen in
diabetic animals, whereas high and low affinity binding was observed in control animals.
Improved insulin binding in the nuclei of diabetic animals may be associated with an
upregulation of insulin receptor protein levels induced by low circulating insulin (167).
Insulin receptors may become more available or up-regulated in insulin deficiency and
conversely downregulated in response to hyperinsulinemic states such as obesity (167).
Low PUFA diets decreased and high PUFA diets increased insulin binding to nuclei in
both control and diabetic animals compared to chow feeding. Insulin resistance occurs
when an increased amount of insulin is required to elicit a given response. Obesity, a
disease characterized by insulin resistance, was associated with reduced insulin binding to
liver nuclei. In the genetically spontaneous obese mouse (ob/ob), obesity decreased
insulin binding to hepatocyte nuclei compared to controls (143). In this study (143), high
PUFA feeding increased insulin binding in both lean and obese animals. These findings
suggest that increasing the polyunsaturated fatty acid content of nuclear membrane
phospholipids by high PUFA feeding is associated with improved insulin binding

capacity in the nucleus in both normal and disease states. Increases in receptor binding
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induced by nuclear membrane lipid environment may affect the insulin receptor function

in the nucleus by improving the activity of insulin receptor tyrosine kinase. Both dietary
changes (168) and membrane lipid modulation in vitro (169) of the plasma membrane
environment was demonstrated to have an effect on the function of insulin receptor
tyrosine kinase within the plasma membrane. Thus it is feasible to expect a similar

relationship between lipid environment and receptor function in the liver nucleus.

4.4 Effects of Dietary Fat and Obesity on Insulin Action at the Cell Nucleus

Insulin regulation of nuclear processes is affected by nutrition and by disease states such
as diabetes and obesity. PUFA feeding suppress the transcription of insulin-responsive
genes including FAS (170,171), stearoyl-CoA desaturase (172) ME and I-type pyruvate
kinase (158). PUFA-responsive cis-acting elements have been identified in the FAS gene
(173). Hyperinsulinemia and altered lipid composition in membrane lipids may be
responsible for an overexpression of FAS and other lipogenic enzymes in obese animals
compared to lean controls (174-176). Thus, in contrast to the stimulatory effect of insulin
on lipogenic gene expression, PUFA seem to have an inhibitory effect. In obese animals
fed high fat diets, a high P/S diet lowered mRNA level of FAS and ME compared to a
low P/S diet (177). This evidence suggests that despite hyperinsulinemia, PUFA feeding
is able to repress lipogenic gene overexpression in obese animals. As PUFA are able to
enhance insulin receptor function in the nucleus, it was expected that PUFA feeding
would potentiate insulin-induced overexpression of lipogenic gene expression observed
in obese animals compared to lean animals. Thus the ability for PUFA to enhance insulin

receptor function in the liver nucleus appears to be independent of PUFA-induced
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suppression of gene expression.

5 RATIONALE AND OBJECTIVES

The liver is a site for numerous metabolic processes including glucose oxidation,
glycogen synthesis, gluconeogenesis, lipogenesis, and protein synthesis. Insulin plays a
critical role in the regulation of these processes. Insulin receptors have been detected at
the cell nucleus however the mechanism of nuclear trafficking of the insulin receptor and
its function in the nucleus is not known. Ligand-stimulated receptor translocation to the
nucleus may be a mechanism by which insulin regulates the expression of various
metabolic genes. Insulin receptor function in the plasma membrane is altered by changes
in membrane lipid composition induced by polyunsaturated fat feeding or by disease state
such as diabetes and obesity. Insulin receptor function in the nucleus may be similarly
modulated by changes in nuclear membrane composition. Altered insulin receptor
function in the cell nucleus may cause impair regulation of gene expression by insulin,

which may be part of the etiology of obesity induced-insulin resistance.

The objectives of this thesis research is to demonstrate that:

1. Insulin stimulation induces the translocation of the insulin receptor to the
hepatocyte nucleus.
2. Newly translocated insulin receptor in the hepatocyte nucleus has tyrosine

kinase activity and is able to phosphorylate nuclear proteins.
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3. Insulin receptor translocation to the nucleus will cause changes in nuclear

protein phosphorylation and insulin-responsive gene expression.
4. Endogenous substrates in the nucleus can be identified by direct incubation of
cell nuclei with insulin receptor in vitro.

5. Insulin receptor translocation to the nucleus is influenced in the obese state.

6 HYPOTHESES

It is specifically hypothesized that:

Hypothesis 1: Insulin receptor levels in isolated cell nuclei of hepatocytes taken
from fasted animals will increase following an oral glucose meal and an increase

in serum insulin concentration.

Chapter 2 investigates the effect of an oral glucose meal on serum glucose, serum insulin
concentrations and the presence of insulin binding sites on the hepatocyte nucleus of mice
fasted for 12 hours. Chapter 4 examines the effect of oral glucose meal on serum
concentrations of glucose and insulin and on insulin receptor levels in isolated nuclei
taken from mice fasted for 24 hours. Insulin receptor levels in the nucleus were assayed

using irnmunoassay.

Hypothesis 2: Insulin receptor levels in isolated cell nuclei of hepatocytes taken
from fasted animals are decreased in obese animals compared to lean animals

following an oral glucose meal.
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Chapter 3 investigates the effect of obesity on internalization of insulin receptor from the
surface of the cell and translocation of insulin receptor to the hepatocyte nucleus

following an oral glucose meal to fasted lean and obese animals.

Hypothesis 3: Insulin receptor translocation to the nucleus following an oral
glucose meal is reflected in an increase in nuclear insulin receptor B-subunit

autophosphorylation.

Chapter 4 describes the tyrosine phosphorylation state of the B-subunit of newly

translocated insulin receptor at various time periods following oral glucose meal in mice

fasted for 24 hours.

Hypothesis 4: Insulin receptor translocation to the nucleus following an oral

glucose meal is coincident with increases in tyrosine phosphorylation of nuclear

proteins.

Chapter 4 determines the tyrosine phosphorylation state of nuclear proteins at various

time periods following an oral glucose meal in mice fasted for 24 hours.

Hypothesis 5: Insulin receptor translocation to the nucleus following an oral
glucose meal is coincident with increases in expression of insulin-responsive

genes including malic enzyme, fatty acid synthase and glyceraldehyde 3-
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phosphate dehydrogenase.

Chapter 4 investigates the effect of an oral glucose meal on mRNA levels of insulin
responsive genes involved in glucose and lipid metabolism, including malic enzyme, fatty
acid synthase and glyceraldehyde 3-phosphate dehydrogenase detected in liver of mice

fasted for 24 hours

Hypothesis 6: Insulin receptor translocation to the nucleus following an oral
glucose meal is coincident with increases in transcription factor binding to an

insulin responsive sequence.

Chapter 5 examines oral glucose induced changes in association of transcription factors to

insulin responsive sequences within the promoter regions of insulin-responsive genes.

Hypothesis 7: Direct incubation of insulin receptor with cell nuclei isolated
from hepatocytes taken from fasted animals will increase phosphorylation of

nuclear proteins.

Chapter 5 investigates the effect of incubation of purified insulin receptor on the

phosphorylation state of nuclear proteins isolated from fasted animals.

Hypothesis 8: Direct incubation of insulin receptor with cell nuclei isolated

from hepatocytes taken from fasted animals will increase the binding of



transcription factors to an insulin-responsive sequence

Chapter 5 examines changes in asscciation of transcription factors to insulin-responsive

sequences within the promoter regions of insulin-responsive genes induced by purified

insulin receptor.
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CHAPTER I1
INSULIN RECEPTOR ACCUMULATION IN THE MOUSE HEPATOCYTE
CELL NUCLEUS FOLLOWING IN VIVO STIMULATION WITH ORAL

GLUCOSE

INTRODUCTION

The insulin receptor spans the plasma membrane of insulin-responsive cells. The o-
subunit contains an insulin-binding domain and is located on the outside face of the
membrane (1, 2). The B-subunit has both extracellular and cytoplasmic domains, and a
membrane-spanning domain (1, 2). It also contains a kinase that is capable of catalyzing
tyrosine phosphorylation both within the receptor itself and towards cellular substrates
(3). The insulin receptor tyrosine kinase is activated by ligand binding which triggers
autophosphorylation on specific tyrosine residues in a ATP-binding region called the
regulatory domain. The phosphorylation of these residues is important for stimulating
kinase activity towards intracellular substrates (3). Upon autophosphorylation, the
hormone receptor complex migrates to non-villous domains on the cell surface @).
Within these regions the receptor is able to anchor to clathrin-coated pits which
invaginate and become internalized in a process called endocytosis (5). The insulin
receptor, like other internalized receptors including the low-density lipoprotein receptor,
contains at least one tetrapeptide motif which allows it to associate with clathrin-coated
pits (6). In the insulin receptor this motif, made up of asparagine, proline, glutamate, and

tyrosine (NPEY), is found proximal to the intracellular portion of the membrane-spanning
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domain and is referred to as the juxtamembrane domain. Kinase activation is not

required for anchoring to clathrin-coated pits, instead the NPEY domain plays a necessary
role (7). The insulin receptor-ligand complex is delivered by endocytosis to vesicles and
tubules that make up the endosomal apparatus. The acidification of endosomes causes
the receptor-ligand complex to dissociate. Insulin molecules are targeted to lysosomes
for degradation, receptor molecules are recycled back to the cell surface where they are
reused (5). Little is known about the mechanisms involved in the ligand-receptor
dissociation and sorting in endosomes except that this process requires calcium (8).
Recent information suggests that receptor dephosphorylation in endosomes is necessary
for ligand-receptor dissociation, when this is impaired receptors are targeted to lysosomes

and recycling is slow and inefficient (9).

Internalization of the insulin receptor functions to clear and inactivate insulin, thus
attenuating the signal, and to modulate the number of surface insulin receptors, and
therefore the sensitivity of the cell to insulin, a process is referred to as downregulation
(10). Another function of internalization may be the transmission of the insulin signal by
allowing the activated receptor to gain access to plasma-membrane inaccessible
substrates. Of interest is the finding that the insulin receptor tyrosine kinase within the
endosomal apparatus is four- to six-fold more active than that within the plasma
membrane (11,12).

Several attempts have been made to determine the subcellular compartments through
which the insulin receptor moves during recycling. Using photoactive insulin analogs

that covalently attach to the insulin receptor, insulin-receptor complexes have been
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followed by electron microscopic autoradiography. These complexes have been found

moving from the plasma membrane into endosomes, though lysosomes, and back though
endosomes before moving back to the plasma membrane (13). It is important to
determine if the path taken by the receptor-ligand complexes is that followed under

normal conditions or that taken when ligand dissociation is prevented.

In some studies tracking the insulin-receptor complex within the cell, insulin receptors
have been localized on the nucleus of hepatocytes (14-18) and adipocytes (19,20). In
these studies insulin binding sites were indicated by the presence of specific ['®I]-insulin
binding to isolated nuclei. In the model proposed above, the steps of insulin receptor
ligand-induced intracellular cycling can be outlined simply as: 1) plasma membrane-
ligand free, 2) plasma-membrane-ligand bound, 3) endosomal apparatus-ligand bound, 4)
endosomal apparatus-ligand free, 5) intracellular compartment-ligand free and finally 6)
plasma membrane-ligand free. Using this model, insulin receptors were expected to be
associated with nuclei following ligand stimulation. In most of these studies (15,16,18),
insulin receptors was detected in cell nuclei of animals in the fed state. However in one
study (17), insulin receptors were found in the cell nuclei of animals in the fasted state,
suggesting that the insulin receptor may also reside in the nuclei under basal conditions.
Time courses of insulin receptor accumulation in the cell nucleus has been reported in
vitro, using adipocytes (19,20) and hepatocytes (14). All of these studies report no
detection of receptor under non-stimulated conditions, or under situations where ligand-
receptor recycling was impaired. These findings support the hypothesis that insulin

receptors are found in the cell nucleus in a period following ligand stimulation.
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The objective of this study was to determine whether insulin receptor ligand-induced
recycling and association with the cell nucleus can be observed in vivo. The experimental
design involved inducing insulin stimulation via an oral glucose gavage given to mice in
the fasted state. Measurement of insulin binding to nuclei was determined in fasted mice
and in nuclei isolated from mice up to 180 minutes following treatment by oral glucose

gavage.

MATERIALS AND METHODS

Animal Care and Treatment

Eight week old C57 Black 6 mice (Jackson Laboratories, Bar Harbour, Maine, USA),
were fed ad libitum, Richmond Laboratory Standard Rodent Diet S001® (PMI Feeds,
Inc., St. Louis, MO, USA). Animals were housed in a temperature and humidity
controlled room with a 12 hour light/dark cycle. Animals were housed in groups of four
to six in polypropylene cages. The protocol was approved by the University of Alberta

Animal Welfare Committee.

Prior to an experimental day, animals were fasted for 12 h beginning at 8:00 p.m. and
ending at 8:00 am, on the day of the experiment. Mice were then given a standard dosage
of glucose of 3 g/kg body weight oral gavage (21). At selected times (0, 15, 30, 60, 90,
120, and 180 min) following gavage, mice were anesthetized with Halothane,
(Halocarbon Laboratories, Rivers Edge, NJ, U.S.A.), and blood was collected by cardiac

puncture. Animals were sacrificed by cervical dislocation and the liver was immediately
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removed. Five mice were used for analysis for each of the seven selected lengths of time

following oral glucose gavage.

Preparation of Liver Nuclei

Liver nuclei were isolated according to the procedure by Blobel and Potter (22) with the
following modifications. Immediately after removal each liver was minced in ice cold
homogenization buffer containing 50 mM Tris-HC! pH 7.5, 250 mM sucrose, 1 mM
MgCl,, 1 mM phenylmethylsulfony! flouride (PMSF), 1 mM benzamidine-HCI, 1 pg/ml
leupeptin, 1 pg/ml pepstatin A, and 0.0044 trypsin inhibitor units (TTU)/ml aprotinin.
Liver was homogenized using a Potter-Elvehjem homogenizer (A.H. Thomas,
Philadelphia, Pennsylvania), using 2 up-down stokes, and then filtered through 5 layers of
cheesecloth. A crude nuclear pellet was obtained by centrifugation for 20 min at 1 450 x
8max, using a JA 20 rotor (Beckman Instruments, Palo Alto, CA, U.S.A). The supernatant
was used for plasma membrane purification. The pellet was suspended in
homogenization buffer (2 ml/g liver). This buffer containing 2.4 M sucrose was added to
the suspension until the sucrose concentration was 1.6 M. The suspension was then
centrifuged at 70 900 x g, for 70 min using a SW28 rotor (Beckman). The pellet
containing nuclei was suspended in nuclei isolation buffer containing 50 mM Tris-HCI,
250 mM sucrose, 5 mM MgCl,, 2.5 KCI, | mM PMSF, 1| mM benzamidine-HCI, 1
ug/ml leupeptin, 1 pg/ml pepstatin A, and 0.0044 TIU/ml aprotinin. One volume of
nuclei isolation buffer containing 2.2 M sucrose was added and the resulting suspension
was overlayed over 5 ml of this 2.2 M sucrose containing buffer. Nuclei pellets were

pelleted by centrifugation at 70 900 x g,, for 60 min. Pellets were suspended in nuclei
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isolation buffer and one volume of 2.2 M sucrose containing nuclei isolation buffer was

added. Finally the nuclei suspension was overlayed on 5 ml of 2.2 M sucrose containing
nuclei isolation buffer and centrifugation was repeated. The pellet containing purified

nuclei, was resuspended in 1 ml/g of nuclei isolation buffer.

Insulin binding to isolated nuclei

Insulin binding assays (23) were completed using freshly isolated nuclei preparations.
Insulin binding activity of nuclei was measured by incubating preparations containing 200
pg protein for 2 hours at 25°C with 4 nM of 'ZI-labeled porcine insulin (40 uCi/ug)
(NEN Life Science Products, Boston, MA, U.S.A.) in a final volume of 200 pl of buffer
containing 62.5 mM sucrose, 5 mM Tris-HCl, 0.5 mM ethylenediaminetetraacetic acid
(EDTA), 2.5 mM MgCl,, 0.25 mg/ml bovine serum albumin, pH 7.5, in the presence (20
ng/ml) and absence of excess unlabelled porcine insulin. The receptor-'*I-labeled
insulin complex was separated from free '*I-insulin by adding 0.6 ml 50 mM N-[2-
hydroxyethyl]piperazine-N’-{2-ethanesulfonic acid] (HEPES), 0.1 % w/v rabbit Y-
globulin, 10 % w/v polyethylene glycol 8000, and incubating for 15 min on ice before
centrifugation at 14 000 X gmax for 5 min. The supernatant containing unbound insulin,
was aspirated and the pellets counted using a Gamma 8000 (Beckman Instruments)
counter. The radioactivity precipitated in the presence of unlabelled insulin was
considered non-specific binding. Specific binding was calculated by subtracting non-
specific binding from the radioactivity precipitated in the absence of unlabelled insulin,

and was expressed as fmol of insulin bound per mg protein.
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Glucose and Insulin Determination

Immediately after blood collection, serum was prepared by centrifugation at 2000 x Smax
for 10 min using a JS-4.3 rotor (Beckman). Serum was frozen at -70°C until analysis.
Serum glucose was determined using Glucose Trinder Reagent (Sigma Diagnostics, St.
Louis, MO, U.S.A.) for the enzymatic determination of glucose. Insulin was measured
using a commercial double antibody immunoassay for rat insulin (Linko Research, St.

Louis, MO, USA).

Purification of Mouse Plasma Membrane

Liver plasma membranes were prepared from fasted mice using a modified procedure
(24). The post-nuclei supernatant was centrifuged at 8700 gmax to pellet mitochondria.
The supernatant was centrifuged at 105 000 gpax for 30 min using a Ti45 rotor (Beckman
Instruments) to pellet plasma membranes. This pellet was suspended in plasma
membrane isolation buffer, 5 mM Tris-HCI pH 7.5, 0.25 M sucrose, 1| mM
ethylenediamine tetraacetic acid (EDTA), 1 mM PMSF, | mM benzamidine-HC], 1
Hg/ml leupeptin, 1 pg/ml pepstatin A, and 0.0044 TIU/ml aprotinin. This buffer, (1.04
volumes), containing 2.4 M sucrose was added so that the final sucrose concentration was
1.35 M. This suspension was aliquoted into centrifuge tubes and overlayed with 0.3
volume of buffer A. Tubes were centrifuged at 231 000 x g, for 30 min using a Ti70.1
rotor (Beckman), and plasma membranes collected at the interface. Plasma membranes
were used as a positive control in insulin binding assays and for determining the

membrane contamination of nuclei preparations.
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Protein Content and 5 °Nucleotidase Activity in Isolated Nuclei

Protein content of isolated nuclei and plasma membrane was determined (25). Samples
from freshly isolated nuclei and plasma membrane were used to assay membrane
S’nucleotidase activity (26). Contamination of nuclei preparations by plasma membrane
was assessed by calculating the relative specific activity of 5’nucleotidase found in
isolated nuclei versus that of plasma membrane (24). Specific activity of 5’ nucleotidase
was the amount of nmol of phosphate measured after 20 min using 50 ug protein.
Relative specific activity was calculated by dividing the specific activity of nuclei by the

specific activity of plasma membrane and multiplying by 100.

Statistical Analysis

The difference between the time treatments following oral glucose gavage were assessed
using analysis of variance procedures (SAS Version 6.11, SAS Inc., Cary, NC, USA) (27)
A significant difference between treatments was determined by a Duncan’s multiple range
test (p<0.05) (28). The correlation between serum glucose, serum insulin, and insulin
binding to isolated nuclei at basal conditions and following oral glucose gavage was

tested by calculating Pearson correlation coefficients using SAS.

RESULTS
Animal Characteristics
Eight week male mice used in this experiment had average body weights of 28.4+0.3 g

and liver weights of 1.29 £ 0.02 g. There were no differences in these measures between
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mice treated for different time periods following oral glucose gavage.

Isolation of Nuclei

The amount of contamination of isolated nuclei by plasma membrane was assessed by
marker enzyme analysis using S'nucleotidase, a plasma membrane marker. The relative
specific activity of nuclear membrane 5’nucleotidase compared to the activity found in
plasma membrane averaged 3.8 + 1.2 % (Table 2.1). In preliminary experiments there
was no difference found between percent contamination of nuclei by plasma membrane
isolated from hepatocytes from mice fed ad libitum (5.5 + 2.3 %) and mice fasted for 12
hours (3.52 £ 1.3%). Inspection by bright field microscopy (Figure 2.1), revealed intact

nuclei with no contamination by cellular debris.

Serum Glucose and Insulin Measurements

Following the 12 h fast, mice exhibited a serum glucose concentration of 8.63 + 1.47
mM. The effect of oral glucose gavage on glucose levels indicated that, within the time
periods tested, serum glucose levels peaked at 24.5 + 1.3 mM within 15 min; after that
time glucose levels decreased and reached basal values by 180 min following oral glucose
(Figure 2.2). Serum insulin levels in fasted mice were 19 + 4.6 pM. The effect of oral
glucose on serum insulin levels is illustrated (Figure 2.3). A significant increase from
basal serum insulin levels occurred within 15 min following oral glucose, and levels
peaked at 30 min following gavage. The rise in serum glucose and insulin suggested that

insulin stimulation was achieved in vivo within 15 min following oral glucose.



Insulin Binding

The effect of oral glucose administration on insulin binding to isolated nuclei is
illustrated (Figure 2.4). Insulin binding to nuclei isolated at each time following oral
glucose is expressed as a percentage change from basal (0 min) conditions. There was a
206 £ 7 % increase from basal at 15 min (p<0.05), a 219 + 84% increase from basal at 30
min (p<0.05), and a 259 + 211% increase from basal at 60 min (non significant),
following oral glucose. At 90 to 180 min following oral glucose gavage insulin binding

to nuclei decreased to that of basal levels.

Relationship between serum glucose and insulin and insulin binding to isolated nuclei
As expected a significant positive correlation was observed between the serum glucose
and insulin concentrat£0n5 following oral glucose gavage (r* =0.71 P <0.0001). Insulin
binding to isolated hepatocyte nuclei following oral glucose gavage was also significantly
correlated with serum glucose and with serum insulin concentrations (> = 0.55 P <0.001)

and (r2 =0.44 P <0.01) respectively.

DISCUSSION

Oral glucose treatment of 3 g/kg body weight rapidly increases serum glucose and insulin
levels in fasted mice. This increase is coincident with an increase in specific insulin
binding to the hepatocyte nucleus. A significant relationship was observed between
serum glucose and insulin concentrations and insulin binding to hepatocyte nuclei

following oral glucose gavage. This relationship suggests that in vivo stimulation of
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hepatocytes with insulin causes a time-dependant increase in insulin receptor

internalization and translocation to the cell nucleus.

Increase in plasma glucose and insulin was rapid and transient, plasma insulin levels
peaked at 30 min following oral glucose. Mice appeared to have poor glucose tolerance
following glucose challenge. Fasting has been demonstrated to impair glucose tolerance
(29). Glucose tolerance in mice of this age has been reported to be impaired which might
reflect a metabolic bias to prevent hypoglycemia in early life (29,30). In addition, the
transition at weaning (3 weeks of age) from a high fat low carbohydrate diet to a solid
diet rich in carbohydrate may create a temporary imbalance in plasma glucose regulation

@31).

Insulin binding to the cell nucleus peaked at levels two fold higher than basal levels at 30
min following oral glucose. That insulin binding to the hepatocyte nucleus is coincident
with the changes in serum insulin suggests that the kinetics of internalization and
translocation to the nucleus is triggered by ligand stimulation, that the translocation is
rapid, and that levels of receptor are reduced in the nucleus in the absence of continuous
stimulation. The finding that insulin receptor translocation to the nucleus occurred upon
ligand stimulation, is consistent with several demonstrations that insulin receptor
internalization is largely ligand-induced (7, 12, 32-34). Insulin receptor internalization in
intracellular compartments has been reported to have a t;; of 2 to 10 min in insulin-
stimulated cultured cells (32-34). The kinetics of insulin accumulation in the nucleus has

been reported in only two publications, both using cells in culture. In hepatocytes (14),
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maximum levels of insulin receptor binding to the nucleus was observed 1 hr following

insulin stimulation. In adipocytes (20), maximum levels of insulin receptor detected by
immunoblotting were observed 5 min following stimulation. The results in the present
study indicate a shorter t,/; than that reported in hepatocytes. As the present study was
done in vivo, the rapid internalization of the insulin receptor can be taken to approximate
the physiological condition. The differences in internalization rates observed in
hepatocytes may also reflect subtle differences in technique used to measure the insulin
receptor. Both studies used ['*’I]-labeled insulin as a probe, however, in the earlier study
(14), ['®I]-1abeled insulin was covalently attached to receptor by photoaffinity labeling.
It is possible that the receptor-ligand complex may not have been processed in a manner

comparable to that of the non-covalently occupied insulin receptor.

Several lines of evidence suggest that the finding of nuclear insulin receptors is not due to
contamination by plasma membrane during cell fractionation. 5 nucleotidase marker
enzyme analysis suggests that the purity of isolated nuclei in the present study is 96 to
100 %. Nuclear preparations from ad libitum fed animals had similar plasma membrane
contamination (5.5 + 2.3 %) when compared to those obtained from fasted animals (35
1.3 %). Thus feeding was not found to influence purification of nuclei, which suggests
that increased nuclear insulin binding associated with glucose-treated animals could not
be due to increases in plasma contamination. Microscopy indicated that the nuclei

isolated were both intact and free of cellular debris.

Insulin-like growth factor (IGF) and insulin are known to produce similar biological
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responses. Thus it is possible that insulin stimulation produced a cross activation of the

IGF receptor and these receptors were detected in the isolated nucleus. However IGF
receptors have a low affinity to insulin and only bind insulin at high concentrations (35).
The peak serum insulin concentration achieved by oral glucose administration was 500
PM which is far below the concentration required for IGF receptor activation in the
plasma membrane (35). This rules out the possibility that insulin induced nuclear
translocation of the IGF receptor.

In conclusion, an increase in nuclear insulin binding was induced by a rise in serum
insulin following oral glucose gavage. The translocation of insulin receptors to the
nucleus appeared to be both time dependent and ligand dependent. Demonstration of
nuclear accumulation of insulin receptor following ligand stimulation in vivo may have
physiological implications for mechanisms involved in insulin signaling to the cell

nucleus.
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Figure 2.1 Isolated nuclei. A representative of nuclei isolated from mice hepatocytes.
Nuclei were visualized by bright field microscopy at 1 000 x magnification using a

Dialux 20 EB microscope, Leitz, Berlin, Germany.
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Figure 2.2 Serum glucose response to oral glucose gavage in eight week old male
mice. Mice were fasted for 12 h before oral gavage with 3 g/kg body glucose. After
selected time periods following treatment, mice were anesthetized and blood removed by
cardiac puncture. Serum was prepared and assayed for glucose, which was measured in
mM. Data represents mean =+ standard error of the mean (n = 6 for each timepoint).

Values labeled with different letters are significantly different (p < 0.05).
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Figure 2.3 Serum insulin response to oral glucose gavage in eight week old male
mice. Mice were fasted for 12 h before treatment with 3 g/kg body glucose. After
selected time periods following treatment, mice were anesthetized and blood removed by
cardiac puncture. Serum was prepared and assayed for insulin which was measured in
PM. Data represents mean + standard error of the mean (n = 6 for each timepoint).

Values labeled with different letters are significantly different (p < 0.05).
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Figure 2.4 The response of [**I)-insulin binding to isolated hepatocyte nuclei
following oral glucose gavage. Mice were fasted for 12 hours before treatment with 3
g/kg body weight glucose. After selected time periods following treatment, liver was
removed and nuclei isolated. 200 ug of nuclei extract was uszd in an insulin binding
assay. Specific insulin binding was measured in fmol insulin bound per mg protein and
expressed as a percentage change from basal conditions (0 min= 159.7 + 65.2). Data
represents mean + standard error (n = 6 for each timepoint). Comparisons were made
between selected time following glucose gavage and basal condition. Values with (*) are

significantly different from basal (p <0.05).
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CHAPTER III

OBESE MICE HAVE HIGHER INSULIN RECEPTOR LEVELS IN THE
HEPATOCYTE CELL NUCLEUS FOLLOWING INSULIN STIMULATION IN

VIVO WITH AN ORAL GLUCOSE MEAL.

INTRODUCTION

Obesity and non-insulin dependent diabetes mellitus (NIDDM), share characteristic
features including insulin resistance and fasting hyperglycemia, which suggests that
obesity is strongly associated with insulin resistance (1). NIDDM is more likely to
develop as the degree and the duration of obesity increases and if the obesity is centrally
located (1). However, whether the relationship between obesity and insulin resistance is

causative is not known (2).

At the cellular level, obesity has been suggested to cause abnormalities in major phases
of the insulin signaling pathway: ligand-receptor binding and activation, post-receptor
signaling, and hormone-effector systems (3). In humans, obesity is associated with a
reduction in insulin receptor number found in muscle and adipose tissue (4,5). In rodent
models of obesity, insulin receptor levels are reduced in liver (6-9). The decrease in
insulin receptors in obesity may be caused by a reduction in cell-density, or number of
insulin receptors per surface area of the cell, that occurs as the size of the cell increases
(10). It has been suggested that the increase in circulating free fatty acids that accompany
obesity impair insulin binding to its receptor (9,11). The decrease in insulin receptor in

obesity may be induced by hyperinsulinemia that occurs with the disease. High plasma
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insulin concentrations are known to regulate cell surface receptor numbers, a

phenomenon termed down-regulation. Thus as the amount of ligand binding to the
insulin receptor increases the rate of ligand-induced internalization is increased resulting

in lower receptor levels on the cell surface (12-14).

Obesity has an effect on the activity of the insulin receptor tyrosine kinase. In humans
(4,15,16) and in animal models (17-19), obesity is associated with a defect in B-subunit
autophosphorylation and in the ability of receptor to phosphorylate exogenous substrates.
Studies have demonstrated that post-translational modification in the insulin receptor 3-
subunit, including dephosphorylation of tyrosine residues (20) and phosphorylation of
serine residues, is increased in obesity and may be responsible for the defect in kinase

activity that occurs with the disease (21,22).

Studies have demonstrated that the insulin receptor becomes associated with intracellular
membranes following ligand stimulation and that it catalyzes phosphorylation of
substrates such as IRS-1 from this location (23,24). In obese compared to lean subjects,
defects in insulin receptor internalization (8,25,26) and processing have been
demonstrated (27) by measuring the intracellular pool of receptor following ligand
stimulation. Increasing concentrations of free fatty acids impair internalization of insulin
in a dose-dependent manner in cultured hepatocytes (11). In this study (11), the defect
appeared to be related to a reduced ability to process receptor-bound insulin and not

related to the numbers of receptors available.
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Recent studies suggest that insulin signaling to the nucleus may involve internalization

and translocation of the insulin receptor to the nucleus upon ligand stimulation (28-31).
In obese compared to lean mice, insulin binding to hepatocyte nuclear membranes is
reduced (32). The objective of this study is to determine if the accumulation of insulin
receptors in the hepatocyte nuclei upon ligand stimulation is impaired in an animal model
of obesity. The experimental design included stimulation in vivo by administering an oral
glucose gavage to fasted lean and obese mice. Hepatocyte nuclei were isolated at
selected times following oral glucose gavage and levels of insulin receptor in the nuclei

were determined by 'ZI-

insulin binding and by Western blotting assays.

MATERIALS AND METHODS

Animal Care and Treatment -Lean and Obese Mice

Eight week old C57 Black 6 J lean (C57BL/6J) (+/+) and obese (ob/ob) mice (Jackson
Laboratories, Bar Harbour, Maine, U.S.A), were housed in groups of four to six in
polypropylene cages. Mice were given free access to a rodent diet (Laboratory Standard
Rodent Diet 5001, PMI Feeds, Inc., St. Louis, MQ, USA). Prior to an experimental day,
animals were fasted for 12 h beginning at 8:00 p.m. and ending at 8:00 am, on the day of
the experiment. Mice were then given a 3 g/kg body weight dose of glucose by oral
gavage. At selected times (0, 15, 30, 60, 90, 120, and 180 min) following gavage, mice
were anesthetized with Halothane, (Halocarbon Laboratories, Rivers Edge, NJ, US.A)),
and blood was collected by cardiac puncture. Animals were sacrificed by cervical
dislocation and liver was immediately removed. Five mice were used for analysis for

each of the seven selected periods of time following oral glucose gavage.
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Preparation of liver nuclei

Liver nuclei were isolated according to the procedure by Blobel and Potter (33) with the
following modifications. Immediately after removal each liver was minced in ice cold
homogenization buffer containing 50 mM Tris-HCI pH 7.5, 250 mM sucrose, 1 mM
MgClz, 1 mM PMSF, | mM benzamidine-HCl, 1 pg/ml leupeptin, 1 pg/ml pepstatin A,
and 0.0044 TTU/ml aprotinin. Liver was homogenized using a Potter-Elvehjem
homogenizer, using 2 up-down stokes, and then filtered through 5 layers of cheesecloth.
A crude nuclear pellet was obtained by centrifugation for 20 min at 1 450 gpa,, using a
JA 20 rotor (Beckman Instruments, Palo Alto, CA, USA). The supernatant was used for
plasma membrane purification. The pellet was suspended in homogenization buffer (2
ml/g liver). This buffer containing 2.4 M sucrose was added to the suspension until the
sucrose concentration was 1.6 M. The suspension was then centrifuged at 70 900 g,, for
70 min using a SW28 rotor (Beckman). The pellet containing nuclei was suspended in
nuclei isolation buffer containing 50 mM Tris-HC], 250 mM sucrose, S mM MgCl,, 2.5
KCl, 1 mM PMSF, | mM benzamidine-HC], 1 ug/ml leupeptin, 1 pg/ml pepstatin A, and
0.0044 TIU/ml aprotinin. One volume of nuclei isolation buffer containing 2.2 M
sucrose was added and the resulting suspension was overlayed over 5 ml of this 2.2 M
sucrose containing buffer. Nuclei pellets were pelleted by centrifugation at 70 900 g,, for
60 min. Pellets were suspended in nuclei isolation buffer and one volume of 2.2 M
sucrose'containing nuclei isolation buffer was added. Finally the nuclei suspension was

overlayed on 5 ml of 2.2 M sucrose containing nuclei isolation buffer and centrifugation
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was repeated. The pellet containing purified nuclei, was resuspended in 1 ml/g of

nuclei isolation buffer.

Insulin Binding to Isolated Nuclei

Insulin binding assays (34,35) were done on freshly isolated nuclei preparations. Insulin
binding activity of nuclei was measured by incubating preparations containing 200 pg
protein for 2 hours at 25°C with 4 nM of '*I-labeled porcine insulin (40 uCi/ug) (NEN
Life Science Products, Boston, MA, U.S.A.). Samples were incubated in a final volume
of 200 pl of buffer containing 62.5 mM sucrose, S mM Tris-HCI, 0.5 mM EDTA, 2.5

mM MgCl,, 0.25 mg/ml bovine serum albumin, pH 7.5, in the presence (20 pg/ml) and

'%T-labeled insulin complex was

absence of excess unlabelled insulin. The receptor-
separated from free '*I-insulin by adding 0.6 ml 50 mM N-[2-Hydroxyethyl]piperazine-
N’-[2-ethanesulfonic acid] (HEPES), 0.1 % w/v rabbit y-globulin, 10 % w/v polyethylene
glycol 8000, and incubating for 15 min on ice before centrifugation at 14 000 gy for 5
min. The supernatant containing unbound insulin was aspirated and the pellets counted
using Gamma 8000 counter (Beckman). The radioactivity precipitated in the presence of
unlabelled insulin was considered non-specific binding. Specific binding was calculated

by subtracting non-specific binding from the radioactivity precipitated in the absence of

unlabelled insulin, and was expressed as fmol of insulin bound per mg protein.

Glucose and Insulin Determination

Immediately after blood collection, serum was prepared by centrifugation at 2 000 gmax

for 10 min using a JS-4.3 rotor (Beckman Instruments). Serum was frozen at -70°C until
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analysis. Serum glucose was determined using Glucose Trinder Reagent (Sigma

Diagnostics, St. Louis, MO, U.S.A.) for the enzymatic determination of glucose. Insulin
was measured using a commercial double antibody immunoassay for rat insulin (Linko

Research, St. Louis, MO, U.S.A.).

Nuclei Purity and Protein Determination.

Protein content of nuclei was determined (36). Nuclei were assayed for 5’ nucleotidase
activity as a measure of plasma membrane contamination (37). Contamination of
isolated nuclei by plasma membrane was assessed by calculating the relative specific
activity of the respective enzymes. Relative specific activity can be estimated by
dividing the specific activity in units/min/mg protein of the marker enzyme in the nuclear
fraction by the specific activity of the marker enzyme of the purified fraction where it is
localized. This value is expressed as a percentage. Nuclei were analysed for DNA
content (40). This value was estimated by dividing the amount in mg of DNA measured
in purified nuclei by the amount of DNA measured in whole homogenate in mg and
expressed as a percentage. Nuclei suspensions were inspected visually under the light
microscope after staining with methylene blue (0.2% v/v) and ethidium bromide (100

ug/ml) at 400 x magnification.

Immunoblotting
Samples of rat liver plasma membrane (100 pg protein), and nuclei (30 pug protein) were
subjected to SDS-PAGE using a 7.5% (w/v) gel under reducing conditions (41), and

electrotransferred to nitrocellulose. Nitrocellulose sheets were blocked for 1 hour at 25°C
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with 5% (w/v) bovine serum albumin Fraction V (Sigma) for analysis using anti-IR.

Nitrocellulose sheets were then probed with anti-IR (1/25 dilution) overnight at 4°C in
blocking solution containing 0.1% (v/v) Tween 20 and then washed with PBS, 0.1% (v/v)
Tween 20. Detection was with horseradish peroxidase-conjugated secondary antibody
(1/3000 dilution) followed by enhanced chemiluminesence imaging on X-ray film using
ECL reagent (Amersham, Little Chafont Buckinghamshire, England). The intensity of
the bands was quantified by scanning densitometry using the GS-670 Imaging

Densitomer (BioRad Laboratories, Hercules, CA, USA).

Purification of the insulin receptor

Insulin receptor was purified from plasma membrane isolated from liver of male Sprague
Dawley rats. Rats were housed and fed under the conditions given for mice. The
University of Alberta Animal Welfare Committee approved the protocol. Rats were
fasted for 12 hours prior to extraction of liver. To collect liver tissue, rats were sacrificed
by carbon dioxide asphyxiation followed by cervical dislocation. At time of sacrifice
animals were eleven weeks of age, weighed 440 + 17 g and liver tissue weighed 18.9 +

0.7g.

Plasma membrane was prepared according to an established procedure (42) modified as
follows. Following sacrifice, livers were processed as described above. The post-nuclear
supernatant was centrifuged at 8700 X gmax for 20 min to pellet mitochondria. The
remaining supernatent was spun at 105 000 X gmax for 30 minutes in a Ti45 rotor to pellet

plasma membranes. Plasma membranes were then purified by resuspending the pellet in
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buffer containing 0.25 M sucrose, 5 mM Tris-HCl, 1| mM ethylenediamine tetraacetic

acid (EDTA), 1 mM PMSF, 1 benzamidine-HCI, 1 pg/ml leupeptin, 1 pg/ml pepstatin A
PH 7.5, and then adding this buffer (1.04 volumes) containing 2.4 M sucrose so that the
final concentration of the homogenate was 1.35 M. The suspension was aliquoted into
centrifuge tubes and overlayered with 0.3 volumes of the 0.25 M sucrose-containing
buffer. Tubes were centrifuged at 231 000 g,, for 30 min using a T170.1 rotor

(Beckman), and plasma membranes were collected at the interface.

Insulin receptor was purified from plasma membrane as described (34,43) with
modifications. Plasma membranes were solubilized in a buffer containing 50 mM Tris, 1
mM PMSF, | mM benzamidine-HCI, 1 pg/ml leupeptin, 100 pg/ml pepstatin A, 10
TIU/ml aprotinin, and 2 % (v/v) Triton X-100 (Sigma, St. Louis, Missouri, USA) for two
h at 4°C. Insoluble proteins were precipitated by centrifugation at 100 000 x g,, for I hr
in a SW28 rotor (Beckman). Supernatant was supplemented with 0.09 % (w/v) MgCl,
and applied to Triticum vulgaris (Wheat germ)-agarose (Sigma) preequilibrated in 50
mM N-[I;Iydroxyethyl]piperazine-N '-[2-ethanesulfonic acid] (HEPES) pH 7.6 , | mM
PMSF, 1 mM benzamidine-HCl, and 150 mM NaCl, and mixed gently overnight at 4°C.
The gel slurry was washed with 50 mM HEPES, | mM PMSF, | mM benzamidine, 150
mM NaCl, 10 mM MgSO,, 0.1 % (v/v) Triton X-100, pH 6.0 (20 volumes), and 50 mM
HEPES pH 7.6, 1 mM PMSF, 1 mM benzamidine-HCI, 150 mM NaCl, 0.1 % (v/v)
Triton X-100, pH 7.6 (10 volumes). Insulin receptor bound to the column was eluted
with 50 mM HEPES, 1 mM PMSF, 1 mM benzamidine-HCI,, 150 mM NaCl, 0.1 % (v/v)

Triton X-100, 0.5 TIU/ml aprotinin, 20 uM pepstatin A, 20 M leupeptin, and 0.3 M N-
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acetyl-D-glucosamine, pH 7.6. The eluted glycoprotein fraction was supplemented

with 0.09 % (w/v) MgCl; and mixed overnight at 4°C with Insulin-Agarose (Sigma) that
had been preequilibrated with 50 mMTris-HCI, 0.1 mM PMSF, 0.1 % (v/v) Triton X-100
PH 7.5. The gel slurry was poured into a glass column and washed with 50 mM Tris-
HCl, 0.1 mM PMSF, 0.1 % (v/v) Triton X-100, and 1 M NaCl, pH 7.5 (100 volumes).
Insulin receptor bound to the column was eluted with 0.05 M sodium acetate, pH 5.0 (2
volumes). Fractions (1 ml) were collected into tubes containing 0.1 ml 1 M HEPES, 0.1
% (v/v) Triton X-100, 0.1 mM PMSF, and 20 mM ethyleneglycoltetraacetate, pH 7.8.
Insulin receptor was assayed during various steps in the purification using insulin binding

assays (Appendix I) and by iodination (Appendix II).

Insulin Receptor Antibody Preparation

Purified insulin receptor was confirmed by mobility under reducing conditions on
sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and by insulin
binding activity (34,35). Polyclonal antibody to purified insulin receptor was raised
using standard techniques (44) in a Flemish Giant X Dutch Lop Ear rabbit housed at the
Biological Sciences Center at the University of Alberta. Insulin receptor was injected
subscapularly, using RIBI Adjuvant System (Cedar Lane, Hamilton, Montana, USA).
Ten days following each inoculum, an enzyme-linked immunoassay (44) was used to test
for the presence of antibodies in rabbit serum against insulin receptor in plasma
membrane isolated from rat liver (Appendix III, IV). After four immunizations the
rabbit was terminated and blood removed by cardiac puncture. Antibody to the B-subunit

of the insulin receptor was purified from serum by incubation of the serum with the 95K
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Da protein blotted onto nitrocellulose paper. After extensive washing with PBS, 0.1%

(v/v) polyoxyethylenesorbitan monolaurate (Tween 20), pH 7.3, anti-insulin receptor was
eluted by a 2 min wash with 0.2 M glycine-HCI pH 2.8. Purified antibody, referred to as
anti-IR, was tested for effectiveness in various immunoassays and was found to detect
commercial and laboratory produced insulin receptor preparations in western blotting,
and to immunoprecipitate insulin receptor in plasma membrane and nuclei preparations
as effectively as commercially obtained antibodies including anti-human IR o subunit
GRO7 from Oncogene Science Co. (Uniondale, NY, USA), or anti-human B-subunit

from Transduction Laboratories (Lexington, Kentucky, USA) (Appendix V).

Statistical Analysis

The difference between time treatments following oral glucose gavage were assessed
using analysis of variance procedures (SAS Version 6.11 SAS Inc., Cary, NC, USA)
(45). For each of the seven timepoints 6 animals were analysed. A significant difference

between treatments was determined by a Duncan’s multiple range test (p <0.05) (46)

RESULTS

Animal Characteristics

Body weights and liver weights of lean mice were similar among animals treated for
different time periods following oral glucose gavage, and averaged 28.4 + 0.3 g,and 1.29
*0.02 g respectively. Obese mice weighed 46.6 g+ 1.08 g and had liver weights of 1.84

+ 0.04 which was significantly greater than that of lean animals (p<0.05). There were no
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differences in body weights or liver weights between obese mice treated for different

time periods following oral glucose gavage.

Nuclei Purity

Contamination of purified nuclei was assessed in experiments done in Chapter I1. The
relative specific activity of nuclear membrane 5'nucleotidase, a plasma membrane
marker, compared to the activity found in the plasma membrane averaged 3.18 + 1.2 %.
Inspection by bright field microscopy revealed intact nuclei with no contamination by

cellular debris (Chapter I, Figure 2.1).

Serum Glucose and Insulin Concentrations

Serum glucose concentrations in both lean and obese animals responded to oral glucose
by increasing from concentrations at basal, 8.63 + 1.46 mM and 13.58 + 1.86 mM for
lean and obese respectively, to 24.70 + 1.32 mM and 33.66 + 2.00 mM for lean and obese
respectively, within 15 min following gavage (Figure 3.1). Within the time period
tested, glucose levels were highest between 15 to 30 min following oral glucose in both
lean and obese mice. At 120 and 180 min following oral glucose gavage, serum glucose
concentrations decreased to basal levels in both lean and obese mice. Obese mice
exhibited greater serum glucose concentration compared to lean mice following the 12 h

fast and at 15, 30, 60, 90 min following oral glucose gavage (p<0.05).

Basal serum insulin concentrations in lean and obese mice were 19.00 + 4.67 pM and 170

* 16.65 pM, respectively. Within the time period tested, serum insulin concentrations
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peaked in both lean and obese mice within 15 to 30 min following oral glucose gavage

(Figure 3.2) (p<0.05). By 30 min following the oral glucose meal, serum insulin
concentrations in both lean and obese animals had fallen to those levels exhibited at
fasting conditions. Obese mice exhibited hyperinsulinemia at fasting conditions and at

all times selected following oral glucose gavage (p<0.05).

Insulin Binding to Isolated Nuclei

Specific insulin binding to hepatocyte nuclei increased in lean animals within 15 min and
then fell to values similar to basal by 60 min following the oral glucose meal (F igure
3.3). Insulin binding to hepatocyte nuclei taken from obese animals did not appear to
change following oral glucose gavage. The levels of insulin bound to hepatocyte nuclei
taken from obese animals did not differ from the levels observed in lean animals. The
effect of serum insulin on levels of nuclear insulin binding observed in lean versus obese
animals was evaluated by plotting for each animal the amount of nuclear insulin binding
versus serum insulin concentration (Figure 3.4). As the amount of serum insulin
increased following the glucose meal, a corresponding increase in insulin binding
occurred in lean animals (r* = 0.44, p< 0.01), but not in obese animals (> = -0.06, NS).
This finding indicates that nuclear insulin receptor responsiveness to ligand is greater in

lean animals compared to obese animals.

Immunoassay of insulin receptor in plasma membrane and isolated nuclei
Insulin receptor levels were measured in hepatocyte plasma membrane and nuclei by

western blotting analysis using an anti-insulin receptor antibody. Only times 0, 15 and
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180 min following oral glucose gavage were assessed (Figure 3.5). Plasma membrane

levels of insulin receptor were significantly reduced from basal levels at 180 min
following oral glucose treatment. The level of insulin receptor in plasma membrane lean

and obese animals was similar at basal and at all timepoints following oral glucose.

Insulin receptor levels in the nuclei of obese but not lean mice were increased from

fasting conditions at 15 and 180 min following oral glucose gavage (Figure 3.6). At 180
min following the oral glucose meal insulin receptor levels in nuclei remained high. The
levels of nuclear insulin receptor found in the nuclei were similar at basal conditions but
the change from basal was greater for obese animals compared to lean animals at 15 and

180 min following oral glucose.

DISCUSSION

In the present study eight week old C5S7BL/6J-ob/ob mice presented with high blood
glucose and high plasma insulin levels at both fasting conditions and following an oral
glucose bolus. Obese mice of this strain exhibit diabetic syndromes after four weeks of
age and this animal model is used to study the pathogenesis of obesity and diabetes
mellitus in humans (45). In both lean and obese mice, serum glucose levels peaked
within 15 to 30 min following oral glucose gavage. Changes in serum glucose following
oral glucose administration were paralleled by changes in serum insulin which peaked
within 15 to 30 min in both lean and obese animals. The rise in serum insulin

concentration that occurred in response to oral glucose in the obese mice indicates that at
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eight weeks these mice have not lost the capacity to produce and secrete insulin, which

occurs with the development of overt diabetes (45).

There was no significant change in insulin receptor concentration in the plasma
membrane at 15 min following oral glucose in lean or obese mice. Plasma membrane
insulin receptor levels were significantly reduced compared to basal levels by 26 % in
lean and 41 % in obese mice at 180 min following an oral glucose meal. Previous studies
have reported that stimulation with insulin reduces the number of cell surface insulin
receptors due to ligand-induced internalization (25,46-49). The rate of loss of receptors
from the plasma membrane was reported to be 30 % within 15 min following insulin
stimulation in one study using adipocytes (46). In other studies (25,46-49), the
percentage of total cell-associated insulin receptor internalized was reported. As the
plasma membrane pool represents 90 % of the total amount of cell-associated receptor,
the amount of plasma membrane insulin receptor internalized may be estimated to closely
approximate the decrease in cell-associated receptor (46,48). Thus the rate of loss of
receptors from the plasma membrane can be estimated to be 27 to 36 % in 15 min. These
studies report more rapid rates of insulin receptor internalization than what was observed
in the present study, which may reflect the differences in methodologies used to measure
insulin receptor concentration. In the above studies (25,46-49), insulin receptor levels
were measured using ['251']-labeled insulin binding assay which estimates the insulin
binding capacity of the plasma membrane compartment. In the present study, insulin
receptor levels were estimated by western blotting. The immunoassay may have higher

sensitivity than ['%[]-labeled insulin binding assay. The use of a polyclonal antibody
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preparation involves multiple antibody molecules binding to a given polypeptide,

which may not be in its native form (50). A limitation of the insulin binding assay, when
used to measure receptor concentrations, is that ligand-antibody recognition may not

occur if the receptor is not in its native conformation (51).

Obesity was not found to affect the rate of ligand-induced internalization of the insulin
receptor in the present study. A reduced amount of insulin binding to plasma membrane
observed in obesity is speculated to be due to impaired internalization and processing of
receptor following ligand binding. A reduced amount of insulin-induced receptor
internalization has been reported to occur in obesity (8,25,26,52) in some but not all
studies (27). In one study (27), the defect in obesity occurred not during internalization
but during the processing and recycling of the receptor back to the plasma membrane.
This suggests that decrease in insulin receptor binding observed in the plasma membrane

obesity may occur at a step subsequent to insulin receptor internalization.

Insulin binding to hepatocyte nuclei was increased in lean mice within 15 to 30 min
following oral glucose gavage. This peak in insulin binding to the nucleus was within the
time course of the increase in serum insulin concentration. Insulin receptor levels in the
nucleus were not increased by an oral glucose meal when measured by immunoassay
using anti-insulin receptor antibody. One explanation for this is that small changes in
nuclear receptor levels that are not measurable by immunoassay, as there is a basal
amount of insulin receptor observed in the nucleus (31). Changes in nuclear insulin

binding following oral glucose gavage were not demonstrated in obese animals. When
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nuclear insulin binding was normalized to the amount of insulin present in the serum of

both lean and obese mice, obese mice appeared more resistant to insulin-induced
translocation to the nucleus. However western-blotting assay detected a 250 % increase
in insulin receptor concentration compared to basal levels in the nuclei of obese animals
within 15 min following a meal of glucose. The change in nuclear insulin receptor
concentration in obese hepatocytes was higher than that in lean animals following oral
glucose gavage. These findings suggest that in obese compared to lean mice, insulin
receptor translocation is enhanced, possibly due to hyperinsulinemia. The lack of a
change in insulin binding to the nucleus of obese mice hepatocytes may indicate that the

nuclear insulin receptor in obese animals has reduced ligand affinity.

In conclusion, insulin receptor translocation to the nucleus was demonstrated in both lean
and obese animals within 15 min following a meal of glucose. If ligand-induced insulin
receptor translocation to the nucleus plays a role in insulin signaling to the nucleus,
alterations in translocation rates of the insulin receptor induced by obesity may be
responsible for the changes in some of the insulin-responsive gene expression that have

been demonstrated in obesity (53,54)
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Figure 3.1 Serum glucose response to oral glucose gavage in eight week lean and
obese mice. Mice were fasted for 12 hours before treatment with 3 g/kg body weight
glucose. After selected time periods following treatment, mice were anesthetized and
blood removed by cardiac puncture. Serum was prepared and assayed for glucose which
was expressed in mM. Data represents mean =+ standard error of the mean (n = 6 per
timepoint). Values with different letters within the same curve are significantly different.
(p<0.05). A value labeled with (*) within the lean curve is significantly different from

the obese value at the same timepoint (p<0.05).
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Figure 3.2 Serum insulin response to oral glucose gavage in eight week lean and
obese mice. Mice were fasted for 12 hours before treatment with 3 g/kg body weight
glucose. After selected time periods following treatment, mice were anesthetized and
blood removed by cardiac puncture. Serum was prepared and assayed for insulin which
was expressed in pM. Data represents mean + standard error {n = 6 per timepoint). For
comparisons between basal timepoint (0 min) and other times following oral glucose
gavage of serum insulin of lean animals, statistical difference was determined by
Students ‘s ¢ test. Other comparisons are made using analysis of variance. Values with
different letters within the same curve are significantly different (p<0.05). A value
labeled with (*) within the lean curve is significantly different from the obese value at the

same timepoint (p<0.05).
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Figure 3.3 The response of ['**-I}-labeled insulin binding to isolated hepatocyte
nuclei of lean and obese mice following oral glucose gavage. Mice were fasted for 12
hours before treatment with 3 g/kg body weight glucose. After selected time periods
following treatment, liver was removed and nuclei isolated. 200 ug of nuclei extract was
used in an insulin binding assay. Specific insulin binding was measured in fmol insulin
bound per mg protein. Data represents mean + standard error (n = 6 per timepoint).
Statistical difference was determined by Student’s ¢ test. Comparisons were made
between selected time following glucose gavage and basal condition (0 min). Values
with different letters within the same curve are significantly different (p<0.05). Days
were grouped into block and block was tested for significance using ANOVA. There was

no significant difference between days.
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Figure 3.4 Specific insulin binding to hepatocyte nuclei of lean and obese mice

following oral glucose gavage versus serum insulin. Mice were fasted for 12 hours

before treatment with 3 g/kg body weight glucose. After selected time periods following

treatment, livers were removed and nuclei isolated. 200 ug of nuclear extract was used in

an insulin binding assay. For each animal specific insulin binding was measured in fmol

insulin bound per mg protein plotted versus serum insulin concentration in ng/ml. (n =6

per timepoint). Pearson correlation coefficients for lean animals #=0.44, p < 0.01 and

for obese animals r*= -0.06, NS.
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Figure 3.5 Plasma membrane insulin receptor levels measured by western blotting
immunoassay. Mice were fasted for 12 hours before treatment with 3 g/kg body weight
glucose. After selected time periods following treatment, liver was removed and nuclei
isolated. Plasma membrane was purified and 100ug protein samples were subjected to
SDS-PAGE followed by western blotting using anti-insulin receptor antibody. Values
are expressed in densitometer units. Data represents mean =+ standard error (n = 6 per
timepoint). Statistical difference was determined by Student’s ¢ test. Comparisons were
made between selected time following glucose gavage and basal condition (O min) (0
timepoint = 1.94 $0.24 units). Values with different letters within the same curve are

significantly different (p<0.05).
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Figure 3.6 Nuclear insulin receptor levels measured by western blotting
immunoassay. Mice were fasted for 12 hours before treatment with 3 g/kg body weight
glucose. After selected time periods following treatment, liver was removed and nuclei
isolated. 30 ug protein samples were subjected to SDS-PAGE followed by western
blotting using anti-insulin receptor antibody. Values are expressed in densitometer units.
Data represents mean + standard error (n = 6 per timepoint). Statistical difference was
determined by Student’s ¢ test. Comparisons were made between selected time following
glucose gavage and basal condition (0 min =0.65 £0.21 units). Values with different
letters within the same curve are significantly different (p<0.05). A value labeled with (*)

within the lean curve is significantly different from the obese value at the same timepoint

(p<0.05).
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CHAPTER 1V
ORAL GLUCOSE-INDUCED INSULIN RECEPTOR TRANSLOCATION TO
THE HEPATOCYTE CELL NUCLEUS IS COINCIDENT WITH DECREASES
IN DNA BINDING PROTEIN PHOSPHORYLATION AND INCREASES IN

GENE EXPRESSION

INTRODUCTION

The insulin receptor resides in the plasma membrane with its ot and B subunits in a ¢33,
oligomeric conformation (1). Upon binding of insulin to the o subunit conformational
changes occur that result in autophosphorylation of the B-subunit on specific tyrosine
residues (2). Autophosphorylation causes an intrinsic tyrosine kinase within the -
subunit to become active toward intracellular substrates. Insulin binding and tyrosine

kinase activity are well studied functions of the insulin receptor that are responsible for

mediating insulin action much of within responsive cells (3,4).

There is increasing evidence for the ability of insulin to directly influence nuclear
processes such as induction of transcription of the intermediate early genes c-fos, and c-
Jjun, as well as various other metabolic genes including glyceraldehyde-6-phosphate
dehydrogenase (GAPDH), malic enzyme (ME), and fatty acid synthase (5). Insulin
stimulation of cells is also known to cause repression of transcription of
phosphoenolpyruvate carboxykinase and efflux of mRNA from the nucleus (5). The

mechanism responsible for transmission of the insulin signal to the nucleus of the cell is
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unknown. Once the plasma membrane receptor is activated by insulin binding, plasma

membrane pools of activated receptor trigger a cascade of phosphorylation /
dephosphorylation via intracellular kinases. These kinases, including insulin receptor
substrate-1 (IRS-1), phosphatidylinositol 3’-kinase (P-I-3'K), and mitogen activated
protein kinase (MAP-K), transduce the insulin signal to the cell nucleus (3-7). However
some studies have found that nuclear responsiveness to insulin is maintained in spite of
selective inactivation of IRS-1 (8,9), S6 kinase (10), or phosphatidylinositol 3-kinase
(11). This evidence suggests that an alternate mechanism for transduction of the insulin

signal to the nucleus may occur.

Insulin binding to its receptor is followed by internalization of the insulin-receptor
complex within seconds (12-14). Internalization has the effect of clearing insulin, down
regulating the receptor, receptor recycling and possibly intracellular signaling. Following
insulin binding ligand-receptor complexes have been localized to subcellular
compartments such as endosomes (14), and to the nucleus (15) . It has been shown that
within the endosomal apparatus the insulin receptor is more highly autophosphorylated
and may be at a more favored site to interact with intracellular substrates compared to the
receptor residing on the plasma membrane (14). Translocation of activated insulin
receptor from plasma membrane pools to the nucleus may provide an alternate and

independent mechanism by which the insulin signal reaches the cell nucleus.

Studies have suggested that insulin receptors are present at the cell nucleus (15-22).

Several investigators have shown the appearance in the nucleus of insulin receptors after
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insulin stimulation of the cell, using techniques such as ferritin- (15), radio- (16,17) or

photoaffinity- (19) labeling of ligand as well as immunodetection of the receptor (18,20).
Attempts have been made to determine the subcellular compartments through which the
insulin receptor moves during recycling. Using photoactive insulin analogs that
covalently attach to the insulin receptor, insulin-receptor complexes have been followed
by electron microscopic autoradiography. These complexes have been found moving
from the plasma membrane into endosomes, though lysosomes, and back though
endosomes before moving back to the plasma membrane (23). One caveat of this method
is that the covalent complex of insulin with the insulin receptor is unable to dissociate,
therefore it is important to determine if the path taken by the receptor-ligand complex is
that followed under normal conditions or that taken when ligand dissociation is

prevented.

Translocation to the nucleus of other polypeptide hormone receptors including growth
hormone receptor (24), epidermal growth factor receptor (25,26), prolactin receptor (27),
fibroblast growth factor receptor (28) and nerve growth factor receptor (29) has been
reported. The precise mechanism for nuclear accumulation of insulin receptor or for
other growth factor receptors has not been elucidated, although the internalization of
insulin receptors upon ligand binding and subsequent trafficking of receptors from the
endosomal apparatus to intracellular organelles and recycling to the plasma membrane
are documented (12-14). In Chapter II it was demonstrated that an oral glucose meal
given to mice fasted for 12 h induced an increase in insulin binding to the hepatocyte

nucleus.
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The present study was designed to test the hypothesis that insulin stimulation in vivo
results in translocation of active insulin receptor to the nucleus which transmits the
insulin signal to the nucleus, resulting in transcription of insulin responsive genes
involved in glucose and lipid metabolism. To test this hypothesis in vivo, mice were
fasted for 24 h then given a meal of glucose to produce insulin stimulation. It was
speculated that a longer fast would enhance responses to insulin following the glucose
meal than that observed in Chapter II. Hepatocyte nuclei were isolated at selected
timepoints following the glucose meal and were assayed for insulin receptor levels and

insulin receptor autophosphorylation.

MATERIALS AND METHODS

Insulin Receptor Antibody Preparation

Insulin receptor was purified from rat liver plasma membranes using established
procedures (30,31). Receptor was confirmed by mobility on sodium-dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions and by
insulin binding activity (31,32). A Polyclonal antibody to purified insulin receptor was
raised using standard techniques (33) in a Flemish Giant X Dutch Lop Ear rabbits,
housed at the Biological Sciences Center at the University of Alberta. Insulin receptor
was injected subscapularly using RIBI Adjuvant System (Ceder Lane, Hamilton,
Montana, USA). Ten days following each inoculum, an enzyme-linked immunoassay
(33) was used to test for the presence of antibodies in rabbit serum against insulin

receptor in plasma membrane purified from rat liver. After four immunizations at 2
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month intervals after the first booster, the rabbit was terminated and blood removed by

cardiac puncture. Antibody to the B-subunit of the insulin receptor was purified from
serum by incubation of the serum with the 95K Da insulin receptor subunit blotted onto
nitrocellulose paper. After extensive washing with PBS containing 0.1% (v/v)
polyoxyethylenesorbitan monolaurate (Tween 20), pH 7.3, anti-insulin receptor was
eluted by a 2 min wash with 0.2 M glycine-HCl pH 2.8. Purified antibody, referred to as
anti-IR, was tested for effectiveness in various immunoassays and was found to detect
commercial and laboratory produced insulin receptor preparations in western blotting,
and to immunoprecipitate insulin receptor in plasma membrane and nuclei preparations
as effectively as commercially obtained antibodies including anti-human IR o subunit
GRO7 from Oncogene Science Co. (Uniondale, NY, USA), or anti-human B-subunit

from Transduction Laboratories (Lexington, Kentucky, USA) (Appendix ILIILIV,V).

Animals Treatments

Male C57 Black 6 mice (Jackson Laboratories, Bar Harbour, Maine, U.S.A)), were fed a
standard laboratory chow (Richmond Laboratory Standard Rodent Diet 5001, PMI Feeds,
Inc., St. Louis, MO, USA) ad libitum, from the age of weaning. Animals were housed in
a temperature and humidity controlled room with a 12 hour light/dark cycle. Animals
were housed in groups of four to six in polypropylene cages. The University of Alberta
Animal Welfare Committee approved the protocol. At eight weeks of age, mice were
fasted for 24 hours beginning at 9:00 am preceding the experimental day. Mice were
then given an oral gavage of 3 g glucose/kg body weight. At various times following the

gavage animals were anesthetized with halothane and then blood was removed by cardiac
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puncture for glucose and insulin determinations. Animals were terminated by cervical

dislocation.

Nuclei Isolation

The liver was immediately excised and minced in homogenization buffer containing 250
mM glucose, 50 mM Tris-HCl, 1 mM benzamidine-HCI, 1 mM phenylmethylsulfonyl
flouride (PMSF), 10 mM NaF, 10 mM NaVO;, 10 mM NaP,Os, | mM MgCl,, 1 pg/ml
leupeptin, 1 pg/ml pepstatin, 0.0044 Trypsin Inhibitory Units (TTU)/ml aprotinin at pH
7.5. Nuclei were isolated as described by Blobel and Potter (34), with the following
modifications. Tissue was homogenized using a Potter-Evelhjem homogenizer with a
motor driven teflon pestle and then centrifuged at 1000 x g for 20 min using a Beckman
JA20 rotor (Paloalto, California, USA). Pellets were resuspended in homogenization
buffer and then the sucrose concentration of the homogenate was raised to 1.6 M using
homogenization buffer containing 2.4 M sucrose. The homogenate was centrifuged at
124 000 x g for 70 min using a Beckman SW 28 rotor. Using a homogenizer nuclei
pellets were resuspended in nuclei isolation buffer containing S0 mM Tris-HCI pH 7.5,
250 mM sucrose, 5 mM MgCl,, 2.5 mM KCIl, 1 mM benzamidine-HC], 1 mM PMSF, 2
mM NaF, 2 mM NaVO;, 1 ug/ml leupeptin, 1 pg/ml pepstatin, 0.0044 TIU/ml aprotinin.
One volume of nuclei isolation buffer containing 2.2 M sucrose, was added to the nuclear
suspension. This mixture was layered over five ml of the 2.2 M sucrose containing
buffer and centrifuged at 124 000 x g for 60 min using a SW28 rotor. Nuclei pellets
were resuspended in nuclei isolation buffer, mixed with one volume of 2.2 M sucrose

containing buffer, layered over 2.2 M sucrose containing buffer and recentrifuged at 124
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000 x g for 60 min. Pellets were resuspended using a 18 G needle in 0.5 ml nuclei

isolation buffer, and 0.5 ml solubilization buffer containing 0.25 M sucrose, 100 mM
Tris-HCI, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM benzamidine, 100 mM
NaP,07, 10 mM NaVO;, 100 mM NaF, 2 % (v/v) Triton X-100 (Sigma, St. Louis,
Missouri, USA), 10 pg/ml leupeptin, pH 7.5. DNase 1 and RNase A were added to these
suspensions to final concentrations of 20 ug/ml. Samples were incubated overnight at
4°C with rotation and then centrifuged 14 000 x g for 30 min to collect soluble proteins

referred to as nuclei extract.

Purity of Nuclei and Protein Determination.

Protein content of nuclear extracts was determined (35). Cell nuclear extracts were
assayed for 5’ nucleotidase activity as a measure of plasma membrane contamination
(36), succinate cytochrome c reductase activity as a measure of mitochondrial
contamination (37), and glucose-6-phosphatase activity as a measure of endoplasmic
reticulum (38). Contamination of isolated nuclei by plasma membrane, mitochondria, or
endoplasmic reticulum was assessed by calculating the relative specific activity of the
respective enzymes. Relative specific activity can be estimated by dividing the specific
activity in units/mg protein/min of the marker enzyme in the nuclear fraction by the
specific activity of the marker enzyme of the purified fraction where it is localized. This
value is expressed as a percentage. A relative specific activity of less than 5 % indicated
nuclei purity (18,20). Nuclei were analysed for DNA content (39). This value was
estimated by dividing the amount of DNA (mg) measured in purified nuclei by the

amount of DNA measured in whole homogenate (mg) and expressed as a percentage.
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Nuclear suspensions were inspected visually under the light microscope after staining

with methylene blue (0.2% v/v) and ethidium bromide (100 pg/ml) at 400 x

magnification.

Immunoblotting

Samples of rat liver nuclei extract (100 g protein) were precipitated by adding an equal
volume of cold acetone, incubated at -20°C and then centrifuged at 5 000 x g to pellet
proteins. Samples were subjected to SDS-PAGE using a 7.5% (w/v) gel under reducing
conditions (40), and electrotransferred to nitrocellulose. Nitrocellulose sheets were
blocked for 1 hour at 25°C with 5% (w/v) bovine serum albumin Fraction V (Sigma) for
analysis using anti-IR or 3% (w/v) non fat skim milk in phosphate-buffered saline (PBS),
PH 7.3 for analysis using anti-phosphotyrosine (anti-PY), (Upstate Biotechnology Inc.,
Lake Placid, New York, USA). Nitrocellulose sheets were then probed with anti-IR
(1/25 dilution) or anti-PY (1 pg/ml) overnight at 4°C in blocking solution containing
0.1% (v/v) Tween 20 and then washed with PBS, 0.1% (v/v) Tween 20. Detection was
with horseradish peroxidase-conjugated secondary antibody (1/3000 dilution) followed
by enhanced chemiluminesce imaging on X-ray film using ECL reagent (Amersham,
Little Chafont Buckinghamshire, England). The intensities of the bands were quantified
by scanning densitometry using the GS-670 Imaging Densitomer (BioRad Laboratories,

Hercules, CA, USA).
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Immunoprecipitation

Nuclear extract (300 pg protein) was precleared three times each with rabbit serum
agarose (Sigma) and then with recombinant Protein A -agarose (Upstate Biotechnology
Inc.) and then incubated with 5 pg anti-IR overnight at 4°C. Recombinant Protein A-
agarose (100 pl of a 50% (v/v) suspension) was added to the mixture and incubated for 2
h at 4°C with rotation. Samples were then centrifuged for 1 min at 14 000 x g and the
pellet containing anti-insulin receptor-antigen-agarose conjugate was washed three times
in a PBS pH 7.3 buffer supplemented with 1% (v/v) Triton X-100, 0.5% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 0.04 pug/ml NaF, and then twice with PBS, 0.04 ug/ml
NaF. The washed beads were resuspended in 50 l of Laemmeli sample buffer (34) with
5% (v/v) 2-mercaptoethanol, boiled for 5 minutes, and centrifuged for 5 minutes at 14
000 x g; the supernatant was then analyzed on 7.5% (w/v) SDS-PAGE followed by

western blotting with anti-PY.

Phosphosphorylation of nuclear proteins binding to DNA.

Nuclei extracts were prepared as described above with the exception that phosphatase
inhibitors NaF, and NaP,0s were removed from all buffers and sodium orthovanadate
was lowered from 10 mM and 2 mM to 10 uM in all buffers. The concentration of
phosphatase inhibitors found in the former buffers were reduced as the high levels of

phosphatase inhibitor was found to produce morphological changes in the isolated nuclei.

DNA-binding proteins were prepared from nuclei extract as described (41). The purified

nuclei pellet was resuspended in buffer containing 50 mM Tris-HCI pH 7.4, 250 mM
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sucrose, 5 mM MgSO,, | mM PMSF, 0.0015 TIU/ml aprotinin, and 5 uM leupeptin.

DNase 1 and RNase A were added to suspensions to 250 pg/ml final concentration each.
After 1 hour of incubation, the nuclei were sedimented at 5 000 x g for 10 min. The
supernatant, containing soluble nuclear proteins and weakly DNA-associated proteins,
was collected. The pellet was resuspended in a buffer containing 10 mM Tris-HCl pH
7.4,0.2 mM MgSO,, | mM PMSF, and 0.0015 TIU/ml aprotinin. This buffer containing
2.0 M NaCl was then slowly added to a final NaCl concentration of 1.6 M. After 1S min
incubation, the residual structures were sedimented at 5000 x g for 20 min. The
supernatant, which contained tightly bound DNA proteins, was collected and stored at -
70°C. To determine the tyrosine phosphorylation state, 100 pg of DNA binding proteins
from each sample was subjected to SDS-PAGE using a 10 % (w/v) polyacrylamide gel.
DNA-binding proteins were analyzed by western blotting using anti-phosphotyrosine as

described above.

Northern Blot Analysis

Liver taken from 8 wk mice treated as described above was extracted at selected times
following oral glucose gavage, immediately frozen in liquid nitrogen and stored at -70°C.
Total RNA was extracted from tissue using the guanidium isothiocyanate,
phenol/chloroform method (42) using a commercially available TRIZOL reagent
(GIBCO BRL, Life Technologies, MD, USA). The quantity and purity of RNA was
determined by absorbance at 260 and 280 nm. RNA (30 ug) was analyzed by Northern
blotting (43) after electrophoresis on a 1% (w/v) agarose/0.66 M formaldehyde gel and

transfer onto a nitrocellulose membrane (Micron Separation Inc., Westborough, MA).
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For each blot, equal loading of lanes and integrity of RNA was confirmed by ethidium

bromide flourescence of ribosomal 18S and 28S RNA.

The cDNA encoding for malic enzyme was provided by Dr. D.W. Back, (Queen’s
University, Kingston, Ontario, Canada). The cDNA encoding for fatty acid synthase was
provided by Dr. S. Smith, (Children’s Hospital Oakland Research Institute, Oakland,
California, USA). Probes were labeled with [a—szP]-dATP using the Random Primer
Labeling System (GIBCO BRL) (44). Nitrocellulose filters were hybridized with probe
at 65°C and then washed to remove non-specifically bound redioactivity using standard
techniques (45). Filters were then exposed to Kodak X-OMAT AR films (Eastman

Kodak, Liverpool, UK), for 4-48 hours at 80°C with intensifying screeens.

Statistical Evaluation

For each analysis three experiments were carried out, each on different days. Three
different animals were examined for each timepoint selected in each of three experiments
(n = 9/timepoint). The difference between selected timepoints following oral glucose
was assessed using analysis of variance procedures (SAS Version 6.11 SAS Inc., Cary,
NC, USA). A significant difference between timepoints was determined by a Duncan’s
multiple range test (46,47) (p< 0.05). There was no significant difference between days

when analyzed by analysis of variance procedures.



RESULTS

Animal Characteristics

Body and liver weights of animals at 8 weeks of age averaged 28.1 +0.4 gand 1.18 +
0.03 g, respectively. Body and liver weights were similar between animals sacrificed

after the various periods of time following oral glucose gavage.

Recovery and Purity of Nuclei Preparations

Recovery of nuclei estimated from DNA determinations was 3.7 + 0.3 % in nuclei
preparations using high concentrations of phosphatase inhibitors and 6.6 + 0.3 % in
nuclei preparations using lower concentrations of phosphatase inhibitors (Table 4.1),
which are typical values for the percentage recovery of DNA following nuclei isolation
from liver (48). Nuclei prepared with buffers containing high amounts of phosphatase
inhibitors had 1.6 £ 0 % of plasma membrane 5’nucleotidase activity. Reducing the
amount of phosphatase inhibitors in the buffers used for nuclei isolation increased the
amount of contamination of nuclei by plasma membrane to 3.8 £ 0.1 % (p < 0.05) (Table
4.2). The amount of contamination of nuclei by mitochondrial succinate cytochrome ¢
reductase activity was typically less than 1 % (Table 4.3). Nuclei prepared from buffers
containing high amounts of phosphatase inhibitors had 5.63 + 0.88 % contamination by
endoplasmic reticulum, the nuclei prepared from buffer with lower phosphatase inhibitor
concentrations were 7.60 + 1.26 % contaminated by endoplasmic reticulum (Table 4.4).
Examination of the DNA-stained nuclear preparations by microscopy revealed that high
phosphatase inhibitor concentrations distorted the shape of the nuclei so that the nuclei

were no longer round, and caused the nuclei to clump together. These morphological
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changes were eliminated upon the removal of NaF, and NaP,Os and the reduction of

NaVO; from 10 mM and 2 mM, respectively to 10 uM. Isolated nuclear preparations

stained by ethidium bromide and methylene blue appeared intact and free of cytoplasmic

material when examined by light microscopy. See Appendix VI for more details.

Insulin and Glucose Determinations

Fasted animals were given an oral dose of glucose to induce insulin stimulation in vivo.
Following this dose, serum glucose levels increased from basal levels of 6.1 +£0.2 mM to
26.9%1.1 mM and 23.5 £0.7 mM at 10 and 15 min post gavage respectively (p<0.05)
(Figure 4.1). By 180 minutes after the glucose gavage, glucose levels dropped to 8.9 +
0.5 mM, but were still significantly greater than basal levels (p<0.05). The oral dose of
glucose induced a rise of serum insulin from fasting levels 20.3 £ 0.6 pM to 28.7 £ 1.2
pM at 10 min and 29.5 + 1.0 pM at 15 min following glucose gavage (p< 0.05) (Figure
4.1). Serum insulin levels remained increased from basal levels at 180 minutes following
gavage (27.3 £ 1.8 pM). The increase in both serum glucose and insulin within 10 and 15
minutes following glucose gavage suggests that insulin stimulation of insulin-responsive

tissues occurs in vivo within that time frame.

Nuclear Insulin Receptor Levels
Anti-insulin receptor antibody recognized insulin receptor in 1 % (v/v) Triton X-100
solublized nuclear extracts. As Triton X-100 at 1 % (v/v) is able to solubilize the outer

but not the inner nuclear membrane, this suggests that the insulin receptor is associated
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with the outer nuclear membrane (23). Western blotting analysis of nuclear extracts at

selected timepoints following oral glucose using anti-insulin receptor antibody revealed
that levels of insulin receptor increased by 81 % at 15 min following glucose gavage
compared to the insulin receptor levels at basal conditions (p < 0.05) (Figure 4.3). At
180 min, levels of insulin receptor in the nucleus increased 175 % from basal conditions

(p <0.05) and were higher than insulin receptor levels found at 15 min (p<0.05).

Nuclear Insulin Receptor Autophosphorylation

Upon insulin binding to the a-subunit, the B-subunit of the insulin receptor undergoes
tyrosine phosphorylation. The phosphorylation state of the insulin receptor B-subunit in
the hepatocyte nucleus following oral glucose gavage is illustrated (Figure 4.4). In vivo
stimulation increased receptor phosphorylation by 1.5 fold (p<0.05) at 15 minutes and by

2.4 fold at 180 minutes (p<0.05) compared to basal conditions.

Nuclear Extract Protein Phosphorylation

Putative endogenous substrates of the nuclear insulin receptor tyrosine kinase were
determined by assessing the in vivo tyrosine phosphorylation of DNA-binding proteins in
the nucleus, using anti-phosphotyrosine, at selected timepoints following oral glucose
gavage. A 31 % decrease in tyrosine phosphorylation of a nuclear protein, = 30 KDa,

was observed by 15 min following in vivo stimulation (Figure 4.5).
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Insulin Stimulation of Gene Expression

The effect of in vivo insulin stimulation on expression of insulin responsive genes was
assessed by determining the levels of mRNA transcripts of these genes detected in mouse
liver samples following the oral glucose dose. ME and GAPDH mRNA levels at selected
times following glucose gavage were determined by northern blot analysis using cDNA
probes for the respective genes. At 15 min following oral glucose gavage ME mRNA
was increased by 35 % (p<0.05) compared to basal levels, however by 180 min ME
mRNA levels were no different from basal levels (Figure 4.6). GAPDH mRNA levels
increased from basal by 16 % at 15 min (p<0.05) and then decreased at 180 min
following glucose gavage to those of basal levels (Figure 4.7). The level of FAS mRNA
however, was not changed from basal at either 15 min or at 180 min following insulin

stimulation (data not shown).

DISCUSSION

The present study demonstrates that insulin receptor accumulates in the hepatocyte
nucleus following an increase in serum glucose and insulin levels induced by oral glucose
administration. An increase in insulin receptor levels and autophosphorylation state was
detected in nuclei fractionated to purity at 15 and 180 min following an oral dose of
glucose. Within the time course of active insulin receptor accumulation in the cell
nucleus was the dephosphorylation of a nuclear DNA-binding phosphoprotein and the
transient increase in gene expression of two insulin responsive genes, malic enzyme and
glyceraldehyde-3-phosphate dehydrogenase. These results suggest that nuclear insulin

receptors may play a role in transmission of the insulin signal to the hepatocyte nucleus.
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Insulin receptor levels in the nucleus increased rapidly following in vivo insulin
stimulation, within 15 min of oral glucose administration. Similar observations have
been made in insulin stimulated adipocytes in culture (18). In two earlier studies using
cultured hepatocytes (19) and adipocytes (15), the kinetics of insulin receptor
internalization rate was slower. Peak accumulation of receptors in the nucleus occurred
at 60 min (19) and there appeared to be a time delay of about 30 min of the nuclear
translocation of receptor (15,19). The differences in estimated translocation rates may be
a function of the different types of probes used to detect trafficking of the insulin receptor
in these studies. In the latter studies (15,19), ['*>T]-labeled insulin was covalently linked
to the receptor by photoaffinity labeling prior to internalization of the hormone receptor
complex. In the present study and in studies reported in (18), immunodetection methods
were applied to detect the insulin receptor after termination of cellular processes by cell
fractionation. It may be suggested that covalent linkage of ligand to receptor impalRE
the trafficking of the receptor within the cell. Experiments show that covalently bound
insulin causes routing of the insulin-receptor complex to lysosomes and slow and
inefficient recycling of the receptor back to the plasma membrane (49,50). The rate of
translocation of insulin receptor to the nucleus observed in this study is well within the
range of rates reported for the nuclear translocation of other growth factor receptors. In
studies where the kinetics of translocation of other cell surface-localized hormone
receptors to the nucleus upon ligand stimulation has been reported, the appearance of the
relevant receptor in the nucleus varies between 10 to 20 min (23,27,28) and 1 to 2 hr

(24,25).
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Despite accumulating evidence, the idea that insulin receptors are translocated to the
nucleus during the process of ligand-stimulated internalization is controversial (18,52). It
is possible that receptors are detected at the nucleus via contamination from plasma
membrane during fractionation process involved in nuclear isolation. However many
investigators report nuclei preparations that are free of plasma membrane contamination
(18,20). In the present study the recovery of plasma membrane 5’ nucleotidase activity in
nuclear fractions appears consistently to be less than 4 % (i.e. the specific activity
measured in the nuclei divided by the specific activity in isolated plasma membrane), and
is not increased by the oral glucose gavage. This minimal contamination could not
account for the increase in insulin receptor observed in the nucleus following in vivo
stimulation after oral glucose gavage. Using the same criteria, contamination by
mitochondria was estimated to be less than one percent, however there was significant
contamination by microsomal membrane (10 %), as determined by glucose-6-
phosphatase. This finding is to be expected as the membranes of the endoplasmic

reticulum are continuous with the outer nuclear membrane (53).

Increase of the insulin receptor content of the hepatocyte nucleus following oral glucose
gavage was associated with an increase in the B-subunit tyrosine phosphorylation during
the same time period. An increase in nuclear insulin receptor B-subunit phosphorylation
upon insulin stimulation has been reported earlier (18,20) and this is demonstated in the
present study. In one study using adipocytes in culture (18), 1 nM insulin stimulated this

process two fold by 5 min. These findings are consistant with the observations made in
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vivo in the present study (1.5 fold within 15 min). In comparison, a four fold increase

in insulin receptor phosphorylation in plasma membrane of rat liver was observed
following insulin administration to intact animals (14). In the study of Kim et al. (18),
and in the present study, the time course of insulin receptor nuclear accurnulation and the
time course of increase in appearance of a tyrosine phosphorylated B-subunit in the
nucleus are similar implying that the receptor arrives in the nuclear membrane in a
phosphorylated state. In association with the period of appearance of phosphorylated
insulin receptor B-subunit in the hepatocyte nucleus, a decrease in tyrosine
phosphorylation of a nuclear DNA-binding protein of about 30 KDa was detected by
immunoblotting with anti-phosphotyrosine. Dephosphorylation of a 30 KDa
phosphotyrosine nuclear protein upon insulin stimulation has not been reported. Insulin
stimulates the phosphorylation (54-58) and dephosphorylation (59,60) of several nuclear
proteins and transcription factors. In one study (59), addition of insulin to the nuclear
extracts induced a 43 % decrease in the phosphorylation of nuclear proteins, comparable
to the observations (31 % decrease) made in the present study. Insulin-induced changes
in phosphorylation of these proteins occurs on serine and threonine residues (54-59),
suggesting that these phosphoproteins are not direct substrates of the insulin receptor
tyrosine kinase. Modification of nuclear proteins by tyrosine phosphorylation is a
regulatory mechanism used by other hormones including insulin-like growth factor-1
(60), growth hormone (61), epidermal growth factor (62). Insulin-induced tyrosine
phosphate modification of a nuclear protein (82 KDa) which is related to c-Fos has been
reported (57), however such a protein was not detected in the present study. The changes

in phospho-tyrosine content of a nuclear protein in the present study within the time
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frame of the appearance of insulin receptor tyrosine kinase in the nucleus suggests that

these changes may have been catalyzed by a tyrosine phosphatase which is directly

regulated by the insulin receptor on the nuclear membrane.

In the present study an increase of ME and GAPDH mRNA, but not of FAS mRNA was
observed within 15 min after the oral glucose meal. The increase in gene expression
observed in this study occurred in parallel to the changes associated with insulin receptor
translocation to the nucleus. Although insulin receptor levels in the nucleus continued to
increase at 180 min following the glucose meal, the increase in mRNA levels appeared to
be transient. It must be noted that tyrosine phosphorylation of the -subunit was not
increased at 180 min when compared to the tyrosine phosphorylation at 15 min following
the glucose meal. This finding suggests that the induction of mRNA synthesis may be
correlated to the tyrosine phosphorylation state of insulin receptor in the nucleus.
Measurement of the time course of insulin induction of insulin responsive genes in vivo
(63-65), and in cultured cells (66-68) has been reported. In most of these studies,
detection of changes in gene expression begins between 2 - 4 hr following stimulation
(63-65,67,68). In contrast, insulin was demonstrated to increase c-fos gene expression
within 5 min in cultured hepatoma cells (66). The differences in time required for
induction of insulin-responsive gene may reflect differences in mechanisms involved in
insulin signaling to nucleus. For insulin-responsive gene expression to be affected
swiftly following insulin stimulation, the mechanisms involved must be rapid such as
those mediated by phosphorylation/dephosphorylation cascades and not those pathways

requiring de novo protein synthesis (5). There may be also be specific nutrient-hormonal
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interactions required for the insulin response. For some genes to be regulated by

insulin the presence of glucose is required (5). Athough the changes observed in the
present study in malic enzyme gene expression were modest (35 % increase from basal),
they were comparable to those reported in a similar study. Administration of insulin by

injection caused an increase in ME gene expression of approximately 100% (70).

The present study used a model of in vivo stimulation of insulin receptors, via an oral
glucose dose, to show that insulin receptor signaling to the nucleus involves nuclear
translocation of the activated insulin receptor tyrosine kinase. This study is the firstt to
demonstrate ligand-dependent nuclear translocation of the insulin receptor in vivo,
concomitant with in vivo insulin-induced nuclear responses. The implications of this
study are that rapid signaling to the nucleus exists that may be mediated by nuclear
translocation of the insulin receptor tyrosine kinase. Direct signaling to the nuclear
membrane via nuclear translocation of the insulin receptor offers a novel pathway by

which dietary carbohydrate intake has rapid effects on gene expression in the liver.
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Figure 4.1 Mouse serum glucose measurements at selected times following oral
glucose gavage. Eight week old mice were given an oral glucose gavage of 3 g/kg body
weight. At 0O, 10, 15, and 180 min following gavage, mice were anestitized and blood
removed by cardiac puncture. Serum glucose is expressed in mM. Data represents
means * standard error. Values with different letters are significantly different (p<0.05),

n=9 for each timepoint.
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Figure 4.2 Mouse serum insulin measurements at selected times following oral
glucose gavage. Eight week old mice were given an oral glucose gavage of 3 g/kg body
weight. At0, 10, 15, and 180 min following gavage, mice were anesthetized and blood
removed by cardiac puncture. Serum insulin concentrations are expressed in pM. Data
represents means * standard error. Values with different letters are significantly different

(p<0.05), n=9 for each timepoint.
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Figure 4.3 Insulin receptor levels in the hepatocyte nucleus at selected times
following oral glucose gavage. Eight week old mice were given an oral glucose gavage
of 3 g/kg body weight. At 0, 10, 15, and 180 min following gavage, mice were sacrificed
and liver nuclei isolated. Insulin receptor levels were determined by western blotting
using anti-insulin receptor antibody. Values are expressed in densitometer units. Data
represents means + standard error. Values with different letters are significantly different

(p<0.05), n=9 for each timepoint.
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Figure 4.4 Autophosphorylation of the insulin receptor 95K subunit in the
hepatocyte nucleus at selected times following oral glucose gavage. Eight week old
mice were given an oral glucose gavage of 3 g/kg body weight. At 0, 15 and 180 min
following gavage, mice were sacrificed and liver nuclei isolated. Tyrosine
phosphorylation of the 95K subunit of the insulin receptor was determined by
immunoprecipitation of nuclei extracts using anti-insulin receptor antibody and then
western blotting using anti-phophotyrosine. Data represents means + standard error.
Values are expressed in densitometer units. Values with different letters are significantly

different (p<0.05), n=9 for each timepoint.



129

16

b
12
4
o - e

basal

b O | 10 15
I .
10 15

time following oral glucose (min)

@

tyrosine phosphorylation state of
DNA-binding nuclear proteins
(densitometer units)

Figure 4.5 Tyrosine phosphorylation of DNA-binding proteins in the hepatocyte
nucleus at selected times following oral glucose gavage. Eight week old mice were
given an oral glucose gavage of 3 g/kg body weight. At 0, 10 and 15 min following
gavage, mice were sacrificed and liver nuclei isolated. DNA-binding proteins were
prepared and tyrosine phosphorylation of these determined by western blotting with anti-
phosphotyrosine. Values are expressed in densitometer units. Data represents means +
standard error. Values with different letters are significantly different (p<0.05), n=9 for

each timepoint.
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Figure 4.6 Gene expession of malic enzyme at selected times following oral glucose
gavage. Eight week old mice were given an oral glucose gavage of 3 g/kg body weight.
At 0, 15 and 180 min following gavage, mice were sacrificed and liver extracted. mRNA
levels of malic enzyme were determined by northern blotting. Values are expressed as a
change from basal in densitometer units (0 min = 0.836). Data represents means +
standard error. Values with different letters are significantly different (p<0.05), n=9 for

each timepoint.
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Figure 4.7 Gene expession of glyceraldehyde 3-phosphate dehydrogenase at selected
times following oral glucose gavage. Eight week old mice were given an oral glucose
gavage of 3 g/kg body weight. AtO0, 15 and 180 min following gavage, mice were
sacrificed and liver extracted. mRNA levels of malic enzyme were determined by
northern blotting. Values are expressed as a change from basal in densitometer units (O
min = 0.909). Data represents means + standard error. Values with different letters are

significantly different (p<0.05), n=9 for each timepoint.
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CHAPTER V

INSULIN RECEPTOR INCUBATION WITH ISOLATED NUCLEI INDUCES A
DECREASE IN NUCLEAR PROTEIN PHOSPHORYLATION AND AN

INCREASE IN TRANSCRIPTION FACTOR ASSOCIATION TO DNA.

INTRODUCTION

Regulation of transcription by insulin is achieved by modulation of the binding affinity of
transcription factors to specific sequences within the promotor regions of insulin
responsive genes (1). These promotor sequences, called insulin responsive elements
(IRE), have been identified for genes including glyceraldehyde 3-phosphate
dehydrogenase GADPH (2), fatty acid synthase FAS (3), phosphoenolpyruvate
carboxykinase PEPCK (4), and malic enzyme ME (5). IREs present in GAPDH (located
between -461 to -453) and ME (located between -161 to -170) genes share some

homology and may be recognized by similar DNA-binding proteins (5).

Transcription factor function is regulated by post-translational modification including
changes in phosphorylation (6). Insulin treatment of the cell alters the phosphorylation
state of nuclear proteins such as lamins (7), nucleolin (8), and activator protein-1 (AP-1)
transcription factors (9). Regulation of these proteins may be mediated by various
protein kinases or phosphatases which become activated upon insulin stimulation of the

cell.
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Insulin binding and insulin receptor tyrosine kinase activation occurs at the cell

surface (10). Insulin signaling within the cell is subsequent to insulin receptor tyrosine
kinase activation of its most immediate substrate, insulin receptor substrate (IRS-1) (11).
The activity of IRS-1 is thought to be responsible for the transmission of insulin signal to
other mediators, including phosphatidylinositol 3’-kinase (P-I-3’K), and mitogen
activated protein kinase (MAP-K), within the cell (12). Gene regulation by insulin is
maintained in animals deficient in IRS-1 (13,14), which suggests that the existence of
other signaling pathways that bypass IRS-1. Upon insulin stimulation of the cell, two
distinct intracellular pathways are activated via IRS-1. Members of the mitogen-activated
protein kinase (MAP-K) family are central to one pathway, and seem to be implicated in
activation of c-fos (15) and prolactin (16) gene expression. For other genes such as
PEPCK (17) and hexokinase (18), inactivation of the MAP-K pathway does not abolish
the effect of insulin on gene expression. Phosphatidylinositol 3’-kinase (P-I-3'K) is a key
enzyme in another insulin-stimulated signaling pathway that has been implicated to be
responsible for insulin regulation of PEPCK (19) and hexokinase gene expression (18). In
one report (20) however, inactivation of P-I-3’K failed to ameliorate insulin regulation of
PEPCK gene expression. Also, p70/p85 ribosomal S6 protein kinase (p 70°°), an
enzyme thought to lie downstream of P-I-3’K, was inactivated without any effect on
insulin regulation of PEPCK gene expression (19). Thus the roles of IRS-1, MAP-K and
P-I-3’K activation in the insulin gene regulation are not clear and a pathway from the cell
surface to the nucleus resulting in the activation of a specific transcription factor has not

been described (1).
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There is accumulating evidence that insulin (21-23), and other polypeptide hormones

(24-26), activate nuclear processes by direct translocation of activated receptors to the
nucleus. Insulin receptors are translocated to the nucleus via an internalization process
that begins upon ligand binding to receptors on the cell membrane (21-23). Newly
translocated insulin receptor retains its tyrosine kinase activity (22), which suggests that
it is able to phosphorylate tyrosine sites on nuclear proteins. The present research is
based on a model used to observe accumulation of the insulin receptor in the nucleus
following insulin stimulation in vivo. Using this model, it was demonstrated that active
insulin receptors accumulate in the nucleus within 15 min of insulin stimulation and that
insulin induction of ME and GAPDH gene expression occur concomitantly with the time
course for insulin receptor translocation to the nucleus. A decrease in the
phosphorylation of a DNA-binding protein was observed within the time course of
insulin receptor appearance in the nucleus. Although active insulin receptor accumulated
in the nucleus of glucose-treated mice, the changes that occurred in nuclear processes
may have been a result of cytoplasmic signaling initiated by insulin receptor activation of
IRS-1. The objective of this study was to determine if changes in nuclear protein
phosphorylation and gene expression induced by insulin stimulation were initiated upon
translocation of insulin receptor to the hepatocyte nucleus in the absence of cytoplasmic
signaling. Nuclei, taken from hepatocytes of mice fasted for 24 hours, were incubated
with purified insulin receptor. The effect of direct incubation of insulin receptor on the
phosphorylation of nuclear proteins and the affinity of malic enzyme IRE-binding

proteins was determined.



139
MATERIALS AND METHODS

Animals Care and Treatments

Male C57 Black 6 mice (Jackson Laboratories, Bar Harbour, Maine, U.S.A.), were
housed in groups of four to six in polypropylene cages in a humidity and temperature
controlled room with a 12 hr light/dark cycle. Mice were given free access to a standard
laboratory chow from the age of weaning (Laboratory Standard Rodent Diet 5001, PMI
Feeds, Inc., MO, USA. Ateight weeks of age, mice were fasted for 24 hours beginning
at 9:00 am preceeding the experimental day. Mice treated with glucose were then given
an oral gavage of 3 g glucose / kg body weight. At various times following the gavage
animals were anestitized with halothane and then blood was removed by cardiac puncture

for glucose and insulin determinations. Animals were terminated by cervical dislocation.

Nuclei Isolation

Liver was immediately excised and minced in homogenization buffer containing 250 mM
glucose, 50 mM Tris-HCl, 1 mM benzamidine-HCI, 1 mM phenylmethylsulfonyl flouride
(PMSF), 10 uM sodium orthovanadate, | mM MgCl,, 1 pg/ml leupeptin, 1 pg/ml
pepstatin, 0.0044 Trypsin Inhibitory Units (TTU)/ml aprotinin at pH 7.5. Nuclei were
isolated as described by Blobel and Potter (27), with the following modifications. Tissue
was homogenized using a Potter-Evelhjem homogenizer with a motor driven teflon pestle
and then centrifuged at 1000 x g for 20 min using a Beckman JA20 rotor (Paloalto,
California, USA). Pellets were resuspended in homogenization buffer and then the

sucrose concentration of the homogenate was raised to 1.6 M using homogenization
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buffer containing 2.4 M sucrose. The homogenate was centrifuged at 124 000 x g for

70 min using a Beckman SW 28 rotor. Nuclei pellets were resuspended using a
homogenizer in nuclei isolation buffer containing 50 mM Tris-HCI pH 7.5, 250 mM
sucrose, 5 mM MgCls, 2.5 mM KCIl, 1 mM benzamidine-HCI, 1 mM PMSF, 10 uM
sodium orthovanadate, 1 pg/ml leupeptin, 1 pug/ml pepstatin, 0.0044 TIU/ml aprotinin.
One volume of nuclei isolation buffer containing 2.2 M sucrose, was added to the nuclear
suspension. This mixture was layered over five ml of the 2.2 M sucrose containing
buffer and centrifuged at 124 000 x g for 60 min using a SW28 rotor. Nuclear pellets
were resuspended in nuclear isolation buffer, mixed with one volume of 2.2 M sucrose
containing buffer, layered over 2.2 M sucrose containing buffer and recentrifuged at 124
000 x g for 60 min. Final nuclei pellets were suspended in nuclei isolation buffer. To
check purity of isolated nuclei, nuclei suspensions were inspected under the light
microscope after staining with 0.2 % (v/v) methylene blue and ethidium bromide (100

ig/ml) at 400 x magnification.

Preparation of DNA-Binding Nuclear Proteins

DNA binding proteins were prepared from nuclear extract as described (28). The
purified nuclear peliet was resuspended in buffer containing 50 mM Tris-HCI pH 7.4,
250 mM sucrose, S mM MgSQ,, 1 mM PMSF, 0.0015 TTU/ml aprotinin, and 5 uM
leupeptin. DNase 1 and RNase A were added to suspensions to 250 jg/ml final
concentration each. After 1 h of incubation, the nuclei were sedimented at 5000 x g for
10 min. The supernatant (Sup1), containing soluble nuclear proteins and proteins weakly

associated with DNA was collected. The pellet was resuspended in a buffer containing
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10 mM Tris-HCl pH 7.4, 0.2 mM MgSO,, 1 mM PMSF, and 0.0015 TIU/m! aprotinin.

This buffer containing 2.0 M NaCl was then slowly added to a final NaCl concentration
of 1.6 M. After 15 min incubation, the residual structures were sedimented at 5000 x g
for 20 min. The supernatant (Sup2), which contained tightly bound DNA proteins, was

collected and stored at -70°C. Protein content was determined (29)

Direct Phosphorylation of Isolated DNA-Binding Proteins by Purified Insulin Receptor
Isolated DNA-binding proteins (Sup2) were prepared from the nuclei of hepatocytes
taken from mice fasted for 24 h. 50 pg protein from each sample was incubated with
reaction mixture containing 60 mM Tris-HCI pH 7.5, 10 mM MgCl,, 230 mM Na(Cl, 1
mM PMSF, 0.4 mM adenosine triphosphate, 8 mM MnCl,, 2mM dithiothreitol, and 2
png/ml leupeptin. To begin the labeling of DNA binding proteins [y*?P]-ATP (2 pCi) was
added and the mixture incubated for 15 min at room temperature. At the same time 2 ug
purified insulin receptor preparation in reaction mixture without dithiothreitol was
activated using 10 nM insulin for 15 min at room temp. To the labeled DNA binding
proteins that had been labeled with [Y?P]-ATP, 0.2 Hg of activated receptor was added.
The reaction was carried out for 0, 10, 15, and 60 min and stopped by adding 4X
Laemelli sample buffer (30) and then boiled for 5 min. Controls for each time were
prepared by incubating an equivalent DN A-binding protein extract for the same amount
of time with [y*?P]-ATP but without activated insulin receptor added. Samples were
loaded onto a 7.5 % (w/v) polyacrylamide gel and subjected to SDS-PAGE at 25 mA.
The gel was stained with 0.025 % (w/v) Coomassie brilliant blue R250 (BioRad

Laboratories, Hercules, California, USA), 40 % (v/v) methanol, and 10 % (v/v) acetic
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acid and vacuum dried. The *’P-labeled DNA binding proteins were visualized by

autoradiography and quantitated by densitometry using the GS-670 Imaging

Densitometer (BioRad).

Gel Shift Assay

Nuclear extracts were prepared from liver as described above with the exception that
final pellets were suspended in 25 mM N-[2-Hydroxyethyl]piperazine-N’-[2-
ethanesulfonic acid] (HEPES), pH 7.6, 40 mM KCl, 0.1 mM ethylenediaminetetraacetic
acid (EDTA), 1 mM dithiothreitol, 10 % (v/v) glycerol, and stored at -70°C until use.
The oligonucleotides used in the assay (5’-CCCGCCCCCGCCTCCTCGCA-3’ and its
complement), corresponded to the sequences -175 to -156 of the promoter region of the
malic enzyme gene. The underlined sequence, CGCCTC, within the oligonucleotide has
previously been described as an insulin responsive element within the malic enzyme gene
promotor (5). The oligonucleotides (50 pg each) were labeled by incubating the
oligonucleotides with 150 uCi of [y-nP ]-ATP, and T4 polynucleotide kinase (10 units)
(GIBCO BRL Life Technologies Gaithersburg, MD USA), for 1 h at 37°C. Labeled
DNA was purified by adding 0.2 volumes of 5 M ammonium acetate and two volumes of
100 % ethanol. DNA was allowed to precipitate overnight at -20°C. The DNA-labeled
pellet was collected by centrifugation at 14 000 x g for 15 min (Jouan Microcentrifuge,
Winchester VA, USA), and dissolved in 50 pl water. 2 pmol of labeled probe (20 000

dpm) was used per reaction.

The binding reaction was carried out with § pg of nuclear extract in a binding reaction

mixture containing 40 mM HEPES, pH 7.9, 200 mM KCl, 0.5 mM dithiothreitol, 0.2 mM
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EDTA, 10 % (v/v) glycerol, and 3 pg Sonicated Calf Thymus DNA (Pharmacia

Biotech. Inc.), and was incubated for 15 min on ice. In competition experiments,
unlabeled oligonucleotides were added in excess (160x) or 30 ng of EBNA-I DNA, an
82-mer unrelated DNA was added (Pharmacia Biotech. Inc.). 2 pmol of labeled probe
was added to the mixture and incubated for 30 min at room temp. 2 pl of loading dye
containing 250 mM Tris-HCl (pH 7.5), 0.2 % (v/v) bromophenol blue, 0.2 % (v/v) xylene
cyanol, and 40 % (v/v) glycerol was added to the mixture. Free DNA and DNA-protein
complexed were resolved on native S % (w/v) polyacrylamide gels in 0.5x TBE (IXTBE
1s 90 mM Tris, 90 mM boric acid and 1 mM EDTA pH 8.0) run at 20 mA before being
vacuum dried and exposed to a X-ray film at -70°C. Bands were quantified using the GS-

670 Imaging Densitomer from BioRad Laboratories, Hercules, CA, USA.

Direct Incubation of Nuclei with Purified Insulin Receptor Prior to Gel Shift Assay
Experiments were designed to evaluate nuclear protein binding affinity to ME-IRE
following incubation for varying lengths of time with purified insulin receptor. Purified
insulin receptor (5 jg) was activated in reaction mixture containing 60 mM Tris-HCI pH
7.5, 10 mM MgCl,, 230 mM NaCl, 1 mM PMSF, 0.4 mM adenosine triphosphate, 8 mM
MnCl,, and 2 pg/ml leupeptin, by adding 10 nM insulin and incubating for 15 min at
room temp. Activated insulin receptor (0.25 pg) was then added to nuclear extracts for
10, 15 or 30 min incubation at room temp. Nuclear extracts were then incubated in
binding mixture containing 40 mM HEPES, pH 7.9, 200 mM KCI, 0.5 mM dithiothreitol,
0.2 mM EDTA, 10 % (v/v) glycerol, and 3 ug Sonicated Calf Thymus DNA, for 15 min

on ice. The gel shift assay was continued as described above.
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Experiments were designed to evaluate nuclear protein binding affinity to ME-IRE after
incubation with varying doses of purified insulin receptor. Activated insulin receptor was
incubated with nuclear extracts to a final concentration of 0.0063, 0.013, 0.025, 0.05
pg/ul for 15 min at room temp. Bovine serum albumin (Fraction V, Sigma) was
substituted for insulin receptor so that the protein added to nuclear extracts totaled 0.05
Hg/mi. Non-activated insulin receptor was prepared without insulin added to incubation
mixture and was used in place of insulin receptor to serve as a control. Nuclear extracts

were then incubated in binding mixture and gel shift assay continued as described above.

Purification of the Insulin receptor

Insulin receptor was purified from plasma membrane isolated from liver of male Sprague
Dawley rats. Animals were treated as described for mice. Prior to an experiment day,
animals were fasted for 12 hours, beginning at 8:00 p.m. and ending at 8:00 a.m. on the
day of the experiment. To collect liver tissue, rats were sacrificed by carbon dioxide
asphyxiation followed by cervical dislocation. At the time of sacrifice animals were

eleven weeks of age, weighed 440 + 17 g and liver tissue weighed 18.9 £ 0.7g (n=24).

Plasma membrane was prepared according to established procedures (31) and modified
as follows. Following sacrifice, livers were extracted and placed in ice-cold
homogenization medium containing 0.25 M sucrose, S mM Tris-HCI pH 7.5, 1 mM
MgCl;, 1 mM PMSF, 1 mM benzamidine-HCl, 1 pg/ml leupeptin, 1pg/ml pepstatin,

0.0044 trypsin inhibitor units/ml (TTU/ml) aprotinin. Livers were minced and
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homogenized in 5 ml/g liver using a Potter-Elvehjem homogenizer. Homogenate was

centrifuged at 1450 X gmax for 20 min in a JA 14 rotor (Beckman), to pellet the crude
nuclear fraction. The supernatant was centrifuged at 8 700 X gma, for 20 min to pellet
mitochondria. The remaining supernatant was spun at 105 000 X g for 30 minutes in a
Ti4s5 rotor to pellet plasma membranes. Plasma membranes were then purified by
resuspending the pellet in buffer containing 0.25 M sucrose, 5 mM Tris-HCl, 1 mM
ethylenediamine tetraacetic acid (EDTA), 1 mM PMSF, 1 benzamidine-HCI, | ug/ml
leupeptin, 1 pg/ml pepstatin A pH 7.5, and then adding this buffer (1.04 volumes)
containing 2.4 M sucrose so that the final concentration of the homogenate was 1.35 M.
The suspension was aliquoted into centrifuge tubes and overlayed with 0.3 volumes of
the 0.25 M sucrose-containing buffer. Tubes were centrifuged at 231 000 x gav for 30
min using a T170.1 rotor (Beckman), and plasma membranes were collected at the

interface.

Insulin receptor was purified from plasma membrane as described (32) with
modifications. Plasma membranes were solubilized in a buffer containing 50 mM Tris-
HClpH 7.5, 1 mM PMSF, 1 mM benzamidine-HCl, 1 pg/ml leupeptin, 100 pg/ml
pepstatin A, 10 TIU/ml aprotinin, and 2 % (v/v) Triton X-100 (Sigma) for 2 h at 4°C.
Insoluble proteins were precipitated by centrifugation at 100 000 x g, for 1 hr in a SW28
rotor (Beckman). Supernatant was supplemented with 0.09 % (w/v) MgCl, and applied
to Triticum Vulgaris (Wheat germ)-agarose (Sigma) preequilibrated in 50 mM HEPES
pH 7.6, 1 mM PMSF, | mM benzamidine-HCl, and 150 mM NaCl, and mixed gently

overnight at 4°C. The gel slurry was washed with 50 mM HEPES, 1 mM PMSF, | mM
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benzamidine, 150 mM NaCl, 10 mM MgSQq, 0.1 % (v/v) Triton X-100, pH 6.0 (20

volumes), and 50 mM HEPES pH 7.6, | mM PMSF, | mM benzamidine-HCI, 150 mM
NaCl, 0.1 % (v/v) Triton X-100, pH 7.6 (10 volumes). Insulin receptor bound to the
column was eluted with 50 mM HEPES, | mM PMSF, 1 mM benzamidine-HCI,, 150
mM NaCl, 0.1 % (v/v) Triton X-100, 0.5 TIU/ml aprotinin, 20 uM pepstatin A, 20 uM
leupeptin, and 0.3 M N-acetyl-D-glucosamine, pH 7.6. The eluted glycoprotein fraction
was supplemented with 0.09 % (w/v) MgCl; and mixed overnight at 4°C with Insulin-
Agarose (Sigma) that had been preequilibrated with 50 mMTris-HC], 0.1 mM PMSF, 0.1
% (v/v) Triton X-100 pH 7.5. The gel slurry was poured into a glass column and washed
with 50 mM Tris-HC], 0.1 mM PMSF, 0.1 % (v/v) Triton X-100, and 1 M NaCl, pH 7.5
(100 volumes). Insulin receptor bound to the column was eluted with 0.05 M sodium
acetate, pH 5.0 (2 volumes). Fractions (1 ml) were collected into tubes containing 0.1 ml
1 M HEPES, 0.1 % (v/v) Triton X-100, 0.1 mM PMSF, and 20 mM
ethyleneglycoltetraacetate, pH 7.8. Insulin receptor was assayed during various steps in
the purification using insulin binding assays (32,33), and by western blotting assays using
anti-insulin receptor antibody (Transduction Laboratories, Lexington, Kentucky, USA).
Purified insulin receptor was stored in 50 % (v/v) glycerol at -70°C. For more details

about purification of insulin receptor see Appendix II, IIT and IV.

Statistical Evaluation
For analysis of nuclear protein phosphorylation upon incubation with insulin receptor,
three experiments were carried out, each on different days. In each experiment three

different animals were examined for each time of incubation with insulin receptor (n=9
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for each time assessed). For the effects of oral glucose gavage on IRE-binding, n=6

for the 0 and 15 min times and n=2 for the 180 min time following oral glucose gavage.
For the effects of insulin receptor incubation on IRE-binding, 5 animals were used for
each dose of insulin receptor assessed, and one animal was used for the time-response
experiment. The differences between selected times were assessed using analysis of
variance (SAS Version 6.11 SAS Inc., Cary, NC, USA). In some cases as indicated,
statistical differences between comparisons were assessed using Students t-tests (p<0.05)

(34,35).

RESULTS

Incorporation of P?into DNA-Binding Proteins After Incubation with insulin receptor
DNA-binding proteins prepared from isolated hepatocyte nuclei taken from mice that had
been fasted for 24 h were labeled with [‘YHP]-ATP for 15 min and then incubated for a
period of time in the presence or absence of purified insulin receptor. The amount of
labeled phosphate incorporated into several DNA-binding proteins was observed to
increase with time whether or not insulin receptor was present (Figure 5.1). The labeling
of nuclear protein with [Y’ZP]-ATP after the addition of insulin receptor (time 0) was
quantified. Accumulation of **P-phosphate into protein peaked at 15 min of incubation
and had decreased by 60 min of incubation with [y>2P}-ATP. Insulin receptor added to
nuclear proteins decreased the incorporation of 32P-phosphate into two DNA-binding
proteins. One protein (p37) migrated at 37 KDa (Figure 5.2) and the other (p30) at 30

KDa (Figure 5.3). At 15 min of incubation with insulin receptor, the amount of 32P-
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phosphate observed in p37 and in p30 was reduced by 78 % and 73 % respectively,

compared to the levels of *?P-phosphate observed in the absence of insulin receptor.

Transcription Factor Binding to Malic Enzyme IRE

The effect on oral glucose administration on the binding affinity of proteins isolated from
hepatocyte nuclei to malic enzyme-IRE was determined. Results from gel-shift assays
suggest that two different nuclear proteins bound to the malic enzyme IRE (Figure 5.4
lane B). The binding of nuclear proteins to labeled IRE probe was specific; it was
abolished in the presence of excess unlabeled malic enzyme-IRE (Figure 5.4 lane C) but
was retained in the presence of an unrelated oligonucleotide (Figure 5.4 lane NC).
Nuclear protein binding to the IRE within the malic enzyme gene increased within 15
min (p<0.05) and decreased to below binding levels at basal conditions by 180 min

following oral glucose gavage (Figure 5.5).

Transcription Factor Binding to Malic Enzyme IRE Following Incubation with Insulin
Receptor

The effect of insulin receptor on the binding affinity of proteins to the malic enzyme
promoter was accessed by incubating purified insulin receptor with preparations of
nuclear proteins isolated from the liver of mice fasted for 24 hours. A time course
experiment demonstrated that incubation of insulin receptor with nuclear preparations
prior to the addition of labeled probe, increased the protein-DNA complex over that
observed in the absence of insulin receptor (Figure 5.6). Increasing doses of insulin

receptor were added to nuclear preparations isolated from the liver of fasted mice prior to



149
the incubation of nuclear proteins with labeled probe. The complex formed between

labeled IRE probe and proteins present in the nuclear preparations was increased with
increasing amounts of insulin receptor added (Figure 5.7). Dose-response studies
demonstrated that effects of insulin receptor were half-maximal at a dose of 0.0063 pg/pl

and maximal at about 0.025 pg/pl.

DISCUSSION

Incubation of protein isolated from the hepatocyte cell nucleus with purified insulin
receptor was designed to simulate conditions that would occur upon translocation of
receptor to the nucleus. Hepatocyte nuclei were isolated from animals that had been
fasted for 24 h. Under these conditions serum insulin concentrations were 100 fold
below the Km of receptor phosphorylation (2 nM) (36). Therefore it could be assumed
that insulin signaling to the nucleus via intracellular mediators could not be responsible
for the effects observed. Addition of [*sz]-ATP caused the labeling of DNA-binding
proteins with 32P-phosphate, suggesting that one or more kinases were constitutively
active in the nucleus. Insulin receptor rapidly attenuated phosphate incorporation into
two DNA-binding proteins, a 37 KDa protein and a 30 KDa protein. In a previous study
(Chapter 4), the tyrosine phosphorylation state of a 30 KDa DNA-binding protein was
observed to be decreased within 15 min of stimulation with insulin in vive. Thus insulin
receptor, in the absence of known cytosolic mediators of insulin signaling, was able to
produce a similar dephophorylation of a nuclear protein as was observed following
stimulation with insulin in vive. This evidence suggests that insulin receptor may

directly generate insulin signaling in the nucleus.
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Insulin stimulation of the phosphorylation (7,8,37,38) and dephosphorylation (39,40) of
several nuclear proteins and transcription factors has been demonstrated. In these studies,
insulin regulation of protein phosphorylation was demonstrated upon stimulation of the
intact cell with insulin. Changes in phosphorylation state of these nuclear proteins
(7,8,37-40) were not observed in the present study following treatment of cell nuclei with
insulin receptor. Therefore insulin-stimulation of cells versus insulin receptor treatment
of nuclei produce different effects on the phosphorylation state of DNA-binding proteins.
This evidence suggests that the mechanisms used in insulin signal transduction to the
nucleus when derived from the cell surface differ from signal transduction to the nucleus
when derived by direct interaction of nuclear-translocated insulin receptor with nuclear

proteins.

It is unclear how the insulin receptor, which itself is a tyrosine kinase, is able to inhibit
incorporation of *2-P-phosphate into the two DNA-binding phosphoproteins observed in
the present study. These proteins may be substrates of a kinase the activity of which is
inhibited by insulin. The 30 KDa or the 37 KDa phosphoprotein may be substrates of a
nuclear phosphatase the activity of which is increased by insulin stimulation. Insulin
action on nuclear phosphatases has been reported (39,40). In one study (39), glucose
treatment of mouse adipocytes induced the activation of a 38 KDa nuclear phosphatase.
Future studies are needed to determine if this protein is an endogenous substrate of the
nuclear insulin receptor tyrosine kinase. Addition of insulin to highly purified liver

nuclei taken from diabetic rats resulted in a decrease in the phosphorylation of 32-P-
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phosphate into nuclear proteins (40). The physiological condition, fed or fasted, of the

animals used in this study was not described, therefore it is not possible to assess if
insulin receptor translocation to the nucleus may have occurred. It is possible that in this
study insulin receptors in the nucleus were involved in regulating the activity nuclear

phosphatases in response to insulin treatment (40).

Transcription factors that bind to the insulin responsive sequence of the malic enzyme
promotor have been previously identified (5). Retardation of the malic enzyme IRE-
probe by two nuclear proteins was observed in this study as was reported in (5). Insulin
stimulation via oral glucose gavage induced an increase in binding of transcription factors
to the ME-IRE compared to the binding observed under fasting conditions within 15 min
after glucose administration. Treatment of nuclear proteins from animals in the fasted
condition with insulin receptor caused increased binding of transcription factors to probe.
The effect of insulin receptor on the binding affinity of transcription factors was dose-
dependent and saturable indicating that the effect was specifically mediated by the
receptor and that the effect was limited by the amount of transcription factors available in
the nuclear preparation. Insulin receptor induced an increase in binding affinity of
transcription factors and a concomitant dephosphorylation of nuclear proteins. Taken
together these findings suggest that it is an increase in phosphatase activity and a
resulting dephosphorylation of transcription factors that causes an increase in binding to
the IRE within the malic enzyme gene. Transcription factor dephosphorylation resulting
in an increase in DNA-binding activity is used as a mechanism for regulation of gene

transcription (6). In one study using adipocytes, an increase in binding of the
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transcription factor Sp1 to the acetyl Co-A carboxylase gene IRE was attributed to

dephosphorylation of Spl that occurred following glucose treatment (39). The core
sequence motif CGCCTC within the malic enzyme gene shares some homology to the
IRE within the GAPDH (2) and glucagon (34) genes, and this motif may be recognized
by Sp1 (41). As Sp! consists of two species of 95 KDa and 105 KDa (42), it is possible
that it is the binding of Sp1 to the ME-IRE that produces the two shifted bands observed

in the gel-shift assay (43).

The results of the present study suggest that insulin receptor in the isolated nucleus alters
the phosphorylation state of DNA-binding proteins and increase binding of transcription
factors to the ME-IRE. The model of insulin signal transduction proposed in this chapter
is described in a schematic (Figure 5.8). As these responses were observed in the absence
of cytosolic mediators within the insulin signaling cascade, the present findings suggest a

novel mechanism by which insulin regulates processes involved in ME gene expression.
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Figure 5.1 Phosphorylation of DNA-binding proteins following incubation
with P*? and purified insulin receptor.

Nuclei were isolated from hepatocytes taken from mice fasted for 24 h. DNA
binding proteins were prepared from nuclei. Proteins were labeled with [y>?P]-
ATP for 20 min before the addition of 0.2 pg of activated insulin receptor. The
reaction was carried out for 0, 10, 15, and 60 min and stopped by adding sample
buffer and boiling for 5 min. Controls for each time contained no insulin receptor.
Proteins were subjected to SDS-PAGE followed by autoradiography to detect
radioactivity incorporated into protein. Bands were quantitated by densitometry.
Arrows indicate location of molecular weight standards. Lanes are labeled with
incubation time and with (+) or without (-) insulin receptor added.
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Figure 5.2 Incorporation of **P-phophate into 37 KDa nuclear protein
following incubation with insulin receptor

Nuclei were isolated from hepatocytes taken from mice were fasted for 24 h.
DNA binding proteins were prepared from nuclei. Proteins were labeled with [y
32P]-ATP for 20 min before the addition of 0.2 ug of activated insulin receptor.
The reaction was carried out for 0, 10, 15, and 60 min and stopped by adding
sample buffer and boiling for 5 min. Controls for each time contained no insulin
receptor. Proteins were subjected to SDS-PAGE followed by autoradiography to
detect radioactivity incorporated into protein. Bands were quantitated by
densitometry and values are expressed as a change from basal in densitometer
units (0 =0.87 £ 0.07 ). Comparisons of the effect of time within each treatment
with (+) or without (-) insulin receptor added were assessed using ANOVA.
Values labeled with different letter are significantly different (p<0.05).
Comparisons of the effect of treatment for each time were made using Student ¢-
test (p<0.05). Values without insulin receptor treatment [(-) ir] labeled with (*)
are significantly different from values at the same time with insulin receptor
treatment[(+)ir]. N = 9 for each timepoint
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Figure 5.3 Incorporation of **P-phophate into a 30 KDa nuclear protein
following incubation with insulin receptor

Nuclei were isolated from hepatocytes taken from mice were fasted for 24 h.
DNA binding proteins were prepared from nuclei. Proteins were labeled with Y
32p1-ATP for 20 min before the addition of 0.2 pg of activated insulin receptor.
The reaction was carried out for 0, 10, 15, and 60 min and stopped by adding
sample buffer and boiling for 5 min. Controls for each time contained no insulin
receptor. Proteins were subjected to SDS-PAGE followed by autoradiography to
detect radioactivity incorporated into protein. Bands were quantitated by
densitometry and values are expressed as a change from basal in densitometer
units (0 = 0.95 £0.16). Comparisons of the effect of time within each treatment
with (+) or without (-) insulin receptor added were assessed using ANOVA.
Values labeled with different letter are significantly different (p<0.05).
Comparisons of the effect of treatment for each time were made using Student ¢-
test (p<0.05). Values without insulin receptor treatment [(-) ir] labeled with *)
are significantly different from values at the same time with insulin receptor
treatment([(+)ir]. N = 9 for each timepoint
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Figure 5.4 Nuclear protein binding to malic enzyme-insulin responsive
sequence at basal and at 15 min following oral glucose gavage.

Mice were fasted for 24 hours and then given an oral glucose gavage of 3 g/kg
body weight. Mice were sacrificed at 0, 15 and 180 min following oral glucose
administration. Liver nuclei were isolated and trancription factor binding to *?P-
labeled ME-IRE probe assessed by gel shift assay. Lanes are labeled as follows:

=Free probe without nuclear proteins added, B=probe with 5 ug nuclear extract
added, C=probe with 5 pug nuclear extract added plus 160x excess unlabeled probe

to act as competitor DNA, and NC=probe with 5 pg nuclear extract added plus 30

ng of an unrelated DNA sequence to act as non-competitor DNA.
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Figure 5.5 Nuclear protein binding to malic enzyme-insulin responsive
sequence at basal and at 15 min following oral glucose gavage

Mice were fasted for 24 hours and then given an oral glucose gavage of 3 g/kg
body weight. Mice were sacrificed at 0, 15 and 180 min following oral glucose
administration. Liver nuclei were isolated and trancription factor binding to 32P-
labeled ME-IRE probe assessed by gel shift assay. Bands were quantitated by
densitometry and values are expressed in densitometer units. The effect of time
following oral glucose treatment on ME-IRE binding was assessed using

ANOVA. Values labeled with different letters are significantly different (p<0.05).

(N=6 for 0, 15 timepoints, n= 2 for 180 min timepoint)
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Figure 5.6 Nuclear protein binding to malic enzyme-insulin responsive
sequence at basal and following incubation for different lengths of time
with insulin receptor.

Nuclei were isolated from hepatocytes taken from mice were fasted for 24 h.
Insulin receptor were incubated for 10, 15, and 30 min with nuclei extracts prior
to adding *2P-labeled ME-IRE probe. Transcription factor binding was assessed
by gel shift assay. Bands in lane labeled (B) represented binding between probe
and nuclear extracts with no competitor DNA added. Bands were quantitated by

densitometry and values are expressed as a change from basal in densitometer

units (O min = 17.3) This experiment had n = 1.
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Figure 5.7 Dose response effect of insulin receptor incubation on nuclear
protein binding to malic enzyme-insulin responsive sequence.
Nuclei were isolated from hepatocytes taken from mice were fasted for 24 h.

Insulin receptor at varying concentrations, 0.0063, 0.013, 0.025, and 0.05 pug/d,
was incubated for 15 min with nuclei extracts prior to adding *?P-labeled ME-IRE
probe. Transcription factor binding was assessed by gel shift assay. Bands in lane
labeled (B) represented binding between probe and nuclear extracts with no
competitor DNA added. Bands were quantitated by densitometry and values are
expressed as a change from basal in densitometer units (0 = 4.50 +0. 13). The
effect of dose of insulin receptor on ME-IRE binding was assessed using
ANOVA. Values labeled with different letter are significantly different (p<0.05).

(N =5 for each dose of insulin receptor used).
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Figure 5.8 Proposed model of insulin receptor signaling in the nucleus.

Insulin binding to the receptor causes B-subunit autophosphorylation and
internalization of the receptor tyrosine kinase. Insulin receptor is translocated to
the cell nucleus. The insulin receptor phosphorylates a nuclear phosphatase
thereby activating its phosphatase activity. The phosphatase removes the
phosphate group on an inhibitor protein. Removal of the phosphate group allows
the inhibitor protein and a transcription factor to dissociate. The transcription
factor is able to bind to the insulin responsive element. Alternatively the
phosphatase may remove the phosphate group on a transcription factor which
allows it to interact with the DNA. Insulin signal transduction to the nucleus via
IRS-1 is outlined.
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VI SUMMARY AND DISCUSSION

The hypotheses tested in this thesis have been verified as follows:

Hypothesis 1: Insulin receptor levels in isolated cell nuclei of hepatocytes
taken from fasted animals will increase following an oral glucose meal and

an increase in serum insulin concentration.

An oral glucose meal caused an expected rise in serum glucose and insulin
concentrations in mice. Insulin receptor concentration increased in the nucleus
following an oral glucose meal assessed by insulin binding assay (Chapter IT and
Chapter ITI) and by immunoassay using anti-insulin receptor antibody (Chapter
IV). Peak levels of insulin receptor binding were observed within 30 min of an
oral glucose meal. This peak of nuclear insulin binding was coincident with the
peak of insulin concentration in serum achieved by oral glucose gavage.
Immunoassay of insulin receptor levels in the nuclei revealed that insulin receptor
levels in the nucleus were increased at 15 min following oral glucose gavage, and
were further increased by 180 min following oral glucose gavage. Differences in
the time course of insulin-induced translocation of the insulin receptor may be a
reflection of the different methodologies used to measure insulin receptor.

Although insulin binding assays are frequently used to measure insulin receptor
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concentration, this method more likely assesses the ability of the receptor to bind

insulin. This property of the insulin receptor is largely dependent on the structure
of insulin receptor within its membrane environment. Immunoassay of insulin
receptor using anti-insulin receptor involved using polyclonal antibodies prepared
against purified insulin receptor. Although the exact epitopes recognized by the
antibody preparation were not determined, it is feasible that numerous antibodies
bound to the insulin receptor. It is also feasible that antibody binding was less
dependent on the ability of the insulin receptor to attain its native structure.
Therefore the measurements of the insulin receptor determined by immunoassay
would be more likely to approximate receptor content compared to measurements

determined by insulin binding assay.

Hypothesis 2: Insulin receptor levels in isolated cell nuclei of hepatocytes
taken from fasted mice are decreased in obese mice compared to lean
animals following an oral glucose meal.
Obese mice had increased levels of insulin receptor in isolated hepatocyte nuclei
compared to lean mice following an oral glucose meal. Increased receptor
translocation observed in obese mice following insulin stimulation may be due to
basal hyperinsulinemia and the dramatic increase in serum insulin induced by an
oral glucose meal compared to lean mice. Increased ligand binding due to

hyperinsulinemia may increase insulin receptor internalization in obese mice.
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Alternatively insulin receptor recycling back to the plasma membrane may be

impaired in obesity. No differences were observed in insulin binding ability of
nuclear receptors of lean and obese animals. The increased amount of insulin
receptor detected in nuclei from obese mice was not measured by insulin binding
assay. This finding may suggest the insulin binding function of the nuclear
receptor within the hepatocyte nuclear membrane is functionally impaired. It was
hypothesized that insulin receptor translocation to the nucleus of obese mice
would be impaired. Evidence suggests that obesity is associated with reduced
insulin binding to plasma membrane receptors resulting from receptor
downregulation. Altered membrane composition has been suggested to decrease
nuclear insulin binding in obese mice compared to lean mice fed high fat diets.
Further studies are required to determine whether despite increased translocation,

insulin receptor function in the nucleus is impaired.

Hypothesis 3: Insulin receptor translocation to the nucleus following an
oral glucose meal is reflected in an increase in nuclear insulin receptor B-
subunit autophosphorylation.
The appearance of tyrosine-phosphorylated insulin receptor B-subunit was
increased in the hepatocyte nucleus within 15 min of an oral glucose meal.
Although basal levels of insulin receptor were detected in the nucleus, no tyrosine

phosphorylation was detected in mice in the basal state. This finding suggests that
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insulin receptor in the nucleus is not activated in the basal state and that activity of

the insulin receptor tyrosine kinase in the nucleus is dependent upon ligand-
induced internalization and nuclear translocation of the cell surface insulin
receptor. Insulin receptor detected in the nucleus in the basal state may reflect

newly synthesized insulin receptor en route to the plasma membrane.

Hypothesis 4: Insulin receptor translocation to the nucleus following an an

oral glucose meal is coincident with increases in tyrosine phosphorylation

of nuclear proteins.
An oral glucose meal decreased the tyrosine phosphorylation of a 30 KDa nuclear
protein within the time course of the appearance of insulin receptor tyrosine
kinase in the hepatocyte nucleus. As the insulin receptor is a tyrosine kinase,
increases in tyrosine phosphorylation of nuclear proteins were expected upon
translocation of the insulin receptor to the nucleus. The 30 KDa protein does not
appear to be a direct substrate of the nuclear insulin receptor tyrosine kinase. Its
dephosphorylation may be catalyzed by a nuclear phosphatase whose action is
regulated by the nuclear insulin receptor tyrosine kinase. Insulin stimulation of
intact cells has been demonstrated to induce the dephosphorylation of nuclear

proteins.

Hypothesis 5: Insulin receptor translocation to the nucleus following an
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oral glucose meal is coincident with increases in expression of insulin-

responsive genes including malic enzyme, fatty acid synthase and

glyceraldehyde 3-phosphate dehydrogenase.
An oral glucose meal induced a transient increase in insulin-responsive genes,
malic enzyme and glyceraldehyde 3-phoshate dehydrogenase mRNA levels. Peak
increases in mRNA levels occurred within 15 min following insulin stimulation
and the appearance of insulin tyrosine kinase in the nucleus. The time required
for observing insulin-induced gene expression upon insulin stimulation ir vivo
was more rapid than has been previously reported. Increases in leptin and
pyruvate kinase gene expression were observed only after 2 h following insulin
stimulation in the intact animal. Stimulation of cells in culture with insulin
produced increases in expression of c-fos and PEPCK genes within 5 and 30 min
respectively. In this study, changes in FAS gene expression were not observed
within 180 min of an oral glucose meal. The differences in time required for the
insulin regulation of gene expression may reflect different mechanisms involved
in insulin signaling to the nucleus. For some genes the insulin response may

require de novo protein synthesis or a combination of nutrients and growth factors.

Hypothesis 6: Insulin receptor translocation to the nucleus following an
oral glucose meal is coincident with increases in transcription factor

binding to an insulin responsive sequence.
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Transcription factors present in isolated hepatocyte nuclei exhibited increased

binding to the malic enzyme insulin response sequence following an oral glucose
meal. Increased binding affinity of IRE binding proteins following insulin
stimulation in vivo occurred in parallel to increases observed in mRNA levels.
This finding confirms that insulin regulation of malic enzyme gene expression
involves modulation of transcription factor association with the malic enzyme
IRE. De novo protein synthesis is unlikely to occur within 15 min of insulin
stimulation via an oral glucose meal. IRE binding proteins were detected in the
basal state in the hepatocyte nucleus. Increases in protein-IRE complex formation
following an oral glucose meal were probably caused to post-translational

modification of the constitutive IRE-binding proteins.

Hypothesis 7: Direct incubation of insulin receptor with cell nuclei
isolated from hepatocytes taken from fasted animals will increase
phosphorylation of DNA-binding nuclear proteins.
Changes observed in the hepatocyte nucleus upon insulin stimulation in vivo were
coincident with the appearance of activated insulin receptor in the nucleus. These
changes included a decrease in tyrosine phosphorylation of a 30 KDa nuclear
protein, an increase in transription factor binding to the malic enzyme IRE and an
increase in malic enzyme gene expression. To determine if newly translocated

insulin receptor in the hepatocyte nucleus could be involved in directing insulin
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nuclear signaling, an experiment was designed to examine insulin receptor

signaling in the hepatocyte nucleus in the absence of insulin receptor substrate-1-
mediated intracellular signaling. Insulin receptor incubation with DNA-binding
protein attenuated the incorporation of [32-P]-phosphate into a 30 KDa and a 37
KDa protein. Insulin receptor-induced inhibition of a nuclear kinase or activation
of a nuclear phosphatase may be responsible for preventing the labeling of the
30KDa and the 37 KDa proteins. A similar insulin-induced decrease in the
phosphorylation state of a 30 KDa DNA-binding protein following in vivo insulin
stimulation was observed as was seen following direct incubation of nuclear
protein with insulin receptor. These observations suggest that the 30 KDa DNA
binding protein may lie downstream of the nuclear insulin receptor signal. Future
studies should attempt to identify this protein as well as putative endogenous

substrates of the nuclear insulin receptor.

Hypothesis 8: Direct incubation of insulin receptor with cell nuclei

isolated from hepatocytes taken from fasted animals will increase the

binding of transcription factors to an insulin responsive sequence.
Regulation of transcription factor function can be mediated via changes in
phosphorylation state. Incubation of isolated nuclear proteins taken from the
hepatocytes of fasted mice with activated insulin receptor increased transcription

factor binding to malic enzyme IRE. It was established that in vivo stimulation
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with insulin resulted in increased transcription factor-IRE association. This

finding suggests that increased binding of IRE to specific nuclear proteins can be
induced in vitro by direct incubation of nuclear extract with insulin receptor.
Within this closed system there is an absence of indirect cytoplasmic-to-nucleus
signaling via the insulin receptor substrate-1. Based upon our findings that insulin
induced a decrease in phosphorylation of a nuclear protein it may be suggested
that the association of IRE to its transcription factor is increased upon
dephosphorylation of the latter. Future studies should attemnpt to determine the
mechanism of insulin receptor regulation of transcription factor binding to the

malic enzyme IRE.

Insulin has long known to regulate the expression rate of genes, however the
mechanim used in insulin signaling to the nucleus remain to be elucidated. The
role of insulin receptor is to deliver the insulin signal from the cell surface to
various mediator proteins and then effector proteins within the cytoplasm and
nucleus. The insulin receptor substrate family of proteins becomes rapidly
phosphorylated by insulin receptor and then stimulates activation of other proteins
(1). Few other cytoplasmic proteins have been characterized whose
phosphorylation is catalyzed directly by the insulin receptor tyrosine kinase (2).
This evidence suggests that insulin signaling to the nucleus be directed through

insulin receptor substrate proteins. This thesis proposes an alternate mechanism
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of insulin signaling to the cell nucleus, via direct interaction with and activation of

proteins within the nucleus by the insulin receptor.

Insulin receptor on the cell surface internalizes immediately following binding to
insulin. It was hypothesized that internalization and translocation of the insulin
receptor may bring the insulin receptor tyrosine kinase within close proximity of
nuclear proteins. This research provides evidence that insulin receptor is
translocated to the nucleus within 15 min of a glucose meal. The rapid time
course at which insulin receptor translocation is observed in vivo suggests that
direct signaling to the nucleus is a rapid pathway by which insulin is able to
regulate nuclear proteins. The stimulation of insulin receptor substrate-1
activation by insulin in vivo is reported to be maximal within 30 sec (1). Time
courses for activation of other intermediates in the insulin signal transduction
pathway is slower. In cultured cells maximum stimulation of MAP-K and Shc
occurs at 5 min (3,4) and maximum stimulation of P-I-3’K occurs at 3 min (5).
Thus for some nuclear process direct signaling via nuclear insulin receptor may be
preferred to signaling mediated by cytoplasmic proteins activated by insulin

receptor on the cell surface.

Although a putative substrate of the insulin receptor tyrosine kinase in the nucleus

was not identified, increased nuclear phosphatase activity following insulin
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stimulation and incubation of nuclear proteins with insulin receptor was evident.

Direct involvement of the insulin receptor in mediating transcription factor
binding to cis-acting elements was observed. These findings are novel in this area
of research. These observations present strong evidence that the insulin receptor
is directly responsible for regulating insulin responses in the nucleus as they
occurred in the absence of insulin mediated cytoplasmic signaling. Future studies
should identify which nuclear proteins are substrates of the nuclear insulin
receptor tyrosine kinase, whether these proteins have tyrosine phosphatase
activity. It will also be important to identify transcription factors downstream of

the signal transmitted by the insulin receptor in the nucleus.

Fasting and refeeding induced insulin receptor translocation and insulin-
responsive responses in the cell nucleus. This finding is significant as it suggests
that this novel pathway, by which insulin regulates nuclear processes, functions
under physiological conditions such as following a high carbohydrate meal. In the
present study, increased insulin receptor translocation to the nucleus was observed
in the obese animal. One aspect of the pathology of obesity includes increased
expression of lipogenic genes (6). Future studies should determine if faulty
regulation of insulin signal transduction to the nucleus via insulin receptor

translocation may explain some aberrations that occur in obesity.
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Appendix II Iodination of insulin-agarose eluent.

10 pg of insulin-agarose eluent was used for iodination assay. Protein was incubated in a
total of 50 pl phosphate buffered saline pH 7.4 containing 0.1 % (v/v) Nonidet P-40
(Sigma, St. Louis, MO, USA) (PBS-NP40) and 3 Iodo-Beads (Pierce, Rockford, IL,
USA) for 5 min at room temperature. 500 pCi of 1251 was added to mixture and allowed
to incubate for 10 min at room temperature. Mixture was then added to a PD-10 column
(Pharmacia, Biotech. Inc., Baie d’ Urfe, Quebec, Canada) pre-equilibrated in PBS-NP40.
1 ml fractions were collected and counted in a Gamma 8000 counter (Beckman
Instruments, Palo Alto, CA, USA). Fractions 3 to S, which was the first radioactivity
containing peak, was pooled. A 15 pl sample was boiled in Lamelli sample buffer,
boiled for 5 min and then electrophoresed using SDS-PAGE (7.5 % (w/v) acrylamide) at
25 mA. Bands were visualized by autoradiography.

Lanes are labeled as follows: MW= molecular weight standards, 1, 2 and 3 =4 pl, 8 pl,
and 12 pl sample loaded onto gel. (Some of sample from lane 1 spilled into next lane).

The visible band between 66 and 45 KDa could not be identified as an insulin receptor
subunit and may either be a breakdown product or contamination.
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Appendix III Enzyme linked immunoassay of rabbit test serum and rabbit
background serum.

The 96-well microtitre plates (Dynatech Immulon 2) were coated with 200 pl per well of
phosphate buffered saline pH 7.3 containing 100, 80, 60, 40, 20, 10, 5 and 0 ug of plasma
membrane isolated from rat liver membrane as shown in the table above. Plates were
stored at 4°C overnight in a plastic bag. The next day the solution was shaken from the
plate and each well coated with 200 ul of 1% (v/v) bovine serum albumin (Sigma, St.
Louis, MO, USA), for 1 h at room temperature. Wells were washed with PBS containing
1 % (v/v) Tween 20 (Sigma), (PBS-T). Rabbit serum was diluted 1:500 with PBS-T
added to the first of the 12 lanes of the microtitre plate (200 il well). Successive 1/2
dilutions were made in each of the following 10 lanes as shown in the table below.

Plates were incubated with antibody for 2 h at room temperature. The plates were
washed with PBS-T. Goat anti-rabbit diluted 1:3000 in PBS-T was added and incubated
for 2 h at room temperature. Plates were washed with PBS-T. Color was developed with
o-phenylenediamine (0.4 mg/ml), and urea peroxidase (1 mg/ml) in 0.1 M citrate buffer
(pH 4.75) added to each well (200 pl/well). Plates were read using an ELISA reader at
Ayso- Serum dilution vs absorbance is plotted in Appendix IV
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Appendix IV Plot of absorbances from enzyme linked immunoassay of rabbit test
serum.
Absorbance readings (450 nm) obtained from rat plasma membrane tested with serial
dilutions of rabbit preimmune and test serum as outlined in Appendix ITI. Only results
obtained from 5 pg rat plasma membrane are graphed, n = 1.
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Appendix V Immunoprecipitation of insulin receptor in plasma membrane and
nuclei using antiserum prepared in laboratory and commercially available
antibodies.

Plasma membrane (100 pg protein) and nuclei extract (300 pg protein) was precleared
three times each with rabbit serum agarose (Sigma) and then with recombinant Protein A
-agarose (Upstate Biotechnology Inc.) and then incubated with 5 pg anti-insulin receptor
overnight at 4°C. Recombinant Protein A-agarose (100 pl of a 50% (v/v) suspension)
was added to the mixture and incubated for 2 h at 4°C with rotation. Samples were then
centrifuged for 1 min at 14 000 x g and the pellet containing anti-insulin receptor-
antigen-agarose conjugate was washed three times in a PBS pH 7.3 buffer supplemented
with 1% (v/v) Triton X-100, 0.5% (w/v) soduim deoxycholate, 0.1% (w/v) SDS, 0.04
pg/ml NaF, and then twice with PBS, 0.04 ug/ml NaF. The washed beads were
resuspended in 50 pl of Laemmeli sample buffer (34) with 5% (v/v) 2-mercaptoethanol,
boiled for 5 minutes, and centrifuged for 5 minutes at 14 000 x g; the supernatent was
then analyzed on 7.5% (w/v) SDS-PAGE followed by western blotting with anti-PY.
Lanes are labeled as follows: O=Oncogene GRO7 anti-insulin receptor antibody,
T=Transduction Laboratories anti-insulin receptor antibody, L=laboratory produced anti-
insulin receptor antibody. Nuclei 180=nuclei 180 min, Nuclei 15= nuclei 15 min, and
Nuclei 0= nuclei O min following oral glucose gavage.
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Appendix VI Nuclei isolated from hepatocytes in buffers containing low and
high phosphatase inhibitors.
Nuclei suspensions were inspected visually under the light microscope after staining with
methylene blue (0.2% v/v) and ethidium bromide (100 pg/ml) at 400 x magnification
using a Dialux 20 EB microscope, Leitz, Berlin, Germany.

Key:

1: Nuclei isolated in buffers not containing phosphatase inhibitors stained with
ethidium bromide.

2: Nuclei isolated in buffers not containing phosphatase inhibitors stained with
methylene blue.

3: Nuclei isolated in buffer containing low phosphatase inhibitors stained with
ethidium bromide.

4: Nuclei isolated in buffer containing low phosphatase inhibitors stained with
methylene blue.

5: Nuclei isolated in buffer containing high phosphatase inhibitors stained with
ethidium bromide.

6: Nuclei isolated in buffer containing high phosphatase inhibitors stained with

methylene blue.
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