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Abstract

Although the relationship between insulin resistance and cardiovascular
diseases is well established, nature and mechanism of the insulin resistance

in peripheral tissues is unclear.

In this thesis I have demonstrated that a rodent model of genetic
hypertension, the stroke-prone spontaneously hypertensive rat (SHRSP),
displays resistance to the effects of insulin, characterised by defects at the
level of both carbohydrate and lipid metabolism in primary epididymal
adipocytes.  Insulin-stimulated 2-deoxy-D-glucose uptake is reduced
SHRSP compared to Wistar-Kyoto (WKY) control, and there is a profound

reduction in the ability of insulin to inhibit isoprenaline-mediated lipolysis.

The SHRSP is a relative of the SHR, which develops a similar though not
identical phenotype. The SHR defect has recently been attributed to aberrant
expression of Cd36, a putative fatty acid transporter in adipocyte
membranes. Thus, Cd36 has emerged as a potentially important link in
cardiovascular and insulin resistance syndromes. Interestingly however
levels of Cd36 mRNA and protein in SHRSP adipocyte membranes are
comparable to those in WKY normotensive controls. This suggests that
other molecules may contribute to the development of the SHRSP

phenotype.

The potential for aberrant insulin signalling to contribute to the
development of insulin resistance is also apparent in other syndromes such
as Polycystic Ovarian Syndrome (PCOS). To that end I studied the effects
of sex hormone treatment in 3T3-L1, as sex hormone levels are elevated in
PCOS. In sex hormone treated 3T3-L1 adipocytes there is a down-
regulation of IRS-1, IRS-2 and PI3’K. There is also a re-distribution of IRS-
1 and IRS-2 from the membrane fraction to the cytosol in sex hormone
treated cells. This type of movement has previously been implicated in the
development of cellular insulin resistance, and indeed there is resistance to

the effects of insulin to stimulate GLUT4 translocation and glucose uptake

ii



in these cells. This is independent of any change in expression of GLUT4,
although insulin-stimulated translocation is dramatically reduced. This data
suggests a potential mechanism by which insulin resistance could develop
in syndromes, such as PCOS, where adipocytes are exposed to an abnormal

balance of sex steroids.

Assessing the contribution of insulin signalling to the development of
insulin resistance in different disease states will be useful at several levels.
At the most basic level it will reveal more about the functions of specific
proteins, and importantly the diseases which result when these proteins are
abnormally regulated.  This will present new avenues for therapeutic
treatment, aimed at both correcting apparent defects, or by alternative

mechanisms which could by-pass dysfunctional signalling pathways.
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1 General Introduction

1.1 Glucose as an energy source

To function properly the human body requires consumption of adequate
amounts of the three main food groups: proteins (composed of a variety of
essential and non-essential amino acids), fats, and carbohydrates.
Although all of the food sources are able to provide energy for both
storage purposes and immediate use, carbohydrates are important as they
represent the only source of anaerobic non-oxidative energy. The main
product of carbohydrate breakdown is glucose and in aerobic organisms
energy is generated from this molecule through glycolysis. Glycolysis
plays a central role in energy metabolism by providing a substantial
portion of the energy consumed by most organisms. Due to this ability to
provide energy, glucose is the preferred source of energy for many tissues
of the body. This is discussed below (Chapter 27, Zubay, 1998).

1.2 Glucose metabolism in different tissues

1.2.1 Glucose and the brain

The necessity for glucose as an energy source is perhaps best illustrated in
the brain where there is an absolute requirement for glucose, which varies
little whether active or at rest. Indeed blood glucose concentrations falling
to less than half the optimum 5mmoles per litre can result in severe brain
dysfunction, where subjects will exhibit symptoms such as lack of
coordination and impairment in concentration. Only in situations of
extreme starvation will the brain resort to utilising the one other energy
source available to it, ketone bodies. Ketone bodies, which are essentially
soluble forms of fatty acids, enter the circulation from the liver where they
are generated in a process known as ketogenesis. Due to their solubility
they are able to cross the blood brain barrier, unlike normal fatty acids

which are unable to do this due to their structure. The brain is therefore



able to metabolise them and generate energy from them. This, however, is
always a short term energy source and as soon as glucose becomes readily
available brain metabolism of ketone bodies discontinues (Chapter 27,
Zubay, 1998.).

1.2.2 Glucose and skeletal muscle

Muscle is not so selective as brain regarding its energy supply, and is able
to utilise glucose (predominantly in the storage form, glycogen), fatty
acids and ketone bodies as energy sources. Nevertheless skeletal muscle
still represents a main glucose sink, and a large percentage of circulating
glucose is taken up by this tissue. As soon as glucose enters muscle it is
rapidly converted to the main storage carbohydrate; glycogen, and up to
2% of a resting well-fed muscle normally constitutes glycogen stores.
This glycogen is readily utilisable within the muscle as an energy source as
it can be converted into glucose-6-phosphate, and subsequently glycolysis.
Muscle is however unable to carryout gluconeogenesis, as it lacks glucose-
6-phosphatase, the enzyme necessary for hydrolysis of glucose-6-
phosphate. Nevertheless muscle is able to act as an efficient energy
reservoir when required in severe starvation, by the mechanism outlined

over-page in Figure 1.1 (Chapter 27, Zubay, 1998.).

1.2.3 Glucose and adipose tissue

Adipose tissue, like skeletal muscle, is an important energy storage depot,
and is mostly located just under the skin in the abdominal cavity, around
skeletal muscle and in the mammary glands. The importance of fat in this
regard is perhaps best demonstrated by the fact that an average 70 kg man
will contain around 15kg of his total weight in fat, an amount sufficient to
maintain life for around 3 months. Nevertheless fat does not function
simply as a passive storage depot. The main storage components of

adipose tissue are triacylglcerides (TAG), which are synthesised from fatty



acids obtained either from the liver or the dietary intake (Chapter 27,
Zubay, 1998.). These TAG’s are rapidly mobilised by hydrolysis into non-
esterified fatty acids (NEFA'’s), and can be secreted into the circulation in
response to a variety of lipolytic hormones, such as catecholamines. This
release of fatty acids is nevertheless also closely coordinated with the
carbohydrate energy available. If glucose is abundant in the blood then a
percentage of it will enter the adipocyte, and then be converted to glucose-
6-phosphate as in other tissues. This glucose-6-phosphate in a sense
serves as meter to indicate whether the mobilisation of fatty acids into the
circulation is necessary, and should levels of glucose-6-phosphate be low

then more fatty acids are released (Chapter 27, Zubay, 1998.).

Thus the importance of glucose as an energy source is clearly illustrated in
these three tissue types which are the main consumers of glucose, and
indeed these tissues all play an important role in maintaining the energy
balance of the whole body. However one other tissue plays a crucial role

in energy, particularly glucose, homeostasis and that is the liver.
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1.2.4 Glucose and the liver

In common with the tissues described above, the liver has the ability also
to utilise and store glucose. Importantly however, unlike the other tissue
types, liver can also generate glucose de nove, which can be rapidly
mobilised into the blood stream when required. The liver is ideally
situated for this dual function, served by the portal vein which carries all of
the nutrients (except fatty acids) absorbed from the intestines into the
blood stream. In the fasted state, where few nutrients reach the liver and
the blood glucose is hence low, a concerted action involving the liver and
the pancreas results in secretion of glucose into the blood stream.
Hypoglycaemia results in the stimulation of pancreatic o cells to secrete
the hormone glucagon. This glucagon travels through the blood stream to
the liver, where it acts on glucagon receptors to stimulate the cAMP-
mediated breakdown of glycogen. During hepatic glycogenolysis, the
glycogen is broken down into glucose-1-phosphate and subsequently
converted to glucose-6-phosphate. In the liver, unlike other tissues, this
glucose-6-phosphate generated by glycogenolysis can be hydrolysed by a
specific glucose-6-phosphatase, resulting in the generation of glucose.
The presence of this hormone is central to the unique function of the liver,
as it represents the means by which free glucose can be generated and re-
directed back into the circulation. Obviously this then lets available
glucose be directed to the tissues which require it for their survival
(Chapter 27, Zubay, 1998.).

As mentioned above the liver can also take glucose up from the blood
stream when required. However this process is always secondary to the
consumption of glucose by the main energy consumers, brain, muscle and
adipose tissue. This is achieved by the unique properties of the variant of
hexokinase expressed in liver cells- glucokinase. Hexokinase enzymes in
most cell types have a high affinity for glucose, with a K;;, of less than
0.ImM. These enzymes are also inhibited by accumulation of the reaction
product, glucose-6-phosphate. The liver glucokinase, however, is unique

in that it has a much lower affinity for glucose, with a K, of SmM. In



other words the rate of transport of glucose varies proportionally with the
blood glucose level over the physiological range. In contrast to the other
main consumers of glucose, liver cells are less sensitive to the actions of
insulin and freely permeable to glucose. Thus the liver will not consume
glucose until the requirements of muscle and adipose have been saturated.
Only then will it serve to 'mop-up’ the excess and convert it to glycogen
(Chapter 27, Zubay, 1998).

1.3 Hormonal Control of glucose metabolism

Although there is a variety of hormones that will affect how glucose is
used within the body, the main control comes from the hormones glucagon
and insulin. As discussed above, glucagon is released from the pancreatic
o cells in response to low blood glucose concentrations, and in turn
stimulates the breakdown of glucose in the liver and subsequent release
into the blood stream. In the fed state however, when circulating glucose
levels are high, it is necessary to promote the uptake of glucose into
tissues. It has already been discussed above how this is mediated in the
liver but in the other target tissues such as muscle and adipose, this process
is stimulated by the action of the hormone insulin. High blood glucose
stimulates the release of insulin from pancreatic (3 cells, and this promotes
the uptake of glucose primarily into fat and muscle cells. Although many
of the actions of glucagon can be partly compensated by other hormones
such as catecholamines and cortisol, the actions of insulin are unique and
therefore understanding the action of this hormone at the cellular level are
very important. This is discussed in more detail below (Chapter 27,
Zubay, 1998).



14 Insulin action at the cellular level

1.4.1 Glucose transporters and facilitative transport

As discussed in the beginning of this chapter, a primary biological function
of insulin is to promote glucose uptake into tissues that are dependent on it
for survival. Although monosaccharides can enter cells via diffusion or
active transport, these processes are generally too slow to meet the energy
requirements of glucose utilising tissues. For this reason glucose uptake
into tissues is mediated by a family of facilitative glucose transporters
(Gould, 1997).

Each of these mammalian glucose transporters are similar in basic
structure, containing twelve alpha-helical trans-membrane spanning
domains with both the carboxy and amino termini extending into the
cytoplasm. This folded structure generates 6 exo-facial loops, with the
first Joop being largest and containing an asparagine-linked glycosylation
site, and five endofacial loops including a large central hydrophillic loop
(Hunter and Garvey, 1998).

To date ten transporter isoforms have been identified and named GLUT’s
1-10. However the product of the GLUT6 gene was found to be a pseudo-
gene soon after its discovery. Therefore no functional GLUT6 protein is
expressed (Gould, 1997). The GLUTS transporter isoform is unique in
that, unlike the other transporters, it is a specific fructose transporter.
GLUT’s 8, 9 and 10 have only recently been discovered, and thus they are
still being characterised and assigned to specific cellular functions (Hunter
et al., 1998; Carayannopoulous et al., 2000; Doege et al., 2000).
Therefore, at least five transporter isoforms exist which are able to
selectively promote glucose uptake into specific cell types in response to
the appropriate physiological signals. Table 1.1 below illustrates the
kinetic properties, tissue distribution and important functions of each

glucose transporter.



Transporter Tissue expression Transports Characteristics Homology
Isoform to GLUT1
GLUT! placenta, brain, blood-tissue barrier, | D-glucose basal energy requirements | 100%
adipose, skeletal muscle, cardiac | D-galactose
muscle, tissue culture cells,
transformed cells
GLUT2 liver, pancreatic beta cell, kidney | D-glucose high Km transporter 56%
proximal tubule,  basolateral | D-fructose
membranes of small intestine
GLUT3 brain and nerve cells in rodents, | D-glucose low Km transporter found | 64%
brain, nerve, placenta humans, liver, | D-galactose in tissues metabolically-
heart dependent on glucose
GLUT4 adipose, skeletal muscle, cardiac | D-glucose insulin-stimulated glucose | 65%
muscle transport in  insulin-
sensitive tissues
GLUTS small intestine, kidney, testis, | D-fructose high affinity for fructose 42%
adipose, muscle, brain, small
intestine, kidney (rat)
GLUTG6 pseudogene NA NA
GLUT7 Cloning artefact NA NA
GLUTS8 pre-pubertal testes (absent in | D-glucose probably involved in | 29%
testicular cancer), low amounts in gonadotrophin  control,
insulin-sensitive tissues possibly  involved in
glucose  transport  in
mammalian embryo’s
GLUT9 spleen, leukocytes, brain D-glucose probably involved in | 28.5%
tissue-specific roles
GLUT10 37.1%
Table 1.1 The mammalian facilitative glucose transporters

adapted from Gould, 1997; Hunter and Garvey, 1998; Carayannopoulous
et al., 2000; Doege et al., 2000




Within insulin responsive tissues (predominantly adipose and skeletal
muscle) GLUT1 and GLUT4 are the predominantly expressed isoforms,
each transporter performing a unique role. In the basal state almost 90%
of GLUT1 is located at the plasma membrane, where it is responsible for
maintaining basal glucose uptake (Gould, 1997; Hunter and Garvey;
1998). Under such conditions glucose transport is the rate-limiting step for

glucose utilisation.

In contrast, the GLUT4 isoform is located primarily intracellularly in the
basal state. Upon insulin stimulation however vesicles containing GLUT4
are re-distributed from this intracellular site and translocate to the plasma
membrane where they are able to facilitate the entry of large amounts of
glucose into the cell (Gould, 199; Holman and Kasuga, 1997). The
precise molecular events and specific regulatory molecules involved in this
process are still controversial. Some of the current ideas are discussed in

Section 1.5.

Before insulin-stimulated glucose transport, and indeed any of the other
biological effects of insulin, can occur it is necessary to activate a cascade
of signalling proteins. These proteins are responsible for transducing the
signal of insulin binding to its receptor to the inside of the cell. Although
insulin is able to promote a variety of different cellular effects, many of the
initial signalling proteins involved form part of more than one pathway.
These early signalling steps will be discussed with regard to insulin
signalling in general. The molecules involved in the specific processes of
glucose transport, anti-lipolysis and the mitogenic effects of insulin in

adipocytes will then be discussed with regard to each process.

1.4.2 Insulin Receptor

The insulin receptor is expressed relatively ubiquitously among tissues,
although the classically insulin responsive-tissues express a much higher

number of receptors. The receptor itself is synthesised as a single peptide



from a gene located on chromosome 19 (Gould, 1997). The individual
‘pro-receptor’ subunits generated from this gene are cleaved and
glycosylated, where-upon they are joined to another identical subunit by
disulphide bonds. This results in the generation of a hetero-tetrameric
protein consisting of two alpha and two beta subunits (Gould, 1997). This

structure is illustrated below in Figure 1.2.

Like other growth factor receptors, the hetero-tetrameric insulin receptor
possesses ligand-activated intrinsic tyrosine kinase activity. In other
words, binding of an insulin molecule to the extra-facial alpha subunit
activates the intrinsic tyrosine kinase activity within the kinase domains of
the beta subunits (Gould, 1997; Holman and Kasuga, 1997). This kinase
activity results initially in the rapid tyrosine auto-phosphorylation of the
beta subunits on specific tyrosine residues located within specific
recognition motifs (Holman and Kasuga, 1997). The importance of the
tyrosine kinase activity of the receptor is perhaps best illustrated by studies
involving kinase inactive (KI) mutants. Using a rat adipocyte transfection
system, Quon et al illustrated that transfection of wild type insulin
receptors caused an enhancement in basal GLUT4 translocation and
glucose transport, a main biological effect of insulin in adipocytes.
However, when a KI mutant was similarly expressed there was a lack of
GLUT4 translocation. Therefore, the kinase activity of the receptor is
clearly intrinsic to its biological action (Quon et al., 1994). With regard to
ligand-induced tyrosine phosphorylation, it is emerging that
phosphorylation on different tyrosine residues is important in mediating
the different biological effects of insulin, presumably a reflection of the
preferred interaction of down-stream effectors with differentially located
tyrosine residues. Current studies suggest that mutation of the C-terminal
tyrosine residues 1316 and 1322 has little effect on glucose transport, but
shifts the dose response to the mitogenic effects (based on insulin-
stimulated Ras activation) to the right by 5- 10 fold (Holman and Kasuga,
1997). This is in contrast to previous studies that reported a reduced
metabolic signalling capacity of C-terminally truncated insulin receptors.

Indeed C-terminal truncations do show a significantly defective
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phosphorylation, but this appears less to affect the ability of the receptor to
phosphorylate down-stream proteins, and more a reflection on ability to
auto-phosphorylate (Holman and Kasuga, 1997). Divergence in signalling
at the level of the insulin receptor is also evident in studies of mutations in
the juxta-membrane region, with a tyrosine to alanine mutation at position
960 showing differential impairment in activation of downstream

signalling molecules involved in different processes (Chaika et al., 1999).

Alpha M NH. Alpha

Beta
COOH COOH
plasma
membrane
Kinase Domain A Kinase Domain

COOH COOH

Figure 1.2  The insulin receptor

adapted from Gould, 1997



Therefore, we can see clearly how the kinase activity of the insulin
receptor is very important for its function and, importantly, how the
regulation of this kinase activity allows for selectivity and divergence at
this level. A similar scenario is seen with other growth factor receptors,
such as the PDGEF receptor where many of the residues by which specific
enzymes and proteins interact have been effectively mapped through
mutation studies (Fantl e al., 1992). Nevertheless signalling through the
insulin receptor does vary from the general model of growth factor effector
interactions. Although activation of the insulin receptor as described
above generates potential sites where proteins such as PI3’K or Grb2 could
interact, these interactions are much weaker than with other growth factor
receptors (Malarkey et al., 1995; Gould, 1997). Instead, the insulin
receptor utilises adaptor proteins known as insulin receptor substrate (IRS)
proteins which, as the name suggests, form a link between the
phosphorylated insulin receptor and downstream signalling intermediates

(Malarkey et al., 1995). This is discussed in Section 1.4.3.

Signalling through the insulin receptor is unique from other growth factor
receptors in one other important respect. Over the last few years, the
importance of specific cellular location in insulin action has been revealed,
and the one important protein identified with regard to insulin receptor
function is caveolin (Yamamoto et al., 1998). Caveolin is a major
structural protein of caveolae, of which there are 3 sub-types, caveolins-1,
-2 and -3. Caveolae are cell-surface invaginations, distinct from clathrin-
coated pits, which have recently been shown to function as sub-cellular
compartments to which specific signalling processes locate (Yamamoto et
al., 1998). This has been illustrated with a variety of signalling molecules
such as the PDGF receptor and to date, the majority of interactions seem to
be inhibitory to receptor signalling. The interaction with the insulin
receptor, however, appears unique. Indeed Yamamoto’s group illustrated
that through binding to the scaffolding regions of Caveolin-1 or -3, the
kinase activity of the insulin receptor towards downstream substrates such
as IRS-1 is dramatically increased. This occured independently of any

increase in auto-phosphorylation of the receptor. The precise mechanism
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of this caveolin-induced enhancement in kinase activity is unclear. The
interaction is thought to be of functional significance and caveolin
functions somehow to localise and enhance signalling by the insulin
receptor.  Expression of caveolin is enhanced during adipocyte
differentiation, in common with many of the components of the insulin
signalling pathway (Kandror, 1995, Baumann et al., 2000), and this

therefore supports a positive role for the protein in insulin signalling.

1.4.3 Insulin Receptor Substrates

1.4.3.1 IRS-1

IRS-1 was the first IRS protein to be discovered. It was identified as a
185kDa protein in phosphotyrosine immunoprecipitates from insulin-
stimulated Fao hepatoma cells (Sun et al.,, 1993). This protein was
subsequently purified and cloned from rat liver, and was found to be
expressed in most cell and tissue types (Sun et al., 1993). With regard to
insulin sensitive tissues, IRS-1 is expressed in a regulated manner like the
other proteins of the insulin signalling casade. Indeed in the 3T3-L1
adipocyte, a cell culture model of an insulin-sensitive tissue, expression of
the insulin receptor, IRS-1 and GI.UT4 are all dramatically increased
throughout the differentiation from the fibroblast to adipocyte phenotype.

IRS-1 interacts with the insulin receptor by utilising structural motifs
present within the IRS protein and the insulin receptor. The pleckstrin
homology domain (PH domain), is responsible for targetting IRS-1 to the
membrane and the insulin receptor where IRS-1 can then interact with
specific phosphotyrosine residues located in NPXpY motifs (Sun et al.,
1991; Sun et al., 1993; Virkamaki et al., 1999). Interaction with these
residues occurs through association of the IRS-1 phosphotyrosine binding
domain (PTB domain) with the NPXpY sequence in the insulin receptor.
This then allows phosphorylation of IRS-1 on specific tyrosine residues by

the insulin receptor. Like the insulin receptor, IRS-1 possesses many of
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these potential regulatory tyrosine phosphorylation sites which exist in
YXXM/YMXM motifs or in hydrophobic areas. The activated insulin
receptor phosphorylates at least 8 of these 21 residues, including residues
608, 628, 939 and 987 (Sun et al., 1991; Sun et al., 1993). Several unique
signalling proteins are then able to interact with specific phosphotyrosine
residues via Src homology collagen 2 domains (SH2 domains) located
within the proteins (Virkamaki et al., 1999). These include proteins such
as PI3’Kinase, Src homology collagen (Shc), or Grb2, and these
interactions are discussed in relation to the biological outcomes in Sections
1.5,1.6 and 1.7.

Since the discovery that the insulin receptor activates and utilises IRS-1 to
activate downstream signalling processes there has been considerable
interest regarding whether this protein has a unique function within the
cell. Although many in vitro studies, using over-expression, micro-
injection or similar techniques, have illustrated the ability of IRS-1 to
activate PI3’K and enhance insulin-stimulated glucose transport, there is
question over the absolute requirement for this IRS protein in these
processes (White and Kahn, 1994; Whitehead ef al., 2000). Perhaps the
most conclusive evidence regarding the role of IRS-1 comes from studies
using knockout mice. Tamemoto et al illustrated how IRS-17" mice
surprisingly exhibit only a mild insulin resistance and do not develop overt
diabetes since the secretion of insulin increases in order to compensate for
the reduced tissue sensitivity to the hormone. In contrast, there is marked
growth retardation in these knockout animals (Tamemoto et al., 1994).
This is therefore suggestive that although IRS-1 can undoubtedly mediate
the effects of insulin to stimulate glucose transport, it is not absolutely
necessary. This therefore initiated the search for other proteins which
could function in a similar manner to IRS-1 and which were potential

candidates for mediating the IRS-1-independent pathway in these animals
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1.4.3.2 IRS-2

IRS-2 was first identified by Tobe et al as a 190kDa tyrosine-
phosphorylated protein in insulin-stimulated livers from IRS-17" mice
(Tobe et al., 1995). When compared to wild type mice the tyrosine
phosphorylation of this protein was greatly enhanced in the knockouts
compared to wild type, suggesting that activity of this protein was
somehow up-regulated in the absence of IRS-1 (Tamemoto et al., 1994).
Like IRS-1, IRS-2 can also associate with PI3’K and Grb2, suggesting that
it is also able to mediate the cellular actions of insulin (Gould 1997;
Holman and Kasuga, 1997). Subsequent work has also revealed that IRS-
2 is able to promote GLUT4 translocation in a manner analogous to that

previously demonstrated for IRS-1 (Zhou et al., 1997).

Analysis of the expression of IRS-2 has revealed that it is also ubiquitously
expressed, messenger RNA being found in haematopoietic cells, skeletal
muscle, lung, brain, liver, kidney, heart, spleen, and adipose tissue (Sun et
al., 1995). Alignment of murine IRS-2 with mouse, rat or human IRS-1
has revealed the presence of areas of extensive homology located at the
amino terminus- termed IRS homology domains (IH-1 and IH-2) (Sun ez
al., 1995). Like IRS-1, IRS-2 possesses around 20 potential tyrosine
phosphorylation motifs which are generally located in similar positions
(Sun et al., 1997). This therefore suggests that IRS-1 and IRS-2 are able
to bind the same downstream SH2 domain containing proteins and that
there may be some redundancy in function. Interestingly however IRS-2
does have some unique sites, suggesting also that there are some
differences in how these proteins interact with the insulin receptor and in
their ability to activate unique down-stream processes specifically (Sun et
al., 1997). 1TRS-2" knockout mice have also been generated, and
characterisation of these animals has revealed a striking phenotype. From
an early age (around 3 weeks) these animals displayed fasting
hyperglycaemia which develops into marked glucose intolerance and
eventually overt diabetes as the animals reach maturity. Male mice

showed polydypsia, polyuria, ketosis and generally died from dehydration
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and hyperosmolar coma (Withers ef al., 1998). Female mice also showed
a similar disease progression but rarely died. The TRS-2"" knockout mice
displayed insulin resistance, with higher fasting insulin levels and higher
insulin concentrations required to stimulate adequate glucose disposal.
PI3’K stimulation in the IRS-2""knockout mice was also altered, reflecting
the importance of IRS-2 in activation of this protein (Withers et al., 1998).
Although there are similar changes in the IRS-1 knockout mice this is
largely compensated by the pancreas, where the tissue mass is markedly
elevated in order to produce more insulin. In the IRS-27 knockout mice
however the pancreas is actually reduced in size, and hence there are no
adequate compensatory mechanisms to overcome the reduced tissue

sensitivity to insulin (Withers et al., 1998).

Thus, it appears that both IRS-1 and IRS-2 are involved in mediating the
biological effects of insulin and undoubtedly there is considerable overlap
in action. Nevertheless, it is apparent from the knockout studies that there
are certain functions which one or other protein is able to perform more

effectively.

1.4.3.3 Additional regulation in IRS-1 and IRS-2 function

It has recently emerged that, although the tyrosine phosphorylation steps
described above are central to IRS function, the proteins are also regulated
in other ways. Indeed, it appears that serine phosphorylation also
represents an important means of controlling IRS action in cells. Much of
this work has focused on IRS-1 and several studies have now illustrated
mechanisms of serine phosphorylation of this protein. Putative serine
kinases involved include PKC’s, or MAPK which is able to phosphorylate
IRS-1 on serine 612. Indeed DeFea et al have demonstrated that
endothelin-1 is able to phosphorylate IRS-1 in a MAPK-dependent manner
(DeFea et al., 1997). Interestingly PDGF is also able to stimulate the
serine phosphorylation of IRS-1. It does this through a rapamycin-
sensitive pathway, phosphorylating serines 632, 662 and 731. This
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therefore implicates the involvement of proteins such as mTOR. (Li et al.,
1999). PKB and PKC have also been suggested as potential candidates in
this role (Li et al., 1999). In all of these cases, the serine phosphorylation
inhibited IRS-1 action and therefore functioned in a negative regulatory
manner. Paz et al also observed IRS-1 phosphorylation and showed this to
be PKB-dependent (Paz et al., 1999). In contrast however, they concluded
that the PKB-mediated phosphorylation was protective to IRS-1 in that it
prevented the action of protein tyrosine phosphatases on the
phosphotyrosine residues, thereby maintaining IRS-1 in the active state for
longer. They conclude that the negative regulation must be mediated by
some serine kinase other than PKB. This protective role of PKB is unique
so far. Normally serine phosphorylation is associated with reduced
signalling through IRS-1 and the development of insulin resistance (Paz et
al., 1999). Indeed, tumour necrosis factor alpha (TNFo) is reported to
cause serine phosphorylation of IRS-1 by unknown mechanisms, resulting

in the development of cellular insulin resistance (Wang et al., 1998).

A second mechanism thought to be involved in the development of insulin
resistance and important for normal IRS function is the correct
compartmentalisation of signalling through the IR and IRS proteins.
Recent work by Clark et al has illustrated that the IRS proteins appear to
associate with a cytoskeletal fraction that is insoluble in non-ionic
detergents and associates with the particulate fraction of cell membranes
(Clark et al., 2000). This complex is believed to perform a unique
function in that it allows the IRS proteins to interact with the IR and also
provides a location for IRS interaction with downstream target molecules.
Subsequent release of IRS proteins from this scaffold occurs after insulin
stimulation. Interestingly, release from this platform is also associated
with development of insulin resistance, the IRS proteins failing to interact
with or being abnormally released from the scaffold, hence preventing the

normal interactions (Clark et al., 2000).
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1.4.3.4 IRS-3

Although IRS-3 is rapidly tyrosine-phosphorylated in response to insulin
in rat adipocytes, unlike IRS-1 and IRS-2 it does not bind PI3’K to any
significant extent (Anai et al., 1998). Structurally IRS-3 is much smaller
than the other IRS proteins (60kDa versus 165-180kDa), although it does
also possess a PH and PTB domain that are very highly conserved among
the proteins (Anai et al., 1998). Additionally, many phosphotyrosine
motifs through which the SH2 domains of proteins such as PI3’K bind are
conserved. Interestingly, however, there are regions present within IRS-3
which show no sequence homology with any area present in IRS-1 or IRS-
2 (Anai et al., 1998). Perhaps the most striking data regarding the role of
IRS-3 in insulin stimulated glucose transport comes from studies in IRS-3
" knockout mice (Liu et al., 1999). Data generated from this study
indicates that these animals have a normal pattern of growth and normal
insulin sensitivity (normal fasting glucose and insulin levels, and no
alteration in adipocyte glucose transport in response to insulin). The
importance of sub-cellular localisation in IRS-1 and IRS-2 action was
discussed above. Interestingly it seems that IRS-3 is located in a different
intracellular compartment from IRS-1 and -2 (Anai et al., 1998). Indeed,
Anai et al illustrated that most of IRS-3 is located in the plasma membrane
(PM) fraction, in contrast to the majority of IRS-1 and IRS-2 residing
within the low density membrane (ILDM) fraction. It therefore appears
that IRS-3 is not one of the major players mediating the metabolic actions
of insulin and further work to characterise the proteins with which it
interacts will ultimately reveal the cellular consequences of activation of

this unique protein.

1.4.3.5 IRS-4

Although IRS-4 is of similar size to IRS-1 and IRS-2 and shares some
structural similarities, it is unlikely to play a role in the metabolic actions

of insulin. IRS-3 was originally identified in haematopoetic cells where it
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was discovered to have a role in insulin-like growth factor 1 (IGF-1),
interleukin-4 and insulin-induced cell proliferation (Fantin et al., 1999; Qu
et al., 1999). Recent studies have suggested that transfection of this
protein into rat adipose cells can cause translocation of GLUT4, but a
physiological role for such a function has not been demonstrated (Zhou et
al., 1999). Like IRS-3, knocking out IRS-4 leads to mild impairments in
growth, reproduction and glucose homeostasis (Fantin er al., 2000),

suggesting that role for IRS-4 in these processes is likely to be minimal.

1.4.4 Phosphatidylinositide-3’kinase

The first observations of insulin-induced PI3’K activity were in the 1990’s
when two independent groups observed enhanced PI3’K activity in
phosphotyrosine immunoprecipitates from insulin treated cells (Endemann
et al., 1990). This enhanced activity was originally thought to be through
an interaction within the IR. However it was subsequently revealed that
this only accounted for a small proportion of the activity (Endemann et al.,
1990; Malarkey et al., 1995). Indeed most of the enhanced activity was
actually revealed to be a result of interaction with the IRS proteins
(Malarkey et al., 1995; Gould, 1997, Holman and Kasuga, 1997;
Whitehead et al., 2000).

The first characterised mammalian PI3°’K was found to be a heterodimer,
which consisted of an 85kDa regulatory subunit and a 110kDa catalytic
subunit (Shepherd et al., 1996, 1997a,b, 1998). From this a model of
PI3’K action was developed, involving PI3’K interaction with
phosphotyrosine residues on growth factor receptors (or other proteins
such as the IRS proteins) through the SH2 domains present on the p85
regulatory subunit. This in turn activates the catalytic activity of the p110
subunit. As the name suggests this catalytic activity is directed towards
phosphorylation of the 3 position of the inositol ring of phosphoinositides,
resulting in the generation of the phosphatidylinositol phosphates PIP, PIP,
and PIP; (Shepherd ef al., 1996, 1997a,b, 1998). Because of the emerging
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importance of PI3’Ks in mediating the cellular effects of insulin, work
focused on characterising these enzymes more fully. Subsequently, it was
revealed that the original p85-p110 complex was part of a larger group of
enzymes, comprising several different regulatory and catalytic subunits.
The enzyme catalytic subunits can be grouped into 3 classes- class 1 which
is subdivided into class 1a and classlb, class 2 and class 3 (Shepherd ez al.,
1996, 1997a,b, 1998).

Class 3 PI3’K’s are unique in that that they only possess catalytic activity
against PI and none of the other phosphoinositides. It is not considered
that these kinases play a role in mediating the metabolic actions of insulin
since insulin does not increase the cellular levels of PI3P, the product of

this enzyme (Shepherd et al., 1996, 1997a,b,1998).

Similarly, it is not thought that Class 2 PI3’K's are involved in mediating
the effects of insulin. This is based on the fact that, although insulin-
mediated responses are sensitive to the effects of inhibitors such as

wortmannin, this class of enzyme are relatively resistant to these effects
(Shepherd et al., 1996, 1997a,b,1998).

The class la and class 1b PI3’K’s are differentially activated, the la
enzymes being activated by binding to the p85 regulatory subunit and 1b
as a result of interactions with G-protein Jy sub-units. The class 1a and 1b
catalytic subunits share a significant sequence homology. The class Ic
subunits are activated in a similar manner to the 1a enzymes, although by
different regulatory subunits (Shepherd et al., 1996, 1997a,b,1998). The
domain structures of each of the kinase subunits are illustrated below in

Figure 1.3.
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Figure 1.3 The domain structure of the PI3’K catalytic subunits
adapted from Shepherd ez al 1996, 1997a,b,1998.
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As outlined in Figure 1.3, the class 1a PI3’K’s possess a p85 binding
domain. As discussed earlier, this allows the interaction of the pl10
catalytic subunits with the regulatory isoforms linking them to activated
receptors or IRS proteins. Although the p85 regulatory subunit is the most
well-characterised regulatory subunit, there are actually five such proteins
p85a, pS5a., pSOc., p85P and p55y (Shepherd et al., 1996, 1997a,b,1998).
There are at least three splice variants of the p85a subunit and these all
share considerable structural homology with the p85f subunits. This
includes the presence of two SH2 domains located at the N- and C-termini,
an SH3 domain, a Ber/Rac GTPase-activating protein (GAP) homology
domain (BH domain) and two proline-rich domains either side of the BH
domain (P1 and P2 domains) (Shepherd er al., 1996, 1997a,b,1998).
Although the two SH2 domains both have a high specificity for
phosphorylated YXXM and YMXM motifs not shared by SH2 domains
from other proteins, there is a slight variance in exact sequence preference
of the two different SH2 domains. The relevance of this has not, however,
been addressed. The in vivo roles of the other domains are also less well
defined, although it is known that SH3 domains and proline-rich regions
will interact. This is suggestive of an involvement of these two areas in an
auto-regulatory mechanism (Shepherd et al., 1996, 1997a,b,1998). The
p55 isoforms also possess SH2 domains, but lack the SH3, P1 and BH
domains. p55a, also known as AS53, is expressed in brain and muscle
and is therefore unlikely to contribute to the actions of insulin in adipose
tissue. p50c is also unlikely to contribute to insulin action in adipocytes
as like p55ais not expressed in fat, although it is expressed in brain, liver,
muscle and kidney. p55y, also known as p55°'F, has a similar domain
structure to pS5a (Shepherd et al., 1996, 1997a,b,1998). Little is known

about the expression of this isoform.

The significance of the many different catalytic and regulatory PI3’K
subunits is unclear and some studies suggest that there may be functional
redundancy at some levels. Further characterisation of the different

isoform combinations may reveal specific functions and determine the
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importance of factors such as cell specific expression. Nevertheless the
importance of class 1a PI3’K’s in insulin action cannot be ignored, and

this is discussed in more detail in sections 1.5, 1.6 and 1.7.

1.4.5 Other Protein Kinases

1.4.5.1 PKB

PKB (also known as c-akt, RAC-PK) was originally identified due to it's
homology with the viral oncogene product v-akt. Currently three isoforms
are known to exist- o, § and v (Walker et al., 1998). Early work, mainly
non-isoform specific or concentrating on PKB0, revealed that insulin can
produce up to 10 fold elevations in PKB activity in both 3T3-L.1 and rat
adipocytes (Cross et al., 1997; Walker et al., 1998). Initial characterisation
studies revealed this protein to be downstream of PI3’K in the signalling
cascade (Bos, 1995), since its activity was abolished by PI3’K inhibitors
such as wortmannin or by over-expression of dominant negative forms of
PI3’K (Bos, 1995). Subsequently a mechanism of PKB activation was
proposed which was dependent on PI3’K at two levels, and this model is
now widely accepted. The importance of PI3’K activation is at the level of
compartmentalisation. In other words, the polyphosphoinostide products are
responsible for recruiting PKB to a specific cellular location, via an
interaction with the PH domain of PKB (Bos, 1995; Cross et al., 1997;
Wijkander et al., 1997, Walker er al., 1998). Once in the correct location
the enzyme is activated by phosphorylation on specific serine and threonine
residues.  This phosphorylation is carried out by a class of PI3’K —
dependent enzymes called the phosphoinositide-dependent kinases (PDK’s).
PKBa is phosphorylated on serine 303 and threonine 473, and PKBp is
phosphorylated on serine 304 and threonine 474 by PDK1 (Cross et al.,
1997, Wijkander et al., 1997, Walker et al., 1998). Therefore the PI3’K~
induced activation of PKB is a two-step process- involving subcellular

relocalisation and specific phosphorylation events.
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Unlike PI3’K however, a direct role for PKB in insulin-stimulated GLUT4
translocation has been less easy to demonstrate. Many of the early studies
produced inconclusive results. Some groups have highlighted the ability of
over-expressed or constitutively active PKB to promote GLUT4
translocation (Cong et al., 1997; Tanti et al., 1997; Foran et al., 1999; Hill
et al., 1999), however other groups have failed to demonstrate such an effect
(Kitamura et al., 1998). Perhaps one of the most useful studies so far in
this regard is an extensive study and review of the different PKB isoforms,
and their potential roles in insulin action (Hill ez al., 1999). By using a
micro-injection based technique they showed that a PKB substrate peptide
or antibody was able to inhibit insulin-stimulated GLUT4 translocation by
approximately 60% (Hill et al., 1999). This agrees with some previous
work to a certain extent, for example Cong ef al demonstrated a 20%
reduction in insulin-stimulated GLUTH4 translocation using a kinase inactive
PKBo, K179A (Cong et al., 1997). In contrast however Hadjuch et al saw
no such effects similar effects of this peptide in 1.6 myotubes (Hadjuch et
al., 1997). Interestingly, Hill et al suggest that much of this controversy
may lie simply in the way in which these experiments are performed and
interpreted. Indeed, they suggest that much may be resolved by studying the
specific PKB isoforms individually, bearing in mind which are
predominantly expressed in the tissue under question, and how specific the
reagents in use are. Although much of the preliminary work suggested that
PKBais the primary isoform expressed in 3T3-L1 adipocytes, it is
emerging that in fact PKBf is the most abundant form in these cells.
Although PKBo was the predominant form expressed in fibroblasts, there
was a change over to PKBf as adipogenesis proceeded (Hill ez al., 1999).
Indeed the enhanced expression of PKBf occurred in a manner parallel to
the enhanced expression of GLUT4 (Hill et al., 1999). They therefore
conclude that PKBa is more likely to involved with the growth capacity of
fibroblasts, whereas PKBf has a role in mediating the metabolic effects of
insulin in mature differentiated cells., This is reinforced by the observations
that there are high levels of PKBf mRNA in brown adipose tissue and that

expression is increased as two different muscle cell lines (Sol8 and C2C12)
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undergo differentiation (Hill et al., 1999). Further evidence for the apparent
differing roles of the PKB isoforms comes from studies using PDGF.
PDGEF is unable to activate many of the biological responses activated by
insulin and, indeed, PDGF is also unable to significantly stimulate PKB{3,
even though it is able to influence the activity of PKBd in non-differentiated

cells (Hill et al., 1999).

Although the rationale presented above is very convincing regarding the role
of PKB in adipocytes there are certain caveats. With regard to PKBa,
credible demonstrations of increased activity in response to insulin have
been demonstrated in both rat and 3T3-L1 adipocytes (Cross et al., 1997,
Walker et al., 1998). Clearly this contradicts Hill and colleagues work.
Nevertheless they raise an interesting point in response. Indeed, they
suggest that much of the response detected by PKBo. antibodies may
represent other PKB isoforms, since there is demonstrable cross-reactivity
(Hill et al., 1999). The fact that PKBf appears to play more of a role may
also explain why some groups such as Kitamura et al have demonstrated
little effect of PKBo mutants on glucose transport (Kitamura et al., 1998),

since they are possibly concentrating their studies on the wrong isoform.

Therefore, it seems that although the evidence regarding a role for PKB in
insulin-stimulated GLUT4 translocation is less than ideal, it is likely that the
PKBp isoform does play a role in this process. Undoubtedly however other
proteins are of important in light of the fact that the process is not

completely inhibited by PKBf inhibition.

Although PKBY can be activated by the PDK enzymes in the same manner
as the others and has a simi