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Abstract

Background and aims: ‘Fat in the wrong place’, i.e. accumulation of lipid in insulin sensitive
tissues such as skeletal muscle and the liver has been shown to be associated with insulin
resistance independent of subcutaneous fat. The mechanisms underlying these associations
are poorly understood. Hypothetically, insulin resistance could be mediated via direct effects
of intracellular lipid on insulin signalling or indirectly via release of adipocytokines such as
adiponectin. Studies I and II were undertaken to determine, whether fasting insulin
concentration and accumulation of intramyocellular lipid (IMCL) is associated with
alterations in insulin signalling and whether such an association is independent of obesity and
physical fitness. Study III was undertaken to characterize gene expression in adipose tissue of
patients with lipodystrophy and insulin resistance due to treatment of HI'V-infection by highly
active antiretroviral therapy (HAART). In study IV, we wanted to determine whether
adiponectin expression and circulating concentrations are abnormal in patients with HAART-
associated lipodystrophy (HAL) and if so, whether such alterations are related to

intrahepatocellular lipid.

Experimental material, subjects and methods: In study I, for method development, we
compared insulin signalling assays in rat gastrocnemius muscle [insulin receptor (IR), insulin
receptor substrate-1 (IRS-1), p85 subunit of phosphatidylinositol-3 kinase (PI 3-kinase), and
kinase activity assay (PI 3-kinase)] using freeze-dried and purified, or frozen specimens. In
study II, insulin signalling in human muscle was compared between 10 subjects with IMCL
higher and 10 subjects lower than the median. Insulin sensitivity (euglycaemic
hyperinsulinaemic clamp), body composition and maximal aerobic capacity were also
measured. IMCL content was measured by proton nuclear magnetic resonance spectroscopy
(‘"H-MRS). In studies III and IV, liver fat was measured by 'H-MRS and gene expression in
subcutaneous adipose tissue biopsies by real-time polymerase-chain reaction in 30 patients
with HAL and 13 HIV patients without lipodystrophy matched for age, gender and body
mass. Total abdominal, subcutaneous and intra-abdominal were measured by magnetic

resonance imaging.



Results: Insulin signalling in rat freeze-dried muscle was comparable but less variable than in
conventionally proceeded biopsies. Human muscle biopsies had on the average 11 % non-
muscle contaminants (I). Subjects with lower than median IMCL had higher rates of glucose
uptake, lower serum fatty acid concentrations during hyperinsulinaemia and higher insulin-
stimulated tyrosine phosphorylation of IR and IRS-1-associated PI 3-kinase activity than
subjects with IMCL above median (II). The patients with HAL had several features of insulin
resistance, including fasting hyperinsulinaemia and hypertriglyceridaemia compared to the
HIV patients without lipodystrophy. In patients with HAL expression of the transcription
factors (peroxisome proliferator activated receptor y and 9, sterol regulatory binding protein
lc, peroxisome proliferator activated receptor y co-activator (PGC-1), lipoprotein lipase, acyl
CoA synthase and glucose transport protein 4 (GLUT4) were lower, whereas markers of
inflammation (interleukin-6, cluster of differentiation 45) higher in patients with than without
lipodystrophy (III). mRNA concentrations of fatty acid transport proteins 1 and 4 and of
adipocyte and keratinocyte lipid binding proteins were similar in both groups (III). In study
IV in the same patients, adiponectin gene expression in subcutaneous adipose tissue was
lower in patients with than without lipodystrophy. Both serum adiponectin and mRNA
concentrations correlated closely with features of insulin resistance, including liver fat

content.

Conclusions: Freeze-drying and purification of human skeletal muscle biopsies allows more
accurate measurement of insulin signalling than use of non-purified muscle. High IMCL in
insulin-resistant non-obese non-diabetic men is associated with defects in early insulin
signalling independent of body weight and physical fitness. Lipodystrophy accompanying
HAART is characterized by insulin resistance and decrease of mRNA concentrations of
several adipogenic transcription factors, PGC-1 and GLUT-4, an increase in inflammatory
markers and a decrease in adiponectin. The relationship between adiponectin and liver fat

raises the possibility that humoral factors released by adipose tissue regulate liver fat content.
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1. INTRODUCTION

Insulin resistance, a state where one or several of insulin’s biological actions are impaired,
characterizes both patients with excessive amounts of subcutaneous fat (obesity) and those
who lack subcutaneous or visceral fat altogether (lipoatrophy). Both obese subjects and
patients with lipoatrophy are at increased risk of developing type 2 diabetes and
cardiovascular disease (104,254). Therefore, it is important to understand the molecular

mechanisms underlying insulin resistance.

In recent years, studies of humans (275,283,284) and genetically engineered animals (48)
have suggested that accumulation of triglycerides (TG) in insulin-sensitive tissues such as
skeletal muscle and the liver may be the most proximal correlate of insulin resistance.
However, as TGs themselves are unlikely to act as signalling molecules, it is likely that
interactions with insulin action stem more from the metabolically active forms of lipid in
muscle, such as long-chain fatty acid-CoA (LCACoA). They could accumulate either from a
dietary source or could be derived from adipose tissue depots. The LCACoAs can, based on
animal studies, regulate insulin signalling in muscle via multiple mechanisms including direct
effects on enzyme activities (47,270), and effects mediated via diacylglycerol (DAG)-induced
activation of protein kinase C (PKC), which in turn downregulate insulin signalling
(32,52,53,99,126,126,137). There are, however, no data in humans which would link any

defects in insulin signalling in skeletal muscle to intramyocellular lipid IMCL).

The use of highly active antiretroviral theraphy (HAART) has dramatically improved survival
of patients with HIV but is, in approximately 50 % of the patients, associated with serious
metabolic side effects characterized by lipodystrophy (LD) and insulin resistance (42). The
pathogenesis of this side effect is poorly understood. It is thought that HAART primarily
affects metabolism in adipose tissue but how this results in whole-body insulin resistance in
addition to LD is unclear. One possibility is that lipodystrophic adipose tissue either over- or

undersecretes mediators, which affect insulin sensitivity of other tissues such as the liver.

The first aim of this thesis was to investigate the molecular mechanisms of insulin action in
skeletal muscle in apparently healthy men with IMCL higher and lower than the median. The
second aim was to characterize alterations in gene expression in patients with HAL and to
determine whether the observed alterations in adipose tissue are related to fat accumulation in

the liver.
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2. REVIEW OF THE LITERATURE

2.1. Insulin signal transduction in skeletal muscle

2.1.1. Insulin signalling cascade

The first event in the insulin signalling cascade is binding of insulin to its receptor. The
insulin receptor (IR) is a transmembrane glycoprotein that belongs to a receptor tyrosine
kinase family of receptors. IR is composed of two extracellular o-subunits and two
transmemrane [B-subunits joined by disulfide cross-bridges. The IR is expressed in two
isoforms (A and B) differing by 12 amino acids due to alternative splicing of exon 11. The
type B receptor displays greater insulin-stimulated tyrosine kinase activity and ability to
phosphorylate insulin receptor substrate (IRS) proteins (146) and predominates in classical
insulin-sensitive tissues such as the liver, muscle and adipose tissues, whereas the type A
isoform is found mostly in fetal tissues, the adult central nervous system and haematopoetic
cells (93,195,198,256). After insulin binds to the csubunit of the IR, insulin receptor tyrosine
kinase activity (IRTK) is activated, and the IR undergoes autophosphorylation on several
tyrosine residues located in the cytoplasmic portion of the B-subunit (306). In the absence of
its ligand, the IR resides in the plasma membrane. Upon insulin binding, the ligand-receptor
complex is internalized into endosomes within minutes (38). The acidic pH of endosomes
induces dissociation of insulin from its receptor and allows the degradation of insulin by

endosomal acidic insulinase (18). The IR is then recycled back to the cell surface.

Activated IR phosphorylates a number of intracellular substrates on tyrosine residues,
including Gab-1, Shc, Cbl and members of the /RS family (Fig. 1). These substrates interact
with IR by specific domains including PH, PTB and SH2 proteins. Pleckstrin homology (PH)
domain, found in most of the proteins, interacts with the IR and is involved in targeting of the
IRS proteins to the membrane and the IR (324). The phosphotyrosine binding protein (PTB)
domain, also present in most of the IRS proteins, recognizes an asparagine-proline-any amino
acid-phosphotyrosine (NPXpY) motif in the IR (75,318). Grb2-associated binder-1 (Gab-1)
has no PTB domain and is phosphorylated by the epidermal growth factor receptor rather than
the IR (118). Shc has no PH domain and is mainly bound by Grb2 which leads mainly to
activation of a Ras/mitogen activated protein kinase (MAPK) pathway (245) (see below,
MAPK pathway). The tyrosine phosphorylation of protooncogene Chl seems to be required

for insulin-stimulated glucose uptake in addition to the classic IRS-pathway (21).
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Fig 1. An overview of insulin signalling pathways. Upon binding insulin induces
autophosphorylation of the IR on tyrosine residues. Activation of the IRTK leads to
phosphorylation of a number of cellular substrates, including Cbl, IRS, Gabl, and Shc. After
phosphorylation, the signal is conducted downstream via interaction of the substrates with
SH2-containing proteins. The IR phosphorylates Cbl via the adaptor protein CAP. After
phosphorylation, Cbl translocates to the lipid raft subdomain of the plasma membrane, where
it interacts with the adaptor protein Crk. This pathway is also necessary for the stimulation of
glucose transport by insulin. The IRS family of substrates interacts with Pl 3-kinase (PI3K),
which produces PIP2 and PIP3 which activate downstream cascades, including PKB/p70”k
which stimulates protein synthesis, and atypical PKCs or PKB/GSK3 which activate glucose
uptake and glycogen synthesis. Gabl interacts with phopshotyrosine phosphatase SHP2
which activates the MAPK pathway. Phosphorylation of Shc results in its binding to the

adaptor protein Grb2, activation of the protooncogene Ras, and the MAPK pathway.



There are at least four distinct /RS proteins in mammals, with IRS-1 and IRS-2 found in most
tissues and apparently having major roles in co-ordinating actions of insulin in peripheral
carbohydrate and lipid metabolism, and B-cell function (157). The IRS-3 isoform is not found
in humans (26). Table 1 lists mice knockout models that clarify the role of different IRSs in
metabolism and mitogenesis. Mice lacking the IRS-1 protein exhibit generalized pre- and
post-natal growth retardation, as well as insulin resistance but do not develop overt diabetes
(12,278). On the contrary, IRS-2 deficient mice have defective growth in only some tissues
(138,245,313) and develop type 2 diabetes (313). IRS-3- and IRS-4-knockout mice have

normal or nearly normal growth and metabolism (78).

Table 1. Murine phenotypes characterized by deficiency of specific isoforms of IRS. Adapted

from reference 39.

Genotype  Body Fasting Insulin Glucose Insulin B-cell mass
weight  glucose levels tolerance  resistance
IRS17 -50% Normal Increased  Normal Muscle Two-fold
IRS2™ -10% - Decreased Impaired Liver, -50%
muscle
IRS3™ Normal Normal Normal Normal No -
IRS4™" -10% Decreased Normal Normal No -

Many proteins have SH2 domains and associate with IRS-1. These include the PI 3-kinase
and Grb2. The docking sites of PI 3-kinase and Grb2 in IRS-1 are, however, different. Grb2
can also associate with Shc and activate the Sos/Ras complex, which is the first step of the

MAPK pathway and mitogenesis (247).

PI 3-kinase pathway

The phosphatidyl inositol 3-kinase (PI 3-kinase) pathway is mainly involved in mediating the
metabolic effects of insulin, such as glucose transport, glycogen and protein synthesis, ion and
amino acid transport, and lipid metabolism (245). The PI 3-kinase is a heterodimer composed
of a p110 catalytic subunit and a p85 regulatory subunit. After the SH2 domain of the p85
regulatory subunit of PI 3-kinase attaches to IRS-1, pl10 catalytic subunit, which is
responsible for the lipid kinase activity of PI 3-kinase, catalyzes the phosphorylation of
membrane-bound PIP2 to PIP3. This step has been shown to be a critical step which

ultimately leads to insulin-dependent glucose transporter 4 (GLUT4) translocation to plasma
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membrane. Increased PIP3 activates a protein kinase cascade, stimulating the piruvate
dehydrogenase kinase (PDK) (6), which phosphorylates and activates two classes of
serine/threonine kinases: protein kinase B (PKB, also known as Akt) and the atypical protein
kinase C (PKC) (isoforms { and A) (162,244). Members of the PKC family of
serine/threonine kinases have been implicated in several of insulin’s actions (162). Different
isoforms of PKC have been shown to undergo translocation from the cytosol to the membrane
in response to insulin stimulation in different tissues. Atypical PKCs ({ and A) have been
proposed to play a role in insulin-dependent glucose transport (148,266) and protein synthesis
(187). It is also known that PKCs can activate the MAPK pathway and the transcription factor
nuclear factor-kB, leading to increased gene expression and protein synthesis (139). PKB
phosphorylates and regulates the function of many cellular proteins involved in processes that
include metabolism, apoptosis and proliferation (206). Among the targets of PKB are
glycogen synthase kinase 3 (GSK3) and glycogen-associated protein phosphatase 1 (PP1).
GSK3 is phosphorylated and inactivated in response to PKB stimulation. Decreased activity
of GSK3 leads to the dephosphorylation and activation of glycogen synthase (GS). Insulin
activates GS by promoting its dephosphorylation, through the inhibition of kinases such as
protein kinase A or GSK3, and activation of PP1 (34). Upon its activation downstream of PI
3-kinase, PKB is transmitting the insulin signal by phosphorylation of GSK3, the forkhead

transcription factors and cAMP response element-binding protein (49).

MAPK pathway

The MAPKSs are evolutionary conserved enzymes that play an important role in regulating
cell proliferation, differentiation and apoptosis. Four groups of MAPKSs have been identified
in mammalian cells. These are extracellular signal-regulated protein kinase (ERK), c-Jun N-
terminal kinase (JNK), the p38 kinases and ERK5/Big MAPK 1. While ERK is mainly
activated by mitogens and growth factors including insulin, p38 and JNK are activated by
many environmental stress stimuli (e.g. ultraviolet and ionizing radiation), resulting in
apoptosis (50,213). ERK pathway involves the tyrosine phosphorylation of IRS proteins
and/or Shc, which interact with the adapter protein Grb2 and recruit son-of-sevenless
exchange protein to the plasma membrane for activation of Ras. Activated Ras binds to and
activates the MAPK kinase kinase (Raf-1). Activated Raf-1 phosphorylates and activates the
MEK, which in turn phosphorylates and activates ERK (271) (Fig.1). Activated ERK can

translocate into the nucleus, where it catalyzes the phosphorylation of transcription factors
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and initiates a transcriptional programme that leads to cellular proliferation or differentiation

(33).

Other pathways

In addition to PI 3-kinase activity, other signals seem to be required for insulin-stimulated
glucose uptake. This alternative pathway appears to involve tyrosine phosphorylation of the
protooncogene Cbl, the substrate of the IRTK. Cbl-associated protein (CAP), which is not
phosphorylated in response to insulin, targets Cbl to the IR. After phosphorylation, Cbl
translocates to caveolae, a specialized subdomain of the plasma membrane. Inhibition of the
CAP-Cbl interaction by dominant negative CAP correlates with inhibition of insulin-
stimulated glucose transport and GLUT4 translocation in a wortmannin-independent fashion,
suggesting that Cbl participates in a PI 3-kinase-independent pathway where insulin

stimulates GLUT4 translocation in adipocytes (21).

The insulin signalling cascade is regulated by protein tyrosine phosphotyrosine phosphatase
(PTP) activity. In rat skeletal muscle, inmmunodepletion studies have demonstrated that
leucocyte common antigen (LAR), phosphotyrosine phosphatase SHP2 and PTP-1B are the
three major enzymes responsible for PTP activity (5). The expression levels and/or activity of
these specific PTPs are increased in insulin resistant obese patients (4). LAR negatively
regulates insulin signalling through dephosphorylation of IRS-2 (or other IRS proteins),
although IR and IRS-1 may be affected in other tissues or physiological states. PTP-1B
knockout mice have enhanced insulin sensitivity, increased phosphorylation of the IR in liver

and muscle tissue after insulin injection in comparison to PTP-1B *** mice (76).

The adenosine monophosphate-activated protein kinase (AMPK) has been implicated in the
stimulation of glucose uptake into skeletal muscle and inhibition of liver gluconeogenesis.
AMPK is a heterotrimeric protein, composed of one catalytic (o) and two noncatalytic (B and
v) subunits (311) which is activated by cellular stress associated with ATP depletion (114).
AMPK mediates several critical exercise-induced mitogenic and metabolic events in skeletal
muscle. An increase in AMPK activity in response to muscle contraction or exercise
correlated with GLUT4 translocation and glucose transport in skeletal muscle
(23,24,115,160). In rats, metformin activates AMPK in hepatocytes resulting in a decrease in
the activity of acetyl-CoA carboxylase, an increase in fatty acid oxidation and suppression of

lipogenic enzymes and sterol regulatory binding protein 1c (SREBP-1c) expression (335).

18



2.1.2. Acquired defects in insulin signalling

Obesity

Insulin sensitivity related to lowering of whole-body glucose levels decreases with increasing
body weight (35). Molecular mechanisms for this association are poorly understood (245) but
obese subjects show muscle insulin resistance and appear to have insulin signalling defects in
skeletal muscle. Morbidly obese subjects have reduced IRS-1 content, insulin-stimulated IRS-
1 phosphorylation and PI 3-kinase activation which is paralleled by a decrease in insulin-
stimulated glucose uptake in skeletal muscle strips (95). Pregnant obese women with or
without gestational diabetes have been reported to have impaired insulin-stimulated IRS-1
phosphorylation, which was primarily due to a decrease in IRS-1 protein, while IRS-2
expression appeared to be increased (84). In another study, obese subjects with impaired
glucose tolerance (IGT) had lower IRS-1 tyrosine phosphorylation than normal subjects,
significantly impaired IRS-2 tyrosine phosphorylation, defective IRS-2-associated PI 3-kinase
activation, and impaired PKC activation in myotubes (295). PTPase could more rapidly
dephosphorylate IRS-2 in myotubes from patients with IGT than in normal subjects. PTPase
activity is increased in skeletal muscle in obese subjects (4,185). PTPase activity was also
found to be 2-fold increased in omental fat compared to subcutaneous fat (319). In morbidly
obese individuals, the reduced insulin-stimulated glucose transport may be explained partly

by reduced GLUT4 expression in skeletal muscle (67).

An increase of certain intracellular lipid molecules can activate signalling pathways that
downregulate insulin action. Increased diacylglycerol (DAG) levels in muscle are associated
with activation of one or more isoforms of the PKC family, which is known to attenuate
insulin signalling, especially at the level of IRS-1 (250). De novo synthesis of ceramide can
inhibit more distal sites by activating PTP 2A and thereby promoting dephosphorylation and
inactivation of PKB (250). The JNK activity which is abnormally elevated in obesity (116),
can interfere with insulin action in cultured cells (116). These mechanisms may account at

least in part for the reduced insulin sensitivity occurring in obesity and type 2 diabetes.
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Physical inactivity

The ability of physical exercise to improve glucose metabolism has been known for more than
100 years, but the exact mechanisms of this effect have only recently started to become clear.
Contraction causes no stimulation of autophosphorylation of isolated IRs (287) or IRTK
activity in human muscle (316), and has no effect on IRS-1-associated PI 3-kinase activity in
human skeletal muscle (316). Short-term endurance training did not alter IR or IRS-1 mRNA
expression (297). Chronic exercise is associated with increased insulin sensitivity, enhanced
insulin-stimulated phosphotyrosine-associated PI 3-kinase activity and decreased levels of

IRS-2 in skeletal muscle (122,143).

MAPK signalling pathways are activated in human skeletal muscle in response to acute,
short-term exercise (17,152,307,308) and endurance running (31,333). MAPK signalling
pathways appear to play a critical role in the transcriptional regulation of muscle genes in
response to exercise (308). For example, activation of ERK1/2 and JNK by exercise and
contraction is associated with the rapid induction of immediate early genes such as c-fos (261)

and c-jun (15,16).

Despite contradictory data on effects of physical training on insulin signalling in humans, it is
well established in rats that exercise stimulates glucose uptake by enhancing the translocation
of GLUT4 (70,117). Such glucose transporter recruitment can occur independent of PI 3-
kinase (163,175,323). This documents that exercise and insulin trigger GLUT4 translocation

in muscle by effects on different signalling mechanisms.

AMPK is an important mediator of muscle contraction-induced glucose transport (311). An
increase in AMPK activity in response to muscle contraction or exercise correlates with
GLUT4 translocation and glucose transport in skeletal muscle (336). The greater the force
production generated by contraction (125), or the greater the intensity of treadmill running
exercise (226), the greater the activation of AMPK. In humans, moderate-intensity cycle
exercise (86,312,317), as well as high-intensity ’sprint’ exercise (51) increases skeletal
muscle AMPK activity. Transgenic overexpression of a dominant inhibitory mutant of AMPK
in skeletal muscle completely blocks the ability of hypoxia to activate glucose uptake,
whereas only partially reducing contraction-stimulated glucose uptake (202). Thus, AMPK-
dependent and AMPK-independent pathways contribute to the regulation of glucose uptake in

skeletal muscle in response to exercise.
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Hyperglycaemia

Type 1 diabetes. Patients with type 1 diabetes are insulin resistant compared to age, gender
and weight-matched normal subjects, if glycaemic control is poor (330). Improvement of
glycaemic control by continuous subcutaneous insulin infusion therapy enhances insulin
action despite reduced insulin requirements (329). Insulin sensitivity is also normal in clinical
remission of type 1 diabetes (330). These observations suggest that hyperglycaemia itself

induces insulin resistance and this indeed has been shown to be the case (328).

Type 2 diabetes. Although the pathogenesis of insulin resistance in type 2 diabetes almost
certainly is multifactorial, the degree of insulin resistance in type 2 diabetes is proportional to
glycaemic control (326) as is the case in type 1 diabetes. Indeed, the insulin resistance which
characterizes patients with type 2 diabetes, but not equally obese non-diabetic patients with a

family history of diabetes, can largely be attributed to chronic hyperglycaemia (167).

Possible mediators of hyperglycaemia-induced insulin resistance.

Except the hyperglycaemia-induced activation of PKC, which leads to the inhibition of the
IRTK activity (32) and thus, insulin resistance, the molecular mechanism of hyperglycaemia
remained, however, a mystery until 1991 when the hexosamine pathway was discovered. The
rate-limiting enzyme of the hexosamine pathway, glutamine fructose-6-phosphate
amidotransferase (GFA) converts glutamine and fructose-6-phosphate to glucosamine-6-
phosphate (285). The end-product of the hexosamine pathway, uridine diphosphate-N-acetyl-
glucosamine (UDP-GIcNAc) is attached to the OH group of threonine and serine residues of
proteins, which results in O-glycosylation of proteins (110). Glucosamine bypasses the rate-
limiting reaction in the hexosamine pathway. In rats, infusion of glucosamine increases
muscle UDP-GIcNAc concentration, and decreases insulin-stimulated glucose transport and
glycogen storage. It has multiple effects on insulin signalling molecules: reduction in insulin-
stimulated IRS-1 tyrosine phosphorylation, IRS-1 association with the p85 regulatory subunit
of PI 3-kinase and IRS-1-associated PI 3-kinase activity, as well as decrease in insulin-
stimulated GS activity (215). Glucosamine also increases O-linked UDP-GIcNAc
modification of IRS-1 and IRS-2 (215). In humans, GFA activity is increased in proportion to
the degree of hyperglycaemia in skeletal muscle of patients with type 2 diabetes (327).
Transgenic mice overexpressing GFA in muscle and adipose tissue exhibit whole-body

insulin resistance (59).

21



Insulin signalling defects in diabetic subjects.

Data are conflicting regarding insulin signalling in skeletal muscle of non-obese or
moderately obese type 2 diabetic subjects. IR tyrosine phosphorylation has been found to be
normal in the quadriceps femoris muscle of type 2 diabetic subjects incubated in vitro for 40
min in the absense or presence of insulin (2.4-60 nmol/l), with the peak phosphorylation at 8
min (151). Other studies have found impaired phosphorylation of IR or decreased IRTK
activity (14,177,207). In other studies IRTK activity was similar in subjects with and without
type 2 diabetes (144). Insulin-stimulated GLUT4 translocation and PI 3-kinase activity have
been reported to be decreased (27,61,151) or normal (106,216).

Excess of counterregulatory hormones
Catecholamines, growth hormone and cortisol all decrease muscle glucose uptake and induce

insulin resistance in vivo in skeletal muscle and in the liver (165,232,233).

Chronic growth hormone excess in rodent models decreases IR, IRS-1, and IRS-2 tyrosine
phosphorylation in response to insulin in skeletal muscle (69). Growth hormone also acts
directly in fat cells by increasing lipolysis, which may exacerbate insulin resistance in the
liver and skeletal muscle. Growth hormone therefore induces insulin resistance and causes
hyperglycaemia, and is recognized as the main cause of the clinical Dawn phenomenon in

type 1 diabetic subjects (40).

[-adrenergic agents such as isoprenaline (isoproterenol), when incubated in vitro with
adipocytes decreases apparent insulin-binding affinity, with no change in receptor number
(219). This effect is mimicked by cAMP analogues and agents such as the phosphodiesterase
inhibitor methylxanthine, which increases intracellular cAMP levels (219). Interestingly,
epinephrin also causes translocation of GLUT-4 to the plasma membrane in muscle, but
glucose transport in inhibited at high physiological concentrations because it also breaks
down muscle glycogen, thus increasing intracellular glucose-6-phosphate (G6P) levels (164).

a-Adrenergic agonists do not elicit these effects.

Hypercortisolaemia is associated with increased glucose production by the liver (9),
decreased peripheral glucose uptake and utilization (63,209), decreased protein synthesis, and
increased protein degradation in muscle (224). There are no data on effects of glucocorticoid

treatment or endogenous hypercortosolaemia on insulin signalling in human skeletal muscle.
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Cortisol is also produced outside the adrenal gland in tissues such as subcutaneous and
visceral adipose tissue and the liver (255) in humans in a reaction catalyzed by 11B3-HSD-1.
Transgenic mice overexpressing 113-HSD-1 in subcutaneous adipose tissue develop a full-
blown metabolic syndrome characterized by visceral obesity and insulin resistance (183).
11B-HSD-1 activity is increased in adipose tissue of obese as compared to non-obese subjects
(225). The role, of any of excess of 113-HSD-1 in causing insulin resistance in humans is

unclear but under intense investigation.

Elevated circulating FFAs

Plasma FFAs modulate insulin sensitivity and metabolic actions of insulin in skeletal muscle,
heart and the liver (25,29,155,208). In the liver, FFAs stimulate glucose production and
induce hepatic insulin resistance (80). FFAs also impair insulin-stimulated glucose uptake in

human skeletal muscle and the heart (208).

Dresner et al. reported the reduction of glucose transport activity, IRS-1 tyrosine
phopshorylation and IRS-1-associated PI 3-kinase activity after acute elevations in FFAs in
healthy non-obese individuals (72). Similar finding were found by Griffin et al. in rats after a

5 h infusion of lipids to raise plasma FFA levels (99).

The mechanism underlying insulin resistance in human skeletal muscle induced by FFAs is
controversial. First, Randle proposed that FFAs compete with glucose as the major energy
substrate in cardiac muscle, leading to decreased glucose oxidation when FFAs are elevated
(223). He showed that in the heart FFAs increased citrate and G6P concentration and the latter
inhibited glucose phosphorylation by hexokinase (223). Since visceral fat is observed to be
less sensitive to insulin than subcutaneous fat, the resulting direct flux of FFAs from visceral
adipocytes through the portal vein to the liver can stimulate glucose production in the liver
(244) - a single signal for insulin action and insulin resistance to the liver. These findings led
Bergman and coworkers to propose the ’single gateway hypothesis’ (25). However, G6P
levels and intracellular glucose decrease rather than increase in response to increased lipid
availability in human skeletal muscle (72,150). In type 2 diabetic subjects the intracellular
glucose concentration was 2-fold reduced, a value that was 1/25 of it what be if hexokinase
were the rate-controlling enzyme in glucose metabolism (56). The latter suggests a rate-

limiting step at the level of glucose transport rather than phosphorylation.
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Finally, infusion of intralipid to rats seems to activate the hexosamine pathway (239) and
induce insulin resistance, which is why the hexosamine pathway has been called a nitrient-
sensing’ pathway. In humans, Gumbiner et al. examined IR tyrosine phosphorylation in
muscle biopsies taken before and after lipid/heparin infusion and found no reduction in IR

autophosphorylation (103).

Taken together, the molecular mechanisms underlying FFA-induced insulin resistance in
human skeletal muscle are still unresolved, although glucose uptake seems rate-limited at the

level of transport rather than phosphorylation.

IMCL

Recently, several studies have shown an association between lipid accumulation in skeletal
muscle and insulin resistance (83,94,128,153,181,214,221). In four of these studies, this
relation was shown to be caused by intramyocellular rather than extramyocellular lipids, as
measured by '"H-MRS (83,128,153,218). In humans, it is unclear whether IMCL is associated
with insulin resistance independent of obesity. In 20 Europeans, Forouhi et al. (83) found the
relationship between IMCL and insulin resistance to disappear after adjusting for obesity. In
another study, no relation was found between IMCL and whole-body insulin sensitivity
measured using the insulin tolerance test (221). In two other studies performed in offspring of
type 2 diabetic patients, insulin resistance could not be attributed to obesity (128,218). Krssak
et al. (153) found that IMCL did not correlate with insulin sensitivity, but in that study, both
men and women were included and analyzed as one group. Women appear to have more
IMCL than men for the same BMI (218) but similar insulin sensitivity; women also have
greater adiposity than men with similar BMI (325). That's why, there is a lack of a correlation

between IMCL and insulin sensitivity as it may have been confounded by the mixing of sexes.

At the cellular level, IMCL can interfere with insulin signalling via several mechanisms. They
include inhibition via PKC activation and ceramide formation. In addition, LCACoAs can
directly inhibit enzyme activity such as hexokinase (270) and GS (47). Increased glucose
metabolism in muscle will exacerbate these effects, as this will enhance production of
malonyl CoA, which inhibits oxidation of fatty acids. DAG inhibits insulin-stimulated IRS-1-
associated PI 3-kinase activity (137,169,199). Treating various cell lines with phorbol esters,
which mimic the effects of DAG, inhibits insulin signalling to IRS-1 (137) and PKB (199).
Moreover, several PKC isoforms including PKC o (52,53), B1 and B2 (32,126), & (126,137), ¥
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(52), and 7t (99,137) are downstream effectors of DAG that antagonize insulin signalling by
phosphorylating IRS-1 on inhibitory serine residues. Rodent models of insulin resistance
showed elevated levels of DAG (250). DAG derived from polyunsaturated FFAs is a stronger
activator of PKC, than that from saturated FFAs (298). Ceramide blocks insulin signalling by
preventing the activation of PKB (251,274) by accelerating PKB dephosphorylation via PTP
2A (243,253,280).

In humans, IMCL can be rapidly modified since infusion of FFAs can increase IMCL in
soleus and tibialis muscle in healthy men during a 5 /& hyperinsulinaemic euglycaemic clamp
(36). The changes in plasma FFAs and IMCL-TG also induced insulin resistance in those
subjects (36). Infusion of insulin for 67 h has also been shown to increase IMCL content in
soleus muscle and intrahepatic lipid content in diabetic patients (11). Fasting for 72 h
increases plasma FFA concentration and accumulation of IMCL in the vastus lateralis muscle
(267). Chronic interventions, like weight loss following gastric bypass surgery, have been
shown to decrease IMCL in type I and II muscle fibers and enhance insulin action (96).
Biliopancreatic diversion which was accompanied by weight loss normalized insulin
sensitivity, GLUT4 expression in skeletal muscle, leptin concentrations and markedly

decreased IMCL (97).

Infections

Acute and chronic infections impair glucose tolerance (246) and may complicate maintenance
of good glycaemic control in diabetic patients (228). This deterioration is due to insulin
resistance in both skeletal muscle and the liver (293). The exact mediators of insulin
resistance are unclear but could involve increased secretion of counterregulatory hormones,
TNFa, and interleukins (189-191,258). TNFa-induced insulin resistance is due to reduced
tyrosine phosphorylation of IRS-1 (120) because of increased serine phosphorylation of IRS-1
(134,276). The mechanisms via which counterregulatory hormones induce insulin resistance

have been discussed above.

IL-6 inhibits insulin signalling in hepatocytes (257). Members of the suppressor of cytokine
signalling (SOCS) family are associated with the IR, and their ectopic expression inhibits IR
signalling (258). Several SOCS proteins are induced by IL-6. Ectopically expressed SOCS-3
leads to a decrease in insulin-dependent IR phosphorylation, IRS-1 tyrosine phosphorylation,

association of IRS-1 with the p85 subunit of PI 3-kinase, and activation of PKB in
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hepatocytes. These data suggest that induction of SOCS-3 in liver may be an important

mechanism of IL-6 mediated insulin resistance (258).

2.1.3. Genetic defects in regulators of insulin action in humans

Genes encoding key elements of the insulin signal transduction pathway may be responsible
for both the defects of insulin action and insulin secretion. Several of these genes are also
expressed in pancreatic B-cells, and recent results from knockout animals have demonstrated
that insulin signalling itself may play an important role in the mechanisms of insulin secretion

(156,313).

More than 100 different mutations have been found in the coding regions of the IR gene on
chromosome 19p (279,294). These patients have severe insulin resistance associated with
leprechaunism, or with acanthosis nigricans, hirsutism and marked hyperinsulinaemia (82).
Mutations of the a-subunit of the IR lead to complete loss of its function and development of
leprechaunism (147) or partial loss of IR function and development of Rabson-Medenhall
syndrome (91). Mutations in the tyrosine kinase domain of the IR lead to type A insulin
resistance (hyperandrogenism, polycystic ovary syndrome, oligo- or amenorrhoea,

anovulation, acne, baldness, short stature, muscle cramps) (133).

Arg972 polymorphism of IRS-1 in its heterozygous form is associated in obese non-diabetic
subjects with a 50 % reduction in insulin sensitivity compared to obese subjects without
polymorphism, indicating that the polymorphism potentiates obesity-associated insulin
resistance (54). Expression of the Arg972 IRS-1 variant in L6 myocytes results in a
significant decrease in GSK3 phosphorylation and inactivation by PKB (124). Overall, these
results suggest that the Arg972 IRS-1 polymorphism might contribute to the development of
insulin resistance by impairing the ability of insulin to activate IRS-1/PI 3-kinase/PKB/GSK3
signalling pathway, thus leading to defects in glucose transport, glucose transporter
translocation and glycogen synthesis. Several additional polymorphisms and amino acid
substitutions have been described, but their frequency is lower than that of the Arg972 variant

(259).
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In contrast to the insulin-resistant phenotype of IRS-2 *" mice, polymorphisms of the human
IRS-2 gene do not appear to contribute to the pathogenesis of either the common form of type
2 diabetes or early-onset autosomal dominant type 2 diabetes (259). IRS-3 is not expressed in
human tissues (26). Polymorphisms of the IRS-4 gene are common in Caucasians but do not
seem to be associated with type 2 diabetes or insulin resistance (8). Similarly, an association
between polymorphisms of the muscle GS gene on chromosome 19q and type 2 diabetes has
been observed in Finnish (101) and Japanese (159) but not in French subjects (337). Taken
together, these results suggest that the IRS-1 and muscle GS genes may act in some
populations as minor susceptibility genes for insulin resistance. Recently, a rare P387L
variant in PTB-1B has been described and associated with a 3.7-fold genotype-relative risk of
type 2 diabetes in a Danish Caucasian population. This variant impairs in vitro serine

phosphorylation of the PTP-1B protein (74).

The regulatory G-subunit of the glycogen-associated form of PP1 plays a crucial role in
muscle tissue glycogen turnover. Gene encoding for this protein is polymorphic at codon 905
and has been associated with insulin resistance and insulin hypersecretion in Danish patients

with type 2 diabetes (108).

The B3-adrenergic receptor, located mostly in visceral fat, is involved in the regulation of
lipolysis and thermogenesis (172). A point mutation in the gene encoding this receptor is
associated with increased susceptibility to gain weight in a population of morbidly obese
subjects (55), with a reduced metabolic rate and early onset of type 2 diabetes (300), and with
the development of upper body obesity and insulin resistance (309) in patients with type 2

diabetes.

Peroxisome proliferator activated receptor (PPAR) y2 gene has a Prol2Ala polymorphism
that may cause a reduction in the transcriptional activity of PPARy, and, hence, is associated
with decreased insulin resistance and decreased risk of type 2 diabetes (272). In an obese
group, subjects with Alal2 were more insulin sensitive than those without. The frequency of
Alal2 was significantly lower in the diabetic group, suggesting that this polymorphism

protects against type 2 diabetes (131).
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2.2. Insulin signal transduction in adipose tissue

2.2.1. Overview of insulin action in adipose tissue

Adipocytes possess receptors for growth factors (IGF-I and —II, epidermal, platelet-derived,
and fibroblast growth factors), hormones (insulin, glucagon, growth hormone,
glucocorticoids, androgen, estrogen, progesterone, triiodothyronine, thyroid-stimulating
hormone), cytokines (leptin, TNF-a, IL-6), vitamin D, very low density, low-density, and
high-density lipoproteins, nuclear factors (PPARy, RAR/RXR), catecholamines (B-1,2,3, o-
1,2) and peptides (gastrin, gastric inhibitory peptide, glucagon-like peptide-1, neuropeptide Y-

Y1, atrial natriuretic peptide, neuropeptide) (85).

Insulin is a key regulator of adipocyte metabolism. Insulin promotes lipogenesis by several
mechanisms, including fostering of differentiation of preadipocytes to adipocytes and, in
mature adipocytes, by stimulating glucose transport and TG synthesis and by inhibiting
lipolysis (231). Insulin stimulates adipocyte lipogenesis by stimulating the activities of
pyruvate dehydrogenase (PDH), acetyl CoA carboxylase and fatty-acid synthetase. Insulin
increases glucose uptake and hence the availability of pyruvate for de-novo fatty-acid
synthesis, glycerol-phosphate for FFA esterification by inhibiting adipocyte lipolysis via
hormone-sensitive lipase and by promoting FFA re-esterification. In vivo, a small increment
of 10-15 mU/l in plasma insulin above fasting is sufficient to suppress circulating FFA

concentrations (30).

The antilipolytic effect of insulin requires much lower insulin concentrations than stimulation
of glucose transport. Hence, even in insulin resistant states in which glucose transport is
impaired, sensitivity to insulin’s antilipolytic effect is relatively preserved, resulting in
maintenance or expansion of adipose stores (132). The sensitivity of adipocytes to lipolytic
triggers depends on their localizations. Lipolytic activity is the highest in visceral, lower in
abdominal subcutaneous, and the lowest in peripheral subcutaneous adipocytes. Human
subcutaneous adipocytes express B1- and B2-adrenoreceptors (154). Visceral adipocytes also
express f3-adrenoreceptors, which contribute to lipolysis. Unlike in humans, peripheral white
adipocytes of rats and mice contain high levels of the B3-adrenoreceptors, while the
expression of $3-adrenoreceptors in visceral adipocytes of the obese Zucker rat and the obese
ob/ob mouse is decreased (154). Several studies suggest that subjects with larger

subcutaneous adipocytes are more prone to the development of insulin resistance and type 2
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diabetes, independently of total body fat mass or distribution. This observation has recently

been confirmed in a prospective study of Pima Indians (304,305).

Insulin action in adipocytes involves changes in gene transcription that involves regulation of
a variety of transcription factors. These proteins are expressed in a cascade in which CCAAT
enhancer binding protein (C/EBP) B and & are among the earliest seen. These two proteins
induce expression of PPARYy, which in turn activates C/EBPa. C/EBPo, feeds back on PPARYy
to maintain the differentiated state. C/EBP B and ¢ double knockout mice express normal
levels of PPARY and C/EBPa, suggesting the existence of a C/EBP-independent mechanism
for inducing PPARy. This may involve a transcription factor known as adipocyte
differentiation and determination factor 1 (ADD1)/SREBP. It can activate PPARYy by inducing
its expression as well as by promoting the production of an endogenous PPARY ligand. These
factors contribute to the expression of genes which characterize the terminally differentiated
adipocyte phenotype (237). Transcription factors of the forkhead family may also play a
major role in transducing insulin signals to the nucleus (145). Moreover, the differentiation of
human preadipocytes to mature adipocytes was characterized by a marked (>10-fold) increase
in IRS-1 protein expression whereas IRS-2 expression was only modestly increased (>2-fold)
(217). These changes were associated with full development of the human adipocyte
phenotype, including increased insulin-stimulated glucose transport capacity and increased

expression of GLUT4 (217).

Insulin resistance in obesity and type 2 diabetes is manifested by decreased insulin-stimulated
glucose transport and metabolism in adipocytes and skeletal muscle and by impaired ability of
insulin to suppress hepatic glucose output (46). These functional defects may result from
impaired insulin signalling in all three target tissues and, in adipocytes, also from
downregulation of the major insulin-responsive glucose transporter GLUT4. In both muscle
and adipocytes, insulin binding to its receptor, receptor phosphorylation and tyrosine kinase
activity, and phosphorylation of IRSs are reduced (46). In adipocytes from obese humans with
type 2 diabetes, IRS-1 expression is reduced, resulting in decreased IRS-1-associated PI 3-
kinase activity, and IRS-2 becomes the the main docking protein for PI 3-kinase (235). In
contrast, in skeletal muscle of obese, type 2 diabetic subjects, IRS-1 and IRS-2 protein levels

are normal but PI 3-kinase activity associated with both IRSs is impaired (142).
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Mice with fat-specific disruption of the insulin receptor gene (FIRKO mice) have low fat
mass and are protected against age-related and hypothalamic lesion-induced obesity, and
obesity-related glucose intolerance (28). Primary adipocytes from knockout mice lacking
IRS-1 showed a decrease in glucose transport and GLUT4 translocation to the plasma
membrane in response to insulin (278). In agreement with these results, it has been shown in
human adipocytes that IRS-1 is the main docking protein for the binding and activation of PI
3-kinase in response to insulin (235). Recent studies show reduced IRS-1 expression in
adipocytes of not only in morbidly obese and type 2 diabetic, but also of healthy first-degree
relatives of type 2 diabetic subjects (44,45) as well as insulin-stimulated PI 3-kinase activity

and insulin-stimulated glucose transport and GLUT4 expression (45).

2.2.2. Adipocytokines

Adipocytes secrete a wide range of products (85), which may impair insulin action through
endocrine effects on distant target tissues and/or have paracrine actions on neighbouring cells.
Cytokines are soluble proteins synthesized by immune or non-immune cells, which mediate
intercellular communication by transmitting information to target cells through receptor-

ligand interactions.

TNF o, expression is increased in obesity, and interferes with insulin signalling by inducing
phosphorylation of IRS-1 at serine residues and thus, inhibiting IR activity (119,135). TNFa
rapidly inhibits insulin signalling at the level of PI 3-kinase and insulin-stimulated glucose
transport in isolated human adipocytes (170). The effect of TNFa correlated with inhibition of
tyrosine phosphorylation of IRS-1 while autophosphorylation of the IR B-subunit was
unaffected (170).

IL-6 production is positively correlated with BMI (291). Human omental fat produces more

IL-6 than subcutaneous adipose tissue. TNFa increases IL-6 production in differentiated 3T3-

L1 adipocytes (102).
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Adiponectin (also known as Acrp30 and AdipoQ) is a cytokine-like protein with some
structural homology to TNFo. Adiponectin expression and/or secretion is increased by insulin
like growth factor-1 and PPARYy agonists, and decreased by TNFa, glucocorticoids, B-
adrenergic agonists and cAMP (268). In rodents, adiponectin expression and secretion fall
with increasing fat mass, and its replenishment improves insulin resistance in various models
of genetic and dietary-induced obesity (22). In lipodystrophic mice models, adiponectin and
leptin ameliorated insulin resistance (263,321). In both lipoatrophic and obese mice, infusion
of adiponectin increased B-oxidation of FFA in muscle and decreased TG content in skeletal
muscle and the liver (321). Treatment with insulin-sensitizing PPARy agonists such as

rosiglitazone increases adiponectin expression (58).

In humans, circulating adiponectin levels are low in obesity (13) and type 2 diabetes (121),
and increase with weight loss (22,322). However, an increase in subcutaneous fat mass in
obesity may not explain such a reduction since serum adiponectin concentrations are also
reduced in generalized forms of non-HIV lipodystrophy (109). It is possible that insulin
resistance in both obese subjects and patients with LD is determined by the amount of fat in

the liver and skeletal muscle (227).

Adiponectin inhibits the inflammatory process and possibly atherogenesis by suppressing the
migration of monocytes/macrophages and their transformation into foam cells (212).
Hypoadiponectinaemia was found as an independent risk factor for coronary artery disease in

age-matched Japanese subjects (158).

Adiponectin enhances insulin sensitivity in both muscle and the liver by activating AMPK
(320). This is accompanied by an inhibition of acetyl-CoA carboxylase and increased FFA
oxidation in myocytes and a reduction of molecules involved in gluconeogenesis in the liver
(320). The adiponectin gene is localized on human chromosome 3q27, a locus that has been
associated with susceptibility to type 2 diabetes and the metabolic syndrome in genetic studies
(273). Furthermore, adiponectin is a sticky molecule which accumulates in vessel walls and
inhibits TNF-a-induced cell adhesion, and may therefore protect against endothelial

dysfunction (211).
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Leptin, a protein product of the ob gene, is secreted by fat cells in proportion to body fat
stores (286). Leptin decreases food intake and increases energy expenditure. Leptin mRNA
expression is higher in subcutaneous than omental adipocytes (196). Large fat cells contain
more leptin than small adipocytes of the same individual (3,60). Insulin in vivo increases
leptin secretion. This action of insulin does not seem to be affected by insulin resistance in

type 2 diabetes (180,289). PPARY agonists inhibit leptin expression (64).

PAI-1 is a member of the family of serine protease inhibitors and is the main regulator of the
endogenous fibrinolytic system (310). Elevated plasma concentrations of PAI-1 have been
found in obese (129) as well as lipodystrophic subjects (332). Increased PAI-1 concentrations

may contribute to the prothrombotic state in obesity and type 2 diabetes (262).

Resistin is the product of an adipocyte-specific gene whose expression is regulated by PPARYy
agonists and insulin (111,112,197,301) and was shown to cause insulin resistance in mice
(269). The human homologue of resistin is expressed in circulating monocytes and at very
low levels in adipose tissue (204). Thus, data regarding the role of resistin in the development

of obesity and insulin resistance are contradictory (269,301).

2.2.3. Lipodystrophy and insulin resistance

Human lipodystrophies

The LDs are a heterogeneous group of disorders characterized by local LD and loss of body
fat (lipoatrophy) (88). Atrophy can be localized (’partial’ lipodystrophy) or complete
(’generalized’ lipodystrophy) (230). LDs can be genetic, autoimmune, inflammatory or
acquired. The most common lipodystrophic condition in humans is that caused by HAART in
patients with HIV (Table 2). The phenotype associated with LD is variable and characterized
by hypertriglyceridaemia, insulin resistance, and increased risk of type 2 diabetes and
cardiovascular disease. Insulin resistance is present in patients with genetic LDs, specifically
autosomal dominant partial lipodystrophy of the Dunnigan type and autosomal recessive

complete LD of the Berardinelli-Seip type.
Recently, a new form of genetic LD was identified when three lipodystrophic patients were

found to have dominant negative mutations in the PPARY gene (19). The affected subjects

had severe insulin resistance, hypertension, dyslipidaemia, and hyperuricaemia. The LD is
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similar to that seen in familial partial Dunnigan LD and HIV-associated, with a paucity of

limb and gluteal fat, but normal facial and abdominal fat (91).

Table 2. Characterization of human lipodystrophies. Adapted from reference 88.

Type of lipodystrophy Insulin Age of Localization of Localization of

resistance  onset fat loss fat excess

1. Familial/genetic types

1.1.Congenital generalized + + + Birth Face, neck, trunk,
LD (Berardinelli-Seip limbs, intra-
syndrome) thoracic and intra-

abdominal, bone

marrow
1.2.Familial partial LD
1.2.1.Dunnigan variety +4+ Puberty Trunk, limbs None
1.2.2.Koberling variety + Not Limbs Trunk
known
1.2.3.Mandibuloacral -(+) Not Limbs
dysplasia known
2. Acquired types
2.1.Acquired generalized +++ Childhood Face, neck, trunk, None
LD (Lawrence syndrome) limbs, palms,
soles
2.2.Acquired generalized — — (+) Childhood  Face, neck, upper Lower
LD (Barraquer-Simons trunk, upper abdomen, hips,
syndrome) limbs lower limbs
2.3.LD in HIV infected +4+ All ages Face, trunk, limbs Neck, upper
patients body, intra-
abdominal
2.4.Localized LD: induced - All ages Depends on the
by drugs cause
2.5.Idiopathic -(4) All ages
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A striking syndrome of peripheral LD, hyperlipidaemia and insulin resistance characterizes
patients receiving HAART. Up to 53 % of patients using HAART may experience some
degree of LD within the first year of treatment, making this the most common form of human
LD (42,43). Typical features include fat wasting over the face, limbs and buttocks, with fat
accumulation in the abdomen and/or dorsocervical spine (’buffalo hump’). This is associated
with insulin resistance, which in some cases progresses to diabetes and dyslipidaemia.
Although the LD has been most commonly associated with the use of protease inhibitors,
nucleoside analogues may also cause the syndrome (43,100). The mechanism of developing

LD is not understood.

Lessons from genetically engineered animals

Studies in lipoatrophic mice have provided insight into the pathogenesis of insulin resistance
characterizing not only obese but also lipoatrophic subjects. There are three mouse models of
complete lipoatrophy. The first model was created by Ross et al. and used targeted expression
of an attenuated diphtheria toxin to adipose tissue (238). All mice died within a day of birth
with chylous ascites. The second model was created by Moitra et al. by expression of an
artificial transcription factor in adipose tissue, which prevented DNA binding of B-ZIP
transcription factors such as C/EBP and Jun which are critical for adipocyte growth and
differentiation (194,292). The resulting A-ZIP/F-1 transgenic mice lacked visible white
adipose tissue during development. The third transgenic mice model of LD was created by
overexpression of SREBPIc in adipose tissue (264). It is unclear why overexpression of an
active SREBPIc would result in white adipose tissue deficiency. The second and the third
models are similar in that both feature absent white adipose tissue, insulin resistance,
hyperglycaemia, hyperlipidaemia, organomegaly and a fatty liver. The models differ in that
the A-ZIP/F1 mice lack both white and brown adipose tissue, while SREBP1c mice have
increased amounts of immature brown adipose tissue and Pref-1, the biochemical marker of

immature white adipose tissue.

Insulin signalling abnormalities in transgenic models. A-ZIP/F1 mice had a defect in insulin
activation of IRS-1 in muscle and IRS-1-associated PI 3-kinase activity in liver (141). In
SREBPIc overexpressing mice, baseline levels of IRS-1 and IRS-2 were low in adipocytes, as

was IRS-2 in hepatocytes (264,265).
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Leptin and adiponectin. In A-ZIP/F1 mouse model of lipoatrophic diabetes leptin
overexpression partially improved insulin action (73). Leptin replacement has also recently
been shown to reverse insulin resistance in human subjects with lipoatrophic diabetes and low
circulating leptin levels (210). All murine models of LD showed both insulin resistance and
decreased leptin levels. In mice with adipocyte specific SREBPlc overexpression, leptin
administration improved insulin sensitivity, decreased plasma glucose levels, decreased
excess hepatic fat, but did not correct the lipodystrophy (263). In contrast, leptin
administration only minimally improved insulin resistance in A-ZIP/F1 mice (90), while
offspring from crosses with leptin overexpressing mice showed decreased insulin and
improved hepatic steatosis (73). Thus, leptin may not be the sole factor contributing to
improved insulin resistance in LD. Treatment of lipoatrophic diabetes with adiponectin

improved insulin resistance, and the effects were additive to those of leptin (321).

Fat transplantation. Implantation of white adipose tissue into A-ZIP/F-1 mice completely
corrected hyperglycaemia and hyperinsulinaemia, and glucose uptake (89). Euglycaemic and
hyperinsulinaemic clamp studies of white adipose tissue transplanted A-ZIP/F-1 mice showed
normalization of insulin activation of IRS-1 and IRS-2-associated PI 3-kinase activity in
muscle and liver respectively, along with decreased TG levels in liver and muscle (89). This
demonstrates that subcutaneous fat contributes to maintenance of normal insulin sensitivity,

and also that intrahepatocellular and intramyocellular lipid cause insulin resistance.
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3. AIMS OF THE STUDY

The present study was undertaken to identify:

1. Early defects of insulin signalling in skeletal muscle of healthy lean subjects,
specifically their association with potential signs of subclinical insulin resistance such as
elevated fasting insulin concentrations (study I) and increased intramyocellular lipid content

(study II).

2. Potential defects in markers of adipogenesis, inflammation and secretion of
adipocytokines in adipose tissue of insulin resistant patients with HAL, specifically
alterations in the expression of adipogenic transcription factors, PGC-1 and inflammatory
markers (study III), and circulating concentration of adiponectin and its expression in the

adipose tissue (study IV).
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4. STUDY DESIGNS

4.1. Measurement of key insulin signalling molecules in freeze-dried and purified muscle
in animals and healthy subjects (study I)

Animals. Male Wistar rats (95-115 g) were purchased from the Helsinki University Animal
Laboratory. The animals were kept in a 12-h light-dark cycle for 1 week before the
experiments. After an overnight fast the rats were anaesthetized by an intraperitoneal injection
of sodium pentobarbital (5 mg/100 g body weight) and then given an intraportal injection of
either insulin (15 IU) or saline (control group) to obtain tissue samples representing insulin-

stimulated and non-stimulated states.

Human subjects. Thirteen healthy men (42 + 2 yrs) with a BMI ranging from 21 to 32 kg/m2
(25.7£0.7 kg/mz, mean + SEM) with no family history of type 2 diabetes were studied on
two occasions. On the first occasion, insulin sensitivity was measured using the euglycaemic
hyperinsulinaemic clamp technique. Before and after 30 min of the insulin infusion, muscle
biopsies were taken from the left and right vastus lateralis muscles, for determination of early
insulin signalling steps. On the second study occasion, maximal oxygen consumption
(VO,max) was measured directly using an incremental bicycle ergometer test. The subjects

were divided by their median fasting insulin concentration in two groups (Table 3).

Table 3. Characteristics of the groups in study I

Fasting insulin < median Fasting insulin > median
Number of subjects 6 7
Fasting serum insulin (mU/1) 4+1 8+ 1%*
Age (years) 45+3 44 £3
Body mass index (kg/m2) 24+ 1 251
VO,max (ml/kg min) 37+4 34+2
M-value (mg/kg-min) 55+04 3.4 +£0.4%*
Fasting plasma glucose (mmol/l) 5.2 +£0.1 5.920.3*
Serum triglycerides (mmol/l) 0.9+0.1 1.4+£0.2%
HDL cholesterol (mmol/1) 1.7+0.1 1.3+0.1*

Data are means + SEM, *p < 0.05, **p < 0.005
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4.2. IMCL and insulin signalling defects in human skeletal muscle (study IT)

A total of 20 healthy men (42 + 2 years), with a BMI ranging from 21 to 32 kg/m2 (25.7+£0.7
kg/m®, mean + SEM) and no family history of type 2 diabetes, were studied on three
occasions. On the first visit, IMCL content was measured using proton spectroscopy of the
vastus lateralis muscle. On this visit, visceral and subcutaneous fat were also quantified using
MRI. The subjects were divided into two groups: low IMCL (LoIMCL; 3.0 + 0.5 resonance of
intramyocellular CH, protons in lipids/resonance of CHj3 protons of total creatine (Crr)
[IMCL/Crr]) and high IMCL (HiIMCL; 9.5 + 0.9 IMCL/Cry) based on their median IMCL
content (6.1 IMCL/Cry) (Table 4). The LoIMCL and HiIMCL groups were comparable with
respect to several parameters thought to cause insulin resistance. On the second study
occasion, maximal oxygen consumption (VO,max) was measured directly using an
incremental bicycle ergometer test. On the third occasion, insulin sensitivity was measured
using the euglycaemic hyperinsulinaemic clamp technique. Before and after 30 min of insulin
infusion, biopsies of the left and right vastus lateralis muscles were taken, respectively, for

determination of early insulin signalling steps.

Table 4. Characteristics of the groups in study Il

IMCL > median IMCL < median
Number of subjects 10 10
Fasting serum insulin (pmol/l) 55+ 10 38 £ 4%*
Age (years) 43+3 40+3
Body mass index (kg/m2) 26+ 1 26+1
VO;max (ml/’kg min) 33+2 36+3
Lean body mass (kg) 673 64+3
Fasting plasma glucose (mmol/l) 5.8 +0.2 54101
Serum triglycerides (mmol/l) 1.6+0.3 1.1£0.2
HDL cholesterol (mmol/1) 1.3+0.1 1.5+£0.1

Data are means = SEM, *p < 0.05
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4.3. Expression of adipogenic transcription factors, PGC-1 and inflammatory markers
in subcutaneous adipose tissue in patients with HAL (study III)

The patients were recruited from the HIV outpatient clinic of the Helsinki University Central
Hospital. Patients' characteristics are given in Table 5. The subjects had had to be treated with
HAART for at least 18 months prior to enrollment. Those belonging to the lipodystrophy
group (HAART+LD+) had self-reported symptoms of loss of subcutaneous fat with or
without increased girth, breast size or development of a buffalo hump. A single investigator
(Jussi Sutinen) confirmed these findings before inclusion in the study. Patients without
lipodystrophy (HAART+LD-) had received HAART without developing changes in body

composition.

All patients were studied after an overnight fast at 8 a.m. A blood sample was taken for
measurement of serum concentrations of glucose, insulin, cholesterol, triglycerides, and HDL
cholesterol. Thereafter a needle aspiration biopsy of subcutaneous fat was taken under local
anaesthesia as previously described (331). The fat sample was immediately frozen and stored
in liquid nitrogen until analysis. In order to quantify any blood contamination of the samples,
the concentration of haemoglobin was measured based on the absorbance of the homogenized
sample at 560 nm, which was corrected for circulating haemoglobin concentration and
homogenized sample size. The groups did not differ in this respect. In addition, in each
patient the volumes of intra-abdominal and subcutaneous fat depots were determined using

MRI, and waist-to-hip ratio was measured as detailed below.

4.4. Adiponectin expression in subcutaneous adipose tissue and adiponectin circulating
concentration in patients with HAL (study IV)

The same subjects as in study III participated in study IV (Table 5). Hepatic fat was measured
using 'H-MRS. Adiponectin expression in adipose tissue and its circulating concentrations in

serum were measured.
The purpose, nature, and potential risks of studies I-IV were explained to the patients before

their written informed consent was obtained. The studies protocols were approved by the

ethical committee of the Helsinki University Central Hospital.
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Table 5. Characteristics of the groups in studies 11l and IV

Variable HAART+LD+ HAART+LD-
Number of subjects (males/females) 2575 9/4

Age (years) 43 +2 39+2
Weight (kg) 73 +2 69 +4

Body mass index (kg/mz) 23.6+0.5 224 +1.1
Total abdominal fat/MRI (cm’) 3100 + 300 2700 + 500
Subcutaneous fat / MRI (cm’) 1100 = 200 1800 = 300*
Intra-abdominal fat/MRI (cm3) 1900 = 200 900 + 300**
Waist-to-hip ratio 0.99 +0.01 0.89 = 0.03#**
Skinfold thickness (mm) 38+3 54 + 5%**
Plasma glucose (mmol/I) 5.5+0.3 5.0+0.1
Serum insulin (mU/I) 11+1 6+ 1**
C-peptide (nmol/1) 0.81 £0.06 0.51 = 0.09**
Serum triglycerides (mmol/I) 34+£04 1.2 £0.1%%*
Serum HDL cholesterol (mmol/1) 1.1 +0.1 1.6 £ 0.1%%*
Liver fat (%) 7.6+1.7 2.1 £ 1.1%%*
Time from diagnosis of HIV (yrs) 8.4 +0.6 87+13
Duration of HAART (yrs) 43+0.2 3.8+04
Currently receiving a protease 73 % 69 %
Inhibitor

Most recent viral load (log;o 1.9+0.1 1.6 +0.2
copies/ml)

Most recent CD4 count (cells/mm3) 572 £ 54 516 +70

HAART+LD+: HIV-positive patients with HAART-associated lipodystrophy; HAART+LD-:
HIV-positive patients using HAART but without lipodystrophy; MRI: magnetic resonance
imaging. Data are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < (0.001
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5. METHODS

5.1. Insulin signaling assays (studies I, II)

5.1.1. Processing of muscle specimens

Animal experiments (study I). Three minutes after the insulin injection (15 U Actrapid
intraportally) and pentobarbital anaesthesia rat gastrocnemius muscle was dissected out and
snap frozen in liquid nitrogen after which the rats were sacrificed with CO,. Gastrocnemius
muscle was divided into two pieces and snap-frozen in liquid nitrogen. The first piece ("wet’)
was thawed and homogenized as such (100 mg muscle/1 ml buffer A containing (in mM) 25
Tris-HCL (pH 7.4), 10 NazVO4, 100 NaF, 10 NasP,0; 10 EGTA, 10 EDTA, 1
phenylmethylsulfonyl fluoride (PMSF), and 5 pg/ml leupeptin, 5 pg/ml aprotinin, and 1 %
NP40. The other piece (’dry’) was lyophilized (200-400 Pa, Edward freeze-dryer, Crawley
Sussex, England) for 14 h, macroscopically dissected free of fat, blood and connective tissue
at room temperature. The tissue taken for the analysis was a macroscopically pure muscle
fiber preparate. Both wet and dry samples were homogenized (HETO, Birkerod, Denmark)
for 2 min (Fig. 2).

Human skeletal muscle (studies I, II). Biopsies of human vastus lateralis muscle were taken
under local lidocaine anaesthesia with a Bergstrom needle before and after 30 min of the
insulin infusion. The two biopsies were taken from opposite sites. The specimen was removed
from muscle with suction applied through a syringe attached to the needle and then shot by
rapidly emptying the syringe into liquid nitrogen (296). This procedure allowed the samples
to be frozen within 3 seconds. The specimens were stored in liquid nitrogen until freeze-
drying. To minimize the variability due to non-muscle contaminants, the muscle biopsy (~50
mg) was lyophilized, macroscopically dissected, and pure muscle fibers were homogenized in
buffer A described earlier. After centrifugation (55 000 rpm, 1 h, +4 ° C, 70.1 TI rotor,
Beckman Instruments, Palo Alto, CA), the supernatant was transferred to another tube and its
protein content was determined (Pierce, Rockford, IL). The supernatant was thereafter

aliquoted for direct immunoblotting and immunoprecipitation experiments.
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Fig. 2. Processing rat and human muscle biopsies. Insulin was administered after overnight
fast. In rats, a gastrocnemius muscle was dissected out and snap-frozen in liquid nitrogen.
Each piece was divided in two parts: one was homogenized as such, and the other was freeze-
dried and purified of non-muscle contaminants. After homogenization, ultracentrifugation
and measurement of the protein concentration, the supernatant was aliquoted for
immunoprecipitation and SDS-PAGE electrophoresis. Immunoblotting was done using
specific antibodies and molecules of interest were detected by ECL or autoradiography. The
PI 3-kinase assay was done using IRS-1 immunoprecipitates. In humans, normolycaemic
hyperinsulinaemia was maintained for 120 min. Biopsies of vastus lateralis muscle were

taken before and after 30 min of hyperinsulinaemia. Biopsies were snap-frozen in liquid

nitrogen, freeze-dried and processed as in the animal experiments.
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5.1.2. Immunoprecipitation

To define posttranslational modification (tyrosine phosphorylation of IR) and IRS-1
associated PI 3-kinase enzymatic activity the muscle homogenates were immunoprecipitated
with an appropriate antibody (anti-IR or anti-IRS-1) and 40 pl of 50 % protein A-Sepharose
slurry (6 MB) for 2 h at 4 ° C. The beads were washed 3 times with lysis buffer and dried
before proceeding. For determination of tyrosine phosphorylation (pY) 25 ul of 2x Laemmli
sample buffer was added on the dried immunoprecipitates, heated (+96 ° C) for 3 min and
stored in —80 ° C. For IRS-1-associated PI 3-kinase in vitro assay, the washed and dried

immunoprecipitates were stored at —80 ° C without denaturing the sample (Fig. 2).

5.1.3. SDS-PAGE and immunoblotting

Supernatants and immunoprecipitates stored at —80 ° C in Laemmli sample buffer were heated
for 3 min before protein separation by sodium dodecyl sulfate/polyacrylamide gel
electrophoresis (SDS-PAGE). SDS-PAGE gel acrylamide strength was chosen based on the
size of the protein of interest. After electrophoresis the proteins were transferred to
polyvinylidene difluoride membranes (Immobilon-P) by transfer using buffer, which
contained 10 % SDS, 99 % methanol, 1.9 M glycine and 0.25 M Trizma-base. After
Immobilon-P membranes were blocked in PBS containing 0.1 % Tween-20 and 5 % non-fat
milk for at least 30 min at room temperature and washed 3 times in PBS-Tween, they were
subjected to immunoblotting: incubated with primary antibody (against phosphorylated
tyrosine (pY20) or IR, 1:2 000 or 1:500 dilution) for 1 h, washed 3 times for 10 min, and then
incubated with secondary HRP-linked rabbit anti-mouse antibodies (1:1 000 dilution), washed
3 times and detected by ECL. The films were scanned with tabletop scanner and analyzed by

Image Gauge software (version 3.12, Fuji Photo Film, Tokyo, Japan).

5.1.4. PI 3-kinase assay

The dried protein-A Sepharose beads were washed twice with PI 3-kinase reaction buffer
containing 20 mM Tris-HCI, pH 7.4, 100 mM NaCl, and 0.5 mM EGTA, dried quickly and
then resuspended in the same buffer supplemented with the PI 3-kinase substrate PI, which
was freshly suspended in 50 ul of PI 3-kinase reaction buffer by sonication for 10 min at 4 °
C. PI 3-kinase reaction was initiated by addition of 5 pl of MgCl,-ATP mixture (200 mM
MgCl,, 200 uM ATP) containing 5 puCi of [7—32P]—ATP to the immunoprecipitates and

incubated for 25 min at room temperature. The reaction was terminated by adding 150 ul of
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chloroform-methanol-11.6 N HCI (100:200:2). After adding 120 pul of chloroform and 120 pl
of methanol-1 N HCI (1:1) twice the organic phase was separated by centrifugation at 14 000
rpm for 1 min, the resulting organic phase was dried in SpeedVac (UVS400A, Savant
Instruments, NY) dissolved in 15 pl of chloroform, spotted on thin layer chromatography
plates and developed in chloroform-methanol-28 % ammonium hydroxide-water (43:38:5:7)
for 1 h. The phosphorylated products were visualized by autoradiography after an overnight

exposure and quantified by Bio-Imaging analyzer (BAS-5000; Fuji, Tokyo).

5.1.5. Materials for insulin signalling assays

Regular insulin was from Novo Nordisk (Actrapid, Bagsvaerd, Denmark). Polyclonal
antibodies against the insulin receptor (IR, JD 15, JD 433) and insulin receptor substrate-1
(IRS-1, JD 288) were generous gifts from Professor C. Ronald Kahn (Joslin Diabetes Center).
The antibody against the p85 subunit of PI 3-kinase was from Upstate Biotechnology (Lake
Placid, NY). HRP-linked rabbit anti-mouse and donkey anti-rabbit antibodies, the ECL kit
and ['*1] protein A were from Amersham Pharmacia Biotech (Amersham Place Little
Chalfont Buckinghamshire, England). [y-*P] ATP was from NEN Life Science Products,
Zaventem, Belgium; PI-from Avanti Polar Lipids (Alabaster, Alabama); silica gel thin layer
chromatography plates-from Merck (Darmstadt, Germany); Immobilon-P transfer membranes
-from Millipore Corporation (Bedford, MA); protein A Sepharose 6 MB - from Amersham
Pharmacia Biotech AB (Uppsala, Sweden); reagents for SDS-PAGE-from Bio-Rad
Laboratories (Richmond, CA). All other reagents were purchased from Sigma Chemical Co.

(St. Louis, MO).

5.2. Human studies (studies I, IT)

5.2.1. Whole-body glucose uptake

Whole-body glucose uptake was measured by the euglycaemic hyperinsulinaemic clamp
technique (66). After an overnight fast, two indwelling catheters were inserted, one in an
antecubital vein for infusion of insulin and glucose, and another in a hand vein, which was
kept in a heated chamber (65 ° C) to arterialize venous blood (184). The rate of the continuous
insulin infusion was 40 mU/m” - min, or 1 mU/kg-, min. The rate of the glucose infusion was
adjusted to maintain euglycaemia based on plasma glucose measurements that were
performed every 5 minutes from arterialized venous blood. Whole-body insulin sensitivity

(M-value) was calculated from the glucose infusion rate needed to maintain euglycaemia after
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correction for changes in the glucose pool size (66). Blood samples were taken at 30 min
intervals for measurement of serum free insulin concentrations. The muscle biopsy from
vastus lateralis muscle from one leg was taken at the beginning of the clamp and from the
other leg after 30 min of insulin infusion. The biopsies were freeze-dried, purified and

processed as described in section 5.1.1 (Fig. 2).

5.2.2. Maximal aerobic power

Maximum aerobic power (VO,max) was measured directly, using an incremental work-
conducted upright exercise test with an electrically braked cycle ergometer (Ergometer
Ergoline 900ERG, Germany) combined with continuous analysis of expiratory gases and
minute ventilation (Vmas 229 series, SensorMedics). Exercise was started at a workload of 50
watts. The workload was then increased by 50 watts every 3 min until perceived exhaustion or
a respiratory quotient of 1.10 was reached. The highest maximal aerobic power observed

during a 30 sec period was defined as VO,max.

5.2.3. Body composition

IMCL ('"H-MRS)

Magnetic resonance (MR) images for localization and 'H-MR spectroscopy were acquired
using a 1.5 T MR system (Magnetom Vision; Siemens, Erlangen, Germany). A loop surface
coil was used for detection. The subjects lay supine, with the left leg immobilized by firm
padding. One-third of the distance from the trochanter major of the femur to the middle of the
patella was measured, and the center of the coil was placed in contact with that spot. The 'H-
spectra were obtained from quadriceps femoris (vastus lateralis) muscle (Fig. 3). The volume
of interest, voxel (13 x 13 x 20 mm3), was placed inside the lateral part of the vastus lateralis
muscle to ensure parallel fiber orientation. The position of the voxel was chosen on the T;-
weighted MR images so that it did not contain any visible fat or fasciae known to contain
significant amounts of adipocytes which would affect the resonance-frequency shift data (Fig.
3). Spatial localization was achieved by using a stimulated echo acquisition mode applied
with a repetition time of 3 000 ms, with an echo time of 20 ms, and a mixing time of 30 ms.
We used 128 excitations with water presaturation. The resonance at 1.5 ppm originates from
the extramyocellular CH,-protons of lipids (TGs and FFAs) and the resonance at 1.3 ppm
from intramyocellular CH,-protons of lipids (249,277). An example of the proton spectra is
shown in Fig. 3. Resonance intensities were expressed relative to the resonance at 3.0 ppm,

which is derived from the CHs-protons of total creatine (Crr; creatine and phosphocreatine).
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The spectral data were fitted in time domain with the program MRUI, based on the solving of
nonlinear least squares problems (62). The IMCL data were quantified by using Crr signal
intensity as a reference. The total water-to-Crr ratios were constant between subjects (signal
intensity ratio 829 + 46, correlation coefficient for signal intensity of water vs. Crr 0.96) and
the Cry-to-water ratio (x10%) averaged 12.9 £ 0.9 and 12.3 + 1.2 in the LoIMCL and HiIMCL
groups, respectively (ns). We chose IMCL/Cry for grouping criterion because both signals are

of intramyocellular origin and of comparable magnitude of intensity.
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Fig. 3. Proton magnetic resonance spectroscopy of human vastus lateralis muscle. The
volume of interest, voxel, was placed inside the lateral part of the vastus lateralis muscle. The
resonance at 1.5 ppm (EMCL) originates from the extramyocellular CHz-protons of lipids
(triglycerides and fatty acids) and the resonance at 1.3 ppm (IMCL) from intramyocellular
CH;-protons of lipids. Resonance intensities are expressed relative to the resonance at 3.0
ppm (Creayy), derived from the CH3-protons of total creatine (Cry; creatine and

phosphocreatine).
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Intra-abdominal, subcutaneous and liver fat

A series of T1-weighted transaxial scans for the determination of visceral and subcutaneous
fat were acquired from a region extending from 8 cm above to 8 cm below the 4th and 5th
lumbar interspace (16 slices, field of view 375 x 500 mmz, slice thickness 10 mm, and breath-
hold repetition time divided by the echo time 138.9 ms/4.1 ms), as previously described (242).
Visceral and subcutaneous fat areas were calculated using an image analysis program (Alice
3.0, Parexel, Walthham, MA). A histogram of pixel intensity in the intra-abdominal region
was displayed, and the intensity corresponding to the nadir between the lean and fat peaks was
used as a cut point. Visceral adipose tissue was defined as the area of pixels in the intra-
abdominal region above this cut point. For calculation of subcutaneous adipose tissue area, a
region of interest was first manually drawn at the demarcation of subcutaneous adipose tissue
and visceral tissue (242). To measure liver fat content by 'H-MRS, localized single voxel (2 x
2 x 2 cm’) proton spectra were acquired using a 1.5 T whole body system (Siemens
Magnetom Vision, Erlangen, Germany), which consisted of a combination of whole-body and

loop surface coils for radio frequency transmitting and signal receiving (Fig. 4).
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Fig. 4. Proton magnetic resonance spectra from 2 patients with different percent of liver fat
(LFAT). The CH, signal is derived from intrahepatocellular protons of lipids. The percent
LFAT was calculated by dividing the area under the CH signal by the sum of the areas under

the water and CH, signals.
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T1-weighted spin echo MR images were used for localization of the voxel of interest within
the right lobe of the liver. Vascular structures and subcutaneous fat tissue were avoided in
localization of the voxel. Subjects were lying on their stomach on the surface coil, which was
embedded in a mattress in order to minimize abdominal movement due to breathing. The
single voxel spectra were recorded by using the stimulated echo-acquisition mode sequence
with an echo-time of 20 ms, a repetition time of 3 000 ms and a mixing time of 30 ms. A total
of 1024 data-points over 1000 kHZ spectral width with 32 acquisitions were collected. Water-
suppressed spectra with 128 acquisitions were also recorded to detect weak lipid signals. The
short echo-time and the long repetition time were chosen to ensure a fully relaxed water
signal, which was used as an internal standard. Chemical shifts were measured relative to
water at 4.80 ppm. The methylene signal, which represents intracellular triglyceride, was
measured at 1.4 ppm. The spectra were fitted in the time domain using the variable projection
method (VARPRO) (62). Spectroscopic intracellular triglyceride content was expressed as a
ratio of the area under the methylene peak to that under the methylene and water peaks x 100
(= % liver fat, LFAT). This measurement of percent hepatic fat by proton spectroscopy has
been validated against histologically determined lipid content of liver biopsies in humans
(282), animals (277) and against estimates of fatty degeneration or infiltration by X-ray
computed assisted tomography (171). Examples of two spectra of subjects with low and high

liver fat are shown in Fig. 4.

Body fat content and other measurements

Body composition (fat mass, fat free mass and percentage of body fat) was determined by
bioelectrical impedance plethysmography (BioElectrical Impedance Analyzer System model
#BIA-101A; RIL Systems, Detroit, Michigan) (174). Waist circumference was measured
midway between the lower rib margin and the iliac crest, and hip circumference over the
greater trochanters (205). Skinfold thicknesses (sum of mean values of triplicate
measurements) were determined at 6 sites (triceps, biceps, subscapular, iliac crest, thigh and

cheek).
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5.2.4. Analytical methods

Plasma glucose concentrations were measured in duplicate using the glucose oxidation
method (Beckman Glucose Analyzer II, Beckman Instruments, Fullerton, CA) (130). Serum
free insulin concentrations were determined by double antibody radioimmunoassay
(Pharmacia Insulin RIA Kit, Pharmacia, Uppsala, Sweden) after precipitation with
polyethylene glycol. Serum FFA concentrations were determined by the fluorometric method
(192). Serum high density lipoprotein cholesterol and TG concentrations were determined
with respective enzymatic kits from Roche Diagnostics using an autoanalyzer (Roche
Diagnostics Hitachi 917, Hitachi Ltd, Tokyo, Japan). HIV viral load was measured using the
HIV-1 Monitor Test (Roche Diagnostics, Branchburg, NJ) with a detection limit of 50
copies/ml. Serum IL-6 concentration was measured using an enzyme-linked immunoassay
(Quantikine, R&D Systems, Minneapolis, MN). Serum adiponectin concentration was
measured using a commercial enzyme-linked immunosorbent assay (Human Adiponectin

ELISA kit, B-Bridge International, San Jose, CA).
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5.3. RNA isolation and measurement of gene expression adipose tissue (studies III, IV)

5.3.1. Processing of fat biopsy and total RNA isolation

Approximately 100 mg (41-137 mg) of frozen fat tissue was homogenized in 2 ml of RNA

STAT-60 (Tel-Test, Friendswood, TX) and total RNA was prepared according to

manufacturer’s instructions. After DNase treatment (RNase-free DNase set, Qiagen, Hilden,

Germany) RNA was subjected to cleanup (RNeasy mini kit, Qiagen, Hilden, Germany). Fig.

5 depicts how RNA was used.
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Fig. 5. Design of the experiments using total RNA from human fat. Fat obtained by an

aspiration biopsy (around 100 mg) was snap-frozen in liquid nitrogen and stored in liquid

nitrogen until analysis. Total RNA was isolated, cleaned, and used for: RNA concentration

measurements using RiboGreen assay, assessment of RNA quality using agarose gel or

bioanalyzer and the reverse-transcriptase (RT) reaction for cDNA synthesis and PCR. The

remaining total RNA was stored in liquid nitrogen.

50



5.3.2. Quantification of RNA concentration and synthesis of cDNA

RNA concentrations were measured using the RiboGreen fluorescent nucleic acid stain (RNA
quantification kit, Molecular Probes, Eugene, OR). Average yields of total RNA were 3.3
0.4 ng per 100 mg of adipose tissue wet weight, and were not significantly different between
HIV positive patients with or without lipodystrophy, and healthy controls. Total RNA was
suspended in water and stored at —80 ° C until the reverse-transcriptase reaction. 0.1 pg total
RNA was transcribed into cDNA using M-MLV reverse transcriptase (Life Technologies,
Paisley, UK) and oligo (dT);2.15 (0.5 pg/ul) primers.

5.3.3. Real-time PCR

Relative quantification of the mRNAs was performed by real-time PCR using LightCycler
technology (Roche Diagnostics GmbH, Mannheim, Germany) for quantification of -actin,
PPARY, LPL, SREBPIc and adiponectin (at the Minerva Institute for Medical Research), and
TagMan technology using ABI PRISM 7000 Sequence Detection System (PE Applied
Biosystem, Foster City, CA) for quantification all the other genes (at the King Gustaf V
Research Institute, Atherosclerosis Research Unit, Karolinska Institute, Stockholm, Sweden).
PCR allows amplification of DNA from a selected region of the genome a billionfold. 2 ul of
diluted cDNA was brought to a volume of 20 pl with reaction mix (Roche Diagnostics),
containing a final concentration of 3 mM MgCl,, 2 ul of LightCycler-FastStart DNA Master
SYBR Green I and 0.5 uM of primers. SYBR Green is a fluorofor, a double-stranded DNA
binding dye, which fluoresces when only bound to DNA and thus makes the signal much

more specific than in conventional PCR.

5.3.4. Quantification of mRNA using real-time PCR

B-actin, PPARY, LPL, SREBP-1¢ and adiponectin

Quantification of the mRNAs was performed by real-time PCR using LightCycler technology
(Roche Diagnostics GmbH, Mannheim, Germany). 2 il of 1:10 diluted cDNA was brought to
a final volume of 20 ul, which contained 3 mM MgCl,, 2 ul of LightCycler-FastStart DNA
SYBR Green I Mix (Roche Diagnostics), and 0.5 UM of primers. After initial activation of the
DNA polymerase at 95 ° C for 10 min, the amplification conditions were as follows: 40 cycles
consisting of denaturation at 95 ° C for 15 sec, annealing for 5 sec at 57 ° C (B-actin), 56 ° C
(PPARY), 58 °C (LPL), for 10 sec at 60 ° C (SREBP-1c), or for 5 sec at 58 ° C (adiponectin)

and extension at 72 ° C. The extension times (sec) were calculated from the amplicon size
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(base pairs/25). Fluorescent data were acquired at the end of each extension phase. After
amplification, a melting curve analysis from 65 ° C to 95 ° C with a heating rate of 0.1 ° C/sec

with a continuous fluorescence acquisition was made.

The primers for PPARy, LPL, SREBP-1c and B-actin are listed in Table 6. A standard curve
for PPARY was created using purified cloned plasmid cDNA (QIAquick PCR purification kit,
Qiagen, Hilden, Germany). For human [-actin, LPL and SREBP-1c expression, standard
curves were created from a specific PCR product. To account for differences in RNA loading,
PPARY, SREBP-1c and LPL were expressed relative to -actin. The mRNA concentration of
human B-actin was not different between the groups (217 + 44 in the HAART+LD+ and 180
+ 40 in the HAART+LD- group, ns).

Human B2-microglobulin, GLUTI, GLUT4, PGC-1, PPARS, ALBP, KLBP, FATP-1 and 4,
ACS, CD45 and IL-6 gene expression

TagMan real-time semiquantitative PCR was performed according to the manufacturer’s
protocol using ABI PRISM® 7000 Sequence Detection System instrument and software (PE
Applied Biosystem, Foster City, CA). Primer and probe sets were designed using the
manufacturer’s software and sequences available in GeneBank I (Table 6). IL-6 was
measured using Pre-Developed TagMan Assay Reagents (PE Applied Biosystem, Foster City,
CA). The GLUT4 primer set has been published (229). Differences in loading of RNA were
adjusted for by expressing results relative to f2-microglobulin. mRNA concentrations of 32-
microglobulin were not different between the groups (606 + 71 in the HAART+LD+ and 645
+ 73 in the HAART+LD- group, ns). Expression levels were quantified (AU) by generating a
six-point serial standard curve (302). The mRNA concentrations of GLUT1, GLUT4, PGC-1,
PPARS, ALBP, KLBP, FATP-1 and FATP—4, ACS, CD45 and IL-6 are given relative to 2-

microglobulin mRNA concentration.
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Table 6. Primers and probes used for mRNA analyses

mRNA Sense primers Antisense primers Probe

Gene Bank

Number

PPARY 5’-CTCATATCCGAGGGCCAA 5’-TGCCAAGTCGCTGTCATC *

U79012

B-actin 5’-CACACTGTGCCCATCTACGA 5’-CCATCTCTGCTCGAAGTCC *

M10277

SREBP-1c 5’-GCGGAGCCATGGATTGCAC 5’- CTCTTCCTTGATACCAGGCCC *

NMO004176

LPL 5’-GGTCGAAGCATTGGAATCCAG 5’-TAGGGCATCTGAGAACGAGTC *

NM000237

Adiponectin 5’-CAGAGATGGCACCCCTGGTG 5’-TTCACCGATGTCTCCCTTAG *

XM 003191

B2microglobulin ~ 5’-GCCTGCCGTGTGAACCAT 5’- TTACATGTCTCGATCCCACTTAACTAT 5’-TGACTTTGTCACAGCCCA

AHO002619

GLUTI 5’-CCTGTGGGAGCCTGCAAA 5’-TCTATACACAACAGGGCAGGAGTCT 5’-CACTGCTCAAGAAGAC

NMO006516

GLUT4 5’-GCTACCTCTACATCATCCAGAATCTC 5’-CCAGAAACATCGGCCCA 5’-CTGCCAGAAAGAGTCTGAAGCGCCT
14758189

PGC-1 5’-AGAGACAAATGCACCTCCAAAAA 5’-AAAGTTGTTGGTTTGGCTTGTAAGT 5’-AAGTCCCACACACAGTCGCAGTCACAA
AHO008808

PPARS 5’-CACACGGCGCCCTTTG 5’-CCTTCTCTGCCTGCCACAA 5’-ATCCACGACATCGAGAC

NM006238

CD45 5’-TCTTGGCATTTGGCTTTGC 5’-GGAGACTGACTGCGTGTGTGA 5’-CTGGACACAGAAGTATTT

NTO004612

ALBP 5’-TGATAAACTGGTGGTGGAATGC 5’-CCCTTGGCTTATGCTCTCTCA 5’-TCATGAAAGGCGTCACTTCCACGAGA
NM001442

KLBP 5’-GGGAAGGAAAGCACAATAACAAGA 5’-CGAGTACAGGTGACATTGTTCATG 5’-CACACTCCACCACTAATTTCCCATCTTTCAATT
NMO001444

FATP-1 5’-AGATGCCCGCTCACTTCG 5’-GCTAAGGCCCTGATCTTTGGA 5’-CCACCGCCGCCACCATTTCTC
AX015323

FATP-4 5’-CAAGACCATCAGGCGCG 5’-CGCACCTTTGCCTTCACCT 5’-TATCTTTGGCGGCCTGGTCCTCCT
AF055899

ACS 5’-CAAAGACGGCTGGTTACACACA 5’-TCCGGTCGATAATTTTCAAGGT 5’-CCATTTGGTAACCATTTTCCGATGTCCC
109229
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5.4. Statistical analyses

Student’s r-test was used for comparison signals in wet versus dry muscle samples in study I
and in high versus low intramyocellular lipid content groups in study II. For comparison of
FFA concentrations between the groups in study II, analysis of variance for repeated measures
was used. Correlation coefficients were calculated using Pearson’s correlation coefficient in
study II. In studies III and IV the unpaired #-test was used to compare differences between the
groups after logarithmic transformation when necessary. Correlations were calculated using
Spearman’s rank correlation coefficient. Categorical variables were compared using Fisher’s
exact test. All calculations were performed using the Systat statistical package, version 10.0
(Systat, Evanston, IL) or GraphPad Prism, version 2.01 (GraphPad Inc, San Diego, CA). In all
the studies data are shown as mean =+ standard error of mean. A p-value less than 0.05 was

considered statistically significant.
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6. RESULTS

6.1. Insulin signalling in freeze-dried rat skeletal muscle (study I)
The non-muscle contaminants varied between 1 and 40 % (mean 11 %) of dry muscle weight.
To test the feasibility of insulin signalling assays in freeze-dried purified muscle, we

measured insulin signalling molecules in rat gastrocnemius muscle and compared the results

with those obtained using conventionally prepared muscle samples.

Protein expression of signalling molecules

Protein expression of the IR, IRS-1 and p85 subunit of PI 3-kinase in freeze-dried rat

gastrocnemius muscle were of the same order of magnitude as in wet, conventionally

processed muscle samples (Fig. 6).
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Fig. 6. Protein expression of the IR, IRS-1 and the p85 subunit of the Pl 3-kinase in freeze-
dried rat gastrocnemius muscle relative to wet specimens (set as 100 %). Equal amounts of

protein (0.05 mg) were separated by SDS-PAGE and immunoblotted with anti-IR, anti-IRS-1
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and anti-p85 antibodies, respectively.
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Tyrosine phosphorylation of IR and IRS-1-associated PI 3-kinase activity in dry versus wet

rat muscle preparates

To determine the extent of IR tyrosine phosphorylation, the tissue lysates were
immunoprecipitated with IR antibodies and then immunoblotted with antiphosphotyrosine
antibodies. Insulin increased tyrosine phosphorylation of the -subunit of the IR 9.4 + 1.0-
fold in freeze-dried and 6.4 + 0.9—fold in wet muscle (p < 0.05, dry vs wet, Fig. 7, panel A).
IR protein expression was slightly lower in freeze-dried (87 + 8 AU) than in wet (113 = 8 AU,
p < 0.05, n = 6) muscle. As shown in Fig. 7, panel B, PI 3-kinase activity in IRS-1
immunoprecipitates in dry and wet rat muscle samples was preserved during freeze-drying.
The large dose of insulin (15 IU) given to rats 3 minutes prior to removal of gastrocnemius
muscle increased IRS-1-associated PI 3-kinase activity similarly in wet (4.0 = 0.4-fold
relative to basal) and dry (3.8 * 0.8-fold relative to basal, ns) samples. IRS-1 protein
expression was slightly lower in freeze-dried (86 + 9 AU) than in wet (114 + 9 AU, p < 0.05,

n = 6) muscle.

Coefficient of variation of repeated measurements in freeze-dried samples

To examine whether freeze-drying reduces variation of repeated measurements, we compared
variation of protein expression of the p85 regulatory subunit of PI 3-kinase after 4 different
homogenizations using freeze-dried and wet samples of the same rat gastrocnemius muscle.
Protein expression of freeze-dried and wet muscle p85 was identical (57600 + 2358 AU and
57480 + 6875 AU) but the coefficient of variation was significantly lower in freeze-dried and

purified (8.2 %) as compared to wet (23.9 %) samples (p < 0.05).
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Fig. 7, panel A: Insulin-stimulated tyrosine phosphorylation of IR in wet and freeze-dried
(dry) rat skeletal muscle. Equal amounts of protein (0.4 mg) were immunoprecipitated with
anti-IR antibodies, separated by SDS-PAGE, and immunoblotted with anti-pY antibodies. The
band migrating at 95 kDa represents the tyrosine phosphorylated IR signal. Data (mean *
SEM, n = 8) are expressed relative to basal which is shown as the broken line. Panel B: IRS-
1-associated PI 3-kinase activity in wet and freeze-dried (dry) rat gastrocnemius muscle.
Equal amounts of protein (1.4 mg) were immunoprecipitated with anti-IRS-1 antibodies. The
kinase activities were measured in the presence of PI and [ 2p] ATP, and PIP3 was separated
by TLC. Data (mean + SEM, n = 6) are expressed relative to basal activity. The upper panel
shows a representative TLC. The lower panel shows PI 3-kinase activity 3 min after a 15 IU

intraportal injection of insulin.
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6.2. Insulin signalling in freeze-dried human skeletal muscle (study I)

Healthy men without family history of type 2 diabetes (n = 13) were divided into two groups
by the median fasting serum insulin concentration, as it is the most physiological
measurement of insulin sensitivity: low insulin group (LI) and high insulin insulin (HI). The
men with HI were more insulin-resistant than were men with LI. The HI group was
characterized by a significantly lower rate of whole-body glucose uptake (3.4 + 0.4 vs 5.5 +
0.4, HI vs LI, p < 0.005), higher serum TGs (1.4 + 0.2 vs 0.9 £ 0.1, HI vs LI, p < 0.05), lower
high density lipoprotein cholesterol (1.3 + 0.1 vs 1.7 £ 0.1, HI vs LI, p < 0.05) and higher
fasting plasma glucose (5.9 = 0.3 vs 5.2 = 0.1, HI vs LI, p < 0.05) concentrations than the LI
group. The subjects were matched for age, gender and BMI and had similar VO,max (see

characteristics of the subjects in Table 1 of original publication I and Table 3).

As methodological experiments on rats demonstrated the feasibility of the freeze-drying, all
muscle biopsies from humans were freeze-dried prior to the analysis. In freeze-dried human
skeletal muscle, insulin-stimulated tyrosine phosphorylation of the IR was higher (200 + 40
%) in the below median insulin group compared to the above median insulin group (81 + 22
%, p < 0.05, Fig. 8, panel A). IRS-1-associated PI 3-kinase activity was also higher in the
below median insulin group (109 + 23 %) than in the above median insulin group (59 = 19 %,
p < 0.05, Fig. 8, panel B). Individual insulin-stimulated IRS-1-associated PI 3-kinase
activities varied from 46 to 176 AU (3.8-fold) and were significantly inversely correlated with

fasting serum insulin concentrations (Fig. 9) which varied from 3 to 9 mU/1 (3fold).
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Fig. 8, panel A: Insulin-stimulated tyrosine phosphorylation of IR in human vastus lateralis
muscle from healthy subjects subdivided based on their median serum insulin concentration.
Equal amounts of protein (1.4 mg) were immunoprecipitated with anti-IR antibodies,
separated by SDS-PAGE, and immunoblotted with anti-pY antibodies. The band migrating at
95 kDa represents the tyrosine phosphorylated IR signal. Data (mean + SEM, n = 8) are
expressed relative to basal that is shown as broken line. Panel B: IRS-1-associated PI 3-
kinase activity in human skeletal muscle. Equal amounts of protein were immunoprecipitated
with anti-IRS-1 antibodies. The kinase activities were measured in the presence of Pl and
[32P] ATP, and PIP3 was separated by TLC. Data (mean *+ SEM, n = 6) are expressed
relative to basal activity. The upper panel shows a representative TLC. The lower panel

shows PI 3-kinase activity 3 min after 30 min insulin infusion.
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Fig. 9. The relationship between insulin-stimulated PI 3-kinase activity in freeze-dried and
purified muscle of human vastus lateralis biopsies taken after 30 min of physiological

hyperinsulinaemia (S-insulin 0.4 nmol/l), and fasting serum insulin concentrations.

Fig. 10. Distribution of IMCL in human vastus lateralis muscle measured by proton nuclear

magnetic resonance spectroscopy in 20 healthy men. The median value is shown by the

horizontal line.
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6.3. Insulin signalling pathways and IMCL (study II)

20 healthy subjects with no family history of type 2 diabetes were divided into groups with
high IMCL (HiIMCL; 9.5 + 0.9 IMCL/Crr, n = 10) and low IMCL (LoIMCL; 3.0 + 0.5
IMCL/Crr, n = 10), the cut point being median IMCL (6.1 IMCL/Crr, Fig. 10). The LoIMCL
and HiIMCL groups were comparable with respect to age (43 + 3 vs 40 + 3 years, ns,
HiIMCL vs LoIMCL), BMI (26 +1 vs 26 + 1 kg/m2, ns, Fig. 11, panel B), and maximal
oxygen consumption (33 = 2 vs 36 £ 3 ml- kg'l- min™, ns, Fig. 11, panel D) (Table I in
original publication II and Table 4). The groups also had similar volumes of visceral (3.4 +
0.5vs2.9+0.31, LoOIMCL vs HiIMCL, ns) and subcutaneous (2.9 + 0.3 vs 2.5 + 0.5 1, ns) fat.
Plasma TG concentrations were slightly higher in the HIIMCL group than in the LoIMCL

group, but other lipid concentrations were comparable between the groups.
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Fig. 11. IMCL (panel A), BMI (panel B), insulin sensitivity (panel C), and VO,max (panel D)
in subjects with low (LoIMCL) and high (HiIMCL) IMCL. NS, p < 0.001, and p < 0.05 denote

differences between the groups.
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Insulin action on glucose and lipid metabolism

The fasting plasma glucose concentrations as well as the steady-state mean plasma glucose
concentrations during the euglycaemic hyperinsulinaemic clamp study (5.2 + 0.1 vs 5.2 £ 0.1
mmol/l, HIIMCL vs LoIMCL, ns) were comparable between the groups. The HIIMCL group
had a 46 % higher fasting insulin concentration (Table 1 in original publication II and Table
4), and the insulin concentration remained slightly but significantly higher during the
euglycaemic hyperinsulinaemic clamp in the HiIMCL group (450 + 24 vs 382 + 18 pmol/l,
HiIMCL vs LoIMCL, p < 0.05), despite a similar insulin priming and infusion protocol. The
serum insulin concentrations at the time of the muscle biopsy (30 min) were comparable
between the groups (382 + 26 vs 340 + 20 pmol/l, HIIMCL vs LoIMCL, respectively, ns).
Whole-body insulin-stimulated glucose uptake was lower in the HIIMCL group (3.0 + 0.4 mg
- kg~ min™) than the LoIMCL group (5.1 = 0.5 mg- kg min™, p < 0.05, Fig. 11, panel C).
There was significant inverse correlation between whole body glucose uptake and IMCL (Fig.

12).
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Fig. 12. The relationship between IMCL and in vivo insulin sensitivity (Pearson’s correlation

coefficient).
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Basally, before the insulin infusion, serum FFA concentrations were comparable between the
groups. During hyperinsulinaemia, the FFA concentrations decreased slower (0.47 + 0.04 vs
0.31 £ 0.21 mmol/l at 20 min, HIIMCL vs LoIMCL, p < 0.01) and remained higher (0.23 £
0.02 vs 0.17 £ 0.02 mmol/l at 120 min) in the HiIMCL compared with the LoIMCL group
(Fig. 13). IMCL was significantly correlated with serum FFA at all time points during the
insulin infusion and with the mean FFA concentration during hyperinsulinaemia (r = 0.53, p <

0.02) but not with the fasting FFA concentration (r = 0.22, ns).
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Fig. 13. Serum FFA concentrations in LoIMCL (open circles) and HiIMCL (black circles)
groups during the euglycaemic hyperinsulinaemic clamp study. *p < 0.05, **p < 0.01 for

difference between the groups at a given time point.
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IR tyrosine phosphorylation and PI 3-kinase activity

Insulin-induced IR tyrosine phosphorylation was determined using immunoblotting from anti-
IR immunoprecipitates after SDS-PAGE by determining the increase above basal
phosphorylation in each subject. There were no detectable differences in the IR expression
level by direct immunoblotting from the tissue homogenates. Normalized for respective
protein expression level in each subject, the HIIMCL group had a blunted insulin—stimulated
IR tyrosine phosphorylation (from 0.28 + 0.07 to 0.44 + 0.10, from basal to insulin-stimulated,
respectively; ns) compared with the LoIMCL group (from 0.22 + 0.08 to 0.55 + 0.07, p <
0.05) or 57 = 7 % increase in HIIMCL vs 142 + 8 % in LoIMCL, p < 0.001 (Fig. 14, panel
A). The insulin-stimulated increase in the IRS-1-associated PI 3-kinase activity above basal
activity was markedly decreased in the HIIMCL group (42 + 13 % above basal) compared
with the LoIMCL group (88 + 13 % above basal, p < 0.05, Fig. 14, panel B).
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Fig. 14. The stimulatory effect of insulin on IR tyrosine phosphorylation (panel A) normalized
by protein expression and IRS-1-associated PI 3-kinase activity (panel B) in the HIIMCL and
LoIMCL groups. Data are expressed as the percent increase from basal. P values refer to the

statistical significance of the difference between the groups.
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6.4. Gene expression in adipose tissue in HAL (study III)

Characteristics of HIV subjects

Clinical and biochemical characteristics of the patients are given in Table 2 in original
publication III and Table 5. BMI and the total amount of abdominal fat measured by MRI
were similar between the groups. HIV lipodystrophic patients on HAART (HAART+LD+
group) had approximately 2-fold less subcutaneous and 2-fold more intra-abdominal fat than
those without lipodystrophy (HAART+LD- group). The HAART+LD+ group also had
features of insulin resistance. HIV- and HAART-related characteristics did not differ between

the groups (Table 5).

Adipose tissue gene expression of PPARy, SREBP-1c, PPARS and PGC-1

The mRNA concentrations of PPARy, SREBP-1c, PPARS, and PGC-1 are shown in Fig. 15.
Expression of all these genes was significantly lower in the HAART+LD+ than the
HAART+LD- group. PPARY and SREBP-1c expressions were significantly interrelated in the
HAART+LD+ group (r = 0.53, p < 0.01).
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Fig. 15. The mRNA concentrations of PPARY, SREBP-1c, PPARS and PGC-1 relative to B-
actin and B2-microglobulin expression in subcutaneous adipose tissue in HAART+LD+ and

HAART+LD- groups. *p < 0.05, **p < 0.01 for comparisons as indicated.
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Genes of lipogenesis and fatty acid metabolism: LPL, ACS, ALBP, FATP-1, FATP-4, and
KLBP

Expression of LPL and ACS were significantly decreased in the HAART+LD+ group
compared to the HAART+LD- group (Fig. 16). The mRNA concentrations of FATP-1 and
ALBP did not differ between the groups (Fig. 16). The mRNA concentrations of FATP-4 (1.2
+ 0.2 vs 1.1 = 0.1, HAART+LD+ vs HAART+LD-, ns) and KLBP (1.3 + 0.1 vs 1.1 + 0.2,

respectively, ns) also did not differ between the groups.
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Fig. 16. The mRNA concentration of LPL, ACS, ALBP and FATP-1 relative to -actin and (32-
microglobulin expression in subcutaneous adipose tissue in HAART+LD+ and HAART+LD-

groups. *p < 0.05, ***p < 0.001 for comparisons as indicated.
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Glucose transport proteins: GLUTI and GLUT?2

The mRNA concentrations of GLUT1 were not different between the groups while GLUT4
mRNA concentrations were significantly decreased in patients with lipodystrophy (Fig. 17).
Expression of PGC-1 correlated closely with that of GLUT4 within the HAART+LD+ group
(Fig. 17).
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Fig. 17. The mRNA concentration of GLUT4 relative to B2-microglobulin expression in
subcutaneous adipose tissue in HAART+LD+ and HAART+LD- groups (upper panel) and
the correlation between the mRNA concentrations of GLUT4 and PGC-1 in the HAART+LD+
group (lower panel). *p < 0.05 for HAART+LD+ vs. HAART+LD-.
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Markers of inflammation: IL-6 and CD45
The mRNA concentrations of CD45 and IL-6 were significantly higher in the HAART+LD+
than the HAART+LD- group (Fig. 18).
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Fig. 18. The mRNA concentrations of IL-6 and CD45 relative to 2-microglobulin expression
in subcutaneous adipose tissue in HAART+LD+ and HAART+LD- groups. *p < 0.05 for

comparisons as indicated.
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6.5. Adiponectin mRNA in adipose tissue and circulating adiponectin concentration in
HAL (study IV)

The same patients participated in study IV as in study III. Liver fat content was significantly
higher in HAART+LD+ than in HAART+LD- group (Table 5). Liver fat content correlated
closely with serum fasting insulin concentration (r = 0.60, p < 0.001). The mRNA
concentration of adiponectin in subcutaneous adipose tissue and adiponectin concentration in
serum were significantly decreased in the HAART+LD+ group when compared with the

HAART+LD- group and correlated inversely with liver fat contentKig. 19).

S-Adiponectin Adiponectin mRNA
10.0 o 0.004-
B stk
1 7.5 0.003+ T
£
S 5.0 0.002-

2.5j 0.001+
0o ]
HAART+LD+ HAART+LD- HAART+LD+ HAART+LD-

~ = -0.50, r=-0.55,
£200 Lc .. p<0.001 .+ '« p<0.001

o
o
S
S

o
o
L]
N o1
Sl
L ]

Liver fat (%)
o

5,
2,
1
0.5-
0 5 10 15 0.0001 0.001 0.01
S-Adiponectin (ug/mL) Adiponectin mRNA

Fig. 19. Serum adiponectin and adipose tissue adiponectin mRNA concentrations relative to

B-actin expression in subcutaneous adipose tissue (upper panels), and liver fat content (lower

panels). Data are means = SEM. ***p < 0.001 for HAARTLD+ vs. HAART+LD-.
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7. DISCUSSION

7.1. Methods

7.1.1. Insulin signalling assays

Currently, the in vivo effect of insulin on insulin signal transduction pathway in humans can
only be studied in tissue biopsies. During intravenously maintained hyperinsulinaemia
skeletal muscle accounts for 60-70 % whole-body glucose uptake (65), and is therefore an
important target tissue for insulin action. In clinical studies, where the Bergstrom needle is
used to obtain the muscle biopsy like in studies I and II, the sample contains non-muscle
components, such as blood, fat, connective tissue and blood vessels. Based on earlier
experience on metabolite assays, non-muscle contaminants decrease analytical precision by
several mechanisms. First, the protein concentration used generally for normalization of the
results may be over- or underestimated, depending on the nature of the contaminant. Second,
non-muscle components may express the same intracellular proteins than muscle, but may be
differentially regulated. This is especially important in signal transduction assays, where
stimulation by insulin is known to trigger a rapid phosphorylation cascade of specific
signalling proteins like IRS-1 in myocytes, but not in contaminating blood cells. In studies
involving invasive procedures, like muscle biopsies, the ultimate reason to aim for better
precision is to reduce the number of subjects needed to study. As stated above, conventionally
the muscle biopsy is taken, snap-frozen in liquid nitrogen and then homogenized as such
(‘wet” sample). Study I describes an alternative and improved way to handle the muscle
biopsy — freeze-drying and purification of the muscle biopsy specimen (‘dry’ sample). The
purification after freeze-drying was done at room temperature and for 10 to 15 minutes per
sample. The absolute signal intensities in all measured parameters, including IRS-1-associated
PI 3-kinase activity and stimulation, were comparable between the ‘wet’ and ‘dry’ samples,
which shows that the freeze-drying process does not significantly degrade signalling
molecules, or influence the enzymatic activity of PI 3-kinase. To assess the coefficient of
variation of measurement of a specific protein, we used immunoblotting with anti-p85
antibodies to determine expression of the regulatory subunit of PI 3-kinase in rat
gastrocnemius muscle. The reason for choosing this particular protein to determine the effect
of contamination was due to the superb band integrity, quantifiability, and minimal inter-
assay variation in immunoblotting (data not shown) compared to other protein blots. The
variation was found to be significantly higher in non-purified ‘wet’ samples. Regarding other

insulin signalling molecules, we found protein expression of IR and IRS-1 to be slightly
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lower, p85 similar, tyrosine phosphorylation of the IR significantly higher and PI 3-kinase
activity similar in freeze-dried as compared to wet samples. We calculated by using the p85
signal variation data, how many subjects would be needed to detect a 30 % difference in
expression between the groups with 95 % confidence. The ‘dry’ technique (rn = 10) would
reach this theoretical goal by approximately 50 % fewer samples than the ‘wet’ technique (n =
21). For this reason, muscle samples were freeze-dried and purified prior to insulin signalling

assays done in study II.

7.1.2. Insulin signalling during in vivo insulin stimulation

Study I is one of the first to study effects of in vivo hyperinsulinaemia on insulin signalling in
human skeletal muscle. In vitro studies used 150-250-fold higher insulin concentrations for
stimulation insulin signalling molecules (95,151,260). As study I was begun in 1998, there
were not enough data regarding the ideal time point of taking the biopsy for insulin signalling
measurements. The 30-min time-point was chosen based on studies performed in vitro with
surgically obtained human muscle strips, where 2-fold activation of PI 3-kinase and IR
tyrosine phosphorylation has been observed between 20 and 60 min (260) and after 30 min
(95), respectively. The designs of in vitro and in vivo studies included stimulation of different
muscle groups by insulin, which may further complicate interpretation of data. Even though
human muscle is a tissue, that is more mixed regarding muscle fibers, than animal tissue,
some muscles have a predominant amount of either of the fiber types, e.g. soleus muscle
contains more type I than type II fibers. In more recent studies examining the time-course for
insulin signalling by performing a muscle biopsy, 6 times during a 120-min insulin infusion
(315), a 2-fold increase in IRS-1-associated PI 3-kinase was observed at 30 min and a 5-fold
increase at 120 min. Another study found 1.3-fold increase in PI 3-kinase activity after 40 min
of hyperinsulinaemia (122), 1.8-fold after 120 min (142), and 2.0-fold increase - after 60 min
(27). These data are consistent with our finding of a 1.7-fold increase in IRS-1-associated PI
3-kinase activity in 30 min in normal subjects. The fold stimulation of IR tyrosine
phosphorylation in response to physiological insulin infusion in study I was 1.4-fold, while

Cusi et al. found 1.5-fold (61), and Koval et al. 1.7-fold stimulation (149).
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7.1.3. '"H-MRS spectroscopy for IMCL

In study II intramyocellular lipid was measured by a novel non-invasive method - 'H-MRS.
Lipid quantitated intracellularly by electron microscopic morphometry and '"H-MRS has been
shown to be closely correlated in tibialis muscle (123). Tibialis anterior muscle fibers run
parallel, while in vastus lateralis muscle, which was used in the present study, muscle fibers
are more randomly orientated (123). This implies that many fibers are located at an angle to
each other. Whenever fiber orientation is 45 to 90 degrees relative to the magnet axis, some
fibers cross over the “magic angle”, and the bulk magnetic susceptibility-shift between EMCL
and IMCL is lost, with the EMCL signal being detected at the IMCL frequency. In our study,
the volume of interest, the voxel was placed inside the lateral part of the vastus lateralis
muscle to optimise parallel fiber orientation. The position of the voxel was chosen on the T1-
weighted magnetic resonance images so that it did not contain any visible fat or fasciae that

would contain adipocytes.

7.1.4. Total RNA isolation from adipose tissue and real-time PCR

Adipocytes contain a relatively low amount of total RNA. In studies III and IV we measured
the mRNA concentration of several genes that might be important for development of insulin
resistance in HAL. This was particularly challenging given the paucity of subcutaneous fat in
lipodystrophic patients. We isolated 3.1 + 0.3 ug of RNA from 99 + 2 mg, or 3.3 = 0.4 ug
RNA per 100 mg tissue (n = 81). A reverse-transcriptase reaction was done as the SYBER
Green assay for the real-time PCR LightCycler can be only done using cDNA. Other
methods for measuring mRNA concentrations include competitive PCR, the ribonuclease
protection assay, Northern blotting, and in situ hybridization, but they are all much less
sensitive than real-time PCR, when one can see the amplification process in real time and
define the specificity of the product by analyzing the melting curve. Like with other methods,
one has to run a gel to verify the integrity of the product. In the LightCycler this analysis is
performed automatically at the end of each run. Regarding sample volume, the method is very
economical. For cDNA synthesis we used 0.1 pug of RNA (of a total of 3 pg), and then used
only 0.1-1 ng of cDNA for each sample in the LightCycler. Since air has virtually no mass,
the amplification process is significantly faster than cycling with the conventional thermal
block. To measure the relative expression of the gene of interest, we first made a standard
curve of the gene of interest and then included one standard point from this curve in each run.

Expression of each gene of interest was calculated relative to a house-keeping gene.
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7.2. Association of in vivo insulin resistance with impaired insulin signalling (study I)

Increased fasting insulin concentration is the most physiological surrogate marker of insulin
resistance. Therefore, we investigated a cohort of healthy men matched for age, body weight
and physical fitness, and divided them by their median fasting insulin into two groups with
low or high fasting insulin concentrations, respectively. The majority of previous studies have
been performed in vitro with surgically obtained human muscle strips and pharmacological
insulin concentrations (95,151,260). Thus, study I is among the first studies showing that
physiological insulin concentrations stimulate key insulin signalling molecules in vivo in
needle biopsies. After 30 minutes of physiological hyperinsulinaemia subjects with lower
fasting insulin had 118 % higher insulin stimulated IR tyrosine phosphorylation and 50 %
higher IRS-1-associated PI 3-kinase activity than those subjects with higher fasting insulin.
These signalling defects were part of a cluster of abnormalities in insulin action, which
included not only glucose but also lipid metabolism (Table 3). Moreover, there was a
significant negative correlation between IRS-1-associated PI 3-kinase activity and fasting
insulin concentrations. Thus, these data are among the first to document defects in insulin
signalling in human skeletal muscle independent of body weight and physical fitness. It is
possible that subjects with reduced insulin action had more intramyocellular fat than more

insulin sensitive subjects. This possibility was investigated in study II.

7.3. Insulin signalling and IMCL (study II)

In the present study, both IR tyrosine phosphorylation and IRS-1-associated PI 3-kinase
activation by insulin were significantly lower in the HiIMCL group than in the LoIMCL
group. The defect in IRS-1-associated PI 3-kinase activity is similar to that recently found in
fatless mice with a twofold increase in muscle TGs (141). In humans, an elevation of
circulating FFA acutely, about 4-fold above basal, decreases whole-body glucose uptake by
50 % and abolishes insulin stimulation of IRS-1-associated PI 3-kinase activity (72). IR
tyrosine phosphorylation was not measured in these two studies. The present data imply that
regardless of whether FFAs originate from intramyocellular TGs or from the circulation, they
may similarly influence early insulin signalling events. In our study, the concentration of
serum FFAs during hyperinsulinaemia, but not under fasting conditions, significantly
correlated with IMCL. This finding is consistent with acute FFA infusion studies in which
IMCL increased during hyperinsulinaemia but not under basal conditions, perhaps because
the combined effects of increased FFA availability and increased inhibition of

intramyocellular lipolysis by insulin favour IMCL accumulation (36). It is thus possible that
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insulin resistance of lipolysis in adipose tissue or other sites, which contribute to circulating
FFA, may be responsible for IMCL accumulation. On the other hand, because FFA fluxes
were not quantitated in the present study, it is also possible that impaired insulin stimulation
of FFA uptake in skeletal muscle or adipose tissue (87) was responsible for the higher FFA
levels during hyperinsulinaemia in the HiIIMCL group compared with the LoIMCL group.
Whether it is IMCL or circulating FFA that causes the signalling defects, or whether the
signalling defects precede lipid accumulation, cannot be determined in a cross-sectional

study.

Several possible mechanisms could link IMCL or circulating FFA to impaired insulin
signalling. These include activation of signalling cascades known to downregulate either IR
tyrosine phosphorylation or IRS-1 association with PI 3-kinase, such as activation of the
hexosamine pathway (215), various PTPs (92), or PKC (136). The hexosamine pathway can
be activated by infusion of either lipid or glucosamine (113). Both agents also decrease IRS-
l-associated PI 3-kinase activity (72,215). Activation of the hexosamine pathway also
increases O-glycosylation of IRS-1 (215), which may reduce IRS-1 tyrosine phosphorylation
and association with PI 3-kinase, but whether the effect of FFAs on the hexosamine pathway
is important in mediating FFA-induced alterations in early insulin signalling and glucose
uptake is not known and requires more definite experiments. Finally, it is also possible that
increases in metabolites, such as malonyl-CoA (241) and LCACoA may mediate effects of
increased lipid availability on glucose metabolism and early insulin signalling. Infusion of
FFA in rats increases muscle LCACo0A(240). This increase has been suggested to increase
PKC, a serine/threonine kinase, which is associated with decreased tyrosine and increased
serine phosphorylation of IRS-1 (99). However, in humans, PKC is lower in obese subjects
than in lean subjects (127). LCACoA may also interact directly with glucose metabolism
through the inhibition of enzymes such as GS (314) and hexokinase (281).
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7.4. Adipose tissue in HAL

7.4.1. Adipogenic transcription factors and PGC-1

Expression of all transcription factors (PPARY, SREBP-1c and PPARGJ) and the transcription
factor co-activator PGC-1 were decreased in lipoatrophic adipose tissue as were the lipogenic
enzymes ACS and LPL, and GLUT4. In contrast, IL-6 expression and CD45 (a common
leukocyte surface marker) expression were significantly higher in the lipodystrophic than the

non-lipodystrophic patients.

The HAART+LD+ group had almost 2-fold less subcutaneous and 2-fold more intra-
abdominal fat than the HAART+LD- group. Features of insulin resistance were found only in
the HAART+LD+ group. In the face of comparable body mass indexes, these significant
differences in fat distribution confirmed the self-reported and investigator-confirmed

diagnosis of LD in the HAART+LD+ group.

PPARY is a transcription factor that is necessary for the development of mature adipocytes
both in vitro and in vivo (236). PPARY expression can be induced by C/EBPP and & (173).
PPARY and C/EBPa have positive cross-regulation, i.e. C/EBPa induces PPARY expression
and vice versa. PPARY expression can also be induced by SREBP-1 (77). Expression of both
PPARY and SREBP-1c were decreased in subcutaneous adipose tissue in patients with HAL
compared with non-lipodystrophic patients. Low PPARY mRNA expression may be partly
due to low SREBP-1c expression, as was suggested by the positive correlation between
PPARYy and SREBP-1c mRNAs, but possibly also due to decreases in C/EBPJ and C/EBPa.
expression as was found in the study comparing lipodystrophic patients with normal subjects
(20). In the present study, PPARS mRNA concentrations were decreased in HAART+LD+
patients. A role of PPARS in adipose tissue development is supported by diminished adipose
tissue volume in PPARS-null mice compared with wild-type mice (220). Since PPARJ
activation promotes mitotic clonal expansion of 3T3-L1 preadipocytes, it has been suggested
that PPARO may affect the proliferation of adipocyte precursor cells and have less impact on
terminal adipocyte differentiation (107). These data would suggest that low PPARJ

expression may play a role in the loss of subcutaneous fat in HAART+LD+ patients.
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PGC-1 expression has not been previously studied in patients with HAL. In mice, PGC-1 is
exclusively expressed in brown adipose tissue (237), whereas PGC-1 expression has been
found in white adipose tissue in humans (161). In the present study, PGC-1 expression in
subcutaneous white adipose tissue was decreased in the HAART+LD+ group compared with
the HAART+LD- group. PGC-1 was first identified as a co-activator of the nuclear receptor
PPARY (222). The decrease in PGC-1 expression may therefore have contributed to low
transcriptional activity of PPARY in these patients. In mice, ectopic expression of PGC-1 in
white adipose cells increases expression of uncoupling protein-1, key enzymes of the
respiratory chain, and the cellular content of mtDNA (222). The mtDNA content is decreased
in subcutaneous adipose tissue of patients with HAL (299). Nucleoside analogue reverse
transcriptase inhibitors appear to inhibit human mtDNA polymerase ¥ which could decrease
mtDNA content (10,37). The present data suggest that low PGC-1 expression may contribute
to decreased mitochondrial biogenesis in these patients. Since mitochondrial dysfunction may
lead to apoptosis (98), mitochondrial damage may be responsible for the loss of subcutaneous
adipose tissue in these patients (68,299). PGC-1 also induces GLUT4 expression in cultured
muscle cells (188), and animals overexpressing PGC-1 in muscle are characterized by
conversion of type II to type I muscle fibers, which are known to be insulin sensitive and
express high amounts of GLUT4 (168). Our finding of a close correlation between adipose
tissue PGC-1 and GLUT4 expression (r = 0.79, p < 0.0001) is in keeping with such data.
Decreased expression of PGC-1 could thus also contribute to insulin resistance in these

patients.

7.4.2. Genes of lipogenesis and fatty acid metabolism

The mRNA concentrations of proteins associated with fatty acid transport (FATP-1, FATP-4)
and fatty acid intracellular binding (ALBP, KLBP) were similar in HAART+LD+ and
HAART+LD- groups. Uptake of circulating FFAs into cells is likely to occur both by passive
diffusion and by active transport (1). Three groups of membrane proteins have been
implicated in the transport process: FATP, plasma membrane FA -binding protein (FABP) and
FAT, also known as CD36 (1). FATP and FAT expressions are induced by PPARY in mice
(200). Despite lower expression of PPARY in the HAART+LD+ than the HAART+LD-
group, expression of FATP-1, FATP-4, ALBP or KLBP were unchanged. Whether this is
because regulation of these genes differs in mice as compared to man is unclear. Both ALBP

and KLBP are expressed in human macrophages (179). Thus it is possible that the similar
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expression of FABPs in adipose tissue biopsies in the two patient groups could reflect a
decrease in expression in adipocytes and an increase in macrophages in the HAL subjects. A
recent mouse model, in which macrophages were deficient in aP2 (mouse analogue of human
ALBP), revealed that the absence of aP2 was associated with decreased expression of
proinflammatory cytokines (TNFo, IL-1B, IL-6) (179). Consequently, the unchanged
expression of ALBP in the HAART+LD+ patients may have contributed to the increased
expression of IL-6. An alternative explanation for the unchanged pattern of fatty acid binding
protein expression in the HAART+LD+ and HAART+LD- groups is that a normally inactive
pathway was activated in adipocytes undergoing apoptosis, which resulted in upregulation of

genes, the expression of which is aimed at maintaining fatty acids in adipose tissue.

Expression of ACS and LPL genes was reduced in the HAART+LD+ group compared with
HAART+LD- group. ACS catalyzes conversion of long-chain fatty acids to their acyl-CoA
esters that can then be used either for synthesis of cellular lipids such as TGs, or for -
oxidation (248). Formation of acyl-CoA esters also prevents efflux of FFAs (248). PPARYy
increases ACS expression both in preadipocytes in vitro and in adipose tissue in the rat in vivo
(182). Proinflammatory cytokines (TNFa, IL-1) decrease the expression of ACS in the liver
and adipose tissue in hamsters (186). The low ACS expression observed in patients with HAL
may be a consequence of a low expression of PPARY and an increased expression of TNFo as
described in a previous study (20). Regulation of LPL expression resembles that of ACS in
adipose tissue. Both SREBP-1 and PPARY induce LPL expression in vitro and in rat adipose
tissue (140,252), whereas proinflammatory cytokines (TNFo., IL-6) decrease the expression
of LPL (85). Thus, both the decreases in PPARY and SREBP-1 expression and the increase in

IL-6 expression could have contributed to the low LPL expression.

7.4.3. IL-6 and CD 45 expression

Expression of IL-6 in subcutaneous adipose tissue was increased in the HAART+LD+ group.
IL-6 is a multifunctional cytokine produced by many different cell types including immune
cells, adipocytes, fibroblasts, stromal-vascular cells, endothelial cells, myocytes, and a variety
of endocrine cells (85). As much as a third of the total circulating concentration of IL-6 has
been estimated to originate from adipose tissue (85). However, of the IL-6 secreted from
adipose tissue, only 10 % is secreted by adipocytes (85). The HAART+LD+ group had a

higher number of white blood cells capable of IL-6 production in their adipose tissue as
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judged from the significantly higher concentration of the mRNA encoding for CD45. CD45 is
a tyrosine phosphatase, which is expressed exclusively in the white blood cell lineage (7).
However, CDA45 is expressed on these cells regardless of whether they are activated or resting.
The increase in CD45 expression therefore may or may not reflect an increase in
inflammation in lipodystrophic adipose tissue. The data do raise the possibility that the
increased mRNA concentration of TNFoa found in adipose tissue biopsies of these patients by
Bastard et al may have originated from macrophages in addition to adipocytes (20). TNFa. has
pronounced catabolic effects in adipose tissue, including inhibition of C/EBPo, PPARY, and
LPL expression and induction of apoptosis (85). Interestingly, high levels of TNFo. mRNA in
adipose tissue and a high circulating concentration of TNFa were described in an adiponectin
knockout mouse model (176). Adiponectin is a protein secreted by adipocytes, the plasma
concentration of which is reduced in insulin resistant conditions and in type 2 diabetes (176),
and according to very recent data also in non-HIV and HIV-LDs (2,203). It is therefore also
possible that the increased TNFo expression in the study of Bastard et al. was due to low
adiponectin in HAL (20). Since TNFa is known to induce expression of IL-6 (290), it is also

possible that the low levels of adiponectin may contribute to increased expression of IL-6.

Study III does not clarify the chain of events leading to the described alterations in adipose
tissue gene expression. We confirm and extend the findings by Bastard et al., who compared
adipose tissue gene expression between patients with HAL and HIV -negative controls (20). In
the current comparison of two HIV-positive, HAART-treated groups with and without LD, it
is possible that gene expression was affected by the HIV-infection or HAART in both groups
since an HIV-negative group or an HIV-positive, but treatment-naive group was not studied.
However, since the groups did not differ with respect to HIV-related characteristics, the
observed differences most likely were attributable to LD. This implies that individual
susceptibility may contribute to the development of HAL. Consistent with this, a functionally
active polymorphism in the promoter region of the TNFo gene and a single nucleotide
polymorphism in SREBP-1c gene have been shown to be associated with development of LD

and hyperlipidaemia in these patients (178,193).
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In vitro, both protease and nucleoside reverse transcriptase inhibitors inhibit adipocyte
differentiation (41,71,166,234,303,334). The suggested mechanisms include both SREBP-
1/PPARY dependent (41,71) and independent mechanisms (303,334). In addition, protease
inhibitors have been shown to cause adipocyte death (71). Since antiretroviral combinations
in clinical practice always include several agents, these in vitro data evaluating the effects of a
single drug may not be applicable to in vivo situation. This is exemplified by a study which
showed that the effects on adipocytes, produced by combinations of nucleoside reverse
transcriptase and protease inhibitors are different from those elicited by each drug separately

(234).

7.4.4. Adiponectin expression and circulating concentration

Adiponectin expression in adipose tissue and its circulating concentrations are significantly
decreased in HIV-positive, HAART-treated patients with LD when compared with HAART-
treated patients without LD. Both serum and mRNA concentrations of adiponectin correlated
closely with features of insulin resistance including liver fat content, suggesting that

adiponectin deficiency may contribute to hepatic insulin resistance in these patients.

Our findings of low serum concentration of adiponectin in HAL confirm those of Mynarcik et
al. (203). Although we did not measure adiponectin protein concentrations in subcutaneous
fat, the present study extends the data of Mynarcik et al. by demonstrating low expression of

adiponectin in subcutaneous fat.

Regarding the possible causes of adiponectin deficiency in the HAART+LD+ group, both
groups were HIV-positive, had similar viral loads, CD4 cell counts and used comparable
HAART regimens. The decrease in adiponectin therefore was a consequence of LD rather
than the HIV-infection or antiretroviral therapy per se. The decrease in serum adiponectin in
the HAART+LD+ group was not due to overall obesity, as both groups had similar absolute
and relative weights. Healthy lean subjects with low subcutaneous fat volume have higher
serum adiponectin concentrations than obese subjects (22). Therefore, the observed low
serum adiponectin concentration in the HAART+LD+ group is more likely to reflect
dysfunction of the remaining subcutaneous adipose tissue rather than reduced subcutaneous

fat volume.

Current data are limited regarding expression of adiponectin in subcutaneous vs. intra-

79



abdominal fat. Adiponectin mRNA and protein levels were reduced in omental fat compared
with those of subcutaneous fat in the study performed by Fisher et al. (81). In another study,
human omental adipocytes secreted more adiponectin than subcutaneous adipocytes after
insulin or rosiglitazone stimulation (201). Visceral fat has also been hypothesized to release
an as yet unidentified factor that destabilizes adiponectin mRNA (105). In the present study,
the significantly decreased serum adiponectin concentration together with the significantly
increased intra-abdominal fat mass in the HAART+LD+ group compared to the
HAART+LD- group and the strong inverse correlation between serum adiponectin
concentration and intra-abdominal fat mass imply an inhibitory rather than a stimulatory

effect of intra-abdominal fat on adiponectin production.

We found a close correlation between serum adiponectin and liver fat content, and liver fat
content correlated closely with fasting serum insulin concentrations. In mice, infusion of
adiponectin enhances insulin sensitivity, B-oxidation in muscle, and decreases liver and
muscle fat content (321). In another mouse model, adiponectin infusion has been shown to
inhibit the expression of hepatic gluconeogenic enzymes and the rate of endogenous glucose
production (57). In isolated primary rat hepatocytes, physiological doses of adiponectin have
been shown to enhance insulin-induced suppression of glucose production (22). These data
would support the idea that low adiponectin contributed to hepatic insulin resistance and

fasting hyperinsulinaemia in the HAL patients.

Adiponectin is a structural homologue of the TNFo family of trimeric cytokines and has anti-
inflammatory properties, which antagonize those of TNFo. (288). TNFo. decreases expression
of adiponectin in 3T3-adipocytes (79). In an adiponectin knockout mouse model, lack of
adiponectin was associated with high levels of TNFo. mRNA in adipose tissue and high
plasma TNFa concentrations (176). TNFo expression is increased in subcutaneous adipose
tissue in patients with HAL (20). Increased TNFo could therefore contribute to low

adiponectin expression in HAL, or vice versa.
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7.5. Concluding remarks

Insulin resistance is the main feature of type 2 diabetes mellitus. Skeletal muscle is the
primary site of glucose disposal accounting for up to 70-80 % postprandial glucose disposal
during hyperinsulinaemia (65). Consequently, skeletal muscle is a relevant target tissue to
study the mechanisms of insulin resistance. In studies I and II we analyzed insulin signalling
in healthy men without family history of type 2 diabetes, matched for body weight and
physical fitness. In study I, we found a relationship between fasting plasma insulin
concentrations and defects in early insulin signalling events. Thus, defects in proximal insulin
signalling events are coupled to impaired insulin action in apparently healthy men. In study II,
early insulin signalling events were impaired in healthy men with high intramyocellular lipid
content, which was independent of body weight, aerobic capacity or genetic background.
Thus, these data provide evidence that environmental factors, such as fat accumulation in the

muscle, contribute to the development of insulin resistance.

During recent years, it has become evident that not only obesity but also the opposite state —
lipodystrophy - is associated with insulin resistance. Currently, the most common form of
lipodystrophy is the one associated to highly-active antiretroviral therapy (HAART) for HIV
infection. HAART therapy has dramatically improved the prognosis of HIV infection in
industrial countries during the last decade. However, HAART-associated insulin resistance
and potentially increased risk for cardiovascular mortality have become of great clinical
concern. In the current cross-sectional study (studies III and IV), expression of adipogenic
transcription factors, co-activator of PPARy and adiponectin in subcutaneous adipose tissue
was decreased in HAART-treated patients with lipodystrophy (HAL) compared to those
without lipodystrophy. Thus, these data suggest that observed alterations in gene expression
may contribute to lipodystrophy in these subjects. In study IV, adiponectin expression was
inversely correlated with liver fat content. Liver fat content was correlated with fasting serum
insulin concentrations. Thus, these associations suggest that decreased adiponectin
concentration may contribute to the development of insulin resistance in HAL patients via

increased fat content in the liver.
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8. SUMMARY AND CONCLUSIONS

The results of studies I-IV can be summarized as follows:

I. In rat skeletal muscle, phosphorylation, expression and enzymatic activity of insulin
signalling molecules were similar or higher in freeze-dried purified muscle compared to
conventionally proceded biopsies. In human skeletal muscle, elevated fasting insulin
concentrations associate with impaired insulin signalling independent of body weight. Thus,

defects in early insulin signalling contribute to insulin resistance in healthy men.

II. Healthy subjects with increased IMCL are less sensitive to insulin in vivo than those with
IMCL below median, and have impaired insulin signalling independent of body weight and
physical fitness. Thus, enhanced accumulation of intramyocellular lipid may contribute to the

development of insulin resistance via impaired insulin signalling.

III. Expression of adipogenic transcription factors, GLUT4, LPL, ACS and co-activator of
PPARY are decreased in HAART-patients with lipodystrophy compared to those without
lipodystrophy while expression of IL-6 is increased. These multiple alterations in gene
expression in subcutaneous adipose tissue of HAART-lipodystrophic patients may contribute

to development of lipodystrophy and insulin resistance in these patients.

IV. The concentration of adiponectin in serum and its expression in adipose tissue are lower
in subcutaneous adipose tissue of HAART-lipodystrophic subjects than in HIV patients
without lipodystrophy. Both serum adiponectin and adipose tissue adiponectin mRNA
concentrations correlated with features of insulin resistance, including liver fat content.

Adiponectin deficiency may therefore contribute to hepatic insulin resistance.
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