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ABSTRACT 

The aim of this thesis was to investigate the role of insulin-like growth factor-I (IGF-
I) and interleukin-6 (IL-6) in the regulation of metabolism and body fat mass. 
Circulating IGF-I is mainly liver derived, while a large part of circulating IL-6 is 
produced by adipose tissue. 

We have used a liver-specific and inducible IGF-I knockout (LI-IGF-I-/-) mouse 
model to study the role of liver derived IGF-I in the regulation of body fat. The LI-
IGF-I-/- mice had decreased total body fat measured by dual-energy X-ray 
absorptiometry (DXA) and dissection of fat pads. Serum IGF-I levels were decreased 
by 85% in the LI-IGF-I-/- mice, while growth hormone (GH) levels were increased, 
due to lack of IGF-I feedback inhibition. Moreover, the LI-IGF-I-/- mice had 
increased numbers of pituitary GH-releasing factor (GHRF) receptors and GH-
secretagogue (GHS) receptors and increased GH responsiveness to GHRF and GHS 
treatment. The LI-IGF-I-/- mice had elevated insulin levels both under basal 
conditions and after an intravenous glucose challenge. The elevated insulin levels may 
be caused by the lack of insulin-like effects of IGF-I, or by the diabetogenic effect of 
GH. GH may also be responsible for the decreased fat mass due to its lipolytic effects. 

We found that IL-6 deficient (IL-6-/-) mice developed mature-onset obesity, insulin 
and leptin resistance and decreased glucose tolerance. Peripheral treatment with low 
doses of IL-6 partly reversed the obesity in IL-6-/- mice, but had no effect in control 
mice. To study the mechanism and site of action for the antiobesity effect of IL-6, we 
treated rats with a single intracerebroventricular (ICV) IL-6 injection and found that 
ICV IL-6 acutely increased energy expenditure, while the same dose peripherally had 
no effect. Moreover, chronic ICV treatment with IL-6 for two weeks decreased body 
weight, total fat pad weight and serum levels of the fat-derived hormone leptin, but 
did not change the weights of several non-fat organs. 

The results from this thesis show that liver derived IGF-I and centrally acting IL-6 are 
important regulators of fat mass in rodents. 
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Insulin-Like Growth Factor-I 
and Interleukin-6 Regulate Body Fat 

ABSTRACT 

Kristina Wallenius, Research Centre for Endocrinology and Metabolism, Department of 
Internal Medicine, The Sahlgrenska Academy, Göteborg University, Sweden. 

The aim of this thesis was to investigate the role of insulin-like growth factor-I (IGF-I) 
and interleukin-6 (IL-6) in the regulation of metabolism and body fat mass. Circulating 
IGF-I is mainly liver derived, while a large part of circulating IL-6 is produced by 
adipose tissue. 

We have used a liver-specific and inducible IGF-I knockout (LI-IGF-I-/-) mouse model 
to study the role of liver derived IGF-I in the regulation of body fat. The LI-IGF-I-/-
mice had decreased total body fat measured by dual-energy X-ray absorptiometry 
(DXA) and dissection of fat pads. Serum IGF-I levels were decreased by 85% in the LI-
IGF-I-/- mice, while growth hormone (GH) levels were increased, due to lack of IGF-I 
feedback inhibition. Moreover, the LI-IGF-I-/- mice had increased numbers of pituitary 
GH-releasing factor (GHRF) receptors and GH-secretagogue (GHS) receptors and 
increased GH responsiveness to GHRF and GHS treatment. The LI-IGF-I-/- mice had 
elevated insulin levels both under basal conditions and after an intravenous glucose 
challenge. The elevated insulin levels may be caused by the lack of insulin-like effects 
of IGF-I, or by the diabetogenic effect of GH. GH may also be responsible for the 
decreased fat mass due to its lipolytic effects. 

We found that IL-6 deficient (IL-6-/-) mice developed mature-onset obesity, insulin and 
leptin resistance and decreased glucose tolerance. Peripheral treatment with low doses 
of IL-6 partly reversed the obesity in IL-6-/- mice, but had no effect in control mice. To 
study the mechanism and site of action for the antiobesity effect of IL-6, we treated rats 
with a single intracerebroventricular (ICV) IL-6 injection and found that ICV IL-6 
acutely increased energy expenditure, while the same dose peripherally had no effect. 
Moreover, chronic ICV treatment with IL-6 for two weeks decreased body weight, total 
fat pad weight and serum levels of the fat-derived hormone leptin, but did not change 
the weights of several non-fat organs. 

The results from this thesis show that liver derived IGF-I and centrally acting IL-6 are 
important regulators of fat mass in rodents. 

Keywords: Obesity, insulin-like growth factor I (IGF-I), interleukin-6 (IL-6), growth 
hormone (GH), GH releasing factor (GHRF), GH secretagogue (GHS), receptor, leptin, 
insulin, glucose, intracerebroventricular (ICV), dual-energy X-ray absorptiometry 
(DXA), indirect calorimetry. 
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INTRODUCTION 

This thesis discusses insulin-like growth factor-I (IGF-I) and interleukin-6 (IL-6), in the 
regulation of metabolism and body fat mass. It is based on phenotypic examination of 
liver derived IGF-I-defieient mice and IL-6-deficient mice. 

BACKGROUND IGF-I AND GROWTH HORMONE (GH) 

As its name suggests, IGF-I has two main properties; 1) it mimics the metabolic effects 
of insulin and is structurally similar to insulin, 2) IGF-I is also an important growth 
factor, and it is produced in many tissues in response to both GH and insulin. Most of 
the circulating endocrine acting IGF-I is liver derived (1, 2). Local production of IGF-I 
in other tissues, such as muscle, adipose tissue, kidney and brain acts mainly via 
paracrine-autocrine mechanisms. 

Insulin-like effects of IGF-I 

IGF-I and its receptor are structurally and functionally related to insulin and the insulin 
receptor, respectively. However, the affinity of IGF-I to the insulin receptor is 
approximately 10 times lower than its affinity to the IGF-I receptor. The intracellular 
signaling cascades that are activated by binding of insulin and IGF-I to their respective 
receptors are similar, and both receptors are widely expressed in m any tissues and cell 
types. The different roles of IGF-I and insulin may primarily be due to their biological 
availability because they have different secretion and serum profiles and are regulated 
by different factors, such as nutritional status and GH levels. IGF-I mimics the effects 
of insulin by stimulating glucose uptake, inhibiting gluconeogenesis and promoting 
lipogenesis (3). 

IGF-I treatment in humans causes hypoglycemia indistinguishable from the response 
after an insulin injection (4). The hypoglycemic effect of IGF-I is exerted by free IGF-I, 
i.e. IGF-I that is not bound to IGF-I binding proteins (IGFBPs). Binding of IGF-I to 
IGFBP-1 neutralizes the insulin-like effects of IGF-I, e.g. during starvation (5). One 
difference between insulin and IGF-I, when given at doses that cause similar 
hypoglycemia, is that insulin inhibits lipolysis more potently (4). 

Patients with type II diabetes have been treated with IGF-I in an attempt to improve 
glycemic control. IGF-I treatment improved glycemia in these patients and lead to 
decreased insulin levels and increased insulin sensitivity (6). During the 4-week 
treatment period body fat mass was decreased in these patients. IGF-I treatment also 
lead to markedly decreased levels of triglycerides and cholesterol in serum. IGFBP-1 
and -2 levels were increased, which may have lead to increased transport of IGF-I 
through endothelium to help IGF-I access tissues were it can exert effects on glucose 
metabolism. IGF-I treatment is however, associated with side effects such as facial and 
peripheral edema and local pain at the injection site (6). 
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IGF-I binding proteins (IGFBP) 

As mentioned above, IGF-I is usually bound to IGFBPs. Six different binding proteins 
have been characterized so far. IGFBP-3 is the most abundant one, and together with the 
so-called acid labile subunit (ALS) it binds most of the IGF-I that is present in blood 
during adulthood (3). The IGFBPs increase the half-life of IGF-I and alter its 
availability for binding to the IGF-I receptor. After birth serum levels of IGF-I and BP-3 
increase and peak during puberty, where after they start to decrease. The opposite is true 
for BP-1 and BP-2 that are present at high levels at birth and decrease steadily until 
puberty when they start to rise again. Insulin can also regulate the activity of IGF-I by 
decreasing the levels of BP-1 (5). Insulin deficiency due to insulin-dependent diabetes 
mellitus or prolonged exercise leads to increased levels of circulating BP-1, while the 
opposite is true after an insulin injection or a meal. 

BP-3 levels in serum are GH dependent and increase after a GH pulse. This is supported 
by the fact that patients with acromegaly have increased levels of BP-3 and GH-
deficient patients have low levels of BP-3. GH also regulates the serum levels of ALS 
(3). 

GH effects on postnatal body growth 

GH is the major hormone that regulates postnatal body growth, including liver growth 
(7). Transgenic mice expressing human GH are almost twice as large as control 
littermates and have threefold larger livers (8). Serum IGF-I concentrations are 2-3 fold 
higher in these mice. Growth of GH transgenic mice accelerates at about three weeks of 
age, at the same time as IGF-I levels increase. 

Regulation of GH secretion from the pituitary 

Two hormones secreted from the hypothalamus, GH releasing factor (GHRF) and 
somatostatin, regulate GH secretion from the pituitary (Fig. 1). Somatostatin inhibits 
secretion but not p roduction of GH (9). GH secretion can also be induced by treatment 
with synthetic peptides, so-called GH secretagogues (GHS), which act via the GHS-
receptor (GHS-R) (10). The endogenous GHS-R ligand ghrelin was recently identified 
and its main site of production was shown to be the stomach (11). IGF-I has been shown 
to exert an inhibitory feedback action on GH secretion (12). However, it has been 
unclear how important endogenous liver derived IGF-I is for regulating GH secretion 
and if the effect of IGF-I is exerted at the hypothalamic or pituitary level (Fig. 1). 

GH and sexual dimorphism 

It is well known that there is a difference in the secretion pattern of GH between male 
and female rodents although the mean serum GH levels are similar in both sexes. Male 
rats have higher GH pulses and lower trough levels than female rats (13). In humans, 
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Figure I. Regulation of GH secretion 
GH secretion from the pituitary is pulsatile and is mainly regulated by the two hypothalamic 
hormones somatostatin and GH releasing factor (GHRF). Somatostatin inhibits GH secretion 
while GHRF induces GH secretion. GH secretion can also be induced by ghrelin, a peptide 
mainly produced in the stomach, although the physiological role of ghrelin in regulation of GH 
secretion is still unclear. Synthetic GH secretogogues (GHS) can also act via the ghrelin 
receptor. GH stimulates IGF-I release from the liver, and IGF-I may in turn inhibit GH release 
via negative feedback inhibition. It has been unclear to which extent this negative feedback 
effect is due to liver derived IGF-I and whether it is exerted at the pituitary level or at the 
hypothalamic level. These questions are addressed in article I. 

men have a more pulsatile GH secretory pattern while women have less variable GH 
levels (14). Interestingly, men seem to have a more marked decrease in GH secretion in 
response to IGF-I than women (14). An indirect way of studying the GH secretory 
pattern in rodents is to measure the expression of liver specific and sexually dimorphic 
liver proteins, e.g. major urinary proteins (MUPs) and the prolactin receptor (PRL-R). 
Pulsatile GH secretion induces high levels of MUP protein in liver and urine, while 
constant levels of GH induce high expression of the PRL-R in liver (15). Liver growth 
is also influenced by the GH secretory pattern. Continuous GH treatment induces liver 
growth more than pulsatile treatment (16), while the opposite is true for body growth 
(17). 

Roles of GH and IGF-I in postnatal growth 

Many of the growth promoting effects of GH are mediated by IGF-I. GH enhances the 
levels of liver produced serum IGF-I as well as local production of IGF-I in other 
tissues (18). GH treatment to mice that lack GH is more potent than IGF-I in promoting 
growth, probably because GH promotes both endocrine and paracrine/autocine IGF-I 
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expression, while IGF-I treatment alone only restores the endocrine acting IGF-I. A 
patient lacking IGF-I was reported to have high levels of GH due to lack of negative 
feedback, and only responded with growth to IGF-I treatment (19). Mice lacking liver 
derived IGF-I also have increased levels of GH due to lack of feedback inhibition (1,2). 
Insulin stimulates hepatic IGF-I production and young patients with insulin-dependent 
diabetes have growth impairment due to low IGF-I levels, despite high GH levels. 
Others and we have shown that liver specific deletion of IGF-I in mice, resulting in 85% 
decreased serum IGF-I levels, does not affect body growth up to 3 months of age (1,2), 
suggesting that serum IGF-I has a minor role in regulating postnatal body growth. 

GH-receptor deficiency 

The Laron syndrome is a recessively inherited disease with GH resistance primarily due 
to a mutation in the GH-receptor (GHR) and GH-binding protein (GHBP) (20). These 
patients have high GH levels but low IGF-I levels and show similar growth retardation 
as GH deficient children. Treatment of children with the Laron syndrome with IGF-I 
leads to increased linear growth, showing that IGF-I promotes growth in GH insensitive 
patients (21, 22). It also shows that endocrine acting IGF-I can promote growth. IGF-I 
therapy seems to be well tolerated in these patients, the only side effect reported was 
hypoglycemia that could be avoided by food intake at the time of injection. At the start 
of treatment these patients also lost body fat. A GHR knockout mouse has been made 
which has the same characteristics as patients with the Laron syndrome (23). The GHR 
knockout mice show severe postnatal growth retardation, proportionate dwarfism, 
absence of GHBP, greatly decreased serum IGF-I and increased GH levels. These mice 
also develop truncal obesity, delayed puberty and recurrent hypoglycemia. The increase 
in GH secretion associated with GH receptor deficiency is probably due to decreased 
negative feedback by IGF-I and decreased short-loop feedback by GH itself. 

IGF-I and IGF-I receptor knockout mice 

Several studies have shown the importance of IGF-I and its receptor for normal body 
growth. The birth weights of IGF-I knockout mice are reduced to approximately 60% of 
those in normal littermates (24). The IGF-I knockout mice can not be used for studies of 
IGF-I effects during adult life as most mice die shortly after birth. IGF-I receptor 
knockout mice die at birth because of respiratory failure and exhibit an even more 
severe growth deficiency (45% of normal weight), probably reflecting the fact that both 
IGF-I and IGF-II act via the IGF-I receptor during fetal life (24). 

IGF-II 

IGF-II is normally not expressed in adult rodents while it is abundantly expressed 
during embryonic development (25). In contrast, in humans IGF-II is expressed in 
adults, but its role is unclear. IGF-II can bind to the IGF-I receptor and is able to mimic 
some of the effects of IGF-I (3). The birth weights of IGF-II knockout mice are reduced 
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to about 60% of those in normal littermates (26). However, IGF-II gene knockout mice 
grow normally after birth and are fertile. 

BACKGROUND IL-6 

IL-6 and IL-6 receptor expression and signaling 

IL-6 expression 
Several different cell types and tissues, including monocytes, fibroblasts, lymphocytes, 
glial cells, adipose and muscle tissue can produce IL-6 (27, 28). LPS and a variety of 
cytokines including IL-I/? and TNF or, as well as /^-adrenergic stimulation can induce IL-
6 expression (29, 30), while glucocorticoids and estrogens can suppress production of 
IL-6 (31). Plasma levels of IL-6 are low under normal conditions i.e. in absence of 
infection, severe stress or exercise. 

IL-6 receptor expression 
The IL-6 receptor is mainly found on leukocyte subpopulations and hepatocytes (32). It 
has also been reported that there are IL-6 receptors in hypothalamic nuclei including the 
ventromedial and dorsomedial hypothalamus (Fig. 2) (33-35), and peripheral IL-6 
infusion activates neurons in the paraventricular nucleus (PVN) of the hypothalamus 
(36). These hypothalamic nuclei are of importance for regulation of metabolic functions 
and body composition. 

IL-6 receptor signaling 
IL-6 acts via binding to a specific IL-6 receptor a (gp80) (37). This complex then 
dimerizes with a secondary transmembrane signal transducing receptor, glycoprotein 
(gp) 130, to eventually form a hexamer consisting of two of each of IL-6, IL-6 receptor 
a and gpl30 (38). The signaling molecule gpl30 is shared by a group of cytokines 
sometimes referred to as the IL-6 family of cytokines, with specific a-receptors and 
gpl30 as the common secondary receptor (37). The IL-6 cytokine family includes 
oncostatin M (OSM), leukemia inhibitory factor (LIF), IL-11, cardiotrophin-1 (CT-1) 
and ciliary neurotrophic factor (CNTF). IL-6, LIF and OSM are secretory proteins, 
while CNTF and CT-1 are released after cell injury. The gpl30 receptor lacks tyrosin 
kinase domains and is therefore dependent on activation of janus kinases (JAKs) for its 
down stream signaling (31). Activated JAK phosphorylates specific tyrosine residues on 
gpl30, thereby creating docking sites recognized by the signal transducer and activator 
of transcription (STAT) proteins. STATs can be activated either by binding to the 
phoshorylated gpl30 or to activated JAKs. Activated STATs form homo or 
heterodimers, which can enter the nucleus and activate transcription. There are several 
different JAKs and STATs that are involved in IL-6 signaling. JAK1, JAK2 and Tyk2 
all bind to gpl30. STAT3, 1 and 5 have all been shown to play a primary role in down 
stream signaling upon IL-6 activation (31). GH acts via a similar signaling pathway. 

Soluble IL-6 receptor 
Circulating IL-6 is bound to a soluble form of the IL-6 receptor a (gp80), that is 
produced either by shedding of the membrane bound IL-6 receptor, or by alternative 
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Leptin CNTF 

Figure 2. Expression of IL-6 and IL-6 receptors in the hypothalamus 
According to several reports IL-6 and IL-6 receptors are expressed in the hypothalamus (33, 
34, 35), and according to one report they are expressed in the ventromedial nucleus (VMN) and 
dorsomedial nucleus (DMN) of the hypothalamus (33). Leptin and ciliary neurotrophic factor 
(CNTF), two other cytokines, probably decrease body fat via effects on the arcuate nucleus 
(ARC) (141). Neuronal pathways from the ARC regulate other hypothalamic areas such as the 
paraventricular nucleus (PVN), the lateral hypothalamus (LH), VMN, and DMN. 

splicing. This complex can then bind to membrane bound gpl30 and activate IL-6 
signaling pathways, even in cells that do not express the specific IL-6 a-receptor (39). 

Immune-modulating properties of IL-6 

Induction of acute-phase reaction 
IL-6 is one of the major regulators of the acute-phase reaction that involves several 
different processes (27). The most obvious is fever, but it also involves leukocytosis, 
negative nitrogen balance, increased vascular permeability, alterations in plasma metal 
ion and steroid concentrations and an increase in hepatic acute-phase protein production 
(27). The hepatic acute-phase proteins that increase most are C-reactive protein and 
serum amyloid A (SAA), followed by fibrinogen, haptoglobin, «-antitrypsin and a-
antichymotrypsin. The functions of these proteins and acute-phase reaction has not been 
entirely clarified, but the acute-phase proteins may be separated into three groups; 1) 
anti-microbial proteins, 2) proteins that regulate blood coagulation (both haematostatic 
and anti-thrombotic), and 3) anti-inflammatory proteins. Plasma levels of some liver 
derived plasma proteins, e.g. albumin and transferrin, are decreased during acute-phase 
response (40). Acute-phase reaction can be induced experimentally by treatment with 
bacterial wall components from gram-negative bacteria, i.e. lipopolysaccharides (LPS). 
IL-6 levels in serum rise prominently within 30 min after LPS treatment, and reach 
maximal levels at 2-3 hours, to decline back to baseline levels at 6-8 hours. During 
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inflammation and acute-phase reaction, IL-6 is often induced together with the pro
inflammatory cytokines TNF a and IL-1 ß (41 ). 

Differentiation of immune cells 
IL-6 has several other immunological functions besides induction of acute-phase 
reaction, such as induction of differentiation of B-cells into antibody-producing plasma 
cells, promotion of T-cell growth and differentiation (together with \L-\ß) and 
development of antigen-specific cytotoxic T lymphocytes (29). It was also shown that 
IL-6 can induce differentiation of myeloid leukemic cell lines into macrophages (37). 

Immunological effects of IL-6 deficiency 
Studies in IL-6 deficient mice have shown that IL-6 is important for clearing infections 
with certain intracellular bacteria, e.g. Listeria monocytogenes, various parasites and 
some viral infections (42). However, IL-6 deficient mice develop normally and do not 
have substantially increased mortality rates or decreased longevity compared to their 
control littermates, unless challenged with specific pathogens. The acute-phase reaction 
is severely impaired after tissue damage or infection but is only moderately affected 
after LPS challenge, demonstrating the importance of other cytokines in regulation of 
acute-phase reaction. The number of thymocytes and peripheral T-cells are decreased in 
IL-6 deficient mice while lymphoid development is not seriously affected (31, 37). 

Anti-inflammatory properties of IL-6 
Experiments in IL-6 deficient mice have shown that IL-6 inhibits the production of 
several classical inflammatory mediators such as TNFa and INFy (41). IL-6 also 
induces expression of acute-phase reactants with anti-inflammatory potential such as 
tissue inhibitor of metalloproteinases (TIMP) and it has been demonstrated that IL-6 can 
protect against both septic and toxic shock (43). IL-6 can induce activation of the 
hypothalamo-pituitary adrenal (HPA) axis, by inducing corticotropin releasing hormone 
(CRH) and adrenocorticotropic hormone (ACTH) production, which in turn induce 
production of adrenal hormones including glucocorticoids (44). The latter are important 
stress hormones with potent anti-inflammatory properties. It was recently shown that 
deletion of IL-6 in apolipoprotein E knockout (ApoE-/- & IL-6-/-) mice causes an 
impairment of the cardiovascular phenotype compared to single ApoE-/- mice. These 
data suggest that IL-6 also has anti-inflammatory properties in atherosclerosis (45). 
Another aspect strengthening the role of IL-6 as an anti-inflammatory protein is that 
high doses of IL-6 are well tolerated in humans. Treatment with IL-6 does not induce 
hypotension in contrast to TNF a and IL-1/?, which both cause increased vascular 
permeability, hypotension and circulatory shock at relatively low doses (46). 

Other functions of IL-6 

Besides its immune-modulating functions, IL-6 is important for normal liver growth 
(47) and liver regeneration (48, 49). After 70% partial hepatectomy the liver normally 
regenerates to its original size within approximately 10 days, while in IL-6 deficient 
mice this process is impaired. 
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BACKGROUND OBESITY 

The obesity epidemic 

Obesity is an increasing problem in society. In the USA, 60% of the population have a 
body mass index (BMI; kg/m2) above the upper normal limit of 25 and approximately 
40% are obese with a BMI of above 30. In Sweden and the rest of western societies, 
these figures are slightly lower, but are increasing rapidly (50). Obesity leads to several 
severe metabolic perturbations, such as hypertriglyceridemia, insulin resistance and 
diabetes, as well as cardiovascular disease that all significantly reduce the expected life 
span of patients. Nutritional education and physical activity are important approaches, 
but have statistically had limited efficiency (51, 52). This shows the need for the 
development of pharmacological treatments that together with behavioral approaches 
might improve chances of weight loss and weight maintenance. To find new 
pharmacological targets, it is important to increase our knowledge on the regulation of 
energy homeostasis, i.e. the balance between food intake and energy expenditure. 

Regulation of fat mass by the hypothalamus 

Early studies in the 1950's showed that lesions of the ventromedial hypothalamus 
caused hyperphagia and obesity, while disruption of the lateral hypothalamus caused 
hypophagia and weight loss. Lesions of both the ventromedial hypothalamus and the 
lateral hypothalamus caused hypophagia, leading to the conclusion that there is a satiety 
center in medial hypothalamus, which inhibits the hunger center in the lateral 
hypothalamus. Later it has also become clear that the hypothalamus is important for 
regulation of energy expenditure (53). 

Role of the medial hypothalamus in regulation of appetite 
It is now well known that several peptides are found and act together to regulate energy 
homeostasis in the hypothalamus. These peptides are either anorexigenic, i.e. they 
suppress appetite, or orexigenic, i.e. they stimulate food intake (Fig. 3). Two anorectic 
peptides, a-melanocyte stimulating factor (ar-MSH) and cocaine-amphetamine 
regulated transcript (CART) are found in the same neurons in the arcuate nucleus 
(ARC) of the medial hypothalamus, i.e. the satiety center mentioned above. The 
orexigenic or appetite stimulating neuropeptides, neuropeptide Y (NPY) and agouti-
related peptide (AGRP) are found in another group of neurons in the arcuate nucleus. 
The latter neurons partly act by suppressing the effect of the anorectic ar-MSH/CART 
neurons, in line with finding that loss of both by lesion of the satiety center results in 
hyperphagia and obesity (53). 

Both ar-MSH and AGRP act via the melanocortin-4 receptor (MC4-R). Activation of the 
MC4-R by «-MSH leads to suppression of food intake while inhibition of the MC4-R 
by AGRP induces food intake (Fig. 3). MC4-R mutations cause severe obesity in mice 
(54) and humans (55). Mice with ectopic expression of agouti, which similar to AGRP 
acts as an antagonist to the MC4-R, develop mature onset obesity, hyperleptinemia and 
hyperinsulinemia (56). As agouti in these mice also antagonises MC1-R in the skin, they 
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Figure 3. Hypothalamic regulation of food intake 
A high nutritional status, i.e. high leptin levels and possibly also high insulin levels and 
abundance of nutrients, signal to the brain that energy stores are sufficient and therefore food 
intake can be decreased. The signaling cascades that are activated include the anorexigenic 
POMC pathway that leads to activation of the MC4-R by aMSH, which in turn, reduces food 
intake. The anorexigenic neurons also produce cocaine-amphetamine regulated transcript 
(CART). The orexigenic pathway, including the neurons that produce NPY and AGRP, is down 
regulated by surplus of nutrients. AGRP is an antagonist to aMSH and inhibits activation of the 
MC4-R. If nutrients are scarce on the other hand, the orexigenic pathway is activated and the 
anorexigenic pathway is inactivated, leading to inhibition of the MC4-R and increased food 
intake. 

also get a reddish hair color (57, 58). A similar phenotype is also present in mice and 
humans with inactivating mutations of POMC, the precursor to a-MSH, but they also 
get hypofunction of the adrenal cortex due to lack of ACTH, which is another cleavage 
product of POMC (59). Mutations of the MC4-R are more common in humans and 
result in obesity without effects on pigmentation or adrenal function (60-62). 

Role of the lateral hypothalamus in regulation of appetite 
Two orexigenic peptides, melanocyte concentrating hormone (MCH) and orexin have 
been found in lateral hypothalamus (63, 64), which is well in line with the old findings 
that this is a hunger centre. 

The fat-derived adipostatic hormone leptin 
A large part of our current knowledge about hormones and metabolic pathways 
involved in energy balance has come from the analysis of extreme phenotypes in 
rodents such as the leptin deficient ob/ob mice, and the leptin receptor deficient db/db 
mice. These mice are markedly hyperphagic, have decreased energy expenditure, and 
develop severe obesity. By replacement therapy with leptin, the phenotype of ob/ob 
mice can be reversed (65, 66). The reduced food intake following leptin treatment is 
only seen until fat stores are depleted. After that, leptin treatment does not lead to a 
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further reduction of food intake or body weight. These data lead to high expectations for 
leptin as an antiobesity treatment for humans. It was later shown however, that obese 
people are generally leptin resistant and do not respond to leptin treatment (67). 

Leptin is secreted from adipose tissue and regulates synthesis and release of several of 
the above-mentioned neuropeptides in the medial hypothalamus, which either increase 
or decrease food intake. Leptin inhibits expression of the orexigenic peptides NPY (68) 
and AGRP (69), and leptin stimulates expression of the anorexigenic peptides ar-MSH 
and CART (Fig.3) (70). As far as known at present, leptin inhibits the hunger center of 
the lateral hypothalamus indirectly via effects on the satiety center in the medial 
hypothalamus. 

Several pieces of information make it likely that the hypothalamus is the principle site 
of leptin's actions: 1) Central treatment with leptin is much more potent in reducing 
body weight than peripheral treatment (65), 2) peripheral treatment with leptin activates 
neurons with an established role in regulation of food intake and energy expenditure 
(70) and 3) there are leptin receptors expressed in the activated areas (70). 

Leptin levels in cerebrospinal fluid (CSF) are positively correlated with BMI. However, 
the efficiency of the uptake of leptin to CSF from plasma (the CSF:plasma leptin ratio) 
decreases with increasing obesity (71, 72). This indicates that leptin is transported from 
serum to CSF but that the mechanism is saturable. It has been suggested that this 
contributes to the leptin resistance in obese patients. The exact mechanism for how 
leptin is transported from serum to CSF is not known, one proposed mechanism is 
transport via the short non-signaling leptin receptor, ObRa, that is expressed e.g. in the 
choroid plexus (73). It has also been proposed that other, post-receptor mechanisms, 
such as upregulation of the suppressor of cytokine signalling (SOCS)-3 protein, that can 
inhibit signal transduction by the long leptin receptor, ObRb, could contribute to leptin 
resistance (74). 

Genetic causes of obesity in humans 
As mentioned above, several mutations discovered in mouse models have later been 
shown to be the underlying cause of obesity also in some humans. The most common 
mutations found so far are those in the MC4-R gene, which may account for up to 5% 
of all cases of severe human obesity (54, 55). These mutations, however, only explain 
obesity in a few of the total numbers of obese subjects. For instance, mutations of the 
leptin and the leptin receptor genes are extremely rare in humans (75, 76). However, the 
leptin deficient humans respond well to leptin treatment, and therefore this discovery 
has been beneficial for these individuals (77). 

Most likely, several different contributing factors, genetical and behavioral, and 
combinations of these lead to obesity in humans. It is possible that heterozygous 
mutations of known genes such as the MC4-R gene contribute to obesity in larger 
groups of people. A precedent that heterozygous deletions cause less severe obesity has 
been shown for the leptin gene (78). 
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Adipose tissue 

Adipose tissue can be divided into two different types, white adipose tissue (WAT) and 
brown adipose tissue (BAT). The main function of WAT is to store fat in the form of 
triglycerides, while BAT can participate in the regulation of body temperature by 
producing heat. This is achieved by so-called non-shivering thermogenesis via 
uncoupling of mitochondrial respiration (79). BAT is mainly found in neonates and 
during infancy in humans. There is evidence however, that brown adipocytes recide in 
white adipose tissue also in adults (80). Rodents maintain an interscapular BAT depot 
also after infancy. 

White adipose tissue is a heterogeneous organ both in terms of differences between 
individual fat depots and in the range of cells that are present within the tissue. White 
adipose tissue consists of approximately 50% adipocytes and 50% stromal-vascular 
cells, which include endothelial cells, vascular smooth muscle cells, fibroblasts, 
immune cells (macrophages, B-cells and T-cells) and nerve fibers (81). Besides being 
important for the storage of energy, white adipose tissue secretes several proteins to the 
circulation, which have important functions in the regulation of metabolism. These 
include e.g. leptin, TNFor, IL-6, adipsin, resistin and adiponectin, which are described 
below. 

Fat derived factors that affect insulin sensitivity 

The two major effects of insulin are to stimulate glucose uptake into peripheral tissues, 
mainly muscle, and to stop hepatic glucose production. It has been assumed for many 
years that fat tissue regulates insulin sensitivity in other organs, e.g. skeletal muscle, 
probably via blood-borne factors. Obesity is often associated with type II diabetes, 
which is characterized by insulin resistance, i.e. hyperglycemia despite high insulin 
levels. Patients with severe lipodystrophy that have leptin deficiency are insulin 
resistant and have hypertriglyceridemia, as well as hepatic steatosis. These data show 
that both too much and too little fat is associated with insulin resistance. It is also 
known that drugs acting on peroxisome proliferator activated receptor (PPAR) y, which 
is mainly expressed in fat tissue, can indirectly affect insulin sensitivity in skeletal 
muscle. Below are listed some fat-derived hormones that have been suggested to 
participate in the regulation of insulin sensitivity. 

Leptin 
Leptin levels in blood increase within hours after a meal and decrease within hours in 
response to fasting (82, 83). These effects are probably mediated by insulin. Insulin 
levels peak after a meal and are followed by a peak in leptin. A similar effect is seen 
after insulin treatment (84). Leptin is known to enhance insulin actions by improving its 
inhibition of hepatic glucose production (85). Recently, it has been reported that leptin 
treatment partly or completely can reverse the severe hypoglycemia seen in mice with 
experimentally induced lipoatrophy (86, 87). Also, in patients that lack adipose tissue, 
treatment with leptin has recently been shown to decrease fasting glucose, triglycerides 
and liver steatosis (88). When leptin levels were restored in these patients they were 
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able to discontinue, or greatly reduce, insulin therapy for diabetes. This shows that 
leptin deficiency contributes to insulin resistance, and that these two hormones act hand 
in hand. 

TNFa 
TNF« mRNA levels in adipose tissue increase with increasing obesity and cultured 
adipocytes secrete TNFa into the medium (89-91). Inhibition of TNFa in rodents 
increases insulin induced glucose uptake and therefore TNFa has been proposed to play 
an important role in insulin resistance in obesity (92). It was shown that TNFa inhibits 
insulin action by inducing serine phosphorylation of the insulin receptor substrate-1 
(IRS-1). Serine-phosphorylated IRS-1 acts as an inhibitor of insulin receptor activity 
(93, 94). However, there are data suggesting that TNFa inhibition in obese diabetic 
patients does not affect insulin resistance (95). Moreover, TNF a concentrations were 
not higher in venous blood draining subcutaneous adipose tissue, compared to arterial 
blood in humans, implying an autocrine or paracrine, rather than endocrine, role for this 
cytokine within adipose tissue (96). 

IL-6 
IL-6 is secreted from adipose tissue to the circulation, and its expression is positively 
correlated to BMI and total body fat tissue mass (96, 97). Approximately 30% of all 
basal circulating IL-6, in absence of exercise and inflammation, is derived from adipose 
tissue (96). It has also been shown that intraperitoneal fat produces more IL-6 than 
subcutaneous fat (98). Serum IL-6 levels have been linked to metabolic disturbances, 
e.g. insulin resistance, and cardiovascular morbidity (99, 100), however, a cause-effect 
relationship has not yet been convincingly established. IL-6 treatment to humans has 
been shown to give a small, dose-dependent increase in blood glucose, probably via 
glycogen breakdown and secretion of glucose from the liver and/or by inducing 
peripheral resistance to insulin action (46). It has however also been shown that IL-6 
infusion in humans leads to increased glucose clearance (101), and IL-6 induces 
increased glucose uptake in cultured adipocytes (102). It is possible that the increased 
production of IL-6 during inflammation or severe stress may contribute to the increased 
glucose levels and insulin resistance that accompanies these conditions. This could be 
an adaptive response for limited periods of time and might be a way to direct energy to 
the immune system rather than to energy storage. 

Resistin 
Adipocytes secrete resistin, and resistin levels in serum are increased in both genetic 
and diet-induced obesity (103). Resistin was found when screening for a factor that was 
up-regulated during adipocyte differentiation but down-regulated in mature adipocytes 
exposed to thiazolidinediones, a group of PPAR^ agonistic anti-diabetic drugs (103). It 
was reported that insulin actions are blunted by resistin treatment while neutralizing 
antibodies against resistin enhance insulin-stimulated glucose uptake (103). However, 
another group has recently reported that resistin expression in fat is decreased by 
obesity and increased by thiazolidinedione treatment (104). Moreover, resistin may not 
be secreted from adipose tissue at all in humans (105). Therefore, more studies are 
needed to clarify the exact biological function of resistin. 
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Adiponectin 
Adiponectin/adipocyte complement-related protein of 30 kDa (Acrp30) is an adipocyte-
specific secreted protein (106). The plasma concentrations of adiponectin are decreased 
in obese subjects and patients with type II diabetes (107). Treatment with adiponectin 
has been reported to decrease hepatic glucose production and to prevent the increase in 
free fatty acids that occurs after meals (106). More studies are however needed to 
determine the therapeutic potential of this novel interesting hormone. 
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AIMS OF THE THESIS 

The aims of this thesis were to characterize the roles of IGF-I and IL-6 in metabolism 
and regulation of body fat mass. 

Specific aims of articles I-IV were: 

I To investigate how liver derived IGF-I regulates the GH secretory pattern. 

II To study the long-term effects of lack of liver derived IGF-I on body 
composition and metabolism. 

III A) To characterize the mature-onset obesity and the obesity-related 
metabolic perturbations found in IL-6-defïcient mice. 

B) To identify the site and mechanism of action for the anti-obesity effect 
of endogenous IL-6. 

IV To see if long-term central treatment with IL-6 could induce a specific 
decrease in adipose tissue mass in non-IL-6-deficient animals. 
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METHODOLOGICAL CONSIDERATIONS 

Generation of liver-specific inducible IGF-I knockout (LI-IGF-I-/-) mice 

To study the effect of liver derived IGF-I in vivo we have made a liver-specific 
inducible knock-out mouse (LI-IGF-I -/- mice) (1). We did this by using the Cre/loxP 
recombination system (108). This method makes it possible to generate time and tissue 
specific deletions of genes. This is especially important for the study of genes that are 
necessary for survival during embryonic development. The Cre-loxP system is based on 
the generation of two transgenic mouse strains. One mouse strain expresses the Cre 
enzyme only in the preferred tissue or cell type thanks to a tissue specific promoter. In 
the other mouse strain a crucial exon of the gene of interest is flanked by specific 35 
nucleotide sequences (loxP sites), which are recognised by the Cre enzyme. The Cre 
enzyme specifically cuts out DNA sequences that are located between loxP sites. In the 
present model, loxP sites flank exon 4 of the IGF-I gene (109) and the MX-I-promoter 
is switched on mainly in hepatocytes (low expression also in the spleen) by treating the 
animals with interferon a2/al (108). By crossing these two strains of mice, we get mice 
in which the IGF-I gene can be inactivated specifically in the liver after treatment with 
interferon. This leads to a pronounced decrease in serum IGF-I levels enabling us to 
separate the effects of liver derived serum IGF-I from those of locally produced IGF-I in 
other tissues. In the present studies (articles I and II) the mice were treated with 
interferon at the time of weaning, at three weeks of age. They were treated with 
interferon every other day for a total of three days. The time for induction, 3 weeks of 
age, was chosen for several reasons: 1) GH dependent postnatal growth does not start 
until 3 weeks of age, 2) If pups are handled too early the dam can get stressed and reject 
or even kill the pups. 

In the article where we first described these mice (1), three different control groups 
were included: 1) loxP homozygous mice treated with PBS, 2) loxP homozygous and 
MX-I-Cre transgenic mice treated with PBS, and 3) loxP homozygous mice treated with 
interferon. Because we could not detect any differences between the three control 
groups we only used littermates homozygous for loxP treated with interferon as controls 
in articles I and II. In the study where the mice were characterized (1) I measured 
mRNA levels of IGF-I by RNAse protection assay (RPA) in several different tissues to 
confirm that the IGF-I deletion was liver specific, and to study possible compensatory 
increases in IGF-I mRNA expression in other tissues. I found that IGF-I mRNA levels 
were decreased by more than 80% in the liver and by approximately 60% in the spleen 
but was unchanged in all other tissues examined. To test the degree of IGF-I deletion in 
hepatocytes, I isolated and cultured hepatocytes from control and LI-IGF-I-/- mice and 
measured IGF-I levels in the culture medium. IGF-I levels were measurable in medium 
from control hepatocytes, but not in m edium from LI-IGF-I-/- hepatocytes. This shows 
that deletion of IGF-I production was complete in the hepatocytes from LI-IGF-I-/-
mice. 
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Dual energy X-ray absorptiometry (DXA) 

DXA is a non-invasive method that can be used for determining fat tissue mass. This 
technique enables us to study body composition in live animals. With the DXA 
technique, an emitted X-ray is divided into two different energy levels by a filter. The 
absorbance of X-ray energy is different in tissues with different densities, and the 
amount of radiation absorbed when each X-ray is passed through the body is measured. 
The DXA system used was the Norland pDEXA Sabre (Fort Atkinson, Wisconsin, 
USA) together with the Sabre Research software (3.9.2). To analyze the percentage of 
body fat the software % fat procedure was used together with a setting that made areas 
with more than 50% fat appear white on the image. The image was then printed, 
scanned and imported to the Scion Image software (Scion Corporation, Maryland, 
USA). The imported image was set to a threshold of 50 arbitrary units, making lean 
mass and bone appear black, while areas with more than 50% fat appeared white. Then 
the "analyze particle" procedure was performed, first with the white areas of the mice 
included (Al = total area) and then with the white areas excluded (A2 = lean area + 
bone area). The % fat area was then calculated as [(A1-A2)/A1]*100. In all studies three 
mice were analyzed in each DXA measurement, one of which was included in all scans 
as an internal standard to avoid inter-scan variations. The % of fat measured by DXA 
has been shown to be correlated to the amount of dissected fat ( 110). 

Peripheral quantitative computerized tomography (pQCT) 

Figure \e in ar ticle III shows the results of an abdominal CT scan of wild-type control 
mice and IL-6 deficient mice. The scan clearly shows the subcutaneous fat area between 
the skin and peritoneum. In the same article, figures 3b & c, we used the results of 
several abdominal CT scans to evaluate the effect of IL-6 treatment on the total 
abdominal and intraperitoneal areas. The scan was performed 5-mm proximal of the 
iliac crest, identified by a longitudinal pre-scan. The pQCT consists of a rotating X-ray 
force, which moves to fix even-distanced positions, 360° around the specimen. The 
local attenuation data from each position are processed in a computer that gives an 
image representing a section though the specimen. In this thesis measurements were 
performed with the Stratec pQCT (XCT) (Norland, software version 5.4B) operating at 
a resolution of 70 //m. 

Indirect calorimetry 

Measurements of oxygen consumption (Vo2) and carbon dioxide production (Vco2) 
were used to assess energy expenditure after ICV IL-6 or NaCl treatment in article III. 
The Oxymax system (Columbus Intruments, OH, USA) for indirect open-circuit 
calorimetry was used. The system monitors oxygen and carbon dioxide concentrations 
by volume at the inlet and outlet ports of a chamber through which a known flow of an
is being forcibly ventilated. While passing through the chamber, the respiratory 
exchange of the animal reduces the oxygen content of the air and increases its carbon 
dioxide content. At the exit of the chamber, the air is dried, the airflow is measured and 

22 



samples of the cage air are distributed to gas analyzers that monitor its oxygen and 
carbon dioxide contents, relevant to the to the oxygen and carbon dioxide content of the 
air supplying the metabolic chamber. The difference in gas concentrations along with 
flow information is used in the calculations of oxygen consumption, carbon dioxide 
production and respiratory exchange ratio. 

The system was calibrated daily with a gas of known composition (20.50% O2, 0.50% 
CO2 in N2). Before start of all experiments, I checked that the airflow in each individual 
cage was higher than the air being withdrawn to the analyzers, to make sure that the 
system did not leak. In between every round of sampling, the room air (reference air) 
was analyzed to minimize eventual effects of changes in the environment. We did not 
measure activity during the experiments, however, all experiments were performed 
during light-phase and the animals fell asleep soon after being placed in the chambers. 
We did not take account for the metabolically active mass of the rats as they were their 
own controls, i.e. we compared V02 and VCO2 before and after treatments in each 
individual rat. The data collected during the first 1.5 hours was discarded in all 
experiments to allow for adequate equilibration of the chamber air to the animal. 
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RESULTS 

I. Liver derived IGF-I regulates GH secretion at the pituitary level in mice 

In an earlier article (1) we characterized a liver specific inducible IGF-I knockout (LI-
IGF-I-/-) mouse model. This model made it possible for us to distinguish between the 
effects of liver derived IGF-I, that comprises 85% of serum IGF-I, and the effects of 
IGF-I produced locally in other tissues. The results from that study showed that post
natal growth was normal in LI-IGF-I-/- mice during the first 3 months, and that these 
mice had increased GH levels and enlarged livers. In article I, I studied the mechanism 
for how liver derived IGF-I regulated GH secretion and whether the GH secretory 
pattern was affected. Because it is very difficult to directly measure the GH secretory 
pattern in mice, an indirect way of assessing the GH secretory pattern was needed. 
Several different GH regulated functions are regulated in a sexually dimorphic way 
depending on the GH secretory pattern. Liver growth and PRL-R expression are 
stimulated by the feminine more continuous GH secretory pattern. A more pulsatile, 
male specific, GH secretory pattern stimulates expression of MUP and body growth. 
Expression of the PRL-R was increased and MUP expression was decreased in male LI-
IGF-I-/- mice, i.e. the expression patterns of these two genes were feminized. These 
data, together with the increased liver size in the LI-IGF-I-/- mice, indicated that the 
basal GH levels were increased, i.e. a loss of GH troughs in-between pulses in the male 
LI-IGF-I-/- mice. To study the mechanism behind the increased GH levels in male LI-
IGF-I-/- mice, we analyzed several hypothalamic hormones known to regulate GH 
secretion as well as their corresponding pituitary receptors. We found that the LI-IGF-I-
/- mice had increased pituitary expression of receptors for GHRF and GHS. Treatment 
with GHRF and a GHS, ipamorelin, showed increased GH responsiveness in the LI-
IGF-I-/- mice, results that are in line with the increased GHRF-R and GHS-R 
expression. To summarize, liver derived IGF-I has an important role in regulating GH 
secretion, and indirectly several liver functions, and acts by inhibiting expression of 
receptors for GHRF and GHS at the pituitary level. This is in line with the existence of 
a liver-pituitary axis. 

II. Liver derived IGF-I is of importance for normal carbohydrate and lipid 
metabolism 

In this article, we followed the LI-IGF-I-/- mice for more than a year and studied body 
growth and body composition. We also measured blood lipids, basal insulin levels and 
performed glucose tolerance tests. IGF-I levels were continuously low throughout the 
study in LI-IGF-I-/- mice. Although postnatal growth was not affected during the first 3 
months, at 13 months of age, body weights were decreased by 20% in LI-IGF-I-/- mice. 
DXA analysis of body fat in these mice showed that the LI-IGF-I-/- mice had 25% 
decreased body fat content compared to the control mice. Fat dissection confirmed these 
results and showed that the retroperitoneal and gonadal fat depots were significantly 
smaller in the LI-IGF-I-/- mice. Surprisingly, leptin levels were also increased in young 
LI-IGF-I-/- mice. Basal insulin levels were increased and the mice responded with 
hypersecretion of insulin after a glucose charge. However, the hypersecretion of insulin 
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adequately lowered glucose levels after the glucose tolerance test. Cholesterol levels 
were increased in young LI-IGF-I-/- mice and lipoprotein profiles showed an increase in 
LDL and HDL cholesterol fractions. 

III. Interleukin-6-defîcient mice develop mature-onset obesity 

We found that the body weights of IL-6 knockout (IL-6-/-) mice started to deviate from 
their wild-type controls at 6-7 months of age, and at 9 months of age they were 20% 
heavier than control mice. In this article, we characterized the IL-6-/- mice by 
measuring different metabolic functions and body fat content in the mice at different 
ages. Both DXA and CT analysis of body fat content, as well as fat dissections, showed 
that the mice had increased adipose tissue mass, mainly consisting of an increase in 
subcutaneous fat. Leptin levels were significantly increased and the IL-6 deficient mice 
did not respond to leptin treatment. We substituted the IL-6-/- mice with low doses of 
IL-6 to see if we could reverse the phenotype. The IL-6 treatment decreased body 
weight in IL-6-/- mice, but did not affect body weight in control mice at the doses used. 
Leptin measurements and abdominal CT scans were performed before and after IL-6 
treatment. In IL-6-/- mice, but not in control mice, leptin levels and the total abdominal 
and intraperitoneal areas were decreased after IL-6 treatment, indicating that the IL-6 
substitution in part reversed the obesity in these mice. A single intracerebroventricular 
(ICV) injection of IL-6 to rats acutely increased energy expenditure, measured by 
oxygen consumption and carbon dioxide production. The same dose of IL-6 
intrapcritoneally had no effect on energy expenditure. These data suggest that IL-6 acts 
centrally to activate neurons involved in the regulation of metabolic function and body 
composition. 

IV. Intracerebroventricular interleukin-6 treatment decreases body fat in rats 

In article III, we found that a single injection with IL-6 ICV acutely increased energy 
expenditure. In this study I wanted to see if chronic IL-6 treatment ICV could decrease 
fat mass in rats. Rats fed a high fat diet for 4 weeks before, and during the study, were 
treated with either IL-6 or saline ICV for 2 weeks. Body weight was significantly 
decreased in the rats treated with IL-6. Food intake was not decreased on a daily basis, 
but was decreased by 15% on average over the whole study. Fat dissections showed that 
the retroperitoneal and mesenteric fat pads, as well as total fat mass, were significantly 
decreased in the IL-6 treated rats. The weights of several non-adipose organs were not 
changed. Levels of the acute-phase protein haptoglobin were not changed in the livers 
of the IL-6 treated compared to the saline treated rats. This study shows that central IL-6 
can regulate adipose tissue mass, and that IL-6 treatment can decrease adipose tissue 
mass in animals that have normal endogenous levels of IL-6 without causing acute-
phase reaction. 
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DISCUSSION 

WHAT IS THE FUNCTION OF LIVER DERIVED SERUM IGF-I? 

Liver IGF-I deficiency causes decreased fat mass 

At about one year of age, the LI-IFGF-I -/- mice had 20% decreased body weight, and 
an even more pronounced decrease in total fat content. The reason for this adipostatic 
effect of decreased liver IGF-I is unknown, but some possible mechanisms are shown in 
figure 4. Insulin is important for the storage of nutrients, but also for signaling the 
amount of available nutrients to the brain. It has been shown that neuron specific insulin 
receptor knockout results in increased obesity (111). Therefore, the decreased fat mass 
may be due to the high insulin levels that send an afferent adipostatic signal to insulin 
receptors in the brain, that adipose stores have high fat levels. Peripheral insulin 
treatment causes obesity, probably because of increased food intake due to the 
hypoglycemic effect of insulin (112). In our study, the central effects of high insulin 
levels may simply override the peripheral effects, possibly because the diabetogenic 
effect of lack of liver IGF-I (see below) may prevent hypoglycemia. Young LI-IGF-I-/-
mice also had increased leptin levels despite similar or somewhat decreased adipose 
tissue mass. Insulin is known to stimulate leptin secretion (84) and it is possible that the 
increase is merely due to the increased insulin levels. 

Figure 4. Possible mechanisms for regulation of fat mass by liver derived IGF-I 
Deletion of liver derived IGF-I leads to 85% decreased serum levels of IGF-I. The observed 
increase in insulin levels could be a mechanism to compensate for the lack of insulin-like effects 
of IGF-I. The high insulin levels could in turn stimulate leptin secretion from adipose tissue. 
Leptin and insulin both signal to the adipostat in the brain that the body has sufficient energy 
stores (67, 111), which could decrease adipose tissue mass in the LI-IGF-I-/- mice via 
adipostatic efferents. Another possibility is that the increased GH levels, due to lack of negative 
feedback by IGF-I, cause or contribute to both the insulin resistance and decrease in adipose 
tissue mass. 

Adipostatic 
efferents 

t Insulin 

O 
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Liver IGF-I deficiency impairs insulin sensitivity 

Results from IGF-I treatment to insulin resistant patients show that IGF-I can mimic the 
glucose lowering effects of insulin, and can act as a back-up system for insulin (21). 
The importance of endogenous IGF-I for insulin action is supported by the 
identification of a patient lacking IGF-I, who had signs of insulin resistance, which was 
normalized after IGF-I treatment (113). This study, however, does not provide any 
information about the site of production of the IGF-I that exerts this effect. In article II 
we show that liver derived IGF-I is essential to facilitate the effect of insulin. In our 
mouse model serum IGF-I levels were decreased by 85% and it seems possible that the 
increased insulin levels may be a compensatory mechanism for the low IGF-I levels. 
Yakar et al. have published data supporting our data on the metabolic effects of IGF-I 
(114). Their liver specific IGF-I-/- mouse model is also insulin resistant and they found 
that insulin-induced autophosphorylation of the insulin receptor and insulin receptor 
substrate-1 (IRS-1) was completely abolished in skeletal muscle, but normal in liver and 
fat. Replacement therapy with IGF-I decreased basal insulin secretion and enhanced 
insulin sensitivity in muscle. 

Lipolytic and diabetogenic effects of GH 

GH is well known to exert lipolytic and diabetogenic (insulin antagonizing) effects. 
Therefore, the high GH levels in LI-IGF-I-/- mice (Article I) may be a potential cause of 
both the decreased adipose tissue mass and the insulin resistance in LI-IGF-I-/- mice. In 
fact, it has been shown in another model of liver specific IGF-I knockout that lowering 
of the high GH levels by treatment with a GHRF-antagonist improves insulin sensitivity 
(114). Low GH levels or GH receptor defects are associated with abdominal obesity. 
Substitution treatment with GH to adult men with GH deficiency has been shown to 
decrease abdominal obesity (115). Fasting in humans is followed by a drop in serum 
IGF-I and an increase in GH secretion. The increase in GH secretion is reversed by 
treatment with IGF-I in a dose that does not suppress blood glucose. Therefore, the 
starvation-induced increase in GH, which in turn causes lipolysis and decreased glucose 
utilization, is probably mediated by decreased IGF-I production by the liver (116). 

Does liver IGF-I affect appetite or energy expenditure? 

The decrease in adipose tissue mass in the LI-IGF-I-/- mice could be due to changes in 
food intake and/or energy expenditure (increased basal metabolic rate and/or activity). 
We have so far not seen any differences in food intake between LI-IGF-I-/- mice and 
wild-type siblings. This might argue that the effects of decreased liver IGF-I are not 
mediated by changes in leptin or insulin, which are known to affect food intake. 
However, more studies are needed to clarify this issue, e.g. to examine oxygen 
consumption and motor activity in mice with liver specific IGF-I knockout. 
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Effects of liver IGF-I on the liver size 

Liver weight in relation to body weight was increased in the LI-IGF-I-/- mice. We 
believe that this is due to and reflects the increased basal levels of GH because it is 
well-known that GH treatment can increase liver weight, and continuous GH may be 
more effective than pulsatile GH treatment (117). Furthermore, GH transgenic mice 
have increased liver weight in relation to body weight, while the opposite is true for 
mice that lack GH (8, 118). 

Negative feedback loop 

We have shown that mice which lack liver derived IGF-I have increased basal GH 
levels due to decreased IGF-I feedback. We were not able to measure whether low 
serum levels of IGF-I also caused increased GH pulse height. It is known that inhibition 
of GH action increases both pulse amplitude and basal GH levels in humans treated 
with a GH-receptor antagonist. This treatment lowers serum IGF-I levels efficiently but 
it is not known whether the enhanced GH levels are due to decreased short-loop 
feedback by GH itself or due to decreased IGF-I mediated feedback (119). Studies on a 
patient with IGF-I gene deletion have shown that complete lack of IGF-I causes 
enhanced basal GH secretion as well as increased pulse height (120). This study did not 
elucidate, however, whether the increase in GH secretion was caused by lack of 
circulating IGF-I or IGF-I produced locally in the hypothalamo-pituitary system. 

It has been speculated a long time if IGF-I feedback inhibition is due to increased 
somatostatin secretion or decreased GHRF secretion from the hypothalamus. Very few 
reports have addressed the possibility that IGF-I at the pituitary level might regulate the 
expression of receptors that are important for GH secretion. A report by Kamegai et al. 
shows that IGF-I treatment to a spontaneous dwarf rat, that lacks endogenous GH due to 
a point mutation in the GH gene, did not affect expression of hypothalamic peptides, but 
decreased GHRF-R expression in the pituitary (121). This study supports our 
conclusion that circulating IGF-I acts on the pituitary level to regulate GH secretion, by 
inhibiting expression of GHRF-R. 

REGULATION OF ADIPOSE TISSUE MASS BY IL-6 

Central effects of IL-6 

In articles III and IV we have shown that by increasing energy expenditure and possibly 
also by decreasing food intake, centrally acting IL-6 can decrease adipose tissue mass. 
We have also studied IL-6 levels in CSF from humans with varying BMI (Stenlöf K et 
al., manuscript in preparation) and found that IL-6 levels in CSF were negatively 
correlated to both total fat mass, and subcutaneous fat mass. In some patients the levels 
of IL-6 in CSF were several-fold higher than in serum. It is well known that IL-6 levels 
in serum are positively correlated to BMI (96, 97), and we found a similar correlation in 
our study. In line with these results, there was no correlation between serum and CSF 
IL-6 levels. Finally, we found in this human study that IL-6 levels in serum, but not in 
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CSF, decreased during fasting. Taken together, these results suggest that local 
production of IL-6 within the CNS is the primary source of CSF IL-6. Moreover, CSF 
IL-6 levels could reflect the levels of IL-6 that affect brain centers regulating energy 
expenditure, appetite and adipose tissue mass, as indicated in figure 5. Flence, it m ay be 
speculated that obese patients have insufficient IL-6 production within the CNS. IL-6 is 
produced by several different cell types in the CNS such as astrocytes and microglia 
(122), but it has also been reported that IL-6 and its receptor are expressed in neurons in 
hypothalamic nuclei, e.g. VMN, that are involved in the regulation of body composition 

Figure 5. Regulation of fat mass by IL-6 
We have shown that central IL-6 treatment reduces adipose tissue mass in rats by increasing 
energy expenditure and decreasing appetite (Articles III and IV). We do not know how central 
levels of IL-6 are regulated during physiological conditions. During exercise, when IL-6 levels 
increase 100-fold (123), it is possible that peripheral IL-6 has central effects. The IL-6 that is 
produced in skeletal muscle during exercise may also have direct effects on adipose tissue 
inducing lipolysis. Serum IL-6 is to a large extent derived from adipose tissue (96) during 
normal non-inflammatory conditions, and in the absence of exercise. We have shown that CSF 
levels of IL-6 do not correlate to the comparatively low serum levels of IL-6 during these 
conditions (Stenlöf K et al., manuscript in preparation). Therefore, under normal conditions it 
seems likely that the major proportion of CSF IL-6 is not derived from the periphery by active 
transport of IL-6 to the CNS. These data in conjunction with reports that IL-6 can be produced 
in the hypothalamus (33, 34, 35), raise the possibility of actions of locally produced IL-6 within 
the brain. The adipostatic efferent signals from the CNS to the periphery to decrease adipose 
tissue mass probably includes the sympathetic nervous system in addition to appetite regulation. 

(33-35). 

t Energy 
expenditure 

4 Appetite 

Adipostatic 
efferents 

Net lipolysis 

29 



Regulation of IL-6 in the circulation 

IL-6 levels in serum increase prominently after physical exercise, e.g. it was shown that 
IL-6 levels increase up to 100-fold after a marathon race (123). IL-6 is rel eased from 
muscle and it increases already after moderate-intensity exercise. This effect is 
dependent on muscle glycogen content (124). It has been shown that the release of IL-6 
is not caused by muscle damage (28, 125, 126). Exercise has many beneficial effects on 
the immune system, body weight regulation and in particular adipose tissue mass, as 
well as on insulin sensitivity (127). It is an intriguing possibility that IL-6 is one of the 
regulators of some of these effects. IL-6 produced from muscle tissue may be a signal 
for increased substrate release from fat, by lipolysis, and from liver by glucose 
production by glycogenolysis and gluconeogenesis. These effects may be direct on 
peripheral target tissues such as fat and liver, or indirect via central effects in the 
hypothalamus that affect peripheral tissues via various afferents (these possibilities are 
indicated for fat tissue in Fig. 5). When IL-6 levels in serum increase almost 100-fold, 
there might be an increased transport across the blood brain barrier. There are also data 
that show that IL-6 both stimulates release of glucose from the liver and increases 
glucose clearance from the circulation in humans, i.e. IL-6 increases glucose turnover 
(101). 

The IL-6 levels in the circulation are considerably lower in the absence of exercise or 
inflammation. During basal conditions IL-6 is released to a large extent from fat, and, as 
noted above, serum IL-6 is positively correlated with BMI (96, 97). It is unclear 
whether these low serum levels of IL-6 can pass the blood-brain barrier in substantial 
amounts to affect fat regulating centra (Fig. 5). However, food intake has been shown to 
regulate IL-6 levels in fat and serum, further supporting a role for IL-6 in regulation of 
nutritional functions (100, 128). 

We have started setting up a system were we can combine treadmill running and 
indirect calorimetry and plan to use this setup to study the effects of running exercise in 
IL-6 deficient compared to wild-type mice, in regards to running endurance, energy 
expenditure and macro-nutrient utilization. We also plan to measure blood glucose, 
glucose clearance and uptake, insulin and FFA levels, lipolysis in adipose tissue and 
glycogen stores in different tissues. The studies on exercise are exiting because they 
represent a state with a prominent physiological increase in serum IL-6 that is not 
associated with illness. 

High serum levels of IL-6 have often been associated with cachexia. However, during 
illness or acute-phase reaction several other strongly pro-inflammatory cytokines such 
as IL- \ß and TNF or are also increased. IL-6-deficient mice have prolonged acute-phase 
response showing that IL-6 is not only pro-inflammatory, but also has important anti
inflammatory properties, e.g. down-regulation of TNF a and IL-1/? after acute-phase 
reaction (41). Metzger and colleagues transplanted mice with tumors secreting high 
levels of IL-6 and compared them to non-secreting tumors and found a specific effect on 
decrease in adipose tissue in th e IL-6 secreting tumor bearing mice, but no decrease in 
lean body mass (129, 130). This study supports our results that IL-6 can have specific 
effects on adipose tissue mass without causing illness and degradation of muscle tissue. 
In article IV I found that food intake was significantly decreased in the IL-6 treated rats, 
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although the animals showed no signs of illness, such as behavioral alterations with 
reluctance to move, reduced grooming or starred coat. Moreover, the rats did not stop to 
eat, but decreased food intake moderately, by 15%, arguing against cachexia and illness. 
This was also supported by the absence of changes in the acute-phase protein 
haptoglobin levels in the livers of IL-6 treated rats compared to saline treated controls. 

Peripheral treatment with IL-6 

We have also performed studies with measurements of indirect calorimetry in wild-type 
mice treated continuously with IL-6 or saline for 5 days subcutaneously via 
miniosmotic pumps. These mice also had telemetry probes intra-abdominally enabling 
us to follow core body temperature, heart rate and activity during the IL-6 or saline 
treatment. Because the mice were treated with IL-6 peripherally, we used higher doses 
than those used in the ICV experiments. Four days after implantation of the 
miniosmotic pumps, we started measurements of oxygen consumption and carbon 
dioxide production. Carbon dioxide production (VCO2) and oxygen consumption (Vo2) 
was increased during the light phase in the IL-6 treated compared to the saline treated 

mice (VCO2 IL-6 vs. saline: 2534±184 vs. 2120±244 ml/kg/h, PO.OOl; V02 IL-6 vs. 
saline: 2791±190 vs. 2547+179, P=0.02). Respiratory exchange ratio (RER), that 
reflects macro-nutrient utilization, was also increased in t he IL-6 treated mice (RER IL-
6 vs. saline: 0.914±0.025 vs. 0.823±0.050, PO.OOl). At the same time, we did not see 
any differences in activity, body temperature or heart rate in these mice, indicating that 
the increase in energy expenditure is not caused by thermogenesis and increased body 
temperature. We have also measured glucose, FFA and SAA levels in serum during 
these studies. SAA is a sensitive acute-phase protein whose expression is stimulated by 
IL-6 in mice. We did see a minor, but significant, increase in SAA levels. However, the 
levels were considerable lower than those seen during acute-phase reaction in 
association with illness. 

To summarize, treatment with IL-6 either centrally or, at higher doses peripherally, can 
have beneficial effects on adipose tissue mass by increasing energy expenditure. The 
increase in energy expenditure does not seem to be associated with fever or any other 
sickness-associated symptoms or behavioral alterations. Moreover, changes in acute-
phase reactants were small or absent in the present experiments. Others have treated 
humans with IL-6 (doses of 0.1-10 //g/kg bodyweight) and seen a dose-dependent 
increase in energy expenditure with few and slight side effects such as nausea and slight 
increases in core body temperature at the highest doses used (46, 131, 132). 
Furthermore, the fact that IL-6 levels can rise up to 100-fold after physical exercise 
argues against a risk of deleterious long-term effects of high IL-6 levels. Therefore, I 
believe that IL-6 is a promising future drug candidate for the treatment of human 
obesity, at least at doses that mimic the levels seen during physical exercise. Thereby, it 
is possible that IL-6 could be used as an adjuvant, together with life-style changes of 
diet and increased exercise, to enhance the positive effects of physical exercise in obese 
subjects. 
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IMMUNE FUNCTION IN RELATION TO BODY FAT MASS 

Leptin and immune function 

Both leptin deficient and leptin receptor deficient animals have altered immune and 
inflammatory responses including abnormal cytokine gene expression after LPS 
challenge and impaired phagocytosis (133). This is also seen during starvation and 
malnutrition, two conditions characterized by low leptin levels. The fall in leptin levels 
seems to be a signal to the brain to adapt to starvation and conserve energy by shutting 
off "luxury" functions like reproduction and the innate immune system. Leptin 
treatment has been shown to reverse the immunological effects of starvation, such as 
impaired T-cell immunity (134). 

True to its cytokine nature, leptin can increase body temperature, probably acting via 
IL-1/7(135), and this effect may be part of the mechanism by which leptin treatment can 
inhibit the decrease in energy expenditure that is usually associated with starvation in 
rodents (65). In line with this, leptin deficient ob/ob mice also have decreased core body 
temperature (66). 

Ciliary neurotrophic factor (CNTF) 

One of the most promising anti-obesity drug candidates that is being tested in clinical 
phase 3 studies at the moment is CNTF, a cytokine belonging to the IL-6 family. It has 
been reported that three months of treatment with CNTF causes a substantial (-10%) 
weight loss in o bese subjects (www.regeneron.com). Even more strikingly, the patients 
treated with CNTF maintained the decreased body weight for a period of more than 9 
months after cessation of treatment. The three dimensional structures of IL-6 and CNTF 
are closely related, and the ligand binding parts of the CNTF receptor and IL-6 receptor 
are also structurally related (136). After binding to their specific receptors, both 
compounds signal via the same secondary transmembrane signal transducing receptor, 
gpl30. Also, given peripherally to experimental animals, they have similar effects on 
body temperature, acute-phase reaction and blood lipids, with the difference that Espat 
et al also showed that CNTF, but not IL-6, caused lean tissue wasting in mice (137-
139). The main difference is that CNTF seems to act in the arcuate nucleus to mainly 
decrease feeding in a similar way as shown for leptin (140, 141), while IL-6 seems to 
affect mainly energy expenditure (article III) and may act on receptors in hypothalamic 
nuclei other than the arcuate nucleus (33). This may suggest that these two cytokines 
after all act via different mechanisms and sites to reduce body weight. 

TNFa 

TNF a has been reported to inhibit LPL activity and stimulate lipolysis in adipocytes in 

vitro (142, 143). However, gene knockout mice lacking TNFa, TNF receptor-1, TNF 
receptor-2, or both TNF receptors do not spontaneously develop obesity (ref 144, own 
observations), indicating that TNFa has no major effect on fat mass in vivo. There is 
some inconsistency in the reports whether disruption of TNF-signaling improves or 

32 

http://www.regeneron.com


impairs glucose metabolism in obese mice. In diet-induced obese mice, disruption of 
TNF-signaling impaired glucose metabolism (144), whereas in ob/ob mice insulin 
sensitivity was improved by TNF disruption (145). Thus, the presence or absence of 
leptin may influence the effects of TNF« on insulin sensitivity. 

ICAM-1 

Intercellular adhesion molecule-1 (ICAM-1) is a cell-surface receptor on e. g. 
endothelial cells and hepatocytes that mediates leukocyte adhesion by docking to 
cellular counter receptors on leukocytes such as Mac-1. In 1997, it was reported that 
both ICAM-1 and Mac-1 deficient mice developed mature onset obesity, and were more 
prone to diet-induced obesity than the wild-type controls (146). There is some 
controversy around this finding because another group recently reported that ICAM-1 
knockout mice only get a transient increase in fat mass compared to controls when fed 
high fat diet, and do not show any difference in body weight on ordinary chow (147). 
The reason for this discrepancy is unknown. One possibility is differences between the 
two knockout models. 

Dong et al reported that the ICAM-1 knockout mice did not have increased food intake, 
but the exact mechanism causing the obesity in the absence of ICAM-1 is not known 
(146). In one large population study there was a clear correlation between soluble 
ICAM-1 levels and insulin resistance (148). In another study by Targher et al. no 
correlation was seen between insulin resistance and ICAM-1, but instead BMI was the 
only independent predictor of plasma ICAM-1 levels after multiple regression analyses 
(149). As mentioned above, circulating IL-6 levels have also been found to correlate 
with both BMI and insulin resistance in different studies (96, 100). 

These findings indicate that several regulators of immune function also have an 
important role in the regulation of body weight and metabolism. More studies are 
needed to clarify whether these findings are details in a larger pattern of interactions 
between the immune system and metabolic function, and especially body fat regulation. 
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SUMMARY AND FUTURE PERSPECTIVES 

I Liver derived IGF-I, i.e. the major proportion of serum IGF-I, suppresses 
GH secretion from the pituitary by decreasing the number of pituitary 
receptors for GHRF and GHS. In line with this, the liver specific IGF-I 
knockout mice (LI-IGF-I-/-) showed increased GH responsiveness to 
treatment with GHRF and GHS. The increased GH levels in these mice 
reflect increased basal GH levels, thereby causing an alteration of the 
male-specific GH secretory pattern and feminization of several GH-
regulated liver functions. 

II Mice that lack liver derived IGF-I become leaner than their littermate 
controls, probably due to increased circulating levels of two adipostatic 
hormones, GH and/or leptin. The mice are also insulin resistant, although 
they can decrease blood glucose levels adequately after a glucose tolerance 
test. The markedly elevated insulin levels may be a compensation for the 
decreased IGF-I levels, as insulin and IGF-I share metabolic properties. 
The diabetogenic effect of GH could also contribute to the increased 
insulin levels. 

III IL-6 gene knockout mice develop mature-onset obesity, which is partly 
reversed by IL-6 replacement. The increased adipose tissue mass leads to 
increased leptin levels and leptin resistance. In addition, the IL-6 deficient 
mice develop insulin resistance and decreased glucose tolerance. Female 
IL-6 knockout mice also have increased plasma triglyceride levels. 

IV Intracerebroventricular (ICV) IL-6 treatment to rats leads to an acute 
increase in energy expenditure, while the same dose had no effect when 
given peripherally. This suggests that IL-6 can act within the CNS to 
regulate energy expenditure and thereby affect adipose tissue mass. 

V Chronic treatment with IL-6 ICV leads to a decrease in body weight and 
adipose tissue mass, without causing acute-phase reaction or affecting the 
weights of several non-fat organs. These results show that central IL-6 can 
regulate adipose tissue mass. Moreover, this effect was seen in rats with 
normal endogenous IL-6 production, indicating that IL-6 can have a 
therapeutic potential in non-IL-6 deficient individuals. 

We do not know the exact mechanisms causing the decreased fat mass and insulin 
resistance in the LI-IGF-I-/- mice. As GH is both lipolytic and diabetogenic, the 
enhanced GH levels may contribute to these features in LI-IGF-I-/- mice. Therefore, it 
would be interesting to treat these mice with a GH antagonist to see if it thereby is 
possible to reverse the leanness and insulin resistance by inhibition of GH action. 

I measured food intake in the LI-IGF-I-/- mice and found no differences between the LI-
IGF-I-/- mice and controls. Therefore, it would be of interest to measure basal energy 
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expenditure to see if LI-IGF-I-/- mice have an increased basal metabolic rate. It would 
also be of interest to measure motor activity at the same time. 

For IL-6 to have a future as an anti-obesity drug, it is necessary to show that peripheral 
IL-6 treatment can cause a decrease in adipose tissue mass also in individuals without a 
severe deficiency of endogenous IL-6 production. There are no known cases of 
complete IL-6 deficiency in humans, and it seems likely that this condition is very rare. 
It appears likely that there should be a therapeutic interval where the anti-obesity effect 
can be achieved without loss of lean body mass or other severe side effects. 

It would also be of great interest to find out more about how central nervous system 
levels of IL-6 are regulated. We have initiated studies to analyze the effects of 
starvation and other stimuli on IL-6 and IL-6 receptor mRNA expression in the 
hypothalamus by in situ hybridization and real-time PCR techniques. 

As discussed above, it is now well known that circulating IL-6 levels increase markedly 
during physical exercise. Therefore, exercise could be a natural regulator of endogenous 
IL-6 levels, and it would be of interest to examine whether also central levels of IL-6 
increase during exercise. Due to the high circulating levels of IL-6 induced by exercise, 
it is possible that substantial amounts of IL-6 reach the CNS. We are now performing 
studies to investigate the effects of exercise in IL-6 knockout mice. 

It seems likely that a hormone with the experimental properties described for IL-6 in 
this thesis indeed has important positive effects on metabolism. Treatment with IL-6 
increases energy expenditure and decreases adipose tissue mass, and lack of IL-6 causes 
obesity. Furthermore, IL-6 is one of few known hormones to show prominent regulation 
during physical exercise. It remains to be investigated whether this hormone will also 
find a use for treatment of obese humans. It might be speculated that IL-6 treatment 
could be of value especially in individuals that have defective endogenous IL-6 
production in the CNS, or an acquired deficiency of IL-6 e.g. due to a low level of 
physical activity. Alternatively, IL-6 could be used as an adjuvant treatment to exercise 
in obese patients with insufficient endogenous IL-6 release from working skeletal 
muscle. 
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