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ABSTRACT
Insulin-like growth factor (IGF) -I and -II share structural homology with insulin. 
Their receptors and intracellular signaling are similar. Consequently, the biological 
actions of IGFs and insulin are overlapping. Insulin is secreted on demand depending 
on e.g. blood glucose while IGFs are continuously produced. IGFs are bound to 
specific IGF binding proteins (IGFBPs) with affinities higher than to the signaling 
receptor. The focus of this thesis is IGFBP-3, the major carrier of IGFs in the 
circulation. We have studied posttranslational modification of IGFBP-3, such as 
proteolysis and glycosylation, and their impact on IGF binding and actions. 

The IGFBPs have IGF binding sites in the N- and C-terminal domains. Prior to this 
thesis the binding domains in IGFBP-3 had not been fully characterized. We studied 
amino acids in the N-terminal hydrophobic binding pocket of IGFBP-3 and their 
importance for IGF binding. Directed mutations of residues I56, L80 and L81 with 
substitution for glycine resulted in single mutations with markedly decreased IGF 
binding. Double L80 and L81 mutations yielded an IGFBP-3 mutant with almost 
complete loss of affinity for IGF-I and -II and the triple mutant did not have 
detectable IGF binding. The ability of the IGFBP-3 mutants to inhibit IGF-I-
stimulated phosphorylation of its receptor reflected the IGF binding affinity. 

In states of insulin resistance, including pregnancy and diabetes, IGFBP-3 is 
proteolyzed. However, the identity of the proteolytic fragment was unknown prior to 
this work. We isolated a 30 kDa IGFBP-3 fragment from human pregnancy serum 
and identified, by N- and C-terminal amino acid sequence analysis and mass 
spectrometry, a fragment corresponding to residues 1-212 of the intact protein. The 
same fragment was also isolated from non-pregnancy serum in which it coexists with 
intact IGFBP-3. Using biosensor technology, we determined IGF binding kinetics. 
Compared to intact IGFBP-3, (1-212)IGFBP-3 had 11-fold lower affinity for IGF-I 
and 4-fold lower affinity for IGF-II entirely due to faster dissociations. 

Glycosylation of IGFBP-3 does not affect IGF binding. We demonstrated that 
glycosylation of IGFBP-3 protects against proteolysis in pregnancy and diabetes 
serum in vitro. Thus, glycosylation may indirectly affect IGF binding. In vitro
cleavage of non-glycosylated IGFBP-3 occurs at four different major sites, none of 
which is identical to the cleavage site generating the naturally occurring (1-
212)IGFBP-3 fragment in pregnancy. These data suggest that proteolysis of 
endogenous glycosylated IGFBP-3 takes place outside the circulation. 

Finally, we demonstrated that intact IGFBP-3 inhibited insulin stimulated glucose 
uptake in isolated skeletal muscles from mouse and rat. This effect, previously reported 
in vivo and in fat cells, was specific to fast twitch EDL and independent of Akt (protein 
kinase B) phosphorylation. 

This thesis has contributed to the current understanding of IGF interactions with 
IGFBP-3. Glycosylation of IGFBP-3 protects from serum proteolysis, suggesting that 
the dominant (1-212)IGFBP-3 species in pregnancy is produced by tissue proteases. 
The inhibitory effects of IGFBP-3 on insulin stimulated glucose uptake indicate that, in 
addition to reducing IGF binding, IGFBP-3 proteolysis may have other effects on 
insulin and IGF signaling. These changes may be essential to the pregnant woman in 
supporting optimal fetal growth. 
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1 INTRODUCTION 

During human pregnancy, growth of the fetus is determined by several factors that, at 

the same time, determine long term consequences for postnatal growth and health. Poor 

fetal growth is associated with an increased risk of developing insulin resistance and 

diabetes, high blood pressure, disturbances of blood lipids and premature death in 

cardiovascular disease. Genetic factors interact with environmental factors, such as 

maternal health and nutritional intake, to support fetal growth and a functional 

maternal-placental-fetal interface is required. The hormonal changes that take place in 

the pregnant woman during pregnancy are designed to provide the fetus optimal 

nutrition and growth. The pregnant woman becomes insulin resistant and this is 

associated with a state of anabolism. Some of the hormonal signals that are important 

for this hormonal and metabolic transition are known, such as placental production of 

growth hormone (GH) that increase the production of Insulin-like growth factor (IGF)-

I. IGF-I is an essential anabolic factor that is needed for maternal anabolism and that 

plays a major role in placental and fetal growth. Other alterations, such as proteolysis of 

IGF binding protein-3 (IGFBP-3), the major binding protein for IGF-I in the 

circulation, have been less well understood. In this thesis, IGFBP-3 proteolysis has 

been investigated in pregnancy and diabetes. Glucose metabolism is largely affected by 

the sensitivity to insulin in liver, fat and muscle. Several hormones, including growth 

hormone and IGF-I, have effects on insulin sensitivity. IGF-I has direct insulin-like 

effects on glucose uptake in muscle, effects that may be modulated by IGFBP-3. In this 

thesis, effects of IGFBP-3 on glucose uptake were studied for the first time in muscle. 

1.1 THE INSULIN-LIKE GROWTH FACTOR AND THE INSULIN SYSTEMS 

IGF-I, IGF-II and insulin are tightly linked by their similarity in structure. The IGFs 

excert their effects through the IGF type 1 receptor (IGF-1R) and insulin through the 

Insulin Receptor (IR). Even the IGF-1R and IR are structurally homologous and 

activate to a large extent similar intracellular signaling pathways. The major differences 

between IGFs and insulin are the ways that their activities are being regulated: insulin 

activity is regulated on the secretory level while the activity of IGFs are to a large 
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extent regulated by high affinity binding to six IGF binding proteins and the acid labile 

subunit (ALS) (Fig. 1). 

Figure 1. Components of the insulin-like growth factor and the insulin systems. Insulin-like growth 

factor (IGF) -I and -II form binary complexes with one of the IGF binding proteins (IGFBP-1 to -6), and 

ternary complexes with IGFBP-3 or IGFBP-5 and the acid labile subunit (ALS). Insulin and the IGFs 

bind the receptors with different affinity. The insulin receptor exists in two splice variants (IR-A and -B), 

and it exist type 1 and a type 2 IGF recptors (IGF-1R and IGF-2R). Hybrid receptors (Hybrid-Rs) consist 

of one subunit from the IGF-1R and one subunit from either IR-A or IR-B. 

1.1.1 Insulin-like growth factors 

IGF-I were first identified in the late 1950s as factors mediating the effects of GH in 

serum (Salmon & Daughaday 1957). It was later found that it was two peptides, IGF-I 

and IGF-II, that shared approximately 70% sequence identity and 50% homology to 

pro-insulin, resulting in the name insulin-like growth factors (Rinderknecht & Humbel 

1978a; b). Many tissues and cell types express IGF-I and -II but the liver produces the 

major part of the circulating peptides. A mouse model, where IGF-I expression was 

specifically knocked-out in liver, showed a 75% reduction of IGF-I in serum without 

Hybrid-RAIR-B IGF-1R IGF-2RIR-A

IGFBP-3:ALS IGFBP-5:ALS

IGFBP-1 IGFBP-2 IGFBP-6IGFBP-4

insulin IGF-II
IGF-I binary complex:

IGF-I or -II + BP
ternary complex:

IGF-I or -II + BP + ALS

Hybrid-RBHybrid-RAIR-B IGF-1R IGF-2RIR-A

IGFBP-3:ALS IGFBP-5:ALS

IGFBP-1 IGFBP-2 IGFBP-6IGFBP-4

insulin IGF-II
IGF-I binary complex:

IGF-I or -II + BP
ternary complex:

IGF-I or -II + BP + ALS

Hybrid-RB
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reduction of postnatal growth (Sjogren et al 1999; Yakar et al 1999). Instead of 

endocrine regulation of IGF-I, this model suggests that the autocrine/paracrine 

regulation is the major determinant for postnatal growth. Growth has been reported to 

be affected in other knock-out models. IGF-I knock-out mice showed about 60% of the 

normal birth weight where most of them died shortly after birth. Those who survived 

were growth retarded and had developmental defects in brain, muscle, bone and lung 

(Liu et al 1993). An IGF-II knock-out mouse model exhibited growth deficiency to a 

similar extent as the IGF-I knock-outs, 60% of normal birth weight, which provides 

evidence for a physiological role of IGF-II in embryonic growth (DeChiara et al 1990). 

These findings suggest that both IGF-I and -II play important roles in growth and also 

development. IGF-I is suggested to be important for pre- and postnatal growth and 

development and IGF-II primarily for intra-uterine growth. 

In addition to IGF-I and -II, a proteolytic variant of IGF-I lacking the N-terminal 

tripeptide sequence Gly-Pro-Glu, des(1-3)IGF-I, was identified 1986 from human brain 

and bovine colostrum (Francis et al 1986; Carlsson-Skwirut et al 1986). The Gly-Pro-

Glu peptide has been identified as a neuroactive peptide (Carlsson-Skwirut et al 1986; 

Sara et al 1989). Des(1-3)IGF-I is assumed to be a posttranslational modified peptide of 

IGF-I, and is suggested to occur when a more active form of IGF-I is needed since it 

has approximately 10 times the potency of IGF-I on cell hypotrophy and proliferation 

(Ballard et al 1996). Additionally, it binds the IGF-1R with the same affinity as IGF-I 

but has lower affinity for IGFBPs. Des(1-3)IGF-I is often used in comparison to IGF-I 

in experimental setups because of its specific binding characteristics. 

1.1.2 Insulin 

Insulin regulates blood glucose by increasing tissue glucose uptake and inhibits 

hepatic glucose production. If blood glucose is not tightly regulated around 5 mmol/l 

it will have consequences for health. Diabetes is a life-long condition. If left 

untreated, diabetes can lead to severe medical complications, such as heart disease, 

stroke, kidney disease, blindness and nerve damage. Maintaining glucose homeostasis 

prevents the development of these complications. The diagnosis diabetes mellitus as 

defined by the Swedish National Board of Health and Welfare is based on WHO’s 

outline (Alberti & Zimmet 1998), and is evident by a fasting blood glucose  6.1 
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mmol/l measured at two different occasions, or one randomly taken test showing a 

blood glucose  11 mmol/l. 

Blood glucose homeostasis is a regulated balance between glucose uptake and 

clearance. In the postprandial state, glucose enters the circulation from the 

gastrointestinal tract and more than 85% of the clearance is dependent on muscle 

glucose uptake (DeFronzo et al 1981). Between meals glucose is released from the 

liver mainly through breakdown of glycogen (glycogenolysis), a process that is 

inhibited by insulin. Insulin is a main regulator of the redistribution of glucose to 

adipose tissue in situations of energy excess. 

1.1.3 Insulin resistance 

Insulin resistance is present when the biological effects of insulin are less than 

expected for glucose disposal in skeletal muscle and suppression of endogenous 

glucose production primarily in the liver (Dinneen et al 1992). We have studied 

cleavage of IGFBP-3 by pregnancy and diabetes serum in this thesis. Both pregnant 

women and diabetes patients are insulin resistant. Insulin resistance occurs during 

pregnancy due to increased levels of GH from the placenta. GH is lipolytic and the 

elevated free fatty acids may play a role (Jorgensen et al 2007). However, the 

molecular mechanisms are not completely understood. The insulin resistance is 

reverted shortly after delivery. The mechanism by which skeletal muscle becomes 

insulin resistant is unclear, but there is a strong correlation between increased levels 

of plasma free fatty acids and intra-muscular fatty acid metabolites (long-chain acyl-

CoA, diacylglycerol, and triglycerides) and insulin sensitivity in type 2 diabetes 

(McGarry 2002). Factors related to several important signaling events downstream 

the insulin receptor include tumor necrosis factor  (TNF ). A description of insulin 

signaling will be given in section 1.1.5.3.1. Dysregulation of PKCs has been linked to 

IRS-1 phosphorylation of Ser612 which also inhibits the signaling, reviewed by 

(Bjornholm & Zierath 2005). A liver IGF-I-deficient mouse model showed muscle 

specific insulin insensitivity linked to decreased IRS-1 phosphorylation and elevated 

levels of GH (Yakar et al 2001). Treating these mice with IGF-I and a GH-releasing 

hormone antagonist increased their insulin sensitivity. Moreover, IGFBP-3, which is 

the main regulator of IGF bioavailability, has been demonstrated to also have IGF- 
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and IGF-1R-independent effects such as inducing insulin resistance in adipocytes 

(Chan et al 2005; Kim et al 2007). This is further described in section 1.2.3. 

Skeletal muscle consists of different fiber types and they respond differently to 

insulin. Rodent skeletal muscle consists of type I, IIa and IIb fibers, whereas human 

muscle contains a fourth fiber type IIx/IId. Type I fibers are slow-twitch oxidative 

fibers, type IIa are fast-twitch oxidative fibers, type IIb are fast-twitch glycolytic 

fibers, and type IIx/IId fibers are fast-twitch and glycolytic. Metabolic and functional 

properties (i.e. speed of contraction) are closely coupled to the skeletal muscle fiber 

type profile (Schiaffino & Serrano 2002; Spangenburg & Booth 2003). Insulin-

stimulated glucose transport is greater in slow-twitch compared to fast-twitch skeletal 

muscle fibers in humans (Daugaard et al 2000; Henriksen et al 1990) and rats (Song 

et al 1999). Moreover, insulin sensitivity is positively correlated with the proportion 

of slow twitch oxidative fibers in humans (Lillioja et al 1987). 

Regular physical activity and consequently exercise training is considered to lead to 

marked improvement in whole-body insulin sensitivity (Dela et al 1994; Lindgarde et 

al 1983). In addition, it is suggested that strength training leads to improved insulin 

sensitivity and insulin action, most likely because of an increase in skeletal muscle 

mass (Castaneda et al 2002; Holten et al 2004). These improvements have been 

observed in healthy subjects and type 2 diabetic patients, and they are associated with 

changes in protein expression of members in the insulin signaling cascade, as well as 

proteins involved in the process of glucose uptake and storage in skeletal muscle 

(Dela et al 1993; Dela et al 1994; Hughes et al 1993; Vukovich et al 1996). 

1.1.4 Regulation of IGF activity by IGFBPs and ALS 

Unlike insulin that is released on demand depending on the current glucose level (as 

well as other neuronal and hormonal stimuli), the IGFs are continuously secreted and is 

found in high concentrations in the circulation. The clearance of IGF-I from the 

circulation, and the bioavailability of IGF-I to peripheral target tissues, are tightly 

regulated by a family of IGF binding proteins (IGFBP-1 to -6) and by ALS. The 

IGFBPs are universally expressed in a tissue-specific manner with one or more IGFBPs 

dominating in one single tissue. All of the six binding proteins are found in the 
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circulation, but in varying quantities;  IGFBP-3 in 10 fold higher concentrations than 

IGFBP-2, -3, -4 and -5 and IGFBP-1 displaying a diurnal rhythm with 10-100 fold 

lower concentration than IGFBP-3. The binding affinities between the IGFs and the 

IGFBPs are higher that IGFs to the IGF-1R (Kd about 10-10 M versus about 10-8 to 10-9

M). 

A very small amount of the IGFs are circulating in free form in biological fluids, while 

the majorities are bound with high affinity in binary or ternary complexes (Fig. 1). The 

binary complexes consist of one IGF together with one of the six IGFBPs, of which 

IGFBP-3 constitutes the major part in serum. IGFBP-3, the main focus of this thesis, 

will be described in more detail in section 1.2. The ternary complexes are composed of 

one IGF, IGFBP-3 or, to a lesser extent, IGFBP-5 and an ALS. The 35-50 kDa binary 

complexes may pass the endothelial barrier while the 150 kDa ternary complexes 

maintain the IGFs in the circulation (Guler et al 1989; Lewitt et al 1994; Young et al 

1992). The IGFBPs have several roles, for example prolonging the half-life of the IGFs 

by complex formation (Guler et al 1989; Lewitt et al 1994; Young et al 1992), 

facilitating the delivery of IGFs to their receptors, prevent IGF induced hypoglycemia, 

and modulating the biological actions of the IGFs. During recent years, they have also 

been shown to have IGF-independent effects (Firth & Baxter 2002) and stimulatory 

effects of IGF actions (Baxter 2000).

Structurally, the IGFBPs consist of three distinct domains of approximately equal sizes: 

the N- and C-terminal domains, with conserved cysteine residues, joined by a flexible 

linker region with less conserved amino acid sequences (Fig. 2).  

Figure 2. Schematic figure of the conserved N-terminal domain, the variable linker region and the 

conserved C-terminal domain of the IGFBPs.  

NH2 COOH

N-terminus linker region C-terminus

conserved conservedvariable

NH2 COOH

N-terminus linker region C-terminus

conserved conservedvariable
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The organization of the disulfide pattern has been determined in IGFBP-1, -2, -4 and -6 

(Chelius et al 2001; Mark et al 2005; Neumann & Bach 1999; Neumann et al 1998), 

and these studies show that all disulfide bonds are formed within each of the domains, 

i.e. the N- and C-termini are not connected by disulfide bonds. The amino acid 

sequence for each linker region of the IGFBPs is unique to the specific protein, with 

shared similarities of less than 15%. Posttranslational modifications including 

glycosylation, phosphorylation and proteolysis, that may affect the IGF binding 

properties of the protein, have been found predominantly in the linker-region (Firth & 

Baxter 2002). Posttranslational modifications specific to IGFBP-3 will be further 

discussed in section 1.2.2. 

ALS is exclusively expressed by the liver and is absent in the circulation until the end 

of fetal life. This results in a lack of ternary complex formation early in fetal 

development. It is predominantly regulated by GH, as is IGFBP-3 and IGF-I. ALS has 

no affinity for free IGF-I or -II and very low for free IGFBP-3. However, it readily 

binds to binary complexes of IGF and IGFBP-3 (Boisclair et al 2001; Yan et al 2004). 

Additionally, IGFBP-5, which is the binding protein structurally most similar to 

IGFBP-3, can form ternary complexes with ALS. ALS has a molecular weight of about 

85 kDa and is irreversibly destroyed under acidic conditions (pH < 4.5) as indicated by 

its name (Holman & Baxter 1996). 

1.1.5 Receptors 

There are six receptors that bind IGFs and/or insulin, but with affinities similar or lower 

than that of IGF binding to IGFBPs. IGF-I and -II exert their biological effects via the 

IGF type 1 receptor (IGF-1R) while the IGF type 2 receptor (IGF-2R) predominantly 

binds IGF-II and is thought to be involved in IGF-II clearance. Insulin exert its 

biological actions through two insulin receptor splice variants of which the IR-A has 

higher expression in fetal and malignant tissues while the IR-B is the predominant post-

natal receptor. In tissues with high expression of IGF-1R and IR-A or IR-B receptors, 

such as muscle, hybrids between one IGF-1R heteromer and one IR heteromer will be 

formed. Below, these receptors will be briefly presented whereas the IR-signaling 

(investigated in study IV) will be further described (section 1.1.5.3.1). 



8

1.1.5.1 IGF-1R 

The IGF-1R is structurally very similar to the IRs and they belong to the same family of 

transmembrane receptor tyrosine kinases. The mitogenic effects (e.g. proliferation and 

growth) of IGFs are mediated mainly through high affinity interactions with IGF-1R. In 

addition, IGF-I and -II can induce metabolic effects (e.g. glucose uptake and glycogen 

synthesis) and to a lesser extent inhibit hepatic glucose output (Cusi & DeFronzo 2000) 

through the IGF-1R. These effects are similar to those mediated by insulin binding to 

the IR (Dupont & LeRoith 2001). The IGF-1R is highly expressed in all tissues except 

liver and adipose tissue which instead express the IR to a higher extent. Muscle tissue, 

on the other hand, expresses both receptors in addition to an IR (section 1.1.5.3) and 

IGF-1R hybrid receptor (section 1.1.5.5). 

When the IGF-IR is inactive, actions of both IGF-I and IGF-II are diminished, which 

have been shown to affect growth. Inactivation of the IGF-1R by gene targeting in mice 

results in severe growth retardation, with birth weights of 45% of wildtype, and the 

mice die at birth (Liu et al 1993). 

Downstream signaling through the IGF-1R and IR signaling has been shown to be 

largely identical. However, different cellular and physiological responses have been 

reported. These differences have been suggested to depend on for example 

differences in cellular expression, differences in ligand-receptor affinities and on-off 

rates (Dupont & LeRoith 2001). 

1.1.5.2 IGF-2R 

The IGF-2R is identical to the mannose-6-phosphate receptor. It is structurally different 

from IGF-1R and is known to be involved in packaging of proteolytic enzymes into the 

lysosomes. It binds IGF-II with high affinity but also glycoproteins containing mannose 

6-phosphate moieties. IGF-2R is thought to primarily act as a clearance receptor that 

regulates the level of extracellular IGF-II, and it may play a role in tumor suppression 

(Scott & Firth 2004). A complete knock-out of the gene for IGF-2R in mice has been 

shown to result in fetal overgrowth (Ludwig et al 1996). So far, human IGF-II gene 

abnormalities have not been reported. 
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1.1.5.3 Insulin receptor 

The insulin receptor (IR) is present in all vertebrate tissues. The receptor concentration 

varies from 40 receptors per cell on circulating erythrocytes to more than 200,000 

receptors per cell on hepatocytes and adipocytes. IR belongs to the superfamily of 

transmembrane receptor tyrosine kinases and is a heterotetrameric glycoprotein 

composed of two - and two -subunits that are linked together by disulfide bonds 

(Kasuga et al 1982). The receptor is encoded by a gene with 22 exons and 21 introns, 

and occurs in two different isoforms due to alternative splicing of exon 11. The two 

isoforms, IR-A (predominately expressed in fetal and cancer tissue)  and -B, of the IR 

differ slightly in affinity for insulin (McClain 1991). Both IRs bind insulin with high 

affinity, IR-A also bind IGF-II with high affinity, and IR-B has preference for IGF-II 

over IGF-I (Frasca et al 1999). 

The -subunits, which contain the insulin binding sites of the IR, are located entirely 

outside the cell. The -subunits, on the other hand, are transmembrane proteins and 

they contain the insulin-regulated tyrosine protein kinase. When insulin binds one of 

the -subunits, the -subunits autophosphorylate and by that allow transmission to 

downstream events, including the insulin receptor substrates. 

Besides signal transduction, the IR also mediates internalization of insulin. Endocytosis 

of the insulin-receptor complex leads to insulin degradation by a specific protease, 

while most of the unoccupied receptors recycle to the plasma membrane. After 

prolonged insulin stimulation, the receptor itself is degraded, resulting in receptor 

down-regulation and a decreased insulin signal (Backer et al 1990). In similarity to IR, 

the IGF-1R has also been shown to internalize IGF-I specifically, while IGF-II is 

internalized through the IGF-2R (Dore et al 1997). 

1.1.5.3.1 IR receptor signaling

There are several substrates to the insulin receptor. Insulin receptor substrates (IRS) 1 

and 2 are the most predominant, and are involved in metabolic regulation in human 

skeletal muscle. Tyrosine-phosphorylated IRS-1 mediates the insulin signaling to 
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downstream enzymes by binding to a number of src-homology 2 (SH2) domain-

containing signaling proteins (White 2003) (Fig. 3). 

Figure 3. Schematic figure of the signaling from the IR (and IGF-1R) leading to glucose uptake. Insulin 

receptor substrate (IRS), Phosphatidylinositol 3 (PI3)-kinase, Phosphatidylinositol bis- or trisphosphate 

(PIP2 or PIP3), phosphoinositide-dependent protein kinase (PDK), protein kinase C (PKC), Akt/protein 

kinase B (Akt/PKB), Akt substrate 160 (Akt160), Glucose transporter (GLUT). 

Phosphatidylinositol 3 (PI 3)-kinase is one important signaling intermediate in the 

insulin cascade (Shepherd et al 1998). In skeletal muscle, the majority of insulin-

stimulated PI 3-kinase activity is associated with IRS-1 (Henry et al 1995; Jackson et al 

2000). PI 3-kinase is composed of one regulatory subunit, that binds IRS-1 (p85), and 

one catalytic subunit (p110) which phosphorylates phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2 or PIP2) to phosphatidylinositol 3,4,5-trisphosphate 

(PI(3,4,5)P3 or PIP3) (van der Kaay et al 1997). The IR also signals through the mitogen 

activated protein (MAP) kinase pathway leading to among other things proliferation 

and apoptosis, but that pathway will not be described in this introduction.

One of the major ways the lipid products of PI 3-kinase act in insulin signaling is by 

binding to pleckstrin homology (PH) domains of phosphoinositide-dependent protein 

kinase (PDK) (Alessi et al 1997). PDK1 and -2 activates protein kinase B (Akt/PKB) 

IRS-1/2
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and atypical protein kinase C isoforms PKC  and PKC  (Bandyopadhyay et al 1997). 

The serine/threonine kinase Akt/PKB appears in three isoforms, Akt 1, 2 and 3 (PKB ,

, and ). Akt 1/PKB  is the major isoform activated by insulin in skeletal muscle and 

liver (Walker et al 1998). Akt is activated upon insulin stimulation by phosphorylation 

on Thr308 and Ser473 (Alessi et al 1996). Phosphorylation at Thr308 is established to 

occur by PDK1 whereas the regulation of the phosphorylation at Ser473 is not yet fully 

unraveled. However, PDK2, autophosphorylation and a mammalian target of 

rapamycin complex have been suggested to be involved (Dong & Liu 2005; Kanzaki 

2006). 

Akt is an important site of the IR signaling pathway since several downstream targets 

are regulated by its phosphorylation. Downstream targets include glycogen synthase 

kinase (GSK) 3, p70S6 kinase, Akt substrate AS160, Bad and nuclear targets. AS160 

was found by the use of the phosho-Akt-substrate antibody and it has been proposed to 

connect insulin signaling to membrane trafficking (Kane et al 2002), and to be 

necessary for insulin-stimulated glucose uptake in adipocytes (Sano et al 2003). 

Impaired insulin action on AS160 in skeletal muscle from patients with type 2 diabetes 

was associated with reduced Akt Thr308 phosphorylation, but unchanged Ser473,

suggesting that AS160 and Akt phosphorylation on Thr308 are linked (Karlsson et al 

2005). 

1.1.5.4 Insulin-stimulated glucose uptake 

The initial rate-limiting step for glucose clearance in skeletal muscle and adipose tissue 

is the transport of glucose across the plasma membrane. This process is affected by 

facilitated diffusion of glucose through a family of specific glucose transporters 

(GLUT) that are either constitutively present in the plasma membrane, or actively 

translocated to the plasma membrane in response to various stimuli. There are 13 

members of the GLUT-family (Joost et al 2002). Skeletal muscle expresses GLUT1 

and GLUT4. GLUT4 is the main glucose carrier expressed in skeletal muscle, whereas 

GLUT1 accounts for only 5-10% of total glucose carriers (Marette et al 1992). Under 

basal conditions, most of the GLUT4 is found in intracellular compartments. Insulin or 

exercise can induce a rapid increase in glucose uptake by translocation of pre-existing 

GLUT4 from intracellular to surface membranes. 
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1.1.5.5 Hybrid receptors 

There are also two hybrid receptors (hybrid-Rs) consisting of one subunit from the 

IGF-1R and the other from either IR-A or IR-B (hybrid-RA and hybrid-RB).  

A significant fraction of both IR and IGF-1R occurs as hybrids in most mammalian 

tissues, including those that are recognized targets of insulin and IGF action (Bailyes et 

al 1997). Pandini et al. demonstrated that the hybrid-RA were bound to and activated 

by IGF-I, IGF-II and insulin, whereas the hybrid-RB bound to and were activated with 

high affinity by IGF-I, low affinity by IGF-II and insignificantly by insulin (Pandini et 

al 2002). Additionally, they showed that by binding to hybrid-RA, insulin activated the 

subunit from the IGF-1R and one of its specific substrates. Cell proliferation and 

migration in response to both insulin and IGF-I and -II were more effectively 

stimulated by hybrid-RA compared to hybrid-RB. 

1.2 IGFBP-3 

1.2.1 Structure 

Human non-glycosylated mature IGFBP-3 has a predicted molecular mass of 28.7 kDa. 

It consists of 264 amino acids divided into three domains; the N-terminal domain 

(amino acids 1-87), the linker region (amino acids 88-183), and the C-terminal domain 

(184-264) (Fig 4). The N- and C-terminal domains are defined by the amino acid 

sequences with 12 conserved Cys residues in the N-terminus and 6 in the C-terminus 

that probably dictate their structures, based on studies on other IGFBPs (Chelius et al 

2001; Mark et al 2005; Neumann & Bach 1999; Neumann et al 1998). 

The IGFBP-3 gene is 8.9 kb in length, localized on chromosome 7p, and is composed 

of five exons of which four are conserved in all IGFBPs. The N-terminal domains are 

encoded within exon 1 in all of the IGFBPs which confirm their similarities. The 

IGFBP-3 gene is expressed in a large number of tissues with the highest expression in 

liver. It is therefore generally believed that hepatic synthesis is the most important 

contributor to circulating levels of IGFBP-3 (Kelley et al 1996). 
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Knock-out mice lacking the gene for IGFBP-3 had no apparent deficiencies in growth 

or metabolism, the same result was observed for mice lacking IGFBP-5 (Ning et al 

2006). In the same study it was demonstrated that mice lacking IGFBP-4 showed a 

modest growth impairment of about 85-90% of wild type. To further study these 

effects, a triple knock-out model with mice lacking IGFBP-3, -4 and -5 were 

generated. These animals were the same size as IGFBP-4 knock-out mice at birth but 

smaller by adulthood. Moreover, they had reduced accumulation in fat pads and 

decreased circulating levels of total and bioactive IGF-I. 
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Figure 4. Amino acid sequence of human IGFBP-3. Conserved cysteines are grey. Amino acids binding 
IGF are in big font. Heparin-binding amino acids are bold. The 18 amino acid basic motif is in a box. 
Phosphorylation; P, Glycosylation; zigzag. 

1.2.1.1 Amino-terminal domain 

At the time when the first work of this thesis was initiated it was known from fragment 

analysis that the conserved N- and C-termini of the binding proteins contain IGF 

binding domains. However, it was not previously known which amino acid residues 

were important for the binding. Work on IGFBP-5, which is the binding protein that 

share most homology to IGFBP-3, and later on both IGFBP-3 and -5 revealed that there 

is a hydrophobic binding pocket in the N-terminus of both binding proteins (Imai et al 
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2000; Kalus et al 1998). Those specific amino acids in the N-terminal binding pocket of 

IGFBP-3 responsible for the high affinity binding to IGFs had not been determined. 

Whether insulin has any affinity for IGFBPs are debated. An insulin binding site in the 

N-terminal region of IGFBP-3 was reported by Vorwek et al. (Vorwerk et al 1998). 

They demonstrated that a plasmin generated (1-97)IGFBP-3 fragment, with weak IGF 

binding, showed specific insulin binding on cross-linking and western ligand blot. They 

further showed that this fragment also inhibited insulin receptor autophosphorylation in 

insulin receptor overexpressing cells. 

1.2.1.2 Linker region 

The linker region of the IGFBPs is not conserved and has been suggested to be the 

target of specific modifications for each binding protein. Posttranslational 

modifications such as N-linked glycosylation at sites Asn89, Asn109 and Asn172,

phosphorylation at Ser111 and Ser113, and proteolysis of IGFBP-3 occur in the linker 

region.  

Heparin binding has been identified in the linker region. An (149-153)IGFBP-3 

fragment produced by matrix metalloproteinase 3 bound heparin with approximately 4-

fold less affinity than the sequence identified in the C-terminus (Fowlkes & Serra 

1996). It has been demonstrated that glycosaminoglycans (for example heparin) can 

inhibit ternary complex formation without affecting the binary complexes (Arai et al 

1994; Baxter 1990). This has given rise to theories that heparin in the extra cellular 

matrix, or at cell surfaces, can increase IGF-I bioavailability at tissue level by 

disrupting the ternary complex, and that heparin in the vascular endothelium may 

regulate the passage of IGF-I to the tissues. In a recent study it was shown that 

glycosaminoglycans has the ability to increase serum levels of free IGF-I in vitro

without affecting total levels of IGF-I or IGFBPs (Moller et al 2006). Furthermore, by 

adding various concentrations of heparin to control serum, proteolytic activity of 

IGFBP-3 similar to that in pregnancy serum could be induced (Maile et al 2000).
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1.2.1.3 Carboxy-terminal domain 

An 18-residue basic motif between amino acid residues 215 and 232 has been identified 

to contain amino acids important for binding of IGFs, ALS and heparin. For example, 

mutations of Gly217 and Gln223 resulted in a loss of IGF binding which indicates that 

these amino acid residues play a role in IGF binding (Yan et al 2004). Additionally, 

synthesis of a (165-264)IGFBP-3 fragment demonstrated binding to IGF-I and -II as 

well as ternary complex formation with ALS (Galanis et al 2001). Mutations of Lys253,

Gly254 and Asp255 have also been proven decrease binding of IGF-I whereas ALS 

binding stays unaffected (Firth et al 1998). Alternatively, Lys228, Gly229, Arg230, Lys231,

Arg232 mutations show the opposite with near normal IGF binding and greatly reduced 

ALS affinity (Firth et al 1998).  

The basic motif region has also been demonstrated to contain a heparin binding domain 

consisting of amino acid residues 219-226 (Fowlkes & Serra 1996), as well as a nuclear 

localization sequence  (Li et al 1997; Schedlich et al 1998). As reviewed by Firth and 

Baxter, transport of IGFBP-3 to the nucleus has been demonstrated and IGFBP-3 has 

also been identified in cell nuclei (Firth & Baxter 2002). Additionally, IGFBP-3 can 

serve to co-transport IGF-I to the nucleus. 

1.2.2 Posttranslational modifications 

After translation, proteins are modified by for example changes of the chemical nature 

of amino acids or structural changes of the protein. Posttranslational modifications such 

as glycosylation, phosphorylation and proteolysis frequently affect the binding 

properties of proteins. 

1.2.2.1 Glycosylation 

Glycosylation regulates a series of cellular actions, and has e.g. been suggested to 

protect proteins from proteolysis. IGFBP-3 contains three N-glycosylation sites located 

in the non-conserved linker region (Fig. 4). In humans, glycosylation of Asn89and 

Asn109 is constant while Asn172 has a variable occupancy. Glycosylation adds 

approximately 4, 4.5 and 5 kDa at the three sites respectively which makes IGFBP-3 
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run as a double band between 40-45 kDa in SDS-PAGE (Firth & Baxter 1999). 

Glycosylation of IGFBP-3 per se is not essential for the secretion of the protein from 

Chinese hamster ovary (CHO) cells and is not required for IGF-I and ALS binding 

(Firth & Baxter 1995; 1999). However, it may play role in regulating proteolysis. 

Clemmons et al. recently performed a study where type 2 diabetes mellitus patients 

were treated with IGF-I in combination with non-glycosylated IGFBP-3 (Clemmons et 

al 2005a). The total IGFBP-3 concentration were found not to increase in proportion to 

the total IGF-I concentration. Interestingly, they could demonstrate that after 

administration to the diabetes patients, the non-glycosylated IGFBP were degraded to a 

higher degree compared to the endogenously glycosylated IGFBP-3 (Clemmons et al 

2005b). Maile et al. have suggested that the proteolytic activity demonstrated in 

pregnancy serum is identical or similar to that in pregnancy serum, and that endogenous 

IGFBP-3 is protected against proteolysis in normal serum (Maile et al 2000). They 

further hypothesize that glycosylation might be involved in the protection of IGFBP-3, 

which needs to be further studied. 

1.2.2.2 Phosphorylation 

At least three of the IGFBPs are phosphorylated; IGFBP-1, -3 and -5. Phosphorylation 

of human IGFBP-1 increases the binding affinity to IGF-I 6-fold (Jones et al 1991). 

IGFBP-3 is phosphorylated at two sites, Ser111 and Ser113, and whether this affects IGF 

binding needs to be further studied. Nevertheless, it has been shown that 

phosphorylation of IGFBP-3 is regulated through mechanisms involving IGF-I / IGF-

1R interactions (Jogie-Brahim et al 2005).  

1.2.2.3 Proteolysis 

In normal human serum, intact 40-45 kDa IGFBP-3 coexist with a 30 kDa IGFBP-3 

fragment as determined by Western immunoblotting. In pregnancy serum, intact 

IGFBP-3 is absent and a 30 kDa IGFBP-3 fragment predominates with occasional 

detection of lower mol wt fragments depending on the antibody. This was first 

demonstrated 1990 by Hossenlopp et al. (Hossenlopp et al 1990) and Giudice et al.

(Giudice et al 1990). It was shown that immunoreactive IGFBP-3 was present in 

pregnancy serum at less than 6 weeks gestation, but from week 10 barely any IGFBP-3 
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could be detected (Giudice et al 1990). Additionally, incubation of pregnancy serum 

across gestation and in the postpartum period with iodinated IGFBP-3 confirmed the 

appearance of proteolytic activity at 6 weeks gestation and the absence of proteolytic 

activity by 5 days postpartum, and mixing nonpregnancy and term pregnancy serum 

revealed a marked reduction of IGFBP-3 (Giudice et al 1990). Interestingly, the 

proteolysis of IGFBP-3 occurs when it is bound in the ternary complex with IGFs and 

ALS both in humans (Bang et al 1994; Hossenlopp et al 1990) and in rats (Lee & 

Rechler 1996), and it does not lead to a dissociation of the IGFs even if the affinity is 

reduced (Lassarre & Binoux 1994).

IGFBP-3 is proteolyzed in other conditions, for example in patients following surgery 

(Cwyfan Hughes et al 1992; Davenport et al 1992), during severe catabolic illness 

(Abribat et al 2000; Frost et al 1996), with type 1 (Bereket et al 1995; Ekstrom et al 

2007; Zachrisson et al 2000) as well as type 2 diabetes (Bang et al 1994).

It is still not known which protease, or proteases, causes degradation of IGFBP-3 in the 

different states. However, there have been several reports identifying proteases using 

IGFBP-3 as a substrate. Booth et al. generated fragments of IGFBP-3 by in vitro

proteolysis by plasmin, thrombin, pregnancy serum and normal serum (Booth et al 

1996; Booth et al 1999). Plasmin, as well as the plasminogen activators tPA and uPA, 

have also been shown in other studies to proteolyze IGFBP-3 (Bang & Fielder 1997; 

Lalou et al 1997; Lalou et al 1994). Also cathepsin L, D and G (Claussen et al 1997; 

Gibson & Cohen 1999; Zwad et al 2002), human kallikrein-2 and prostate-specific 

antigen (PSA) (Fielder et al 1994; Koistinen et al 2002) have been shown to degrade 

IGFBP-3. ADAM 12-S, the shorter form of a disintegrin metalloprotease that is 

secreted as a soluble protein, has been proposed to be the protease responsible for 

pregnancy proteolysis since it is present in pregnancy serum but not in normal serum. It 

has been shown to bind IGFBP-3 in a yeast two-hybrid system (Shi et al 2000) and to 

cleave IGFBP-3 in vitro (Loechel et al 2000). However, mice overexpresseing ADAM 

12-S did not show consistent IGFBP-3 proteolysis in serum (Kawaguchi et al 2002).

All the above mentioned proteases are serine proteases. Almost one third of all 

proteases can be classified as serine proteases (also called serine endopeptidases), 

named for the nucleophilic Ser residue at the active site (Hedstrom 2002). These 

enzymes catalyze the hydrolysis of peptide bonds in proteins and peptides after certain 
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residues. Trypsin, for example, cleaves bonds only after Lys and Arg residues and 

chymotrypsin after large hydrophobic residues. The other proteases of this family have 

less distinct preferences but depend to varying extents on the residues at neighboring 

positions. 

The three other classes of proteases, except for serine proteases, are thiol, carboxyl and 

metalloproteases. They are all designated by the principal functional group in their 

active site. Metalloproteases (or metalloproteinases) use bound metals in their active 

sites, usually Zn2+, and include matrix metalloproteinases (MMPs) which are 

endopeptidases. Matrix metalloproteinases have, in addition to serine proteases, also 

been demonstrated to cleave IGFBP-3, in the linker region (Firth & Baxter 2002). 

1.2.3 IGF-independent effects of IGFBP-3 

For long, it has been known that IGFBP-3 exert IGF- and IGF-1R-independent actions 

on for example cell migration, cell growth and apoptosis (Firth & Baxter 2002; Mohan 

& Baylink 2002). Recently it has been shown that IGFBP-3 also has effect on insulin 

stimulated glucose uptake. Transgenic mice overexpressing IGFBP-3 demonstrated 

fasting hyperglycemia, impaired glucose tolerance, and insulin resistance with reduced 

uptake of 2-deoxy-glucose (2-DG) in muscle and adipose tissue (Silha et al 2002). In 

3T3-L1 adipocytes, incubation of IGFBP-3 leads to decreased insulin stimulated 2-DG 

uptake (Chan et al 2005; Kim et al 2007). The latter occurs in a depot-specific manner 

in human fat explants; omental fat becomes insulin resistant after IGFBP-3 treatment 

whereas subcutaneous fat does not (Chan et al 2005). In a recent study, Kim et al.

injected IGFBP-3 into rats in vivo. Both acute (three hours) and long-term (seven days) 

infusions led to decreased peripheral glucose uptake and decreased glycogen synthesis. 

However the tissue(s) affected by IGFBP-3 were not identified, although skeletal 

muscle is a good candidate (Kim et al 2007). Furthermore, infusion of IGFBP-3 in the 

third ventricle, or peripherally, significantly impaired insulin action at the liver and 

decreased peripheral glucose uptake in rats (Muzumdar et al 2006). These studies show 

that IGFBP-3 has IGF-independent effects on insulin actions both centrally and 

peripherally. 
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2 AIMS 

The overall aim of this thesis was to study functional features, such as IGF binding, 

susceptibility to proteolysis, and actions on insulin stimulated glucose uptake of 

structurally modified IGFBP-3 from natural or recombinant sources. 

The specific aims of this thesis were: 

To study IGF binding to IGFBP-3 mutated in the N-terminal hydrophobic 

pocket. 

To purify and characterize intact and proteolytic fragments of IGFBP-3 from 

pregnancy and control serum and study their IGF binding properties. 

To study the role of glycosylation of IGFBP-3 on in vitro proteolysis by 

pregnancy, diabetes or control serum. 

To investigate effects of IGFBP-3 on insulin stimulated glucose uptake in 

isolated skeletal muscle. 
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3 METHODOLOGICAL CONSIDERATIONS 

Some important aspects of the methods used in this thesis will be discussed in the 

following section. Materials and methods are described in each study (I to IV). Study I 

was performed in collaboration with Buckway et al. and our major contribution was 

determination of real time kinetics for IGF interactions with wildtype or mutant 

IGFBP-3. Other techniques used in that study, are not discussed further. 

Biosensor technique (studies I and II) 

This technique makes it possible to study protein-protein interaction without using 

labeled proteins (for example 125I). Briefly, a ligand (for example IGFBP-3) is 

immobilized to a chip and binding of an analyte (for example IGF-I), dissolved in the 

solution flown over the surface of the chip, is monitored in real time. Immobilization of 

a protein may change its binding properties. However, labeling of molecules with 125I

may also change the structure and thereby change its binding characteristics. The 

biosensor technique is advantageous by not having to employ time-consuming labeling 

procedures and by being reproducible using the same regenerated ligand for 

comparison of several different analytes as in this thesis. When using this method, it is 

recommended that the molecule with smallest molecular weight is immobilized as 

ligand on the chip and the bigger is the analyte flown over the surface. The general 

reason for this is that larger molecules increase the sensitivity of the detection due to 

their higher weight. However, for example availability of reagents and cost must also 

be considered. One reason for choosing IGFBP-3 as immobilized ligand was our 

limited access to the mutated variants of IGFBP-3 in study I, and the purified material 

in study II. Additionally, IGFBP-3 has been shown to use a analyte as previously 

demonstrated by Beattie et al. (Beattie et al 2007). 

We used a mass transfer curve-fitting model when evaluating the data. Mass transfer 

occurs when the transfer of the analyte from the solution to the chip surface becomes 

limiting, i.e. when the density of the chip is high and/or when low flow rates are used. 

In each of our experiments, we examined which model resulted in the best curve fit. 
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Protein purification (study II) 

The purification was performed in four chromatographic steps. (1) Acidic size 

exclusion chromatography (gel filtration). This was done to disrupt the ternary complex 

and separate the IGFs from IGFBP-3. (2) Affinity chromatography. IGF-I was attached 

to an affinity column and the material from the gel filtration that bound was eluted and 

further purified. Reversed phase chromatography, on (3) FPLC and (4) SMART 

systems. These steps were done to further purify IGFBP-3, and especially to separate it 

from other IGFBPs. 

During protein purification material is lost. If there is a great loss of material, 

particularly if it occurs in a single purification step, the purified material may not fully 

represent the composition of the starting material. We estimated that we lost 50 -70% 

of the material in each purification step, as estimateded Western immunoblotting. 

Western immunoblotting with our antibodies only demonstrate one major band of 30 

kDa in pregnancy serum. Although it is possible that more than one IGFBP-3 fragment 

could be present in this band, we did not have the ability to select for other IGFBP-3 

species that may be present but not detectable by the anti-IGFBP-3 antibody. At the 

first step, the separation of IGFBP-3 fragments from fractions containing IGFs (that 

would prevent binding of IGFBP-3 to the IGF-I affinity column in the next step) may 

have selected larger mol wt fragments. In the second step, we deliberately selected 

fragments with significant affinity for IGF-I. This may have resulted in a loss of C-

terminal fragments with a slow on and off kinetics (see results from study II). An 

alternative approach would have been the use of an anti-IGFBP-3 antibody affinity 

column. However, the cost and availability of anti-IGFBP-3 antibodies did not allow 

this approach. Overall, the recovery was estimated to be comparable in each of the 

single steps which would argue that we obtained a representative sample of the original 

material. On the other hand other IGFBP-3 fragments of lower mol wt and with low 

IGF-I affinity is likely to be lost by the current procedure. The fact that the 30 kDa 

fragment is preserved as a 150 kDa ternary complex in pregnancy serum suggests that 

complementary IGFBP-3 fragments should be present as well. Although, the isolation 

and characterization of a complementary C-terminal fragment of IGFBP-3 would have 
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further strengthened this thesis, it is conceivable that such fragment would not have 

been completely complementary. 

To exclude that the final purified fraction of IGFBP-3 (intact from control serum or 

fragment from pregnancy serum) did not contain other IGFBPs, or their proteolytic 

fragments, we performed silver staining which only showed one pure band. 

Additionally, we also tested if monoclonal antibodies against IGFBP-1 and IGFBP-2 

bound the purified material when immobilized to biosensor chip. The antibodies did not 

bind any of the IGFBP-3 chips whereas binding of anti-IGFBP-1 to an IGFBP-1 chip 

and anti-IGFBP-2 to an IGFBP-2 chip resulted in substantial binding. 

Amino acid sequence analysis (studies II and III) 

We have used both N- and C-terminal amino acid sequence analysis in study II, and N-

terminal amino acid sequence analysis in study III. The in vitro proteolysis of IGFBP-3 

in paper III resulted in several, probably complementary, fragments which we were 

able to identify. N-terminal sequencing of these fragments is sufficient to give reliable 

information on the cleavage site in IGFBP-3. However, when studying in vivo

produced fragments in serum there is a significant risk that they, or the complementary 

fragment(s), may have been further cleaved. This point is demonstrated by Ständker et 

al., who performed C-terminal sequencing of a purified N-terminal IGFBP-4 fragment 

and found a different amino acid sequence than that predicted from the N-terminal of a 

presumed complementary C-terminal fragment that they co-purified (Standker et al 

2000). 

Detection of IGFBP-3 fragmentation (studies II and III) 

In vitro proteolysis of IGFBP-3 in serum can be studied by different methods; by 

determining the degradation pattern of added non-labeled IGFBP-3 in serum using 

Western immunoblotting (studies II and III), or by mixing intact 125I-IGFBP-3 with 

serum and displaying the radioactivity on the gel by autoradiography (study III). 

During the purification of intact IGFBP-3, and the 30 kDa fragment, in study II we 

used a polyclonal antibody to identify fractions containing immunoreactive material. 
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Only fractions containing material recognized by the polyclonal antibody was taken to 

the next purification step. By this we might have excluded other fragments of IGFBP-3 

that we were not able to detect. In study III, in vitro proteolysis of IGFBP-3 was studied 

by mixing intact IGFBP-3 with serum and detect cleavage by Western immunoblotting, 

and by mixing intact 125I-IGFBP-3 with serum and detect fragments by 

autoradiography. The disadvantage of using labeled protein is that the iodine molecule 

attached to IGFBP-3 might interfere with binding to other proteins and influence its 

stability. Additionally, when using 125I-IGFBP-3 in vitro, only the proteolysis in serum 

is studied and fragments produced in vivo will not be detected. 

Glucose uptake in isolated muscle (study IV) 

Isolation of whole muscles results in lost innervation and blood supply. However, it is 

still a technique that is more similar to an in vivo situation compared to isolated cells or 

cell lines. As a consequence of the lost circulation, diffusion of insulin and IGFBP-3 is 

decreased hence high concentrations are required. Additionally, the insulin 

concentration (10mU/ml which equals about 60 nM) is used to get a maximal IR 

response for determination of insulin sensitivity (and not insulin responsiveness). At 

these concentrations it can not be excluded that the IGF-1R will be activated, despite of 

its lower affinity for insulin. Concentration of IGFBP-3 in serum is approximately 4 

g/ml (equals about 0.15 M) whereas the concentration used during incubations was 

50 g/ml (equals about 2 M). Test-experiments with lower concentrations of IGFBP-3 

(200 and 500 ng/ml which equals about 7 and 17 nM) resulted in big variations and 

therefore the higher concentration was chosen. 

In order to strengthen our study we chose to perform the incubations on skeletal muscle 

from two different species, mice and rats. Additionally, since it has previously been 

shown that muscle fiber types respond differently to insulin depending on their 

oxidative properties we used both EDL and soleus muscles. Human muscles are 

heterogeneous in their fiber type composition whereas rodent muscle consists of mainly 

one fiber type. EDL muscles from mice and rats consists mainly of fast-twitch type IIa 

and IIb fibers whereas soleus mainly consists of slow-twitch oxidative type I fibers. 
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4 RESULTS AND DISCUSSION 

This thesis focuses on IGFBP-3 structure and its impact on function. It demonstrates 

that amino acids in an N-terminal hydrophobic pocket of IGFBP-3, previously 

suggested to be important for IGF binding in other IGFBPs, is essential for binding of 

IGF-I and -II (study I). Furthermore, it demonstrates how posttranslational modification 

of IGFBP-3, with special reference to insulin resistant states with increased proteolysis, 

affects function. The structure of a 30 kDa proteolytic IGFBP-3 fragment in pregnancy 

and control serum is identified for the first time and its IGF binding kinetics is studied 

in real time (study II).  Glycosylation of IGFBP-3 is demonstrated to protect from 

proteolysis in pregnancy and diabetes serum (study III). Finally, we start to unravel 

IGFBP-3 actions in the muscle, the tissue of major importance for postprandial glucose 

clearance, and we show that IGFBP-3 is inhibitory to insulin stimulated glucose uptake 

(study IV). 

4.1 STUDY I 

IGF binding determinants in IGFBP-3 

In this study it was shown that amino acid residues Ile56, Leu80 and Leu81, (isolucine: Ile 

and leucine: Leu) located in a hydrophobic pocket in IGFBP-3, exhibit high affinity 

binding to IGF-I and IGF-II. Mutation of these amino acids, alone or in combination, 

results in sequential loss of IGF binding. 

Kalus et al. proposed an N-terminal hydrophobic patch in IGFBP-5 critical for the 

binding of IGF-II based on analysis of an IGFBP-5 fragment by solution nuclear 

magnetic resonance spectroscopy (Kalus et al 1998). IGFBP-5 is the binding protein 

that share most homology to IGFBP-3. A few years later, Imai et al. substituted amino 

acids Arg69, Pro70, Leu71, Leu74, and Leu75 in IGFBP-3 (which should correspond  

Arg75, Pro76, Leu77, Leu80 and Leu81 according to the terminology used in this thesis), 

and corresponding residues in IGFBP-5 (Imai et al 2000). They found a reduced IGF-I 

affinity by more than 1000-fold. This revealed that that the hydrophobic binding pocket 

in the N-terminus of IGFBP-3 and some of the amino acids in that region was 
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important for IGF binding. Based on their work we targeted three amino acids within 

the hydrophobic pocket of IGFBP-3; Ile56, Leu80 and Leu81.

Fragments of the N-terminus of IGFBP-3 were constructed, and we showed that 

binding of 125I-IGF was strongly detectable for both full-length IGFBP-3 and for (1-

87)IGFBP-3 by ligand dot-blot analysis. No binding was detectable for smaller 

fragments (1-80), (1-75) and (1-46)IGFBP-3. Deletion of residues 81-87 appeared to 

disrupt a critical region of IGF binding. 

To further clarify which amino acids within the N-terminus have singularly, or in 

combination, the greatest effect on IGF affinity without altering the disulfide bonds we 

mutated Ile56, Leu80 and Leu81. Isolucine and leucine, large non-polar amino acids, were 

substituted with valine (Val) which is also large and non-polar, and glycine (Gly) which 

is small and polar. Substitution of Val for Ile56 or for Leu80Leu81 showed minimal 

change in binding to 125I-IGF as detected by ligand dot-blot analysis and Western 

ligand blotting. However, using the same methods, substitution of Gly for Ile56 or for 

Leu80Leu81 resulted in a clear reduction in binding. 

By using 125I-IGF-I in a cross linking study with the Gly mutants, Gly56 showed a clear, 

and specific, reduction in binding whereas virtually no binding was detectable with the 

Gly80Gly81 mutant. To examine any differences between E. coli and mammalian 

expressed proteins, binding studies of immunoprecipitated conditioned medium from 

COS-7 cells transiently transfected with differently mutated cDNA was performed. On 

Western ligand blot, reductions in binding were evident for all of the mutants with 

Gly81 least affected whereas Gly80Gly81 and Gly56Gly80Gly81 did not bind IGF at all. 

Four mutant IGFBP-3 proteins were then expressed in a baculovirus system: Gly56,

Gly80, Gly80Gly81 (double G) and Gly56Gly80Gly81 (triple G). Western ligand analysis 

showed a 60% reduction in IGF-I binding for Gly56, 70% for Gly80, and double and 

triple mutants did not bind at all, with similar results for IGF-II. Solution binding 

assays were more sensitive showing that the affinity IGF-II was less affected that that 

for IGF-I in mutants Gly56 and Gly80. However, the double and triple mutants showed 

little, if any binding. 
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To confirm the solution binding assay results, and to get further information on the real 

time kinetics with on- and off-rates between the variants of mutated IGFBP-3 we used 

biosensor technique. Five sensorchips were prepared: Gly56, Gly80, Gly80Gly81 (double 

G), Gly56Gly80Gly81 (triple G) and native IGFBP-3 as control. Only the off-rates of 

IGF-I binding to the single mutants were statistically decreased and this resulted in 

increased Kd values. IGF-II binding was not affected for the single mutations. For both 

IGF-I and -II there was absolutely no detectable binding for the triple G mutant and 

only very minimal binding found for the double G mutant (Fig. 5). 

The loss of binding in the double and triple mutants could be due to loss of tertiary 

structure of the proteins. This would be possible to study by x-ray crystallography or 

two-dimensional NMR spectroscopy. However, throughout the study the mutant 

proteins were detectable on Western immunoblot by both mono- and polyclonal 

antibodies, and IRMA with a polyclonal antibody. These data suggest that the molecule 

has largely retained is structure. 

The results from paper I indicate that the binding of IGF-I is more sensitive to changes 

in the hydrophobic pocket region of IGFBP-3 than IGF-II. Although IGF-I binds the 

single mutants, the complexes are not as stable as with wild-type IGFBP-3. Similar 

observations were made by Yan et al. who produced IGFBP-3 mutated at Leu77, Leu80,

and Leu81 in the N-terminus and Gly217 and Gln223 in the C-terminus (Yan et al 2004). 

Combined N- and C-terminal mutants showed undetectable binding to IGF-I but 

retained < 10% IGF-II binding activity. 

The identification of the hydrophobic binding pocket has been an important finding 

since this makes it possible to produce IGFBP-3 mutants that are unable to bind IGFs 

and use such mutants in studies of IGF- and IGF-1R-independent effects of IGFBP-3. 

For example, effects of IGFBP-3 on chondrocytes have been possible to perform with 

the triple G mutant IGFBP-3 from this study (Longobardi et al 2003; O'Rear et al 2005; 

Spagnoli et al 2002). Hong et al. showed shortly after this study was published that by 

substituting alanine for Ile56, Tyr57, Arg75, Leu77, Leu80 and Leu81 resulting in a > 80-

fold reduction in both IGF-I and -II solution binding (Hong et al 2002). They 

demonstrated that it was possible to stimulate cell death and stimulated apoptosis-

induced DNA fragmentation to the same extent and with the same concentration 

dependence as wild-type hIGFBP-3 in human prostate cancer cells. 
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IGF-I IGF-II

Native

G56

G80

Triple G

Double G

Kd = 0.79 nM Kd = 0.69 nM

Kd = 1.34 nM Kd = 0.32 nM

Kd = 3.40 nM Kd = 0.29 nM

Figure 5. Biosensor sensorgrams. IGF-I or IGF-II (3.13 - 100 nM) were passed over the different IGFBP-
3 chips. The dissociation constant (Kd) was calculated by dividing off-rates with on-rates. No binding was 
detected to chips with immobilized Double G and Triple G mutant IGFBP-3. 
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4.2 STUDY II 

Characterization of an IGFBP-3 fragment 

In study II, the identity of a 30 kDa N-terminal IGFBP-3 fragment dominating in 

human pregnancy serum has been determined and found to correspond to residues 1-

212 of intact IGFBP-3. In non-pregnancy serum, in addition to intact IGFBP-3, we 

detected the same 1-212 fragment as in pregnancy serum. The (1-212)IGFBP-3 

fragment was shown to be more affected in its binding to IGF-I than to IGF-II and the 

overall decrease in binding to both IGFs was a result of an increase in the rate of 

dissociation. 

The presence of IGFBP-3 proteolytic activity in pregnancy serum has been known for 

about two decades. It is known that pregnancy serum cleaves trace amounts of IGFBP-

3, and IGFBP-3 is present in the circulation almost exclusively as a 30 kDa fragment 

(Giudice et al 1990; Hossenlopp et al 1990). To date, the identity of the protease(s) has 

not yet been reported. Booth et al. showed that pregnancy cleavage of IGFBP-3 occur 

in the linker region. Their studies were performed by mixing of recombinant non-

glycosylated IGFBP-3 with pregnancy- or normal serum in vitro and subsequent N-

terminal amino acid sequence analysis of the produced fragments (Booth et al 1996). 

In order to compare the in vivo situation with in vitro conditions, we purified 

fragmented IGFBP-3 from pregnancy serum and intact IGFBP-3, together with the 

naturally occurring fragment, from normal serum using chromatographic methods. 

The immunoreactive 30 kDa bands of IGFBP-3 purified from both pregnancy- and 

normal serum were subjected to N- and C- terminal amino acid sequence analysis. As 

discussed in “methodological considerations” the advantage of performing sequencing 

in the C-terminus of the fragment is that it is possible to determine the exact identity of 

the C-terminal in the absence of a complementary fragment (which in our case 

theoretically should have been (213-264)IGFBP-3). Interestingly, the fragments 

isolated from pregnancy and normal serum were identical, and consisted of amino acid 

residues 1-212. Since the cleavage site proposed by our study was contradicting 

previously reported sites determined in vitro using N-terminal sequencing of 

complementary fragments, we even employed MS to confirm our data. The (1-
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212)IGFBP-3 was digested into nine tryptic fragments and the fragment closest to the 

C-terminus corresponded to amino acid residues 180-187 in the C-terminal domain of 

IGFBP-3. Thus, we had provided evidence that the 30 kDa fragments circulating in 

pregnancy and normal serum was originating from in vivo cleavage in the C-terminal 

domain of IGFBP-3. 

If the (213-264)IGFBP-3 fragment is still intact in serum following proteolysis, it might 

have biological effects of its own. It contains an 18 amino acid region constituting a 

basic region with IGF binding sites, heparin binding sites ALS binding sites and a 

nuclear localization sequence. Possible explanations for not finding this fragment 

during the purification might be that it is cleared from the circulation after proteolysis, 

or that our antibody does not recognize the peptide. 

Kinetic studies of IGF-I, -II and des(1-3)IGF-I were performed using  three different 

sensorchips with immobilized IGFBP-3. The first one contained immobilized protein 

from the purification of (1-212)IGFBP-3 from pregnancy serum. For comparison, the 

second chip was prepared using intact IGFBP-3 (with coexisting (1-212)IGFBP-3) 

obtained from non-pregnancy serum. Since we could not separate the intact protein in 

normal serum from the fragment, glycosylated recombinant human IGFBP-3 was used 

as control for the endogenous IGFBP-3 on the last chip. The potential disadvantage of 

recombinant IGFBP-3 is that the glycosylation is of yeast origin and the post-

translational folding of IGFBP-3 could potentially be different from that of 

endogenously produced IGFBP-3. 

Biosensor studies revealed that the on-rates of IGF-I or -II binding to IGFBP-3 were 

not affected by proteolysis, whereas the off-rates were faster. This may be interpreted 

as the N-terminus being important for fast association of IGF-I or -II to IGFBP-3. In 

order to generate a stable complex, a second binding site on the C-terminus of IGFBP-3 

is needed and when this domain is lacking in the isolated in vivo pregnancy (1-

212)IGFBP-3 fragment, lower binding affinity results. The importance of the N-

terminus for IGF binding is also shown in study I where mutations of amino acids in 

the hydrophobic pocket resulted in lack of binding. Furthermore, des(1-3)IGF-I did 

almost not bind (1-212)IGFBP-3 since it lacks three amino acids important for IGFBP 

binding. 
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Interestingly, the binding affinity of IGF-I to IGFBP-3 after proteolysis was 11-fold 

decreased which should be compared to the 4-fold decrease for IGF-II. Whether or not 

proteolysis during pregnancy is a special control mechanism to facilitate effects of IGF-

I rather than IGF-II needs to be further studied. In this context, the recent finding that 

IGF-I, and not IGF-II, is important for placental growth and functional development 

and thus indirectly supports fetal growth throughout gestation is demonstrated in guinea 

pig (Sferruzzi-Perri et al 2007). However, there is controversy regarding the role of 

circulating IGF-II. In a child with an IGF-I gene deletion and absence of IGF-I 

expression, serum IGF-II was compensatory elevated to more than the sum of the molar 

concentrations of IGF-I and IGF-II (Woods et al 1997). Despite the high serum IGF-II 

concentrations he did not appear to have any IGF effects on glucose metabolism or 

linear growth. It should be noted that the affinity constants for IGF-I in study I was 

decreased more compared to IGF-II when amino acids in the N-terminal binding 

domain were mutated and the C-terminus was intact. These mutations have not been 

reported in vivo, but together with the findings in this study it makes IGF-I affinity 

appear more sensitive to modifications of IGFBP-3 compared to IGF-II. 

The cleavage site between residues 212 and 213 has not been defined as a common site 

for any so far known protease. It is not identical to previously reported IGFBP-3 

cleavage sites resulting from in vitro incubation with pregnancy serum or to cleavage 

sites in IGFBP-3 resulting from in vitro incubation with various proteases. The (1-

212)IGFBP-3 fragment was found in both pregnancy and control serum which speaks 

against a specific pregnancy protease. To further explore the specificity of the 

proteolytic activity that is responsible for extensive fragmentation of IGFBP-3 in vivo,

it would be necessary to study in vivo fragmentation from other conditions where 

IGFBP-3 is known to be proteolyzed, for example in diabetes and postoperatively. 

Additionally, the results in paper II and III strongly indicate that the actual tissue site of 

proteolysis is outside the circulation. The major arguments are 1) that different identity 

of IGFBP-3 fragments is demonstrated depending on if they are produced in vitro or in 

vivo (study II), and 2) the lack of proteolysis of glycosylated IGFBP-3 after incubation 

with pregnancy serum (study III). This conclusion will be important in future 

approaches to identify the protease responsible for extensive proteolysis of endogenous 

IGFBP-3 during pregnancy.  
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4.3 STUDY III 

Role of glycosylation in proteolysis 

In study III we have demonstrated that glycosylation of IGFBP-3 decreases its 

susceptibility to degradation by serum proteases in vitro. In contrast, non-

glycosylated IGFBP-3 is largely degraded into fragments by pregnancy and diabetes 

serum. N-terminal amino acid sequence analysis of the generated fragments revealed 

cleavage sites in the linker-region and the C-terminal region of IGFBP-3. Most of the 

cleavage sites produced by diabetes and pregnancy serum were identical, suggesting 

that similar proteases are active in both sera. Alternatively, certain sites in IGFBP-3 

are particularly sensitive to proteolytic cleavage. Normal serum, from healthy control 

subjects, did not cleave non-glycosylated or glycosylated IGFBP-3.

In study II, we showed that the 30 kDa endogenously circulating fragment of IGFBP-3 

in pregnancy and normal serum consists of amino acid residues 1-212. Our aim in this 

study was to proteolytically cleave human recombinant glycosylated IGFBP-3 in vitro

and compare the cleavage site(s) with (1-212)IGFBP-3. Previous in vitro studies have 

assessed non-glycosylated IGFBP-3. We hypothesized that glycosylation of IGFBP-3 

will have impact on the structure and biochemical characteristics of IGFBP-3 and 

thereby the susceptibility to proteolysis. 

Our attempts to cleave glycosylated IGFBP-3 in vitro failed, so we therefore decided to 

investigate how glycosylation affect the susceptibility of IGFBP-3 to proteolysis. In our 

first experiments, we incubated 0.5 g glycosylated or non-glycosylated IGFBP-3 with 

2 l pregnancy, diabetes or normal serum in a total volume of 100 l (about 0.1-0.2 M

IGFBP-3). Interestingly, we found that the protease activity in both pregnancy and 

diabetes serum were able to proteolyze non-glycosylated IGFBP-3, whereas 

glycosylated protein remained intact. 

To produce fragments for determination of the cleavage sites of in vitro proteolyzed 

non-glycosylated IGFBP-3 for subsequent sequence analysis, we mixed a larger 

quantity (about 55 M) with 10 l pregnancy or diabetes serum. The protein fragments 

were then separated on SDS-PAGE and identified by N-terminal amino acid sequence 
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analysis. Five bands were obtained and several of them contained more than one N-

termini. 

Interestingly, all cleavage sites that we identified have previously been reported by in 

vitro cleavage using serine proteases (Booth et al 1996; Fielder et al 1994). Non of the 

fragments matched the (1-212)IGFBP-3 that we found circulating in pregnancy serum. 

One of the in vitro fragments we identified (Fig. 2 study III), contained the N-terminus 

of IGFBP-3. To completely exclude that this non-glycosylated protein was different 

from (1-212)IGFBP-3 would require that C-terminal amino acid sequence analysis was 

performed. However, it was considered to be unlikely that the fragment containing the 

N-terminus of IGFBP-3 after in vitro proteolysis is identical to (1-212)IGFBP-3 for two 

reasons: 1) estimates of its molecular weight was around 16 kDa on SDS-PAGE, which 

is unexpectedly low for a  peptide consisting of 212 amino acids, and 2) we did not 

identify a (213-264)IGFBP-3 complementary fragment. Furthermore, it is not likely 

that a fragment starting at residue Cys213 would be lost during the SDS-PAGE and 

sequencing procedures due to the small size since fragments with the N-termini 

G207VHIP were identified. 

Labeled glycosylated IGFBP-3, in trace quantities (pM concentrations), has been used 

for many years to determine proteolytic activity in serum, and we now show that at 

higher concentrations glycosylated IGFBP-3 is not proteolyzed in serum. The data in 

study III indicates that glycosylated IGFBP-3 is a poorer substrate for circulating 

proteases(s) in vitro compared to non-glycosylated IGFBP-3. Similar results has also 

been presented in humans in vivo (Clemmons et al 2005a). Our results in paper III, 

support previous findings and we demonstrate that glycosylation is an important 

regulatory mechanism for proteolysis of IGFBP-3.  

Analysis of proteolysis of IGFBP-3 in lymph has led to the suggestion that proteolysis 

of IGFBP-3 in the normal state is not occurring in the bloodstream (Lalou & Binoux 

1993). This is in line with our findings where we show by amino acid sequence 

analysis that fragments of non-glycoyslated IGFBP-3 generated in vitro is not identical 

with the 30 kDa (1-212)IGFBP-3 fragment circulating in vivo. Considering these 

differences, we hypothesize that the major proteolysis of IGFBP-3 during pregnancy 

leading to a total loss of intact IGFBP-3 does not take place in serum, but suggestively 

in liver and/or placenta. To study circulating fragments from diabetes serum and 
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compare them to the (1-212)IGFBP-3 in control and pregnancy serum, as well as the in

vitro cleavage sites generated by diabetes serum would gain more information to this 

field.  

4.4 STUDY IV 

Effects of IGFBP-3 on insulin stimulated glucose uptake in muscle 

In study IV we demonstrate that IGFBP-3 inhibits insulin stimulated glucose uptake in 

isolated skeletal muscle independent on Akt phosphorylation. Interestingly, the effect is 

specific for muscles with mainly fast-twitch fibers, such as EDL, while slow-twitch 

fibers, soleus muscles, were unaffected. 

Five years ago it was demonstrated that transgenic mice overexpressing IGFBP-3 were 

insulin resistant (Silha et al 2002). A few years later it was demonstrated that exposure 

to IGFBP-3 decreased insulin stimulated glucose uptake in 3T3-L1 adipocytes (Chan et 

al 2005). We aimed to study the role of IGFBP-3 on insulin stimulated glucose uptake 

in skeletal muscle since it accounts for about 55% of the total body mass and accounts 

for 80-90% of insulin-mediated glucose disposal (DeFronzo et al 1985), and therefore 

is an important target when studying insulin resistance. 

We isolated EDL and soleus muscles from both mice and rats and incubated them with 

or without recombinant human non-glycosylated IGFBP-3 followed by measurements 

of insulin stimulated uptake of labeled 2-DG. 

In both species we could demonstrate increased 2-DG uptake following insulin 

stimulation. Insulin increased 2-DG uptake 3.4-fold in mouse EDL and IGFBP-3 

decreased the insulin mediated uptake by about 20%. Insulin increased 2-DG uptake 

4.9-fold in mouse soleus, and this was unaffected by IGFBP-3. Similarly, insulin 

increased 2-DG uptake 2.3-fold in rat EDL and IGFBP-3 decreased the insulin 

mediated uptake by about 13%. The 3.3-fold increase in 2-DG uptake in rat soleus was 

not decreased by IGFBP-3. Basal glucose uptake in EDL and soleus in both mice and 

rats was not affected by IGFBP-3. Our magnitude of inhibition is in the same range as 
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the in vivo study were peripheral glucose uptake was decreased with about 15% and 

glycogen synthesis was inhibited in rats (Kim et al 2007). 

In order to identify a mechanism for the inhibitory effects of IGFBP-3 we measured 

insulin stimulated phosphorylation of Akt at Ser473 or Thr308 in EDL and soleus muscles 

from mice, after incubation with IGFBP-3. Insulin increased Ser473 phosphorylation 

2.7-fold in EDL, and 2.6-fold in soleus. Additionally, Thr308 phosphorylation was 

increased 3.1-fold by insulin in both EDL and soleus. IGFBP-3 did not affect basal or 

insulin stimulated Akt phosphorylation at Ser473 or Thr308.

The suggested mechanism for the decreased glucose uptake in adipocytes induced by 

IGFBP-3 differs. Kim et al. demonstrated a decreased phosphorylation of the IR, 

whereas Chan et al. showed that neither phosphorylation of the IR, nor Ser473

phosphorylation of Akt were affected (Chan et al 2005; Kim et al 2007). However 

Chan et al. demonstrate a reduced Thr308 phosphorylation of Akt as well as reduced 

GLUT4 translocation to the plasma membrane. There may be differences between 

cultured cells and intact muscles, and we suggest that the effect in skeletal muscle 

might be downstream of Akt, for example at the levels of AS160 or GLUT4 trafficking. 

Alternatively, the effects might be caused by an Akt-independent mechanism. 

We show in study III that glycosylation decreases the susceptibility for IGFBP-3 to be 

proteolyzed. Investigation of glycosylated IGFBP-3 which may be less prone to 

proteolysis would be of importance. Additionally, fragments of IGFBP-3, containing 

different domains of the intact protein should be assessed to clarify the possible role of 

IGFBP-3 proteolysis for the development of insulin resistance during pregnancy and in 

diabetes mellitus. 
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5 SUMMARY AND CONCLUDING REMARK 

In this thesis, the following results have been presented:  

Amino acid residues Ile56, Leu80 and Leu81, located in a hydrophobic pocket in 

IGFBP-3, exhibits high affinity binding to IGF-I and IGF-II. Mutation of these 

amino acids, alone or in combination, results in sequential loss of IGF binding. 

The circulating 30 kDa fragment of IGFBP-3 is an N-terminal fragment 

consisting of 212 amino acid residues. Compared to the full length protein, the 

binding affinities to IGF-I, IGF-II and des(1-3)IGF-I are reduced. 

Proteolytic fragments of IGFBP-3 produced in vitro after incubation with 

pregnancy serum is different from the in vivo circulating fragment. 

Glycosylation protects against proteolytic degradation. 

Recombinant human non-glycosylated IGFBP-3 decreases glucose transport in 

EDL muscles from rats and mice independent of Akt phosphorylation. Soleus 

muscles were unaffected. 

We have demonstrated in studies I and II that the binding sites in the N- and C-termini 

are important for high affinity binding of IGF-I and -II. Affinities to IGF-I and IGF-II 

are totally lost without the N-terminal binding site (study I). When the C-terminal 

binding domain is absent, IGF-I binding is reduced 11-fold and IGF-II 4-fold. There 

might be conformational changes in the mutant IGFBP-3 leading to the loss of C-

terminal binding but it can be concluded that both sites are important for a stabile 

complex formation. 

Proteolysis during pregnancy results in a (1-212)IGFBP-3 fragment that can not be 

detected during in vitro proteolysis (studies II and III). We therefore hypothesize that 

the cleavage of IGFBP-3 during pregnancy, and possibly also other insulin resistant 

states, takes place outside the circulation. This hypothesis is strengthened by our 

finding that the naturally occurring fragment of IGFBP-3 is identical to the fragment 



36

found in pregnancy serum. We further believe that glycosylation may be one important 

regulatory mechanism of proteolysis. The glycosylation pattern during insulin 

resistance might be modified making IGFBP-3 more prone proteolytic degradation. 

Non-glycosylated IGFBP-3 was shown to induce insulin resistance in skeletal muscle 

(study IV). Whether attenuated glycosylation leads to proteolysis of IGFBP-3 during 

insulin resistant states, and thereby increases IGF bioavailability as a compensatory 

mechanism, or if the increased proteolysis of IGFBP-3 causes fragments that 

themselves contributes to the insulin resistance needs to be further investigated. 
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