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Abstract
Insulin-like growth factors and insulin are phylogenetically closely related
polypeptides and have many structural and biological similarities. Low levels
of circulating insulin-like growth factor-I (IGF-I), diabetes and insulin resistance
have all been implicated in the pathogenesis of cardiovascular disease, but the
mechanisms involved are still not clear. Furthermore little is known about
direct effects of insulin-like growth factor-I (IGF-I) and insulin on human microand macrovascular cells.
In these studies we investigated the expression and function of insulin-like
growth factor-I receptors (IGF-IR) and insulin receptors (IR) in human microand macrovascular endothelial cells and in human coronary artery smooth
muscle cells.
Our results showed expression of both IGF-IR and IR in human dermal
microvascular (HMVEC), aortic (HAEC) umbilical vein (HUVEC) and coronary
artery (HCAEC) endothelial cells as well as in human coronary artery smooth
muscle cells (HCASMC). The gene expression of IGF-IR was considerably greater
than that of IR. Ligand binding studies confirmed that the IGF-IR was
considerably more abundant than the IR and that insulin and glargine
interacted with the IGF-IR with one thousand- and one hundred times less
potency, respectively, than IGF-I itself.
The presence of IGF-IR and IR proteins and activation of their β-subunits was
revealed by immunoprecipitation and Western blot analysis in human
macrovascular endothelial cells and in coronary artery smooth muscle cells. At
physiological concentrations (≤10-9 M) IGF-I and insulin activated their cognate
receptors.
The presence of hybrid insulin receptor/ insulin-like growth factor-I receptor
(hybrid IR/IGF-IR) was shown through detection of IGF-IR and IR β-subunits
on the same membrane by Western blot after immunoprecipitation with specific
antibodies against either IGF-IR or IR, implying coprecipitation of the IGF-IR
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and IR β-subunits. The inability of physiological concentrations of insulin to
phosphorylate IR β-subunits immunoprecipitated with IGF-IR antibodies, and
that IGF-I at physiological concentrations activates the IR β-subunit provide
further evidence of the presence of the hybrid IR/IGF-IR.
At physiological concentrations (≤10-9 M) IGF-I stimulated DNA synthesis and
glucose incorporation into human coronary artery smooth muscle (HCASMC)
cells, and DNA synthesis in microvascular endothelial cells (HMVEC), but not
in human macrovascular endothelial cells (HCAEC or HUVEC). No effect of
insulin was found.
Although physiological concentrations of insulin (≤10-9 M) were able to activate
IR, insulin had no biological effect on the vascular cells studied. A possible
explanation is that insulin receptor signalling was attenuated due to the
presence of hybrid IR/IGF-IR and low a number of IR expressed in the cells
studied.
Regarding the safety of the use of glargine, we could show that glargine has a
10-fold greater affinity for IGF-IR than human insulin. However, glargine
concentrations achieved in vivo during diabetes treatment are too low to affect
the IGF-IR.
In conclusion our studies provide experimental evidence that human microand macrovascular endothelial and vascular smooth muscle cells express both
IGF-IR and IR. Our in vitro data suggest that the cells studied are sensitive to
IGF-I, but insensitive to insulin and this is due to the preponderance of IGF-IR
and the presence of hybrid IR/IGF-IR.
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Abbreviations
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analysis of variance
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DMEM
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Dulbecco´s modified Eagles medium
endothelial nitric oxide synthase
endothelial cells

ERK
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HEPES
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extracelullar signal-regulated kinase
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human coronary artery endothelial cells
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human dermal microvascular endothelial cells
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Hybrid IR/IGF-IR

human umbilical vein endothelial cells
hybrid insulin receptor/insulin–like growth factor-I
receptor

IGFBP
IGF-I
IGF-II
IGF-IR

insulin-like growth factor binding protein
insulin–like growth factor-I
insulin–like growth factor-II
insulin–like growth factor-I receptor

IR
kDa
MAPK
MW

insulin receptor
kilodalton
mitogen-activated protein kinase
molecular weight

mRNA

messenger ribonucleic acid

NO

nitric oxide

PBS
PI3K
RT-PCR
SDS-PAGE

phosphat-buffered saline
phosphatidylinositol-3 kinase
real time-reverse transcription polymerase chain reaction
sodium dodecyl sulphate-polyacrylamide gel
electrophoresis
standard error of the mean
vascular smooth muscle cells

SEM
VSMC
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Introduction
Low circulating insulin-like growth factor-I (IGF-I), diabetes and insulin
resistance,

have all been implicated in the pathogenesis of cardiovascular

disease (Conti et al. 2001 and 2002, Juul et al. 2002, Janssen et al. 2003, Lakka et
al. 2002, Nathan et al. 2005). The mechanisms behind these associations are still
not clear and little is known about the direct effects of insulin-like growth
factor-I and insulin on human micro- and macrovascular cells.

Atherosclerosis
Atherosclerosis is the most important cause of coronary heart disease, stroke,
and peripheral arterial disease (Libby 2000). Atherosclerotic lesions consisting
of vascular smooth muscle cells (VSMC), inflammatory cells, lipid deposits, and
extracellular matrix occur in arteries of large and medium size (Ross 1993 and
1999). Adhesion molecules expressed by endothelial cells (EC) contribute to the
attraction of inflammatory cells to the atherosclerotic lesion (Plutzky et al. 2003).
Indeed, besides this chemoattractant role, endothelial cells also contribute to the
development of atherosclerosis by paradoxical vasoconstriction and loss of NO
production (Foreman and Tang 2003, Widlansky et al. 2003), which is also
responsible for induction of low-grade inflammation and thrombosis
(Valgimigli et al. 2003, Ross 1999, Alexander 1994, Stehouwer et al. 2002).
Smooth muscle cell proliferation and deposition of extracellular matrix
products lead to lesions that can occlude the arterial lumen directly or induce
occlusive events by triggering thrombosis (Lusis et al. 2000).

Diabetic angiopathy
Micro- and macroangiopathy represent the major causes of morbidity and
mortality in patient with diabetes (Geiss et al. 1995, Isomaa et al. 2001, Zimmet
et al. 2001, Hodvin et al. 2003, UKPDS 33 1998). Adults with type 2 diabetes are
at a 2- to 4-fold increased risk for cardiovascular events compared to those
without diabetes (Fox et al. 2004).
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Retinal and renal microangiopathy induces diabetic retinopathy and
nephropathy, and microangiopathy of the vasa nervorum causes neuropathy
(Rossing et al. 2003, Tesfaye et al. 2005). Almost all patients with diabetes
eventually develop background retinopathy and 40–50% progress to
proliferative retinopathy within 25 years of diabetes onset (Nortwall et al. 2004,
Klein et al. 1984). Microvessel pericyte loss has been shown to be the earliest cell
deficiency in the development of diabetic retinopathy, but the cause of pericytes
drop out is still unknown (Armulik et al. 2005, King et al. 1985). Diabetic
nephropathy is the leading cause of end-stage renal disease, and is responsible
for more than 40% of new cases of end-stage renal disease in the Western world
(Bate and Jerums 2003).
Macroangiopathy in diabetes largely consists of an accelerated form of
atherosclerosis that affects coronary, carotid and peripheral arteries, thus
increasing the risk for myocardial infarction, stroke and diabetic gangrene
(Zimmet et al. 2001, Fox et al. 2004, Winer and Sowers 2004, Duby et al. 2004). In
the advanced stage of atherosclerosis arterial intima calcification is associated
with plaques and occlusive lesions (Shanahan et al. 1999). Arterial media
calcification or Mönckeberg’s sclerosis is commonly associated with aging, and
the presence and duration of diabetes (Shanahan et al. 1999, Lehto et al. 1996).
Large clinical trials have shown that hyperglycaemia is associated with
microvascular complications in patients with type 1 and 2 diabetes (DCCT 1993
and UKPDS 1998). Intensive blood glucose control has been shown to reduce
the risk for microvascular complications in patients with type 1 and 2 diabetes
(DCCT 1993 and Nathan/EDIC 2005), but not the incidence of atherosclerotic
events (UKPDS 33 1998). Besides hyperglycaemia, hypertension and puberty
have import roles in the development of microvascular complications (Svensson
et al. 2006, Kullberg et al. 2002). However, risk factors for atherothrombosis
such as age, smoking, hypertension, and dyslipidaemia seem to play a more
important role than hyperglycaemia in the pathogenesis of diabetic
macroangiopathy (Carr and Brunzzel 2004, Srikanth and Deedwania 2007).
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Micro- and macrovascular endothelial cells and
vascular smooth muscle cells
The vascular tree is in one of the largest organs in the body, having a surface
area of more than 900 m2. The vascular wall is composed of endothelial cells
(EC) and mural cells. Depending on morphology and density, mural cells are
referred to as vascular smooth muscle cells (VSMC) or pericytes (PC) (Lindskog
2006).
The vascular endothelium at the interface between the blood stream and the
vessel wall has a unique position, being involved in the regulation of metabolic,
haemostatic, and immunologic processes (Cines et al. 1998). Endothelial cells
show a range of heterogeneity with respect to their appearance, phenotype,
protein expression, surface markers and intracellular enzymes (Cines et al.
1998). The endothelium has many important roles: it decreases vascular tone,
limits leukocyte adhesion and thus inflammatory activity in the vessel wall,
maintains vascular permeability to nutrients, hormones, other macromolecules
and leucocytes, inhibits platelet adhesion and aggregation by producing
prostacyclin and NO (nitric oxide), limits activation of the coagulation cascade
by the thrombomodulin/protein C, heparan sulphate/antithrombin and tissue
factor/tissue factor pathway inhibitor interactions, and regulates fibrinolysis by
producing t-PA and its inhibitor PAI-1 (Schalkwijk and Stehouwer 2005).
The maintenance of vascular tone is a balance between endothelial release of
vasodilatatory NO and vasoconstrictors such as endothelin-1 and angiotensin II
(Beckman et al. 2000). Indeed, in elderly people vascular homeostasis is affected
by severely reduced NO production in senescent endothelial cells (Foreman and
Tang 2003). Besides vasodilatation, NO release by endothelial cells seems to
have an important antithrombotic and anti-apoptotic role (Valgimigli et al.
2003).
Endothelial cells seem to have a great impact on vascular remodelling and on
VSMC growth and differentiation through the release of either promoters of
growth and/or growth inhibitors (Cowan and Langille 1996). Indeed, removal of
the endothelium results in a burst of VSMC migration and proliferation, which
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subsides

when

the

endothelium

regenerates

(Gimbrone

1999).

After

percutaneous transluminal coronary angioplasty (PTCA) revascularisation
procedures which damage and/or remove the endothelium, restenosis may
emerge due to inflammation and neointimal growth (Farb et al. 1996, BayesGenis et al. 2003).
VSMC are present in the media of large vessels while pericytes are solitary
VSMC-like cells localised in arterioles, capillaries and venules (Sims 2000), both
of which are vascular support cells which belong to the same cell lineage, but
are distinguished by morphology and marker expression (Hellström et al. 1999).
Vascular smooth muscle cells play important roles in vasoconstriction and
vasodilatation, and the regulation of extracellular matrix (ECM) turnover. In
cell culture, and in vivo, VSMC can display two differentiated phenotypes. The
first is a contractile phenotype characterised by high contractibility, high
cytoplasmic volume fraction of myofilaments, minimal rate of proliferation,
migration and small amounts of matrix protein (Merrilees et al. 1990, Mosse et
al. 1985). The second, proliferative phenotype, characterised by dynamic
proliferation, increased ECM synthesis and loss of the contractile myofilaments
can be induced under injury or atherogenesis (Manderson et al. 1989). By acting
on vascular smooth muscle various cytokines can diminish collagen synthesis
and

increase

production

of

VSMC-derived

entracellular

matrix

metalloproteinase. This can result in an increased tendency for plaque
destabilisation and rupture (Uzuki et al. 2001, Lusis et al. 2002).

The insulin-like growth factor system and insulin
The insulin-like growth factor system consists of a heterogeneous group of
related peptides including two primary ligands, insulin-like growth factor-I and
-II (IGF-I and IGF-II), three membrane-bound receptors, insulin-like growth
receptor-I and -II (IGF-IR and IGF-IIR) and insulin receptor (IR), six highaffinity IGF-binding proteins (IGFBP-1 to -6), a large non-IGF binding
glycoprotein, the acid labile subunit (ALS) and several IGFBPs proteases (Jones
and Clemmons 1985, Le Roith et al. 2001 and 2003).
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History and phylogenetics
The insulin-like growth factors and insulin, together with seven relaxin-related
peptides belong to an ancient family of 10 peptides present in the human
genome having a structure highly preserved among vertebrate and invertebrate
species. It has been proposed the IGF-I and insulin share a common
evolutionary precursor hormone, and that the gene coding the ancestral
hormone underwent duplication and mutation around the time of the evolution
of vertebrates (Blundell and Humbel 1980). This theory is based on the fact that
a seemingly transitional form connecting insulin and IGF-I (Chan et al. 1990),
was cloned from the Amphioxus, a possible distant relative of the progenitors
from which vertebrates emerged.
Discovery of the IGF-I system began in 1957 with the experiments of
Daughaday and Solomon, who found a new peptide, initially named sulphation
factor, which was able to stimulate sulphate incorporation into cartilage
(Salmon and Daughaday 1957). Another group led by Froesch discovered the
presence of non-suppressible insulin-like activity (NSILA) in serum (Froesch et
al. 1963). These factors turned out to be identical and were subsequently named
17

”somatomedin” (mediator of the effects of somatotropin) (Daughaday et al.
1972). In 1978, Rinderkecht and Humbel demonstrated the presence of two nonsuppressible insulin like activity (NSILA) factors, sequenced them and named
them insulin-like growth factors-I and -II because of their structural similarity
to proinsulin (Rinderkecht and Humbel 1978). It was shown that IGFs are able
to bind to a receptor, the insulin-like growth factor-I receptor (IGF-IR), that was
distinct from the insulin receptor (IR) (Marshall et al. 1974, Megyesi et al. 1975).
In the early 1980s, using affinity cross-link binding, Rechler found the presence
of an insulin-like growth factor-II receptor (IGF-IIR) with greater affinity for
IGF-II than IGF-I that did not bind to insulin (Rechler et al. 1980).
Among other researchers involved in diabetes research in the early 1900s, the
Romanian endocrinologist Nicolae Paulescu, published in 1921 an original
paper on the metabolic effects of the pancreatic extract named “pancretin”
(Paulesco 1921). In 1923 the Nobel Prize was awarded to Banting and MacLeod
for their discovery and purification of pancreatic insulin (Banting et al. 1922). In
1926, John Jacob Abel prepared the first crystalline insulin. Frederick Sanger
received Nobel Prizes in 1958 for the discovery of insulin’s molecular structure.
IGF-I and insulin structure
IGF-I is the product of the IGF-I gene, on the long arm of chromosome 12 in
humans (Sara and Hall 1990). The human insulin gene is found on the short
arm of chromosome 11 (Owerbach et al. 1980). Like insulin, IGFs are produced
as preproproteins that are processed by protease cleavage to remove the
prepeptide leader sequence. Whereas after the cleaving process IGFs retains the
C chain, insulin does not. IGF-I has a molecular structure similar to that of
proinsulin and insulin with approximately 50% homology of the amino acid
sequences of the A and B regions. Furthermore, IGF-I shared an even higher
sequence homology with IGF-II (62%), both being composed of single chain
polypeptides with 70 and 67 amino acids respectively, and consisting of A, B, C
and D domains. A variant form of IGF-I is des(1-3)IGF-I, which lacks the Nterminal tripeptide (Sara et al. 1986). The C domains of IGF-I and IGF-II
correspond to the C-peptide domain of proinsulin. The D domain is present in
the IGF-I and IGF-II structure, but not in the insulin or proinsulin sequence. The
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carboxyterminal E domain of IGF-I prohormone is removed from the mature
protein in the Golgi apparatus before secretion (Daughaday and Rotwein 1989).

Mature human insulin is a monomer which consists of two chains A (21 amino
acids) and B (30 amino acids) linked by two disulphide bonds. An intra-chain
disulphide bridge is also present in the A chain.
A new era in insulin treatment began with the use of recombination gene
technology in insulin production. In 1996 the first short-acting insulin analogue,
able to mimic to a large extent the prandial human insulin release, was
approved for clinical practice (Bakaysa et al. 1996). Glargine, the first longacting insulin analogue, became commercialised in Europe in 2000. The long
absorption and action time of glargine is due to the substitution of aspargine by
glycine at A21 and the addition of two arginine molecules at B30 in the human
insulin molecule (Owens et al. 2000).
IGF-I and insulin secretion, regulation and effects
Although the liver is the major production site of circulating IGF-I, under the
control of growth hormone, IGF-I can be secreted by most tissues in the body in
a paracrine and autocrine manner (Rosen and Pollak 1999). Through a negative
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feedback the concentration of circulating IGF-I regulates the release of growth
hormone (GH), at the hypothalamic and pituitary gland levels. By binding 99%
of circulating IGF-I, IGFBPs act as a natural store, which prolongs IGF-I half-life
and modulates its biological activity (Ekins 1992). Besides GH, the main
regulator of hepatic IGF-I release, other factors such as insulin, nutrition and
gonadal hormones can regulate the local/paracrine secretion of IGF-I (Le Roith
2003).
There are pronounced changes in circulating IGF-I levels with age, being low at
birth, increasing from birth to puberty, showing peaks during puberty and
subsequently declining throughout adult life (Juul 2003). IGFBPs could
modulate the action of IGF in an inhibitory manner where IGFBPs remove IGF
from its receptor and in an enhancing way where IGFBPs transport IGF to its
site of action. The modulation of IGF levels by IGFBPs is further regulated by
IGFBPs proteases, which cleave the high affinity IGFBPs into fragments with
lower affinity for IGF, thus increasing free IGF bioavailability. The N-terminally
truncated des-IGF-I, an IGF-I analogue, has been shown to have reduced
affinity for IGFBPs, but retain normal affinity for IGF-IR (Jones and Clemmons
1995).
Insulin is rapidly released from the β-cells of the Lagerhans pancreatic islet, in
response to glucose and other secretagogues. Insulin secretion can be divided
into a basal post-absorptive phase during interprandial and overnight periods,
and a stimulated postprandial phase after food ingestion.
Insulin circulates unbound in picomolar concentrations, whereas IGF-I
circulates, at nanomolar concentrations, 99% bound to IGFBPs, mainly IGFBP-3.
IGFBPs besides serving as a biological store and prolonging IGFs half-life also
modulate the levels of biologically active free IGF-I (Juul 2003, Frystryk 2004,
Ekins 1992). Less than 1% of total circulating IGF-I is unbound and biologically
active (Juul 2003, Frystryk 2004). Whereas plasma insulin levels rapidly
fluctuate during the day in response to food intake, free IGF-I is regulated by
nutrition but more slowly and within a narrow range (Juul 2003, Frystryk 2004).
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The main action of insulin in mammals is to regulate the metabolism of
carbohydrate, lipid and protein in muscle, adipose tissue and liver (Cohen
2006). The major role of IGF-I, acting on several different tissues, is to promote
cell growth, differentiation and survival (Siddle et al. 2001).
IGF-IR and IR structure
The IGF-IR and IR belong to a subfamily of tyrosine kinase receptors (Kasuga et
al. 1982), together with the orphan IR-related receptor (Becker and Roth 1990).
The insulin-like growth factor receptor-I (IGF-IR) and the insulin receptor (IR)
are homologues sharing >50% of their amino acid sequence and having 84%
homology in the β-subunit tyrosine kinase domain (Ullrich et al. 1985, 1986).
The IGF-IR and IR are localised on chromosomes 15 and 19, respectively
(Ullrich et al. 1985 and 1986, Ebina et al. 1985). Both receptors consist of 21
exons with a similar organisation, but only IR contains an alternatively spliced
exon 11 (Ullrich et al. 1986, Ebina et al. 1985).
The IGF-IR and IR are tetrameric glycoproteins and consist of two extracellular
α-subunits (MW~130 kD) linked by disulphide bonds to the two β-subunits
(MW~ 95 KD). A sequence of 12 amino acids at the carboxyl terminus of IR αsubunits differentiates between the IR isoforms A and B. The α-subunit contains
the receptor ligand binding site. It seems that the difference in IGF-IR and IR
binding specificity is due to lower sequence homology found on the highly
hydrophilic cysteine-rich domain (48%) and C-terminal sequence of the αsubunit and N-terminal portion of the β-subunit (Ullrich et al. 1985 and 1986,
Ebina et al. 1985, Lawrence 2007 ).
The β-subunit spans the cell membrane and in the intracellular space exhibits
tyrosine-specific protein-kinase activity and autophosphorylation sites (Ullrich
et al. 1985 and 1986, Ebina et al. 1985). The IGF-IR and IR β-subunits tyrosine-kinase
sequence displays the highest homology (84%) and contains 100% sequence
homology at the ATP-binding site (Ullrich et al. 1985 and 1986, Ebina et al. 1985).
Unlike IGF-IR and IR, the IGF-IIR is monomeric, binds mannose-6-phosphate
and seems to be mainly involved in endocytosis and degradation of IGF-II
(Tally and Hall 1990).
21

IR isoforms A and B
Human IR exists as two isoforms (IR-A and IR-B), generated by alternative
splicing of the insulin receptor gene that either excludes (IR-A) or includes (IRB) 12 amino acid residues encoded by exon 11 at the carboxyl terminus of the IR
α-subunit (Ullrich et al. 1986, Ebina et al. 1985, Seino et al. 1989, Sesti et al.
1994). IR-A and IR–B are expressed by a large variety of cell types (Frasca et al.
1999, Moller et al. 1989, Mosthaf et al. 1990). The alternative splicing of IR exon
11 was reported to be modulated by one enhancer and one inhibitor sequence
situated on intron 10 (Kosaki et al. 1998) in a developmental and tissue-specific
manner (Sesti et al. 2001).
Data regarding the functional differences between IR-A and IR-B are limited.
The presence or absence of the IR 12 amino acid sequence seem to contribute to
the modulation of insulin binding affinity (Sesti et al. 2001). IR-A has a greater
insulin binding affinity, whereas IR-B induces slightly stronger kinase
activation (Yamagughi 1991). IR-A is more efficient in mediating receptor
endocytosis and insulin degradation (Li et al. 1997). IR-A has structural
determinants to high-affinity binding of IGF-II (Denley et al. 2004). Insulin
activating IR-A induces mainly metabolic effects, whereas activation of IR-A by
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IGF-II leads primarily to mitogenic activity (Frasca et al. 1999). Increased IR-B
expression in skeletal muscle and adipocytes of obese and type 2 diabetic
subjects, compared to normal subjects with control, may contribute to the
development of insulin resistance (Sesti et al. 2001, Mosthaf et al. 1991).
Hybrid IR/IGF-IR
The presence of disulphide bonds linking the two αβ-subunit dimers allowed
the creation of a hybrid insulin receptor/insulin-like growth factor-I receptor
(hybrid IR/IGF-IR) composed of an IR αβ-heterodimer and an IGF-I αβheterodimer. Hybrid IR/IGF-IR is stoichiometrically formed depending on the
abundance of IGF-IR and IR (Pandini et al. 1999). In cells expressing both IGFIR and IR the assembly in hybrid IR/IGF-IR, seems to occur as efficiently as
classical IGF-IR and IR, but when one receptor is in excess almost all of the less
abundant receptor is assembled in the hybrid receptor (Siddle 2001). By using
specific monoclonal antibodies for IR or IGF-IR, which also bind to hybrid
IR/IGF-IR (Pandini et al. 1999), several workers have reported the presence of
hybrid IR/IGF-IR in several types of mammalian tissues and in cell lines
(Federici et al. 1997, Bailyes et al. 1997, Soos et al. 1989, Moxham et al. 1989,
Sakai et al. 2003).
Previous studies suggest that hybrid IR/IGF-IR bind IGF-I, but not insulin, with
high affinity, and behave as IGF-IR, rather than IR, with respect to ligand
binding affinity, receptor autophosphorylation, hormone internalisation and
biological action (Soos et al. 1993, Langlois et al. 1995, Seely et al. 1995, Sesti et
al. 2001). Hybrid IR-B/IGF-IR has a high affinity for IGF-IR, a lower affinity for
IGF-II and an even lower affinity for insulin (Pandini et al. 2002).
The relative abundance of the two IR isoforms (IR-A and IR-B) probably does
not affect the functional properties of hybrid IR/IGF-IR thereby modulating the
activation of both insulin and IGF signalling (Slaaby et al. 2006). Indeed, it has
recently been demonstrated that there are no differences between the IR
isoforms regarding ligand binding and activation of hybrid IR/IGF-IR, and that
hybrid IR/IGF-IR bind IGF, but not insulin, at physiological concentrations
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regardless of which IR isoform they contain (Benyuocef et al. 2007). The
functional role of hybrid receptors in vivo still remains unclear.
IGF-IR and IR activation and the signalling pathway
The very first step in IGF-IR or IR activation is ligand binding of the hormone to
receptor α-subunits, which induces rearrangement within their quaternary
structure resulting in autophosphorylation of the specific tyrosine residues of
their kinase.
Ligand binding to cell IR or IGF-IR is characterised by the presence of both lowaffinity and high-affinity states and by negative cooperation (Ward 2007,
Lawrence 2007). It has been proposed that each monomer in the IR dimer
contains two different binding sites, located on two different regions of the αmonomer. Binding of insulin to the low-affinity site on one α-subunits is
followed by a second cross-binding event to the second site of the other αmonomer, with final high-affinity binding (Lawrence et al. 2007, Ward 2007).
Negative cooperation occurs when a second insulin molecule is bound to the
alternative low-affinity site resulting in loss of initial high affinity (Lawrence et
al. 2007, Ward 2007). In contrast the IGF-IR α-monomer can bind one IGF-I
molecule with high affinity (DeMeyts et al. 1994, Ward 2007, Lawrence et al.
2007). Activation of IGF-IR and IR β-subunit kinase can be elicited by insulin or
IGF-I binding to the receptor α-subunit, by α-subunit removal by proteolysis,
by genetic deletion and by binding of peptides which have been designed to
target the receptor (Goren et al. 1987, Jensen 2007). Each hormone binds to its
own receptor with high affinity, but at high concentrations insulin and IGF-I
can cross-react with each other’s receptors with one hundred times lower
affinity (Rechler et al. 1985, Steele-Perkins et al. 1988).
Following hormone binding to either IR or IGF-IR, autophosphorylation of the
receptor β-subunit leads to a change in conformation and further increase in
kinase activity, as well as recruitment and phosphorylation of docking proteins
involved in the regulation of cell metabolism, proliferation and survival (Figure
4) (Satiel and Kahn 2001, Dupont and LeRoith 2001).
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The signalling pathway for IGF-IR and IR is mediated by a similar and complex,
highly integrated network that controls several processes. The activated IGF-IR
or IR kinase domains phosphorylate and recruit substrate proteins that activate
the mitogen-activated protein-kinase (MAPK) cascade and induce the
hormone’s mitogenic effect. Association of phosphatidylinositol 3-kinase (PI3K)
with the insulin receptor substrate (IRS) proteins (IRS-1 to IRS-4) results in
production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) that activates
PDK1 (PI3K-dependent kinase 1) and induces the hormone’s metabolic effects.
"Cross-talk" between IGF-I, insulin and other growth factors makes the IGF-I
and insulin signalling cascade more complicated, but may also explain the
different responses after IGF-IR or IR activation by insulin, IGF-I or other
hormone.

PI3K activation is necessary, but not sufficient for the metabolic actions of
insulin (Krook et al. 1997, Guilherme 1998). In the insulin resistant state the
PI3K pathway is specifically impaired, whereas the MAPK pathway is
unaffected and this contributes to the pathophysiology of endothelial
dysfunction (Kim et al. 2006). Other molecules such as free fatty acids (FFA),
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and cytokines, such as tumour necrosis factor-α (TNF-α) and interleukin-6 (IL6), by acting via common pathways, e.g. phosphorylation of IRS-1 on its serine
(ser) residues, inhibit the insulin-signalling pathway and may induce insulin
resistance (Hotamisligil et al. 1996, Aguirre et al. 2001, Kim 2001 and 2005). In
contrast to tyrosine phosphorylation, which results in the transmission of the
insulin signal, phosphorylation of IRS-1 at ser-307 inhibits tyrosine
phosphorylation, thereby inactivating further transmission of the insulin signal
and blunting the insulin signalling (Hotamisligil et al. 1996, Aguirre et al. 2001).
This pathological pathway was demonstrated not only in cultured hepatocytes
and adipocytes, but also in vivo in obesity and type 2 diabetes (Hotamisligil et
al. 1996).
IGF-IR and IR in endothelial cells
Both IGF-IR and IR have been shown in rat and bovine micro- and
macrovascular endothelial cells by using ligand binding and cross-linking
techniques (King et al. 1983 and 1985, Jialal et al. 1985). IGF-IR has been
reported in human kidney and human retinal endothelial cells (Ohashi et al.
1993, Spoerri et al. 1998). We found only one report stating that cultured human
retinal endothelial cells from diabetic and non diabetic patients express IGF-IR
mRNA (Spoerri et al. 1998).
A large number of IGF-IR has previously been reported in human glomerular
endothelial cells using ligand binding (Ohashi et al. 1993). In human umbilical
vein endothelial cells, that are often used as a model for studies on human
endothelium because they are easily available, specific binding of IGF-I (Zeng
and Quan 1996) and insulin (Bar et al. 1978 and 1980) has been reported. In
HUVEC the number of IGF-IR was estimated to be higher than the number of
IR (Zeng and Quan 1996).
It has been suggested that insulin is internalised and transported across the
endothelium in an IR mediated process (Bar et al. 1984, King and Johnson 1985,
Jansson 1993, Chiu et al. 2008). This could represent a potential rate-limiting
step in peripheral insulin action and contribute to the delay in insulinstimulated glucose metabolism in some conditions of insulin resistance (Bar et
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al. 1984, King et al. 1985, King and Johnson 1985, Jansson et al. 1993, Yang et al.
1994, Laasko et al. 1990, Olefsky et al. 1973).
IGF-IR and IR in VSMC
In studies conducted in vitro on VSMC from experimental animals, the
presence of IGF-IR has been demonstrated by ligand binding and Western blot
methods (King et al. 1985, Maile et al. 2003, Maile and Clemmons 2003,
Banskota et al. 1988). IGF-I protein was reported in cultured human newborn
aortic smooth muscle cells by using ligand binding analyses (Bornfeldt et al.
1994). The presence of IGF-IR α-subunit was demonstrated in HCASMC using
affinity cross-linking of 125I-IGF-I (Bayes-Genis et al. 2003).
In studies performed on advanced atherosclerotic lesions, IGF-I and IGF-IR
expression was shown to be significantly lower in VSMC from intimal regions
with macrophage infiltration, than from regions without macrophage
infiltration or from the media (Okura et al. 2001). A decrease in IGF-IR
expression, IGF-I surface-binding and IGF-I mediated survival signalling in
plaque-derived VSMC, compared to normal VSMC, has been shown to enhance
sensitivity of VSMC to apoptosis (Patel et al. 2001). VSMC apoptosis has been
shown to contribute to plaque instability (Okura et al. 2001, Patel et al. 2001).
In vivo experiments conducted on balloon-denuded rat aorta showed a
significant decrease in IGF-IR mRNA content and in total

125

I-IGF-I binding,

concomitantly with an increase in IGF-I mRNA expression (Khorsandi et al.
1992). Authors demonstrated by in situ hybridisation that the medial smooth
muscle cell was the predominant site of IGF-I expression in the normal and the
denuded vessel wall. Markedly decreased levels of IGF-IR mRNA were
reported in aortic vascular smooth muscle of streptozotocin-diabetic rats using
a solution hybridisation assay (Bornfeldt et al. 1992).
IGF-IR expression in VSMC is regulated by several factors via multiple
signalling pathways. Angiotensin II, thrombin or basic fibroblast growth factor
can up-regulate the IGF-IR mRNA and protein (Du et al. 2001, Scheidegger et
al. 1999). Oestrogens induce down-regulation of IGF-IR mRNA and protein in
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rat aortic VSMC (Scheidegger et al. 2000). IGF-IR can regulate the function of
IGF-I by “cross-talk” with integrin receptors (Clemmons et al. 1999).
Specific insulin binding is low and uncertain in VSMC (Arnqvist et al. 1995,
Bornfeldt et al. 1991) and affinity cross-linking of

125

I-insulin to its receptor has

not been shown (King et al. 1985).

Biological effect of insulin–like growth factor-I and
insulin in vascular cells
IGF-IR and IR have different, but partially overlap biological effects (Kim and
Accili 2002). Even if IGF-IR and IR are expressed on the surface of most cells,
analysis of the metabolic and mitogenic effects elicited by IGF-IR and IR in vivo
is complicated due to their varying relative proportions in different tissues, to
their cross reacting properties, to the presence of hybrid IR/IGF-IR (Soos et al.
1990, Bailyes et al. 1997, Pandini et al. 2002) and to the use of common
intracellular pathways (Kim and Accili 2002).
The effects of insulin in most in vitro studies are difficult to interpret due to the
high, supra-physiological, dose used. At physiological concentrations, less than
10-9 M, insulin and IGF-I only stimulate their cognate receptors, whereas at high
supraphysiological concentrations, more than 10-8 M, insulin and IGF-I can
cross-react with each other receptors (Banskota et al. 1989, Arnqvist et al. 1995,
Arvena et al. 1999).
Endothelial cells
Previous studies suggest that microvascular and macrovascular endothelial
cells are different with respect to metabolic and growth responsiveness to
insulin and IGF (Bar et al. 1986, King et al. 1985). Despite similar high affinity,
IGF-IR and IR bovine aortic endothelial cells were much less responsive to these
hormones than retinal capillary endothelial cells (King et al. 1985). There is a
lack of studies regarding the effects of insulin and IGF-I on glucose metabolism
and DNA synthesis in human endothelial cells. An effect of IGF-I on [3H]thymidine incorporation into DNA has been reported in human retinal
endothelial cells (Giannini et al. 2001). In endothelial cells IGF-I stimulates
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neutral amino acid and glucose uptake and DNA synthesis in bovine
microvascular, but not macrovascular endothelial cells (Boes et al. 1991). IGF-I,
but not insulin, stimulated the synthesis of sulphated proteoglycan,
components of the basement membrane in both bovine micro- and
macrovascular endothelial cells (Bar et al. 1987).
It has been reported that IGF-I increases aortic eNOS expression and stimulates
NO production (Wichman et al. 2002) in vascular cells by activation of PI3K and
Akt (protein kinase B) (Isenovic et al. 2002, Withers et al. 1999). These cascades
are down-regulated by angiotensin II (Isenovic et al. 2002). The IGF-IR
knockout mice (VENIFARKO) responded with a smaller increase in eNOS
levels in retinal endothelial cells when subjected to relative hypoxic stress
compared to control mice (Kondo et al. 2003).
Insulin directly induced nitric oxide (NO) production in HUVEC at the high
concentration of 5x10-7 M (Zeng and Quan 1996). Others studies using HUVEC
cells showed the stimulation of NO-production by insulin at concentrations of
5-10x10-8 M (Salt et al. 2003, Andreozzi et al. 2007). In human aortic endothelial
cells and in human coronary artery endothelial cells, insulin 0.6x10-9 M and 10-7
M, respectively, stimulated endothelial nitric oxide synthase (Aljada et al. 2002,
Federici et al. 2002). More recently, insulin 10-9 M was showed to increase NOdependent cyclic GMP-production in HUVEC (Konopatskaya et al. 2005). In
microvascular endothelial cells culture of bovine and rat origin it has been
shown that insulin is able to stimulate glucose transport, aminoacid transport,
glucose oxidation and DNA synthesis, whereas no effect has been found in
macrovascular endothelial cells (Bar et al. 1998). Insulin increases NO
production in endothelial cells via an IRS-1 and PI3K–dependent pathway
resulting in phosphorylation of endothelial nitric oxide synthase (eNOS) by Akt
in a calcium-independent manner. In HUVEC and bovine aortic endothelial
cells insulin, in supra-physiological concentrations of 10-6-10-5 M, induced NO
production (Kim et al. 2001, Montagnani 2002).
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Vascular smooth muscle cells
In vitro studies have shown that IGF-I stimulates DNA synthesis and
proliferation in cultured rat, porcine and bovine VSMC (Bornfeldt et al. 1991,
1998, King et al. 1985, Du et al. 2001, Clemmons 1985, Hsieh et al. 2003, Imai and
Clemmons 1999, King 1985, Soos et al. 1993). IGF-I has a weak mitogenic effect
in HCASMC, increasing [3H]-thymidine incorporation at a concentration of 10–
8

M (Maile et al. 2003). IGF-I at 10–9 M also stimulated DNA synthesis in human

aortic VSMC (Bornfeldt et al. 1994, Banskota et al. 1989, Sandirasegarane and
Kester 2001).
IGF-I plays an important role in neointimal formation by promoting growth and
accumulation of VSMC (Hansson et al. 1987, Farb et al. 1996). It has recently
been demonstrated that cyclolignan picropodophyllin (PPP) a potent and
specific inhibitory of IGF-IR phosphorylation inhibits VSMC replication and
attenuates intimal hyperplasia after balloon injury of rat carotid arteries
(Razuvaev et al. 2007).
IGF-I is also a potent stimulator of direct migration of human arterial VSMC an
effect mediated by IGF-IR (Bornfeldt et al. 1994). One of the mechanisms by
which IGF-I promotes cellular migration is by the regulation of integrins,
heterodimeric transmembrane proteins that control cell-matrix and cell surfacecytoskeletal interactions (Hynes 1992). IGF-I treatment of VSMC has been
shown to increase the affinity of the αVß3 integrin for ligands, and specific
inhibitors of ligand occupancy of the αVß3 integrin block IGF-I-stimulated
VSMC migration (Jones and Clemmons 1996, Clemmons et al. 1999), IGF-I
induced DNA synthesis and IGF-IR mediated intracellular signalling (Zheng
and Clemmons 1998).
By protecting VSMC from apoptosis via Akt activation, IGF-I is considered to
be a vascular protection factor (Li et al. 2003). The metabolic effect of IGF-I on
VSMC includes its ability to stimulate amino acid uptake, glucose metabolism
and protein synthesis at low nanomolar concentrations (Bornfeldt et al. 1994).
Furthermore IGF-I can stimulate the production of extracellular matrix such as
fibronectin and elastin (Foster et al. 1990, Terry et al. 1994)
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In animal models, increased aortic IGF-I mRNA and IGF-I protein levels were
found to be associated with VSMC proliferation induced by aortic balloon
injury (Bornfeld et al. 1992, Khorsandi et al. 1992).
Insulin-like growth binding protein-4 (IGFBP-4) binds to IGF-I and prevents its
association with IGF-IR. The degradation of IGFBP by specific proteases
increases the interaction of IGF-I with its cognate receptor. Overexpression of a
protease resistant form of IGFBP-4 has been shown to inhibit the ability of IGF-I
to stimulate normal smooth muscle cell growth in mice (Zhang et al. 2002). It
has recently been shown that inhibiting IGFBP-4 proteolysis in the lesion
microenvironment could be an effective means of regulating neointimal
expansion (Nichols et al. 2007).
It has been suggested that insulin receptors are few or absent in VSMC and that
circulating insulin concentrations in vivo are probably too low to cause a direct
action on the VSMC IR (Arnqvist 1974). Results supporting the insensitivity of
HCASMC to insulin, have been reported (Bayes-Genis et al. 2003) and likewise
in human aortic VSMC (Bornfeldt et al. 1994, Banskota et al. 1989, Avena et al.
1999). Previous studies have indicated that the effects of insulin at high
concentrations (10–7 M) are probably mediated via IGF-IR rather than IR
(Bornfeldt et al. 1994, Banskota et al. 1999, Avena et al. 1999).
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AIMS OF THIS THESIS
The aim of this thesis was to characterise the presence and function of IGF-IR
and IR in human micro- and macrovascular endothelial cells (HMVEC, HAEC,
HCAEC and HUVEC) and vascular smooth muscle cells (HCASMC).
The specific aims of this thesis were:
1. To characterise IGF-IR and IR gene expression and protein in human
endothelial cells and vascular smooth muscle cells.
2. To investigate the presence of hybrid IR/IGF-IR in human endothelial cells
and vascular smooth muscle cells.
3. To study the action of IGF-I and insulin at the IGF-IR and IR level in
human endothelial cells and vascular smooth muscle cells.
4. To study the biological effects of IGF-I and insulin on growth and glucose
metabolism in human endothelial cells and vascular smooth muscle cells.
5. To study the effects of the insulin analogue glargine on growth and
glucose metabolism in human endothelial and vascular smooth muscle
cells.
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MATERIAL AND METHODS
Culture of cells [I-IV]

Human micro- and macrovascular endothelial cells (HMVEC [I], HAEC [I] and
HCAEC [III]) and human coronary artery vascular smooth muscle (HCASMC
[IV]) cells, as listed in Table 1, were purchased from Clonetics (Bio-Whittaker,
Cambrex, Walkersville, MD, USA) and grown according to the manufacturer's
instructions. The endothelial cells were positive for von Willebrand factor VIII
and acetylated LDL and negative for smooth muscle α-actin. Furthermore,
HMVEC were also tested and found positive for platelet endothelial cell
adhesion molecule. HCASMC were tested and found negative for von
Willebrand Factor VIII and positive for smooth muscle α-actin. Cells were
cultured at 37°C in 95% air - 5% CO2, in accordance with the manufacturer`s
instructions.
HUVEC [III] were isolated from human umbilical veins by 15 minutes
collagenase digestion (0.5 mg/ml DMEM containing 25 mM HEPES). In short,
the umbilical veins were collected in a sterile container with PBS and penicillin
(100 IU/ml), streptomycin (100 IU/ml) and gentamycin (10 μg/ml) at 4°C. Each
umbilical vein was washed with sterile PBS and then treated for 15 min with
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100 mg collagenase in 200 ml DMEM containing 5 ml HEPES and 10 IU/ml
penicillin and 10 IU/ml streptomycin) at 37°C. The cells were collected in 10 ml
medium and the veins were washed with sterile PBS and the flow-through was
also collected. The cells were centrifuged at 500 x g for 5 min, washed with
culture medium and plated out in culture bottles coated with 0.2% gelatine.
Freshly isolated cells were collected for experiments after the second
centrifugation. The cells were cultured in DMEM supplemented with 8% heatinactivated foetal calf serum (FCS), and hydrocortisone, human fibroblast
growth factor, vascular endothelial growth factor, R3-IGF-I, ascorbic acid,
human epithelial growth factor, gentamycin-amphotericin, fungizone and
heparin.

Quantitative real-time RT-PCR [I-IV]
Total RNA was harvested from cultured or freshly isolated cells by the Qiagen
RNAeasy mini kit (Qiagen GmbH, Hilden, Germany). One microgram of RNA
was reverse transcribed to cDNA with random primers and Superscript II
RNase H reverse transcriptase (Invitrogen

Life Technologies, Stockholm,

Sweden). The cDNA was stored in aliquots at −20°C until use.
The expression of human IGF-IR, IR, IR-A and IR-B mRNA was estimated by
real-time quantitative PCR (RT-PCT) assay using the ABI PRISM 7700 Sequence
Detection System (PE Applied Biosystems, Stockholm, Sweden). The
oligonucleotides were purchased from SGS (Scandinavian Gene Synthesis,
Koping, Sweden). The reaction consisted of 25 ng cDNA, 50 nM probe, 300 nM
of sense and anti-sense primers, 12.5 μl 2 x TaqMan Mastermix (PE Applied
Biosystem, Stockholm, Sweden), and water to a total volume of 25 μl.
The primers and probes used for human IGF-IR, IR, IR-A, IR-B and GAPDH are
listed below in Table 2.
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After 2 min at 50°C and 10 min at 95°C, the reaction ran for 40 cycles consisting
of a denaturation or melting step at 95°C for 15 s followed by an
annealing/extension step at 60°C for 1 min. Detection of the PCR products was
allowed through the combination of 5'-3' nuclease activity of AmpliTaq Gold
DNA Polymerase ROX by the release of a fluorescent reporter FAM for human
IR and human IGF-IR, respectively, and VIC for GAPDH probe oligonucleotides
during the RT-PCR reaction. The fluorescence was measured at each cycle. The
data were analysed using Sequence Detector version 1.7 (PE Applied
Biosystems). The relative amount of transcripts, measured during the
exponential phase of reaction, was determined by the comparative CT methods
(Bulletin 2, PE Applied Biosystems).
The relative amount of IGF-IR, IR, IR-A and IR-B mRNA was normalised to the
housekeeping gene encoding GAPDH. GAPDH reactions of all samples were
run in the same 96-well plate in the same run as the reactions of the samples for
the genes of interest. 1.25 μl GAPDH Mastermix (PE Biosystem) consisting of
primers and probe for GAPDH was added to 25 ng of cDNA, 12.5 μl TaqMan
Mastermix and water to a total reaction volume of 25 μl. Reactions were
performed in duplicate. The relative quantity of IGF-IR, IR, IR-A and IR-B
mRNA was calculated using the comparative CT method after initial
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experiments showed similar quantitative PCR efficiency rates for IGF-IR, IR, IRA, IR-B and GAPDH.

Binding studies [I-III]
Endothelial cells (HMVEC [I], HAEC [I], HUVEC [II] and HCAEC [III]) were
cultured to near confluence in six-well plates (Corning Inc. Life Sciences,
Lowell, MA, USA ). The cells were incubated for 4 h at 4°C in HEPES binding
buffer, pH 7.8, composed of (in mM): 100 HEPES, 120 NaCl, 5 KCl, 1.2 MgS04,
and 8 glucose in 0.1% bovine serum albumin with the addition of 125I-IGF-I (5.7
x10–l2 M) or mono-125I-(Tyr A14)-human insulin (5.7x10–l2 M) (Amersham
Pharmacia Biotechnology, Buckinghamshire, UK), and unlabelled polypeptides
at indicated concentrations. The cells were then washed 3 times with ice-cold
PBS and solubilised in 0.1% SDS. The radioactivity was measured in a gamma
counter (LKB Wallac, Turku, Finland). Unspecific binding of

125

I-insulin or

125

I-

IGF-I was defined as binding in the presence of 10 M unlabelled insulin or 10–6
–5

M IGF-I, respectively, and was subtracted from total binding to yield specific
binding. In a separate experiment performed on HCAEC

125

I-IGF-I was

displaced by IGF-I and IGF-II in concentrations of 10−10–10−7 M. In this case the
unspecific binding of 125I-IGF-I was defined as binding in the presence of 10−7 M
unlabelled IGF-I. To estimate EC50 (half maximum displacement of labelled by
unlabelled polypeptide) values, the ligand-binding data for

125

I-IGF-I and

125

I-

insulin were fitted to a one-site competition equation and a two-site competition
equation using of a Marquardt-Levenberg non-linear least squares algorithm.
The binding data were analysed using the GraphPad Prism program (GraphPad
Software, San Diego, CA).

Immunoprecipitation of IGF-IR and IR and Western blot
analysis [I-IV]
The tyrosine phosphorylation state of IGF-IR and IR β-subunits, were analysed
in near confluent, 24 h serum starved cells (HMVEC [I], HAEC [I], HUVEC [II],
HCAEC [III] or HCASMC [IV]). Two 75-cm2 bottles were used per experimental
condition. The cells were washed in cold F-12-BSA (bovine serum albumin)
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medium (1 mg BSA/ml F-12) and incubated for 30 min on ice with 50 μM
Na3VO4 solution diluted in F-12-BSA medium. The cells were incubated in
warm (37°C) F-12-BSA medium (1 mg BSA/ml F-12) at 37°C for 10 min with
IGF-I, insulin, or glargine as indicated in the figure legend. After incubation, the
cells were lysed for 30 min on ice in a lysis buffer [containing 20 mM Tris (pH
7.5), 150 mM NaCl, 5 mM EDTA, 0.5% sodium deoxycholate, 0.5% Triton X-100,
1 mM Na3VO4, 1.5 μg/ml aprotinin, 1.5 μg/ml leupeptin, and 1 mM PMSF]. Cell
lysates were centrifuged at 4°C for 15 min at 20,000 g. The supernatant was
transferred into new tubes and stored at –70°C. Total protein content was
measured using the bicinchoninic acid method (Pierce, Rockford, IL) to adjust
the amount of protein used for subsequent analysis.
For IGF-IR or IR immunoprecipitation experiments, 0.5 ml cell lysate
(containing 0.5–1 mg total proteins) was incubated with 2.5 μl of polyclonal
anti-IGF-IR β-subunit antibody C-20 (Santa Cruz, Biotechnology, Inc., CA, USA)
and monoclonal anti-IGF-IR α-subunit 17–69 antibodies or polyclonal anti-IR βsubunit antibody C-19 (Santa Cruz, Biotechnology, Inc., CA, USA) and
monoclonal anti-IR α-subunit 83–7, respectively. The monoclonal antibodies
against IGF-IR and IR were kindly provided by Professor K. Siddle, University
of Cambridge, UK. Protein-A Sepharose for the polyclonal antibodies
(Pharmacia-Upjohn, Uppsala, Sweden) or Protein G for the monoclonal
antibodies (Amersham, Life Science AB, Uppsala, Sweden) was added and
samples were shaken gently at 4°C overnight. The immunoprecipitates were
washed three times with ice-cold lysis buffer and diluted in 50 μl 2X Laemmli
sample buffer [0.125 M Trisma base, 4% SDS, 10% glycerol, 0.02% bromphenol,
4% β-mercaptoethanol, pH 6.8].
Immunoprecipited samples were boiled for 2 min. After centrifugation, proteins
in the supernatant were separated on a 7.5% SDS-PAGE gel (Bio-Rad). The
separated proteins were electrotransferred onto a polyvinylidene difluoride
membrane and blocked overnight with blocking buffer (0.1% Tween 20, TBS).
The membrane was immunoblotted using 1:1,000 dilution of the antiphosphotyrosine antibody (PY20) (Santa Cruz Biotechnology) for 2 hours at
room temperature. The proteins were visualised using a specific secondary
horseradish

peroxidase-linked

anti-mouse
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monoclonal

IgG

antibody

(Amersham Life Science, Uppsala, Sweden) followed by an enhanced
chemiluminescence detection system (ECL detection). Autoradiographs were
obtained by exposure to a Hyperfilm ECL (Amersham Life Science).
After successful blotting with the first primary antibody, the membrane was
stripped of antibodies by 30 min incubation in stripping buffer consisting of
10% SDS, 100 mM S-mercaptoethanol, 62.5 mM Tris–HCl (pH 6.7) at 55°C. In
order to detect hybrid IR/IGF-IR, the membrane was subsequently blotted with
primary antibody against the other receptor.

Thymidine incorporation into DNA [I, III, IV]
DNA synthesis was quantified by measuring [3H]-thymidine incorporation into
DNA in HMVEC [I], HCAEC [III] and HCASMC [IV] according to a
modification of the method of Nilsson and Thyberg (Nilsson and Thyberg 1982).
The cells were grown in 24-wells plates, serum starved for 24 h, and then
incubated with 1 μCi/ml [3H]-thymidine (Amersham Pharmacia Biotechnology)
with and without polypeptides at indicated concentrations. DNA was
precipitated with 5% cold trichloroacetic acid (TCA) and then solubilised in 0.5
ml of 0.1 M KOH. 0.4 ml of the solution was added to 4 ml of scintillation
solution, and the radioactivity was measured in a liquid scintillation counter
(Rackbeta 1217, LKB Wallac). The data were expressed as per cent increase in
[3H]-thymidine incorporation of control cells (100%).

Glucose accumulation [I, IV]
Glucose metabolism was assed by [3H]- or D-[U-14C]-glucose accumulation in
HMVEC [I] and HCASMC [IV]. Near confluent cells were grown in six-well
plates and starved in serum-free medium for 24 h before the experiment. The
cells were then incubated at 37°C for 2 h with the addition of 1 μCi/ml D-[U14

C]-glucose (Amersham Pharmacia Biotechnology) and in the absence or

presence of insulin, glargine, and IGF-I at indicated concentrations. Cells were
rinsed three times with PBS and lysed with 0.5 ml of 0.1% SDS, and 0.4 ml of the
solubilised cells was added to 4 ml of scintillation solution, and the radioactivity
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was measured. The data were expressed as per cent increase of control cells
(100%).

Statistical analysis
Values are given as means ± SEM. Statistical comparisons were made with the
SPSS program (SPSS, Chicago, IL) by one-way ANOVA. A p<0.05 was
considered statistically significant.
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RESULTS AND DISCUSSION
Determination of IGF-IR and IR gene expression by realtime RT-PCR [I-IV]
Detectable levels of mRNA for both IGF-IR and IR were demonstrated in
human microvascular endothelial cells (HMVEC [I]), macrovascular endothelial
cells (HAEC [I], HUVEC [II], HCAEC [III]) and human coronary artery smooth
muscle cells (HCASMC [IV]) using real-time RT-PCR analysis. Overall, IGF-IR
mRNA was several times (p≤0.001) more abundant than IR mRNA (Table 3).

The ratio of IGF-IR to IR mRNA was not significantly different regarding vessel
size between either micro- or macrovascular endothelial cells, or vascular
smooth muscle cells (Table 3). A lower IGF-IR to IR mRNA ratio was found in
human umbilical vascular endothelial cells HUVEC [II] when compared to
other human vascular cells HAEC [I], HCAEC [III] or HCASMC [IV]. Freshly
isolated HUVEC [II] contained more IGF-IR than IR mRNA compared to
cultured HUVEC [II] (7.1±1.5 vs. 3.5±0.5), indicating that the predominating
gene expression of IGF-IR is also present in vivo and not a result of cell culture.
When our project started, there were no studies addressing the comparison of
IGF-IR and IR mRNA expression in human endothelial and vascular smooth
muscle cells. At that time, we could find only one report stating that cultured
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human retinal endothelial cells from diabetic and non diabetic patients express
IGF-IR mRNA using quantitative RT-PCR methods (Spoerri et al. 1998).
When we compared the amounts of IR isoforms A and B in HCAEC [III] we
found that IR-A was approximately 20 times (19.1±1.1) more expressed than
IR-B (p < 0.001). We addressed the subject of IR isoform expression because it
has been shown to have consequences for insulin affinity and biological action.

Binding studies
IGF-I and IR protein were assessed by ligand binding using

125

I-IGF-I and

125

I-

insulin. In human micro- and macrovascular endothelial cells (HMVEC [I],
HAEC [I], HUVEC [II], HCAEC [III]) total specific binding of
much higher than the specific binding of

125

125

I-IGF-I was

I-insulin (p<0.001) (Table 4). This

indicates the presence of larger numbers of IGF-IR than IR on the plasma
membrane (Table 4).
Ratio

-

Table 4. Specific binding of 125I-IGF-I and 125I-insulin in human micro- and macrovascular endothelial cells.
Specific bound radioactivity in % of total radioactivity added, (means ± SEM, n=4). Paper number indicated in
brackets.

No

significant

differences

were

found

when

comparing

micro-

to

macrovascular endothelial cells or to vascular smooth muscle cells. As the
mRNA expression results showed, a tendency towards a lower IGF-IR to IR
protein quotient was found in HMVEC [1] and HUVEC [2] than in the other cell
types studied (Table 4).
The ability of insulin and IGF-I to bind to their cognate receptors depends on
the presence of receptors on the plasma cell membrane. Indeed, it has been
shown that after binding to the endothelial plasma membrane receptor, the
ligand-receptors complex is internalised and released by the endothelial cells to
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a larger extent for insulin (90%) than IGF-I (50-70%)(Bar et al. 1986, King et al.
1985). This suggests that in addition to having separate surface receptors for
insulin, IGF-I and IGF-II, endothelial cells, by processing each hormone via a
distinct pathway, could influence receptors avaibility on the target tissue (Bar et
al. 1986, King et al. 1985, Jansson et al. 1993).
The finding of higher IGF-IR than IR mRNA expression (Table 1) fits with our
results from binding studies which indicate that HMVEC [I], HAEC [I], HUVEC
[II], HCAEC [III] possess more IGF-IR than IR proteins (Tables 4 and 5). Our
results are also in accordance with previous studies conducted on HCAEC
(Federici et al. 2002), HAEC (Salt et al. 2003) and HUVEC (Bar et al. 1978, King
et al. 1983, Zeng and Quon 1996) and human glomerular endothelial cells
(Ohashi et al. 1993) showing the abundance of IGF-IR compared to IR proteins
using ligand binding. The findings of Zeng and Qoun also indicated a higher
number of IGF-IR than IR (Zeng and Quon 1996).
Binding results for both 125I-IGF-I and 125I-insulin were tested in one-site or twosite competition equations for in HMVEC [I] (Figure 5A), HAEC [I] (Figure 5B)
and HCAEC [III] (Figures 5C and 5D).
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I-IGF-I was found to fit a one-site binding model (Figure 5). It thus seems that

in human endothelial cells (HMVEC [I], HAEC [I], HCAEC [III]) we could only
find one high affinity site for IGF-I (Figures 5A-D).
In HMVEC [I], HAEC [I], HCAEC [III] the concentrations required to give halfmaximal displacement (EC50) of labelled 125I-IGF-I was approximately 10–10 M for
unlabelled IGF-I, 10–8 M for the insulin analogue glargine, and 10–7-10-6 M for
insulin (Table 5 and Figures 5A-D). Glargine and insulin did not fully displace
125

I-IGF-I to the same extent as IGF-I. Insulin was thus approximately a

thousand times less potent, and glargine owe hundred times less potent than
IGF-I in displacing 125I-IGF-I from its receptor (Table 5).
Our competition studies in HUVEC [II] showed that IGF-I was one hundred
times more potent in displacing 125I-IGF-I than unlabelled insulin (p<0.001).
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We also performed

125

I-IGF–I ligand binding studies in HCAEC [III] for IGF-I

and IGF-II at concentrations of 10−10–10−7 M. The results showed that the EC50 of
labelled

125

I-IGF-I was 7.2×10−10 M for unlabelled IGF-I and 4.8×10−9 M for IGF-II

(Figure 5D). This indicates that IGF-II binds to the IGF-IR with a greater affinity
than insulin, and a lower affinity than IGF-I itself (Bornfeldt et al. 1991)
The results of our ligand binding studies conducted on cultured

human

endothelial cells (HMVEC [I], HAEC [I], HUVEC [II], HCAEC [III]) indicate that
125

I-IGF-I is displaced by unlabelled IGF-I with an EC50 of 10-10 M corresponding

to the IGF-IR, in accordance with previous studies (Bar et al. 1985, King et al.
1995, Zeng and Quon 1996).
Binding of IGF-I to IGF-binding proteins (IGFBPs) produced by endothelial cells
(Giannini et al. 2001) could have interfered with our results. Our finding of a
one-site binding models for IGF-I, and the fact that IGF-I was displaced by
insulin, which cannot bind to IGFBPs (Shimasaki and Ling 1991), strongly
argues against the binding of IGF-I to IGFBPs.
Even though the specific binding of 125I-insulin was very low, it was possible to
calculate approximate EC50 values in HMVEC and HAEC. The binding of
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125

I-

insulin to HMVEC [I] and HAEC [I] was tested in one-site and two-site
competition equations and found to fit a two-site binding model (Table 5 and
Figure 6A and B) with a high-affinity and a low-affinity site.

Regarding the displacement of

125

I-insulin by unlabelled insulin and glargine,

the EC50 for the high-affinity site was 10–14 to 10–12 M (Table 5). For IGF-I, no lowaffinity site was found in either HMVEC [I] or HAEC [I] (Figures 6A and 6B). A
low-affinity site, 10–8 to 10–6 M, was obtained for unlabelled insulin and glargine
and also for IGF-I (Table 5 and Figures 6A and 6B).
In HUVEC [II]

125

I-insulin was more effectively displaced by unlabelled insulin

than unlabelled IGF-I (EC50 2.60×10−10 M vs. 7.39×10−9 M) (Table 5).
Due to the very low binding of 125I-insulin in HCAEC [III] it was not possible to
calculate the concentration needed to give half-maximal displacement, EC50, of
labelled 125I-insulin (Table 5).
We did not investigate the binding of insulin and IGF-I in human coronary
artery smooth muscle cells, but previous studies conducted by us on cultured
rat VSMC and bovine mesenteric arteries VSMC, showed that IGF-IR mRNA
and proteins are more abundant than those of IR (Bornfeldt et al. 1991,
Bornfeldt et al. 1988) and that the half-maximal displacement of

125

I-IGF-I by

IGF-I was 2.6x10–9 M (Bornfeldt et al. 1991). The binding characteristics for IGF-I
and insulin indicate a similar IGF-IR to IR ratio in smooth muscle cells in vivo
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and in vitro (Bornfeldt et al. 1991 and 1988). Ligand binding of IGF-I has also
been reported in cultured human newborn aortic smooth muscle cells
(Bornfeldt et al. 1994) and in rodents (King et al. 1985). The presence of IGF-IR
α-subunits was demonstrated in HCASMC using affinity cross-linking of

125

I-

IGF-I (Bayes-Genis et al. 2003).

Demonstration of receptor proteins by
immunoprecipitation and Western blot analysis
IGF-IR
Immunoprecipitation and Western blot analysis were used to show the
presence of IGF-IR and IR protein and to estimate the effect of IGF-I, insulin,
and glargine on phosphorylation of the β-subunits of both IGF-IR and IR in
human micro- and macrovascular endothelial cells (HMVEC [I], HAEC [I],
HUVEC [II], HCAEC [III]) and human coronary artery smooth muscle cells
(HCASMC [IV]). Cells were exposed to IGF-I, insulin or glargine at
concentrations of 10-10-10-6 M for 10 minutes. After immunoprecipitation with a
polyclonal antibody against the IGF-IR β-subunit (C20) followed by
immunoblotting with the same antibody, we found a band at 97 kDa, a position
corresponding to the IGF-IR β-subunit (Figures 7A-C, lower panel).
In HMVEC [I] and HAEC [I] IGF-I at the supraphysiological concentration of
10-8 M was able to phosphorylate its own receptor. Insulin activates IGF-IR only
at supraphysiological concentrations of 10-8-10-6 M (Figures 7A-C, upper panel).
The insulin analogue glargine at concentrations of 10–8 and 10–6 M was found to
phosphorylate the IGF-IR β-subunit in HMVEC [I] (Figure 7B, upper panel),
which shows that glargine activates the IGF-IR in these cells. That 10–8 M
glargine, but not 10–8 M insulin, phosporylated the IGF-IR indicates a greater
affinity of glargine compared to insulin for the IGF-IR (Bahr et al 1996, Ciaraldi
et al. 2001). This conclusion, however, must be taken with caution, since the
results were obtained from separate experiments. It has previously been shown,
as in this study, that insulin can phosphorylate the IGF-IR (Jamali and Arnqvist
2003).
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The presence of β-subunit IGF-IR proteins and receptor phosphorylation in
HCAEC [III] by Western blot is show in Figure 8 (Figure 8C, upper panel).

The finding that IGF-IR was already phosphorylated by IGF-I at a concentration
of 10−10 M in HCAEC [III] and HCASMC [IV] suggests that the IGF-IR is
activated at physiological concentrations of free IGF-I (Juul 2003, Frystyk 2004).
Activation of IGF-IR by IGF-I has been shown in porcine VSMC (Maile and
Clemmons 2003, Maile et al. 2003, Duan et al. 2000).
IR
By immunoprecipitation with a polyclonal anti-IR β-subunit antibody in human
endothelial cells (HMVEC [I], HAEC [I], HUVEC [II], HCAEC [III]) and human
coronary artery smooth muscle cells (HCASMC [IV]) we could demonstrate a
band with a molecular weight slightly lower than 97 kDa, corresponding to the
anti-IR β-subunit which has a molecular weight of 95 kDa (Figure 9, lower
panel).
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Posphorylation of the IR β-subunit in HCAEC [III] (Figure 9, upper panel) and
HUVEC [II] as shown by developing the membrane with PY20 was achieved at
insulin concentrations of 10–9–10–8 M, but not consistently by insulin 10−10 M,
whereas in HCASMC [IV] even the low concentration of insulin (10-10 M)
activated IR. This indicates activation of the IR at the upper physiological range
of circulating insulin (Olsson et al. 1988). These insulin concentrations are lower
than those required for cross-activation of the IGF-IR, which suggests that some
IR homodimers are present and that not all IR are part of hybrid IR/IGF-IR
complexes.
In HUVEC [II] and HCAEC [III] IGF-I 10−9 and 10−8 M was also able to cause
phosphorylation of the IR, whereas a lower concentration of IGF-I (10-10 M) had
same effect in HCASMC [IV].
In the cells studied the insulin was only able to activate the β-subunit of IGF-IR
at supraphysiological concentrations, which suggests that circulating insulin
concentrations in vivo are probably too low for insulin to act directly on the
IGF-IR in vascular cells (Arnqvist et al. 1995).
In a previous study on HAEC treated with a high concentration of insulin (5.0x
10–8 M) no insulin-induced IGF-IR phosphorylation was observed, whereas
different concentrations of glucose and glucosamine induced a reduction in
insulin-stimulated IR tyrosine phosphorylation (Federici et al. 2002). The results
are difficult to interpret, because the presence of IR or IGF-IR protein in Western
blot gel could not be shown. IR protein and IR autophosphorylation in HAEC [I]
by insulin at a low concentration of 0.6x10-9 M was reported by Aljada et al.
(Aljada et al. 2002).
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Analysis of our results from RT-PCR, ligand binding and Western blot studies
on HCASMC clearly shows the presence of IR and phosphorylation of the βsubunit by low concentrations of insulin, suggesting that IR were activated.
Hybrid IR/IGF-IR
Immunoprecipitation of the IR or IGF-IR with monoclonal anti-IR or anti-IGFIR

α-subunit

antibody

precipitates

the

whole

α2β2-heterotetradimeric

holoreceptor complex. The existence of hybrid IR/IGF-IR was shown through
detection of the β-subunit for IGF-IR and IR on the same membrane by Western
blot after IP with specific antibodies against either IGF-IR or IR, implying
coprecipitation of the IGF-IR and IR β-subunits. We show in Figure 10 the
presence of hybrid IR/IGF-IR in HCAEC [III] (Figures 10 A-D).

Crossreactivity in the immunoprecipitation step could be an alternative
explanation. However, the same result was obtained when non-crossreactive
monoclonal antibodies were used (Prigent et al., 1990 and Soos et al. 1992).
Furthermore, we have recently shown that receptor coprecipitation was not due
to crossreactivity of the antibodies used for IP or to the receptors being kept
together by membrane fragments. We performed a receptor reduction
procedure by separation of the β-subunits from each other with DTT (Moxham
et al. 1989), before IP on part of the lysates (Johhansson and Arnqvist 2006).
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Immunoprecipitation of only the receptor β-subunit in contrast to both receptor
β-subunits in the non-reduced lysate proves that the coprecipitation was not
due to cross-reactivity of the antibodies (Johhansson and Arnqvist 2006).
A larger fraction of IR has been described to be present as hybrid IR/IGF-IR
when the number of IGF-IR is higher than the number of IR (Bailyes et al. 1997).
The affinity of the hybrid IR/IGF-IR for insulin and IGF-I is reported to be
similar to the affinity of IGF-IR (Soos et al. 1993, Seely et al. 1995). The IR was
activated by low concentrations IGF-I (10−9 to 10−8 M), whereas the IGF-I
receptor was not activated by insulin. This could reflect the transautophosphorylation of the IR β-subunit after IGF-I binding to the IGF-IR αsubunit in hybrid IR/IGF-IR (Frattali and Pessin, 1993).
It has been shown that hybrid IR/IGF-IR could have different biological
characteristics, depending on whether the IR isoform A or B is involved. Hybrid
IR-B/IGF-IR has binding characteristics similar to IGF-IR, while hybrid IRA/IGF-IR has a high affinity for insulin (Pandini et al. 2002). In contrast to
Pandini, Slaaby and co-workers showed a >100-fold difference between the EC50
values for insulin and IGF-I displacement of 125I-IGF-I from both isoforms of the
hybrid IR/IGF-IR (Slaaby et al. 2006). They also found that IGF-II was bound to
the hybrid IR/IGF-IR with an intermediate affinity between insulin and IGF-I,
and that a similar affinity was found for both isoforms. This finding is in
contrast to the finding that IGF-II binds preferentially to the IR-A compared to
IR-B (Frasca et al. 1999).
Thymidine incorporation into DNA
DNA synthesis was studied using [3H]-thymidine incorporation in micro- and
macrovascular endothelial cells (HMVEC [I] and HCAEC [III]) (Figure 11). The
incorporation of [3H]-thymidine was stimulated by the addition of IGF-I at 10–7
M (p<0.002) in HMVEC [I], whereas no effect of IGF-I was found in HCAEC
[III] (Figure 11A and 11C). Neither insulin, nor glargine had a significant effect
on thymidine incorporation in HMVEC [I] (Figure 11A). No effect of insulin,
IGF-I or IGF-II was found on DNA synthesis in HCAEC [III], whereas vascular
endothelial growth factor (VEGF) at 10-10-10-7 M and growth medium did
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(Figures 11C and 11D). These results suggest that IGF-I, at physiological
concentrations, has growth effect on human microvascular, but not on human
macrovascular endothelial cells.

It has previously been shown that IGF-I

stimulates [ H]-thymidine incorporation into DNA in human retinal endothelial
3

cells (Giannini et al. 2001).

In human coronary artery smooth muscle cells (HCASMC [IV]) incorporation of
[3H]-thymidine was stimulated by the addition of IGF-I at 10-8 M, but not by
insulin (Figure 11B). These results suggest that IGF-I has a growth effect at
physiological concentrations on human coronary artery smooth muscle cells
(HCASMC [IV]).
This is in agreement with previous findings showing that IGF-I has a weak
mitogenic effect in HCASMC, increasing [3H]-thymidine incorporation at a
concentration of 10–8 M (Maile et al. 2003). IGF-I at 10–9 M also stimulated DNA
synthesis in human aortic VSMC (Bornfeldt et al. 1994, Sandirasegarane and
Kester 2001, Banskota et al. 1989). There is also evidence that IGF-I plays a
functional role in the regulation of DNA synthesis, as shown by [3H]-thymidine
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incorporation in cultured porcine and rat aortic and coronary smooth muscle
cells (Clemmons 1985, King et al. 1985, Hsieh et al. 2003, Bornfeldt et al. 1991,
Soos et al. 1993, Imai and Clemmons 1999).
Glucose accumulation
The effect of IGF-I, glargine, and insulin on glucose metabolism in human
microvascular endothelial cells (HMVEC [I]) and vascular coronary artery
smooth muscle cells (HCAEC [III]) was examined through D-[U-14C]- or [6-3H]glucose accumulation in the cells (Figure 12). IGF-I significantly stimulated
glucose incorporation at concentrations of 10-9-10-7 M (p<0.01) in HMVEC [I],
while neither insulin nor glargine had an effect on glucose metabolism (Figure
12A). These results suggest that IGF-I has a metabolic effect at physiological
concentrations in human microvascular endothelial cells, but not in human
macrovascular endothelial cells.

The effect of IGF-I, glargine and insulin on glucose metabolism in human
coronary artery smooth muscle cells (HCASMC [IV]) was examined through D[U-14C]- or [6-3H]-glucose accumulation in the cells (Figure 12B). In HCASMC
[IV] IGF-I at concentrations of 10-9-10-7 M significantly stimulated glucose
incorporation (p<0.01), whereas insulin had a significant effect only at the
highest concentration of 10-7 M (Figure 12B). These results suggest that IGF-I has
a metabolic effects at physiological concentrations in VSMC.
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Results supporting our finding that HCASMC are insensitive to insulin have
been reported in HCASMC (Bayes-Genis et al. 2003) and in human aortic VSMC
(Bornfeldt et al. 1994, Banskota et al. 1989, Avena et al. 1999).
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GENERAL DISCUSSION
Our results clearly demonstrate that human micro- and macrovascular
endothelial cells and coronary artery smooth muscle cells express IGF-IR and
IR. Furthermore, they show that IGF-IR is considerably more abundant than IR,
and reveal the presence of hybrid IR/IGF-IR.
The initial event in IGF-IR and IR activation is the binding of peptide to the
receptor α-subunit, follow by changes in conformation of the receptor structure
leading to auto-phosphorylation of the receptor β-subunit (Lawrence 2007,
Ward 2007). In our studies endothelial cells and vascular smooth muscle cells
were stimulated by insulin or IGF-I at physiological concentrations (≤ 10-9 M)
which only activate their cognate receptors. Furthermore, in order to show
which receptor is activated, we immunoprecipitated the receptors and used
Western blot to detect any phosphorylated IGF-IR or IR β-subunits. Both IGF-I
and insulin, at physiological concentrations (10–10–10–9 M), were able to activate
their cognate receptor β-subunits in human macrovascular endothelial cells
(HUVEC [II], HCAEC [III]) and human coronary artery smooth muscle cells
(HCASMC [IV]). In ligand binding studies we found high affinity binding sites
for IGF-I and insulin, but the specific binding of insulin was very low. Taken
together, our results show that human endothelium and vascular smooth
muscle cells have functional IGF-IR and IR.
Our results show that hybrid IR/IGF-IR is present in human macrovascular
endothelial cells and in human coronary artery smooth muscle cells. It is
conceivable that hybrid IR/IGF-IR may be of special importance in vascular
cells. In cells expressing both IGF-IR and IR, the hybrid IR/IGF-IR is
stoichiometrically formed depending on the relative abundance of IGF-IR to IR
(Pandini et al. 1999). According to our findings, a unique feature of human
endothelium and vascular smooth muscle cells is the high IGF-IR to IR ratio
(Arnqvist et al. 1995). It is therefore probable that large numbers of IR αβheterodimers are assembled into hybrid IR/IGF-IR (Pandini et al. 1999). It has
been shown that hybrid IR/IGF-IR has the same low affinity for insulin as IGFIR (Siddle et al. 2001, Soos et al. 1993). The consequence of IR αβ-heterodimer
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incorporation

into

hybrid

IR/IGF-IR

is

that

insulin

in

physiological

concentrations cannot activate its own IR αβ-heterodimer (Ward et al. 2007, Kim
and Accili 2002). This is confirmed in our studies by the inability of
physiological concentrations of insulin to phosphorylate IR β-subunits
immunoprecipitated with IGF-IR antibodies. Another consequence is that IGF-I
at physiological concentrations activates the IR β-subunit incorporated into
hybrid IR/IGF-IR.
To study the metabolic and mitogenic effect of IGF-I and insulin in vascular
cells we examined the accumulation of labelled glucose, and DNA synthesis. In
our studies only IGF significantly stimulated glucose metabolism in human
microvascular (HMVEC [I]) and human coronary artery smooth muscle
HCASMC [IV], as well as DNA synthesis in human coronary artery smooth
muscle (HCASMC [IV]). IGF-I had no effect on human macrovascular
endothelial cells. Although physiological concentrations of insulin (≤10-9 M)
were able to activate IR, insulin had no biological effect on the vascular cells
studied. Previous studies on cultured human cells, with few exceptions, have
also found no effect of insulin at physiological concentrations (Staiger et al.
2005, Artwohl et al. 2007). A possible explanation is that insulin receptor
signalling was too attenuated due to the presence of hybrid IR/IGF-IR and low
number of IR expressed in the cells studied. This is supported by observations
in transfection experiments with over-expression of IR in HUVEC showing a
functioning insulin signalling pathway in endothelial cells (Zeng et al. 2000).
Insulin signalling was also increased in human osteoblast cells where IGF-IR
function was disrupted after transfection (Fulzele et al. 2007).
When insulin is applied in high concentrations in vitro, it cross-reacts and
activates IGF-IR as shown by us and by others (Avena et al. 1999, Banskota et al
1989, Arnqvist et al. 1995). However, most previous studies on human
endothelial and smooth muscle cells have been performed using insulin in very
high supra-physiological concentrations (≥10-8 M) which is why the effects
obtained may have been due to the stimulation of IGF-IR (Zeng and Quon 1996,
Avena et al. 1999, Banskota et al 1989, Arnqvist et al. 1995). It is therefore crucial
to use physiological concentrations (≤10-9 M) of insulin and IGF-I in studies in
vitro.
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Regarding the safety of glargine, our results show that glargine has a ten times
higher affinity for IGF-IR than human insulin and a weak effect on the
phosphorylation of the IGF-IR at 10–8 M. Glargine at concentrations of 10–9 to 10–
7

M had no significant effect of on DNA synthesis in HMVEC [I]. These results

suggest that glargine does not have a mitogenic effect in vivo, because the
concentrations of glargine achieved in vivo are not high enough to have any
considerable effect on the IGF-IR (Rossetti et al. 2003).
Although results from studies on human endothelial and vascular smooth
muscle cells in vitro suggest that these cells are insensitive to insulin, in vivo
studies have shown that insulin at physiological concentrations (≤10-9 M)
significantly increases blood flow after infusion into the brachial artery
(Gelfand and Barrett 1987, Yki-Järvinen and Utriainen 1998). Few studies have
addressed the issue of the effects of IGF-I in vivo. It has been shown that
infusion of IGF-I can stimulate blood flow in muscle, but does not increase
glucose uptake (Pendergrass et al. 1988). There are no studies comparing the
direct effects of insulin and IGF-I in vivo.
What are the consequences if endothelial cells respond either to IR or to IGF-IR?
In view of the prevalence of IGF-IR in human endothelial and vascular smooth
muscle cells, it is of great interest that several conditions with low circulating
levels of IGF-I are associated with vascular disease. IGF-I levels are low in type
1 diabetes mellitus, probably due to insufficient insulinisation of the liver
(Hedman et al. 2004, Ekman et al. 2000, Hanaire-Broutin et al. 1996). IGF-I levels
normally decrease with increasing age throughout adulthood (LandinWilhelmsen et al. 1994, Nystrom et al. 1997). Patients with low IGF-I, due to
growth hormone deficiency, as in type 1 diabetes (Juul 2002), growth hormone
deficiency and old age (Khan et al. 2002) are characterised by increased
mortality attributable to cardiovascular disease (Bulow et al 2000, Rosen et al.
1990). In epidemiological studies the association between low IGF-I levels and
increased prevalence of vascular disease supports the hypothesis that IGF-I is
involved in the pathogenesis of ischaemic heart disease (Harrela et al. 2000, Juul
et al. 2002, Conti et al. 2001, Conti et al. 2002). A high concentration of IGF-I has
been shown to stimulate vascular smooth muscle proliferation and migration
after PTCA (Hansson et al. 1987, Farb et al. 1996). The inhibition of IGF-IR
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phosphorylation by cyclolignan picropodophyllin (PPP) inhibits VSMC
replication and attenuates intimal hyperplasia after balloon injury of rat carotid
arteries (Razuvaev et al. 2007).
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GENERAL SUMMARY AND CONCLUSION
Our results show that human micro- and macrovascular endothelial and human
coronary artery smooth muscle cells have predominantly IGF-IR and less IR as
shown by gene expression and ligand binding. Human coronary artery smooth
muscle cells showed considerably greater expression of IR-A than IR-B. In
freshly isolated HUVEC, the amount of IGF-IR mRNA was severalfold higher
than IR mRNA indicating that the predominating gene expression of IGF-IR is
also present in vivo and is thus not a result of cell culture.
We found that the specific binding of IGF-I in HMVEC and HAEC fitted a onesite binding model with an affinity corresponding to the binding of IGF-I to
isolated IGF-IR. The specific binding of insulin in HMVEC and HAEC fitted a
two-site binding model with affinities of the binding sites corresponding to the
binding of insulin to the IR and IGF-IR, respectively. In the ligand binding
studies, both human insulin and the new insulin analogue glargine interacted
with the IGF-IR with over one thousand- and one hundredfold less potency
respectively than IGF-I itself.
The presence of IGF-IR and IR proteins and activation of their β-subunits was
showed by immunoprecipitation and Western blot analysis in human
macrovascular endothelial cells and in coronary artery smooth muscle cells. At
physiological concentrations (≤10-9 M), IGF-I and insulin activate their cognate
receptors.
The presence of hybrid IR/IGF-IR was shown through detection of IGF-IR and
IR β-subunit on the same membrane by Western blot after immunoprecipitation
with specific antibodies against either IGF-IR or IR, implying coprecipitation of
the IGF-IR and IR β-subunits. Physiological concentrations of insulin were
unable to phosphorylate IR β-subunits immunoprecipitated with IGF-IR
antibodies, and IGF-I at physiological concentrations activated the IR β-subunit
in accordance with the presence of hybrid IR/IGF-IR.
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At physiological concentrations (≤10-9 M), IGF-I stimulated DNA synthesis and
glucose incorporation into human coronary artery smooth muscle cells
(HCASMC) and DNA synthesis in microvascular endothelial cells (HMVEC),
but not in human macrovascular endothelial cells (HCAEC or HUVEC),
whereas insulin had no effect.
The insulin analogue glargine at concentrations of 10–8 and 10–6 M was found to
phosphorylate the IGF-IR β-subunit in HMVEC, indicating that glargine
activates the IGF-IR in these cells. Regarding safety of the use of glargine, we
have shown that glargine has a ten times greater affinity for IGF-IR than human
insulin. However, glargine concentrations achieved in vivo during diabetes
treatment are too low to affect the IGF-IR.
In conclusions our studies provide experimental evidence that human microand macrovascular endothelial and vascular smooth muscle cells all express
both IGF-IR and IR. In vitro data suggest that the cells studied are sensitive to
IGF-I, but insensitive to insulin and this is due to the preponderance of IGF-IR
and the presence of hybrid IR/IGF-IR.
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Figure 13 illustrate the action and interaction of insulin and GH-IGF axis with
special emphasising of IGF-IR and IR. This is a schematic representation of part
of the action and regulation of IGF-I and insulin in the body. The results
presented in this thesis involve the lower half of Figure 13. IGF-I and insulin
bind to the IGF-IR, IR or hybrid IR/IGF-IR expressed on the endothelial and
vascular smooth muscle cell membrane and subsequently, after receptor
activation, induce their metabolic, mitogenic and survival effects. The upper
half of Figure 13 summarise the metabolic disorders due to the insufficient
portal insulinisation on the GH-IGF axis.
Action and interaction of insulin and GH-IGF axis
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Figure 13. Action and interaction of insulin and GH-IGF axis
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