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1Chapter 1

General introduction and 
outline of the thesis.

Katrijn L. Rensing, Jan H. von der Thüsen, Erik S. Stroes,  
Marcel Th.B. Twickler
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GENER AL IN T RODUC T ION

Cardiovascular disease is still the leading cause of deaths worldwide. In 2008, 13% of total 
deaths were attributable to ischemic heart disease. Stroke and other forms of cerebrovascular 
disease accounted for another 11%.1 Type 2 diabetes mellitus (T2DM) is a major risk factor for 
the development of cardiovascular disease. Although therapeutic improvements in T2DM have 
contributed to a reduction of microvascular complications, the reduction of macrovascular 
complications (i.e. cardiovascular disease) is still a major challenge. In fact, cardiovascular 
disease accounts for 52% of total mortality in patients with T2DM.2 

There is an ongoing need to delineate the pathogenesis of atherosclerosis in general, and 
in T2DM, in order to prevent premature cardiovascular disease and to develop new therapies. In 
this context, it could be interesting to evaluate the contribution of distinctive hormones to the 
development of atherosclerosis. Several endocrine disorders have already been acknowledged 
to manifest with premature cardiovascular disease, which subsequently results in reduced life 
expectancy.3 Perhaps hormones that are important in T2DM could learn us more about the 
development of atherosclerosis in diabetes. Therefore, the studies presented in this thesis, 
focus on the role of two hormones, namely insulin and insulin-like growth factor-I (IGF-I), in 
the development of atherosclerosis and cardiovascular disease.  

Molecular similarities between insulin and insulin-like growth factors
Insulin and IGF-I are hormones that have multiple roles in the regulation of metabolism 
and growth processes. They originate from a common ancestral precursor and divergence 
of function regarding each molecule probably occurred before the appearance of the first 
vertebrates.4  In humans, there are still structural and functional similarities between insulin 
and IGF-I and their receptors. The insulin receptor (IR) and IGF-I receptor (IGF-IR), for instance, 
have a strikingly similar genomic organization, and consequently, the tertiary structure of IR 
and IGF-IR proteins share up to 84% homology.5

Both the IR and the IGF-IR consist of two membrane spanning α-subunits and two 
intracellular β-submunits (figure 1). Insulin and IGF-I can bind to each other’s receptor, although 
with a much lower affinity than to the cognate receptor.6,7 Stimulation of the IR or IGF-IR results 
in activation of identical signalling pathways: on one hand the phosphatidyl-inositol-3’-kinase 
(PI3K) pathway, which directs metabolic actions, such as glucose up-take into cells; and on 
the other hand, the mitogen-activated protein kinase (MAPK) pathway, that is involved in 
cell growth related processes, including proliferation, differentiation and prevention of cell 
apoptosis.8

Differences between insulin and insulin-like growth factor-I 
While there are remarkable molecular similarities between insulin, IGF-I and its receptors, there 
are also important differences in biology (figure 1). Firstly, insulin is synthesized and secreted 
after food-intake by one single organ, i.e. the pancreas. Most IGF-I that circulates in the blood,  
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Figure 1. General overview of insulin, IGF-I and their actions 

on the other hand, is secreted by hepatocytes. These systemic levels of IGF-I are largely 
determined  by pituitary derived growth hormone, and secretion of hepatic IGF-I is controlled 
via negative feedback mechanisms.9 Additionally, IGF-I can also be secreted locally by various 
tissues throughout the body, where it has paracrine/autocrine actions. For instance, locally 
produced IGF-I in bones is involved in determining final bone length. 

A second difference is that where insulin circulates in an unbound form, approximately 
75% of IGF-I circulates in a ternary complex, in which IGF-I is bound to IGF-binding protein-3 
(IGFBP-3) and acid labile subunit (ALS).10 As long as IGF-I is associated in this ternary complex it 
is biologically inactive with a circulating half-life of 12-15h. After (local) proteolysis of IGFBP-3 
by proteases (such as metalloproteinases and Cathepsin-D), IGF-I dissociates from IGFBP-3,11,12 
resulting in an increased bioavailability of free IGF-I that can bind to the IGF-IR (figure 1). 
Together, this implies that insulin, after secretion by the pancreas, is directly available for its 
receptor and can immediately activate downstream signal transduction pathways. Meanwhile, 
IGF-I first needs to be released from the ternary complex before it can mediate it effects 
through the IGF-IR. 

A third, more intriguing difference is that, although the IR and IGF-IR share the same 
signal transduction pathways, stimulation of these receptors mediate different effects. To 
illustrate this, stimulation of the IGF-IR mainly has effects on growth and development, 
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whereas stimulation of the IR predominantly results in metabolic effects.8 Although potential 
mechanisms have been proposed5,8, it is largely unclear why insulin and IGF-I have such 
diverging effects, while having such apparently similar cellular signalling pathways. 

Involvement of insulin and IGF-I systems in cardiovascular disease
In this thesis we evaluated the involvement of both insulin and IGF-I in the development of 
atherosclerosis. 

Insulin and cardiovascular risk
Already decades ago, it was postulated by Reaven and Stout, that insulin might exert pro-
atherogenic effects.13,14 The first papers reporting an association between endogenous insulin 
levels and cardiovascular risk were published in 1979.15,16 Since then, numerous studies have 
shown that, with increasing endogenous insulin levels, the risk of cardiovascular disease 
increases proportionally.17-20 The Québec Cardiovascular Study, for instance, found among 
2103 men that for each standard deviation increase in fasting insulin levels, the odds ratio for 
ischemic heart disease was 1.6 (95%CI 1.10–2.3).21 

Exogenous insulin is used in patients with T2DM following failure of oral glucose lowering 
drugs. Only a few clinical trials have evaluated the contribution of chronic exogenous insulin 
exposure to cardiovascular disease risk in patients with T2DM. In 1987, Janka et al. noticed 
in their prospective observational study that T2DM patients who developed cardiovascular 
disease had a higher daily insulin exposure than those who did not develop cardiovascular 
disease. Additionally, other observational studies found that the use of exogenous insulin is 
associated with increased cardiovascular risk compared with the use of oral glucose lowering 
drugs. 22,23 This positive relationship was not found in the Euro Heart Survey on Diabetes and 
the Heart. In this study they showed that insulin users had increased all-cause mortality risk 
compared with non-insulin users, but cardiovascular mortality risk was similar in both groups.24 

The above mentioned associations between endogenous/exogenous insulin and 
cardiovascular risk should be interpreted with caution. First of all, it should be acknowledged 
that hyperinsulinemia is a compensatory result of insulin resistance, which in itself is a predictor 
of cardiovascular disease. This close interrelationship makes it difficult to distinguish the 
potential pro-atherosclerotic effects of insulin from the adverse effects of insulin resistance 
on cardiovascular disease. Secondly, it is important to realize that patients who require 
insulin therapy are in general patients with more severe β-cell failure and more severe insulin 
resistance, than patients who do not require insulin therapy. Consequently, the observed 
increased cardiovascular risk among patients that use insulin could be explained by confounding 
by disease severity, in which the use of insulin serves as a marker for the severity of diabetes. 

Collectively, there are indications from population based observational studies that 
insulin might adversely affect cardiovascular disease. However, the mechanism through 
which insulin might influence cardiovascular risk is currently unknown. Questions that need 
further investigation include: Is the degree of exogenous insulin exposure in patients with 
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type 2 diabetes also associated with increased cardiovascular risk? Does insulin exert direct 
pro-atherosclerotic effects on the vessel wall and can insulin increase atherosclerotic plaque 
vulnerability? In the first part of this thesis these questions will be addressed. 

IGF-I, IGFBP-3  and cardiovascular risk
As previously mentioned, most of the circulating IGF-I is produced under influence of 
growth hormone from the pituitary. Disturbances in growth hormone secretion, as seen in 
congenital or adult onset growth hormone deficiency, consequently result in lower IGF-I levels. 
Interestingly, adult-onset growth hormone deficiency has been associated with increased intima 
media thickness (IMT) and reduced cardiac function, which could be improved by growth 
hormone replacement therapy, or short-term IGF-I infusion.25,26 Furthermore, epidemiological 
observational studies have shown that patients with adult-onset growth hormone deficiency 
have increased incidence of cardiovascular morbidity and mortality due to accelerated 
atherosclerosis.27 However, from these studies it can not be deduced whether it is IGF-I itself 
that influences cardiovascular disease, or that the increased cardiovascular risk is due to 
growth hormone deficiency, or disturbances in lipid metabolism, body fat composition and 
blood pressure that often accompany growth hormone deficiency.

Interestingly, cross-sectional studies have shown that subjects in a general population 
with coronary artery disease have reduced circulating IGF-I levels,28-30 although the opposite 
has also been reported.31 Additionally, each standard deviation increment of IGF-I has been 
associated with a 44% reduction in risk of having atherosclerotic plaques, as measured by 
carotid and femoral ultrasound.32 However, the prospective association between IGF-I levels 
and cardiovascular disease is uncertain. On one hand, several prospective studies have reported 
an inverse correlation between IGF-I levels and ischemic heart disease.33-35 On the other hand, 
there are also prospective studies that did not find associations between IGF-I levels and 
cardiovascular disease.35-38  

As stated previously, IGFBP-3 is an important regulator of IGF-I bioavailability. However, 
there is also evidence to suggest that IGFBP-3 has intrinsic effects, independent of its role as 
a carrier protein.39 Observational studies have examined the predictive value of variation in 
IGFBP-3 levels in general populations, resulting in conflicting outcomes. Both low and high 
IGFBP-3 levels have been associated with increased risk of coronary artery disease,34,35 but 
also with unchanged risk.36

Taken together, the role of IGF-I and IGFBP-3 in relation to cardiovascular disease is 
currently unclear and requires further investigation. To assess a possible link between circulating 
IGF-I levels, IGFBP-3 levels and cardiovascular risk, it might be valuable to include analyses of 
genetic variation at the loci encoding IGF-I and IGFBP-3, since this has been demonstrated to 
be associated with circulating protein levels of IGF-I and IGFBP-3.40-42 The second part of this 
thesis therefore addresses the association between circulating IGF-I and IGFBP-3 levels, genetic 
variation at the loci encoding these proteins, and risk of cardiovascular disease.
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OU T L INE OF T HE T HE SIS

In this thesis we study the involvement of insulin and IGF-I in the development of 
atherosclerosis and cardiovascular disease by using epidemiologic study designs, in-vitro, 
ex-vivo and in-vivo experiments. The thesis is divided in two parts. The first part focuses on 
the role of insulin in the development of atherosclerosis. Chapter 2 reviews the literature on 
clinical trials, population based studies and basic science experiments that point towards the 
hypothesis that the administration of high insulin dosages might have adverse effects on the 
progression of atherosclerosis. In chapter 3 the association between the degree of daily insulin 
exposure and cardiovascular risk in patients with type 2 diabetes is studied, using a nested 
case control-design within an administrative database comprising patients with new-onset 
users of oral glucose lowering drugs. Chapter 4 addressed the question whether insulin can 
enhance intra-plaque angiogenesis. Effects of insulin on in vitro capillary-like tube formation are 
shown; the insulin receptor expression pattern is analyzed in human atherosclerotic plaques by 
immunohistochemistry; and intra-plaque microvessel density of patients with type 2 diabetes 
that use insulin is compared to microvessel density of patients that use oral glucose lowering 
drugs only. In chapter 5 different types of human adenocarcinomas (including breast, colon, 
pancreas, lung and kidney) are evaluated for the presence of insulin receptors on angiogenic 
structures. Additionally, the potential of distinctive insulin analogues to increase capillary-like 
tube formation in vitro is tested. Chapter 6 presents the results of an in vivo animal study in 
which the direct effects of insulin on atherosclerotic plaque stability are assessed in LDLr KO 
mice. Chapter 7 delineates the role of PI3K signalling in the development of atherosclerosis, 
by characterising atherosclerotic plaque phenotype of Akt2/LDLr dKO mice.

The second part of this thesis focuses on the role of IGF-I and IGFBP-3 in cardiovascular 
disease. Chapter 8 presents a case-report in which atherosclerotic burden in the coronary 
arteries is assessed, by multi slice CT scanning, in a 27 year old male patient with extreme 
low circulating IGF-I levels, due to a homozygous IGFALS mutation. In chapter 9 the results 
of a nested case control study within the EPIC-Norfolk cohort are presented. The association 
between circulating levels of either IGF-I and IGFBP-3 and the risk of coronary artery disease is 
studied. Furthermore, associations between tagging single nucleotide polymorphisms (tSNPs) 
at the IGF1 and IGFBP3 loci and circulating IGF-I and IGFBP-3 levels are examined. Finally, a 
meta-analysis, including EPIC-Norfolk and eight additional studies, analyses whether IGF1 and 
IGFBP3 tSNPs are associated with coronary artery disease.
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