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

Chapter 1 provides a general introduction on insulin and IGF-I. Both these hormones originate 
from a common ancestral precursor, which is nowadays reflected by the fact that these 
hormones still show structural similarities, and that their receptors share the same signal 
transduction pathways. However, the functions of these hormones have diverged over time 
with insulin predominantly influencing metabolism, and IGF-I growth and development. 
Whether insulin and IGF-I play a role in the development of cardiovascular disease is largely 
unknown and this question is further explored in this thesis. 

The first part of this thesis focuses on the role of insulin in the development of cardiovascular 
disease. 

Chapter 2 reviews the literature on clinical trials, population based studies and experimental 
studies pointing towards the hypothesis that high doses of insulin increase cardiovascular risk 
in patients with type 2 diabetes. Large-scale intervention trials have failed to show beneficial 
effects of strict glycemic control (target HbA1c < 48mmol/mol) on cardiovascular outcomes 
in patients with type 2 diabetes. The ACCORD trial even reported increased (cardiovascular) 
mortality among intensively treated patients. While the reason for this increased mortality 
rate remains unclear, it can be speculated that high doses of insulin that were administered 
to achieve low HbA1c levels, could be responsible for this unexpected outcome. Interestingly, 
in population based studies, both endogenous and exogenous insulin have been positively 
associated with cardiovascular disease. Additionally, a wide array of in vitro experiments has 
demonstrated that insulin has pro-atherosclerotic properties, like increasing adhesion molecule 
expression on endothelial cells, facilitating transendothelial migration of monocytes, increasing 
smooth muscle cell proliferation and stimulating metalloproteinase expression by macrophages. 
Although direct evidence for a pro-atherosclerotic role of insulin in vivo is lacking, we concluded 
that insulin has the potential to activate atherosclerotic processes within the vessel wall, and 
that this needs further exploration. 

In chapter 3 we evaluated whether the degree of exogenous insulin exposure in patients with 
type 2 diabetes is associated with risk of cardiovascular events. To this end, we performed 
a nested case-control study among new users of oral glucose lowering drugs, using the 
PHARMO Institute for Drug Outcomes Research database. Mean daily insulin exposure was 
calculated in 2,338 cases with a cardiovascular event and in 4,407 controls, who remained 
free of a cardiovascular event. Interestingly, patients within the highest tertile of daily insulin 
exposure had a 44% higher cardiovascular risk, whereas patients within the lowest tertile of 
daily insulin exposure had a 52% lower cardiovascular risk, compared to patients not using 
insulin. These data imply that high doses of exogenous insulin in patients with type 2 diabetes 
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might have adverse effects on the development or progression of atherosclerosis. However, 
whether high insulin exposure has a causal role in increasing cardiovascular risk remains 
unclear from these data. Therefore, in the following chapters of part I we tried to elucidate 
through which mechanism insulin could increase cardiovascular risk, using in vitro, ex vivo 
and in vivo experimental designs.

One of our hypotheses was that insulin might increase atherosclerotic plaque vulnerability by 
enhancing intra-plaque angiogenesis. In chapter 4 we provide data that support this hypothesis. 
Using an in vitro angiogenesis assay, we showed that insulin enhances capillary-like tube 
formation of human microvascular endothelial cells. Furthermore, we demonstrated that 
insulin receptors are highly expressed on endothelial cells of small nascent microvessels, 
but not on larger, more mature microvessels, within human atherosclerotic plaques. This 
specific distribution pattern for the insulin receptor, as measured by immunohistochemistry, 
suggests that insulin signalling might be involved in outgrowth of microvessels within human 
atherosclerotic plaque. When we subsequently analysed microvessel density in atherosclerotic 
plaques of 165 patients with type 2 diabetes, we found that microvessel density tended to be 
higher among those patients using insulin as compared to those not using insulin. Collectively, 
these results imply that insulin may promote angiogenesis within atherosclerotic plaques.

In chapter 5 we demonstrate that insulin can also be expected to increase angiogenesis 
within adenocarcinomas. We found that the endothelium of microvessels in tumoral stroma 
of breast, colon, pancreas, lung and kidney carcinomas stained consistently and strongly 
positive for the insulin receptor, as measured by double immunohistochemistry techniques. 
The microvasculature of surrounding non-tumoral stroma and parenchymal tissue showed 
reduced or absent insulin receptor staining. Hence, comparable to atherosclerotic plaques, 
insulin receptors also showed a specific distribution pattern on endothelial cells within human 
adenocarcinomas. This implies that insulin might also be involved in stimulating tumor 
angiogenesis and subsequent tumor progression. Because especially the insulin analogue 
glargine has been associated with the progression of adenocarcinomas in the literature, we 
next examined the angiogenic potential of distinctive insulin analogues in vitro. All four tested 
insulin analogues increased capillary-like tube formation significantly, suggesting that insulin 
glargine is not an exclusive candidate for stimulating angiogenesis.

In chapter 6 we show that insulin can directly elicit features of atherosclerotic plaque instability 
in vivo, irrespective of systemic effects of insulin on metabolism. Although exogenous insulin 
use has been associated with increased cardiovascular risk in population studies, it remains 
unknown whether insulin has a causal role in stimulating the atherosclerotic process. One 
of the problems with observational studies is indication bias, i.e. patients for whom insulin 
is prescribed are generally the patients with more severe insulin resistance and beta-cell 
failure. This may lead to confounding by disease severity. A second hurdle in studying the 
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pro-atherosclerotic properties of insulin in vivo, is that insulin has systemic effects on lipid 
metabolism and weight, which both can affect cardiovascular risk as well. In order to overcome 
these confounding factors we used an in vivo model in which the direct effects of insulin on the 
progression of atherosclerosis could be studied. Atherosclerosis was induced in LDLr KO mice by 
collar placement around the carotid arteries. Thus formed atherosclerotic lesions were focally 
treated with pluronic gel containing insulin or PBS. While insulin treatment of atherosclerotic 
plaques did not cause systemic effects, we observed a 33% reduction of intra-plaque collagen 
content and a 50% increase in activated perivascular mast cells in mice that were treated 
with insulin compared with control mice. In vitro experiments subsequently revealed that the 
reduced collagen content may be due to complex effects of insulin on collagen homeostasis 
in the plaque, possibly in part mediated by its effects on resident mast cells. 

Stimulation of the insulin receptor with insulin leads to activation of two downstream 
signalling pathways. One of these pathways, the PI3K pathway, is defective during insulin 
resistance. In order to study the role of insulin resistance in the development and progression 
of atherosclerosis in vivo, an animal model in which both atherosclerosis and defective PI3K 
signalling are present, could be of great value. In chapter 7 we therefore characterized the 
phenotype of LDLr KO mice in which Akt2 (a kinase of PI3K signalling) is lacking. We found 
that these so called Akt2/LDLr dKO mice develop insulin resistance, as reflected by raised 
glucose and insulin levels, and impaired glucose tolerance testing. Atherosclerotic plaques 
of these mice were significantly smaller compared with LDLr KO controls. However, plaque 
composition of Akt2/LDLr dKO mice was more complex, showing reduced collagen content, 
larger necrotic cores and increased apoptosis, while ASMA staining in the media layer was 
decreased. In vitro experiments additionally showed that vascular smooth muscle cells together 
with macrophages are likely to play a central role in disturbing collagen homeostasis within 
atherosclerotic plaques. Taken together, these data imply that Akt2/LDLr dKO mice can serve 
as an attractive mouse model to study the effects of insulin resistance on the development 
and progression of atherosclerosis. 

The second part of this thesis focuses on the role of IGF-I in the development of cardiovascular 
disease. 

Low circulating IGF-I levels in adulthood have been associated with increased risk of 
cardiovascular disease. In this context, an extremely low IGF-I status from childhood onwards 
might be expected to contribute to premature atherosclerosis and impaired cardiac function in 
early adulthood. Against this background, we evaluated, in chapter 8, cardiovascular disease 
profile in a 27 year old patient with extreme low IGF-I levels due to a homozygous IGFALS 
gene mutation. Besides a mild insulin resistance and lipid disturbances, we did not find any 
manifestation of subclinical cardiovascular disease, as measured by 64-slice coronary CT 
scanning, three dimensional-echocardiography and tissue deformation imaging of the heart. 
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These results suggest that low circulating IGF-I status, due to an IGFALS mutation, is not 
necessarily accompanied by increased cardiovascular risk.

To further substantiate the findings in this case report, chapter 9 shows the results of a nested 
case control-study within the EPIC-Norfolk cohort. Among 1,013 cases with coronary artery 
disease and 2,055 matched controls, we studied the association between circulating IGF-I and 
IGFBP-3 levels, genetic variation at the loci encoding these proteins, and risk of cardiovascular 
disease. After adjustment for cardiovascular risk factors, we found no association between 
circulating IGF-I and IGFBP-3 levels and risk of coronary artery disease. We identified three 
tagging single nucleotide polymorphysms (tSNPs) that showed independent association with 
either circulating IGF-I or IGFBP-3 levels. Finally, in an assessment of 31 SNPs spanning the 
IGF1 or IGFBP3 loci, none were associated with coronary artery disease in a meta-analysis that 
included EPIC-Norfolk and eight additional studies comprising up to 9,319 cases and 19,964 
controls. Together, these results indicate that IGF-I and IGFBP-3 are unlikely to be involved in 
the aetiology of coronary artery disease in humans. 

F U T URE PER SPEC T I VE S

Insulin
In chapter 3, we show that high daily insulin exposure in patients with type 2 diabetes is 
associated with increased cardiovascular risk. Given the limitations of observational studies, 
we cannot plainly assume that this association has a causal basis. Therefore, the hypothesis 
that insulin is pro-atherogenic should ideally be tested in the setting of a randomised clinical 
trial. The ORIGIN Trial investigators recently reported on such a trial, in which patients with 
insulin resistance or type 2 diabetes were randomised to insulin glargine or standard care. In 
this trial, early use of insulin did not affect cardiovascular outcomes as compared to standard 
care.1 When interpreting the results of this trial, it should be taken into account that the 
studied population consisted of patients with mild diabetes or pre-diabetes, that insulin doses 
were rather low (28 units/day in a 70kg person), and that median HbA1c levels during the trial 
were equal to or below 48 mmol/mol (6.5%). Repeating this trial in another study population 
might lead to different results. Since it seems that strict glycemic control may especially lead 
to increased (cardiovascular) mortality in patients that are older, have longer duration of 
diabetes and have concomitant macrovascular disease2-4, it would be interesting to assess 
whether avoidance of high insulin doses in patients with persisting high HbA1c levels and a 
history of macrovascular disease may reduce cardiovascular risk. 

In chapters 4, 5, 6 and 7 we searched for mechanisms that could explain the relationship 
between insulin and progression of atherosclerosis. In figure 1 an overview of proposed 
mechanisms, based on in vitro, ex vivo, and in vivo experiments conducted in this thesis,  
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Figure 1

is presented. We believe that insulin may increase atherosclerotic plaque vulnerability by 
increasing intra-plaque angiogenesis (chapter 4) and by disturbing collagen homeostasis  
(chapter 6 and 7). Vascular smooth muscle cells and macrophages probably contribute to 
the latter process by increasing metalloproteinase (MMP) expression, resulting in increased 
collagen breakdown (chapter 6 and 7). Additionally, activated mast cells may increase 
inflammation by secreting Il-6 and TNF-α. 

It should be emphasized that this proposed mechanism requires confirmation by further 
research. The concept that insulin might contribute to intra-plaque angiogenesis should be 
further explored in-vivo. Unfortunately, in most atherosclerotic animal models (including 
mice) intra-plaque microvessels are scarce.5 Indeed, we did not observe microvessels 
in the atherosclerotic plaques of mice that were treated with insulin or PBS in chapter 6. 
Consequently, larger experimental models of atherosclerosis, like hypercholesteraemic pigs or 
balloon injured dogs, in which microvessels are more frequently encountered, are required to 
study the effects of insulin on intraplaque angiogenesis in vivo. Interestingly, because imaging 
modalities for real time imaging of human plaque angiogenesis are improving6, it may become 
also feasible in the future to study the effects of insulin on intraplaque angiogenesis directly 
in humans by using a prospective study design. Such studies should not only focus on the 
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association between insulin and intra-plaque angiogenesis, but also on the association with 
cardiovascular outcome. 

Collagen is an important contributor to atherosclerotic plaque stability. Impaired 
collagen synthesis and accelerated collagen breakdown cause thinning of the fibrous cap, 
which makes the plaque more prone to rupture. Our finding that insulin decreases collagen 
content within atherosclerotic plaques of LDLr KO mice therefore supports the hypothesis 
that insulin increases cardiovascular risk, but also requires further exploration. Above all, 
the mechanism through which insulin decreases collagen content should be elucidated. We 
propose that insulin may contribute to collagen degradation by activating MMPs, since we 
found that insulin increases MMP mRNA expression of vascular smooth muscle cells and 
macrophages in vitro. Future research should address whether MMP mRNA and protein levels 
are also increased in insulin treated atherosclerotic plaques in vivo. With the advent of targeted 
imaging markers, future clinical studies might address the MMP-activity within advanced 
plaque in diabetic patients using PET-MMP tracers. Additionally, the role of mast cells in this 
process needs to be investigated, for instance by using mice that are treated with a mast cell 
stabilizer, like cromoglicid acid.

As outlined in chapter 2, we hypothesized that insulin might exert its pro-atherosclerotic 
properties especially during conditions of insulin resistance, when the PI3K pathway is 
impaired. The Akt2/LDLr dKO mouse model, as presented in chapter 7, might therefore 
provide an interesting model to study the direct effects of insulin on atherosclerotic plaque 
progression during insulin resistance in vivo. To this end, it would be interesting to focally 
treat atherosclerotic plaques of these mice with pluronic gel containing insulin or PBS and 
subsequently study features of plaque instability. 

Taken together, the studies presented in the first part of this thesis support the hypothesis that 
insulin has pro-atherosclerotic potential. This raises the question whether clinicians should 
be cautious when prescribing insulin to their patients with type 2 diabetes, particularly those 
with marked insulin resistance and overt atherosclerotic disease. It is beyond dispute that 
exogenous insulin has significantly improved life expectancy in patients with type 2 diabetes 
and therefore this drug is indispensible for many diabetic patients. However, based on our 
results, and the results of large clinical trials, including ACCORD2 and UKPDS3, we feel that 
insulin dosages should not be excessively increased at all costs in order to achieve HbA1c 
levels of below 53mmol/mol (7%). Especially patients with longer duration of diabetes and 
concomitant cardiovascular disease might benefit from lower insulin dosages with respect 
to cardiovascular outcome, still randomised clinical trials are awaited to prove this opinion. 
In this respect, it should also be investigated whether addition of insulin sensitizing/insulin 
sparing compounds, such as the recently introduced GLP-1 analogues and DPP-4 inhibitors, 
will decrease insulin need and improve cardiovascular outcome. 
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IGF-I
According to the results presented in chapter 8 and 9, circulating IGF-I and IGFBP-3 levels are 
not likely to be causally involved in ischemic heart disease. These findings are in line with 
other prospective studies that found no association between IGF-I, IGFBP-3 and ischemic heart 
disease7-11, but in contrast with studies that did find a negative or positive association.7,11-16 
These divergent findings across studies may be due to heterogeneity in phenotype, age and 
sex of participants, heterogeneity among IGF-I and IGFBP-3 immuno-assays, and pleiotropic 
effects of these proteins that may result in different actions in different contexts. However, 
since we did not find an association between common SNPs at the IGF1 and IGFBP3 loci and 
cardiovascular risk, we are inclined to believe that IGF-I and IGFBP-3 are not causally involved 
in the development of cardiovascular disease.

On the other hand, this does not exclude that locally secreted IGF-I can not be engaged in 
prognosis after cardiac ischemia. Paracrine/autocrine IGF-I in the heart may play an important 
role in this process, since IGF-I overexpression within hearts protects against apoptosis and 
ventricular dilatation after infarction, and local IGF-I therapy in the heart improves myocardial 
function after cardiac ischemia in animal models.17-19 Therefore, we believe that future studies 
should focus on the contribution of paracrine/autocrine produced IGF-I in the heart on repair 
mechanisms after cardiac ischemia. In this context it might be interesting to measure IGF-I 
levels in blood samples taken from occluded arteries during acute coronary syndrome and 
correlate this to cardiac performance. Additionally, enrichment of the ischemic environment 
with target liposomes loaded with IGF-1/IGF BP-3 complex may lead to beneficial healing 
conditions of the heart.

In conclusion, we believe that circulating IGF-I and IGFBP-3 levels are not causally involved in 
the development of cardiovascular disease. However, the role of paracrine/autocrine secreted 
IGF-I in cardiac repair mechanisms after myocardial infarction needs further exploration.
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