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Chapter 1

Introduction

The microcirculation; definition, structure and function
The microcirculation consists of arterioles, capillaries and venules. It is defined 
either by vessel size, encompassing blood vessels with a diameter of roughly 
less than 200 µm or, in arterioles, by function including all arterioles with a 
myogenic response, i.e. a reduction in diameter in response to an increase in 
intraluminal pressure1,2. Two of the main functions of the microcirculation are 
blood pressure homeostasis via regulation of total peripheral resistance, and 
regulation of tissue perfusion which determines delivery rate of oxygen and 
nutrients as well as the removal of waste products to and from target tissues1-3. 
Each type of microvessel has its own structure that matches its specific function. 
Arterioles contain a relatively thick layer of smooth muscle cells, which allows 
for local control of vascular diameter at high pressures. They regulate total 
peripheral resistance and control blood flow to and within peripheral tissues 
via alterations in vascular tone. The delivery of nutrients, hormones and oxygen 
to the capillaries is determined by the diameter of proximal feed arteries, 
resistance arteries and pre-capillary arterioles4. Capillaries and post-capillary 
venules are the major sites where solute exchange occurs between the blood 
and tissue interstitium. Several characteristics of these microvessels favor fluid 
and solute exchange. First, flow velocity through capillaries and post-capillary 
venules is relatively low, providing favorable conditions for passive diffusion 
between the blood and the tissue interstitium. Second, the total number of 
capillaries and consequently the total capillary surface area available for 
exchange are enormous5. Finally, the diffusion distance across capillaries, which 
lack surrounding smooth muscle tissue, and post-capillary venules is small and 
their endothelium is more permeable to solutes than arterioles. Larger venules 
are mainly important for the blood capacitance of a vascular bed. In addition, 
changes in venular resistance can have a large impact on capillary and post-
capillary hydrostatic pressure, which determines water exchange6. 

The inner layer of all blood vessels in the microcirculation consists of single layer 
of endothelial cells, which form a barrier between the vascular lumen and the 
rest of the vessel wall7. There are three types of capillaries based on the structure 
of their endothelial layer; continuous, fenestrated and discontinuous. The type 
of capillary in a specific tissue matches the necessity for molecules and peptides 
to be able to access the interstitial space in order for the organ to function 
properly8. Continuous capillaries have an uninterrupted endothelial layer with 
tight junctions between the cells, which allow only very small molecules to pass 
to the interstitial space. Larger molecules and proteins - like insulin - can only 
be transported over the endothelium via vesicle-mediated active transport. This 
type of endothelium is found in skeletal muscle and adipose tissue arterioles and 
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also forms the blood-brain barrier. Fenestrated capillaries are found in kidney 
glomeruli. They have small pores in the endothelial cells, which allow larger 
molecules and small proteins to diffuse. Finally, discontinuous capillaries with 
sinusoidal endothelium, as found in the liver and spleen, have large openings 
in the endothelium, which allow red and white blood cells as well as several 
serum proteins to pass. In addition to a barrier function, endothelial cells 
regulate many aspects of cardiovascular physiology, including coagulation, 
inflammation, blood pressure and blood flow7,9. 

Microvascular function and dysfunction in diabetes
Microvascular function is regulated by numerous systemic and local processes 
and factors including stimulation by the (para)sympathetic nervous system as 
well as endocrine, paracrine and autocrine stimuli. In particular, endothelial 
cells play a pivotal role in translating circulating signals, such as hormones, 
fatty acids and nutrients to functional changes through vasodilator (e.g. nitric 
oxide (NO), prostaglandins(PGs)) and vasoconstrictor (e.g. endothelin-1  
(ET-1)) substances. Under physiologic conditions, there is a close balance 
between these vasodilator and vasoconstrictor stimuli that can change in 
response to metabolic and functional needs, resulting in adequate vascular 
tone and proper tissue perfusion. However, diabetes-related factors, such 
as hyperglycemia and dyslipidemia, can induce an imbalance between the 
production of these substances and ability of cells to respond properly towards 
these stimuli10,11. This process leads to increased vascular tone and reduced 
vascular responsiveness, both key characteristics of microvascular dysfunction. 
Increased vascular tone at the level of the resistance arteries increases peripheral 
resistance and thus blood pressure. Furthermore, reduced responsiveness of 
smaller, pre-capillary arterioles impairs tissue perfusion, which can impair 
tissue function. One particular example of such impaired responsiveness of 
pre-capillary arterioles is a reduced vasodilator response to insulin, which can 
contribute to reduced insulin-induced glucose uptake. In this way microvascular 
dysfunction constitutes a pathway that links diabetes, and hypertension and 
impaired organ function3,12. The mechanism by which impaired tissue perfusion 
may lead to decreased glucose uptake will be described in the next paragraph. 

Part 1 Microvascular dysfunction as cause of diabetes 

Vascular insulin signaling and glucose metabolism
For a long time the actions of insulin were thought to be restricted to the 
enhancement of glucose uptake, primarily in muscle and fat cells, and 
suppression of hepatic glucose output. However, pleiotropic effects of insulin 
have been extensively described in the final decade of the previous century, 
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including direct actions of insulin on the endothelial cell13. After binding to the 
insulin receptor, insulin stimulates nitric oxide (NO) release from the vascular 
endothelium in a phosphatidylinositol-3-kinase/Akt/endothelial NO synthase 
(PI3K/Akt/eNOS)-dependent manner. This effect is antagonized by insulin 
activation of the mitogen activated protein kinase (MAPK) pathway to promote 
the generation of the vasoconstrictor peptide endothelin-1 (ET-1). Via these two 
insulin signaling pathways in the endothelial cell insulin regulates endothelial 
control over smooth muscle tone and arteriolar diameter. In metabolically 
healthy subjects, this balance in insulin signaling is tilted towards NO production 
(figure 1). In health, insulin has therefore been hypothesized to 1) make the 
vascular wall less susceptible to atherosclerosis14,15, 2) decrease systemic vascular 
resistance16, and 3) increase the perfused capillary surface area in skeletal muscle 
via vasodilation of pre-capillary arterioles17. The latter process, called capillary 
recruitment, results in an increased number of simultaneously blood-perfused 
capillaries. This action of insulin promotes the extraction of glucose and insulin 
from the skeletal muscle capillary bed into the muscle interstitial space, which 
results in enhanced skeletal muscle glucose uptake17. 

Figure 1: insulin signaling in the endothelial cell (pre-capillary arteriole) and myocyte 
Adapted from Emanuel, de Clercq, Koopen et al. - Diabetes, Obesity and Metabolism - 2018
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Vascular insulin resistance
In insulin resistant subjects, impairment of insulin-stimulated PI3K/Akt-
dependent activation of eNOS reduces NO bioavailability18, whereas insulin-
stimulated endothelin-1 production remains unaffected. This “pathway-
specific” insulin resistance may contribute to cardiovascular diseases such 
as atherosclerosis15 and hypertension19, and has also been shown to reduce 
postprandial muscle perfusion20. This thesis is focused specifically on the 
effects of vascular insulin resistance on skeletal muscle and adipose tissue 
perfusion. It has been suggested that impaired perfusion, leading to impaired 
insulin and glucose delivery, may contribute to the decrease in insulin-induced 
glucose uptake. Indeed, insulin-induced capillary recruitment is blunted in 
several insulin resistant states in both rodents and humans20-24. In addition, 
several factors known to evoke acute metabolic insulin resistance, such as 
administration of α–methylserotonin25, tumor necrosis factor-α26, lipids27 and 
glucosamine28  all blunt insulin-induced capillary recruitment. In these studies 
a recurring correlation between insulin-induced glucose uptake and capillary 
recruitment was demonstrated. However, the similarity in PI3K/Akt-dependent 
insulin signaling pathways in the endothelial cell and myocyte and similar 
effects of fatty acids and tumor necrosis factor on this pathway complicates the 
establishment of a causal mechanism. In the myocyte the PI3K/Akt-pathway 
mediates insulin-dependent glucose uptake via transportation of glucose 
transporter type 4 (GLUT4) to the cell membrane29,30 (figure 1). Therefore, 
it is conceivable that in insulin resistant subjects, blunted muscle perfusion 
and diminished muscle glucose uptake result only from similar, cell-specific 
impairments in insulin signaling. Evidence that supports a causal mechanism 
between impaired insulin-induced skeletal muscle perfusion and impaired 
insulin-induced glucose uptake has mostly been collected in rodent studies 
over the years. One of the very first studies showed that infusion of serotonin 
in the continuously perfused rat hind limb decreases insulin-induced glucose 
uptake in vivo, whereas the investigators were unable to detect any changes in 
glucose uptake ex vivo31. Although no measurements of capillary surface area 
were made it was hypothesized by the authors that vasoconstriction of specific 
branches could lead to shunting of blood towards the venous circulation and 
hereby surpassing significant areas of the microvasculature. This indicates that 
adequate perfusion of the microcirculation is essential for substrate exchange. 
More than a decade later, probably the most compelling evidence that capillary 
recruitment contributes to insulin-induced glucose uptake was provided by a 
study that examined endothelial cell specific IRS2 knock-out mice32. These mice 
showed both attenuation of insulin-induced capillary recruitment and reduction 
of skeletal muscle glucose uptake. Moreover, restoration of insulin-induced 
eNOS phosphorylation in endothelial cells with beraprost sodium completely 
reversed the reduction in capillary recruitment resulting in restored skeletal 
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muscle glucose uptake, where it was demonstrated that beraprost sodium 
did not affect skeletal muscle glucose uptake ex vivo. Evidence from human 
studies on this issue is extremely limited. In humans, establishment of a causal 
relationship between impaired muscle perfusion and decreased muscle glucose 
uptake is more complicated because cell-specific inhibition of insulin effects is 
very difficult and infusion of substances that evoke insulin resistance affect both 
insulin signaling in the endothelial cell and myocyte. In some studies muscle 
perfusion has been manipulated using vasoactive substances to measured their 
effect on insulin-induced glucose uptake. For example, infusion of nitric oxide 
synthase (NOS) inhibitor NG-nitro-L-arginine methyl ester  (L-NAME) reduced 
insulin-mediate capillary perfusion and insulin-induced glucose uptake by 
~20% in humans33,34. However, these studies are also hampered by possible 
direct actions of NO on the myocyte35. 

Does vascular insulin resistance protect vital organs?
Changes in insulin action can be triggered by small perturbations in energy 
balance, without substantial weight change and within a relatively short time 
frame36-38. The capacity to rapidly change insulin-dependent metabolism 
may ensure that during caloric deprivation uptake of nutrients is optimized, 
whereas in response to overfeeding cells are able to limit nutrient uptake. It 
has been suggested previously that induction of insulin resistance may in this 
way protect tissues from nutrient-induced oxidative damage39,40. Intriguingly, 
in diet-induced obese mice insulin signaling in the endothelial cells is affected 
before impairment of insulin signaling in hepatocytes, adipocytes and 
myocytes41. This temporal dissociation may be explained by the location of the 
affected cells. Circulating hormones, inflammatory cells, free fatty acids and 
others substances known to evoke insulin resistance reach the vasculature first 
without having to cross any barriers. The early adaptations of the vasculature 
to high-fat and high caloric feeding suggests that the vasculature is more 
susceptible than other tissues to nutrient overload. This makes one wonder, 
can vascular insulin resistance serve as protective mechanism against nutrient-
induced cellular damage? 



17

1

Part 2 Microvascular dysfunction as cause of 
diabetes-related complications 

The vascular endothelium and underlying smooth muscle tissue are major 
targets for the harmful effects of diabetes-related hyperglycemia. The major 
impact of hyperglycemia on the development of diabetic complications was 
first unmasked in the Diabetes Control and Complications Trial (DCCT) and 
the United Kingdom Prospective Diabetes Study (UKPDS). These trials showed, 
in type 1 and type 2 diabetes patients respectively, that intensive glucose-
lowering therapy as compared with conventional therapy effectively delayed 
the onset and slowed the progression of diabetic retinopathy, nephropathy, 
and neuropathy42. In addition, the DCCT trial demonstrated a clear link 
between diabetes duration and glycemic control (life-time HbA1c) with the 
presence of microvascular complications43. The mechanisms by which chronic 
hyperglycemia results in (micro)vascular dysfunction are extensive and include 
increased polyol pathway flux, enhanced formation of glycation end products 
(AGEs), abnormal activation of signaling cascades such as protein kinase C and 
increased hexosamine pathway flux. These processes result from hyperglycemia-
induced overproduction of reactive oxygen species (ROS) by the mitochondrial 
electron transport chain44-46. These alterations in the vasculature lead to a pro-
inflammatory, pro-thrombotic and more vasoconstrictive state, and are involved 
in the development of both macro- and microvascular complications of diabetes. 
Apart from chronic hyperglycemia, vascular insulin resistance also contributes to 
these vascular deterioration, as described in the previous paragraph. 

Well-known microvascular complications are renal disease, also known as 
diabetic nephropathy, eye disease or diabetic retinopathy and nerve damage also 
called diabetic polyneuropathy. However, the term microvascular complications 
does not justify the complex pathophysiology of these complications. Long-
standing diabetes can cause damage to end-organs via hyperglycemia-induced 
microvascular dysfunction, but also via direct hyperglycemia-induced damage. 
The relative contributions of each of these mechanisms differs among the 
end-organ complications. Both diabetic nephropathy and retinopathy are 
caused mainly by hyperglycemia-induced damage to the vessels, causing 
glomerular alterations and damage to retinal capillaries respectively. However, 
hyperglycemia-induced damage to renal tubules and retinal neurons has also 
been established45. 

Polyneuropathy is probably the most common but least understood of the 
microvascular complications of diabetes. Although traditionally considered a 
microvascular complication of diabetes, it is most likely largely the consequence 
of direct metabolic injury to neural cells. Peripheral neurons have long axons 
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with high-energy requirements, which makes them more susceptible to these 
direct metabolic effects of hyperglycemia47. Nonetheless, it has become clear that 
hyperglycemia, although an important etiological factor, is not the sole culprit 
in the development of diabetic neuropathy. Indeed, dyslipidemia, hypertension, 
insulin resistance and hyperinsulinemia have all been identified as possible 
pathological factors48. In addition, impaired endoneurial blood flow - i.e. blood 
flow to the endoneurium, a layer of connective tissue around the myelin sheath of 
nerve fibers - leading to endoneurial hypoxia may also contribute to nerve 
dysfunction. Sural nerve biopsy studies in diabetic patients with polyneuropathy 
have consistently shown endoneurial microangiopathy, including capillary 
basement membrane thickening, pericyte degeneration and endothelial cell 
hyperplasia49. In vivo studies in both animals and humans have demonstrated 
reduced endoneurial blood flow and severe endoneurial hypoxia50,51. And, 
vasodilator drugs, such as angiotensin converting enzyme (ACE) inhibitors 
and antagonists of angiotensin II and endothelin-1, improve nerve conduction 
velocity in animals and humans. Finally, it has been shown that diabetic patients 
with polyneuropathy have further deteriorated (skin) microvascular function 
compared to those without52-54. These observations all suggest a role for impaired 
microvascular function in the development of polyneuropathy. However, clinical 
studies are often hampered by diabetes-related confounding factors, such as 
glycemic control and diabetes duration, which affect both microvascular and 
nerve function to a similar extent. In addition, the actions of vasodilators are not 
restricted to improvement of endoneurial blood flow and may therefore exert their 
effect on cognition via other mechanisms. Therefore, the possible contribution of 
microvascular dysfunction to the development of diabetic neuropathy remains to 
be further clarified45. 

Diabetes-related cognitive dysfunction, or “central neuropathy”, is generally 
not considered a microvascular complication of diabetes. However, there is 
considerable evidence that suggest that cerebral microangiopathy underlies 
diabetes-related cognitive dysfunction. In addition, cerebrovascular lesions are 
known to contribute to several forms of dementia. On brain magnetic resonance 
imaging, cerebral microangiopathy, also called cerebral small vessel disease, 
presents with ischemic white matter lesions, lacunar infarcts and non-lobar cerebral 
microbleeds. In diabetes patients, both type 1 and type 2, higher white matter 
lesion volume and the presence of cerebral microbleeds associates with reduced 
performance in several neurocognitive domains, including information processing 
speed, executive function and memory55-59. Furthermore, in cross-sectional and 
longitudinal studies a clear link has been demonstrated between the presence of 
retinopathy and neuropathy with (future) cognitive decline in both type 1 and type 
2 diabetes, suggesting a common pathological origin60-62. While deleterious effects 
of vascular risk factors (i.e. smoking, hypertension, diabetes) on microvascular 
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function are known, the contribution of this dysfunction to cognitive decline is 
less clear. Does microvascular dysfunction cause cognitive changes over time? It is 
known that many functional (and structural) microvascular impairments impact 
perfusion. Since delivery of oxygen, glucose and other nutrients by the cerebral 
vasculature are critical for proper cognitive performance, a role for microvascular 
dysfunction in the development of cognitive decline seems likely. Hypoperfusion 
at rest as well as loss of adaptive responses, such as neurovascular coupling and 
autoregulation, may all be involved63. Indeed, in type 1 diabetes,  a decrease in 
cerebral capillary density64, lower grey matter cerebral blood flow65 and reduced 
vasoreactivity66 have all been demonstrated.  In addition, in animal models of 
diabetes, improvement of cerebral blood flow by chronic treatment with an ACE-
inhibitor was found to improve cognitive function67. In humans, lower cerebral 
blood flow in diabetes is associated  with cognitive dysfunction in some68, but not all 
studies69. Therefore, it remains inconclusively clear if microvascular dysfunction 
underlies cognitive decrements. Furthermore, it is unknown if microvascular 
dysfunction results in cerebral small vessel disease and if white matter lesions 
and cerebral microbleeds mediate a possible relationship between microvascular 
dysfunction and cognitive decline. 
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Outline of the thesis

First, in chapter 2 of this thesis, we overview the contrast—enhanced ultrasound 
method. This is one of the main methods used to study microvascular function 
in this thesis. 

PART 1 of this thesis, which encompasses chapters 3 to 6, focuses on the 
effects of vascular insulin resistance on whole-body insulin resistance and more  
specific insulin-induced skeletal muscle and adipose tissue glucose uptake. 
In chapter 3 we give an overview of insulin-induced effects on adipose 
tissue perfusion and propose a novel hypothesis regarding the role of insulin-
induced skeletal muscle and adipose tissue perfusion during overfeeding. In  
chapter 4 we study the effects overfeeding on healthy humans to test the 
hypothesis that selective vascular insulin resistance – leading to blunted insulin-
induced skeletal muscle capillary recruitment - is an early phenomenon in the 
development of metabolic insulin resistance. In chapter 5 we demonstrate (for 
the first time) that insulin reduces microvascular blood volume in T2DM. In 
addition, we examined if iloprost could prevent this reduction in blood flow 
and could simultaneously increase whole-body glucose uptake. In chapter 6 
we examine if exercise-induced increase in insulin sensitivity in T2DM patients 
was mediated via improvements of insulin-induced capillary recruitment. 

PART 2 of this thesis focuses on the influence of generalized microvascular 
dysfunction in diabetic complications. In chapter 7 we describe relationships 
between neuropathy and microvascular dysfunction in type 2 diabetes based 
on data patients with cryptogenic axonal polyneuropathy. In chapter 8 we 
examine the influence of generalized microvascular dysfunction on cognitive 
failure in type 1 diabetic patients. 

Finally, chapter 9 provides an overall summary and general discussion of  
this thesis.
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