
VU Research Portal

Microvascular dysfunction: cause of diabetes and diabetes-related complications

Emanuel, A.L.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Emanuel, A. L. (2020). Microvascular dysfunction: cause of diabetes and diabetes-related complications. [PhD-
Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/a0c425e5-56b0-44d1-9404-25ed310f3151


CONCLUSION





Chapter 9
Summary and general discussion



190

Chapter 9

This final chapter summarizes and discusses the articles presented in this thesis 
and will put the previous chapters in context. This thesis consists of two parts that 
both reflect on microvascular dysfunction in diabetes, split into microvascular 
dysfunction as of cause diabetes (part 1) and microvascular dysfunction as cause 
of diabetes-related complications (part 2). To be more specific, in the first part, 
we examined the influence of vascular insulin resistance on metabolic insulin 
resistance in both healthy control subjects and patients with type 2 diabetes. 
In the second part, we examined the contribution of generalized microvascular 
dysfunction on central and peripheral neurological complications of diabetes. 

Summary of main findings

First, in chapter 2, we summarize in a review the contrast-enhanced 
ultrasound (CEUS) methodology, which can be used for the quantification of 
tissue perfusion. The CEUS method relies on the use of microbubble contrast 
agents and specific ultrasound imaging techniques. CEUS has been used 
to quantify tissue perfusion in several organs, including, but not limited to, 
skeletal muscle, adipose tissue, brain, kidney and liver. CEUS is fast, can be 
performed at bedside and can be used when repeated measures are required. 
In addition, it is considered safe and is less invasive compared to some other 
perfusion measurements. Several limitations of the CEUS method have to be 
considered. CEUS can be used only to measure relative perfusion changes 
instead of absolute perfusion values, with the exception of the quantification 
of absolute myocardial perfusion for which a model was developed by Vogel et 
al1.. Furthermore, there are several physiological and methodological factors 
that influence CEUS parameters, resulting in high coefficients of variations. 
To overcome these limitations it is important to minimize changes in the 
experimental conditions. In this thesis, we have implemented CEUS in several 
studies to assess insulin-induced adipose tissue and skeletal muscle capillary 
recruitment, i.e. the change in microvascular blood volume induced by insulin 
infusion. 

PART 1
In chapter 3, we subsequently overview the influence of insulin-induced adipose 
tissue perfusion in the development of whole-body insulin resistance. We first 
summarized the available literature on insulin-induced changes in adipose tissue 
perfusion. In healthy – insulin sensitive - individuals insulin infusion increases 
adipose tissue blood flow up to fourfold2,3. Interestingly, this effect is blunted in 
obese subjects and patients with type 2 diabetes4-6. Insulin most likely increases 
adipose tissue perfusion via activation of the sympathetic nervous system, 
which differs from the way insulin affects skeletal muscle perfusion. Reductions 
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in insulin-induced adipose tissue perfusion may influence whole-body insulin 
sensitivity in several ways. It may lead to decreased glucose uptake in adipocytes, 
lipid overflow and ectopic lipid deposition and hypoxia-related adipose tissue 
dysfunction. Furthermore, we hypothesized that acute overfeeding may impact 
the distribution of macronutrients by reducing insulin-induced skeletal muscle 
perfusion, while insulin-induced adipose tissue perfusion remains intact.

To confirm this novel hypothesis, in chapter 4, we have examined in healthy 
individuals the effects of a hypercaloric and subsequent hypocaloric diet on 
insulin-induced skeletal muscle and adipose tissue blood volume an flow. 
Healthy, lean, male participants were requested to increase their dietary intake 
by 60% during approximately 4 weeks, followed by a hypocaloric diet to return 
to their baseline body weight. Physical activity level was constant during the 
study period. Whole-body glucose uptake, i.e. metabolic insulin sensitivity, 
was measured by means of the gold-standard clamp technique during all study 
visits. The CEUS method was used to asses insulin-induced changes in skeletal 
muscle and adipose tissue blood volume and flow. In addition, to gain more 
insight in the temporal relationship between development of metabolic and 
vascular insulin resistance both metabolic and vascular insulin sensitivity were 
measured ~10 days and ~4 weeks after initiating the hypercaloric diet. In this 
study, the hypercaloric diet did not decrease metabolic insulin sensitivity. We 
hypothesize that our participants were metabolically too healthy to induce such 
a change by a 4-week hypercaloric diet. Either glucose uptake in skeletal muscle 
was unaffected or glucose uptake in adipose tissue compensated for a decrease 
in skeletal muscle glucose uptake. The latter hypothesis was supported by a 
shift in insulin-induced tissue perfusion, from skeletal muscle towards adipose 
tissue perfusion. 

To gain further insights in the pathophysiological mechanism of how impaired 
insulin-induced skeletal muscle perfusion affects metabolic insulin sensitivity 
in type 2 diabetes patients, we examined, in chapter 5, if reversing the perfusion 
defects  improves whole-body glucose uptake and if this pathophysiological 
mechanism may therefore serve as novel therapeutic pathway. A group of 
well-controlled diabetes patients underwent two hyperinsulinemic-euglycemic 
clamps, one with and one without iloprost infusion, in a cross-over trial. Iloprost 
was indeed able to (partly) overcome the perfusion defects, but did not result 
in higher glucose uptake. We concluded that acute improvement of skeletal 
muscle blood volume during insulin infusion does not enhance glucose uptake. 
It may be that perfusion defects (and thus delivery of glucose and insulin) are 
not the rate-limiting factor of glucose uptake in type 2 diabetes.  



192

Chapter 9

In chapter 6 we assessed whether a 12-week exercise program was able to 
improve insulin sensitivity and if these improvements were partly mediated by 
increased insulin-induced microvascular recruitment in skeletal muscle. The 
exercise program reduced body weight and body fat percentage and increased 
glucose infusion rate. However, we did not find an improvement in rate of glucose 
disappearance nor suppression of endogenous glucose production. In addition, 
we also did not detect changes in insulin-induced microvascular recruitment. 
The difference in glucose infusion rate and rate of glucose disappearance, which 
both represent insulin sensitivity, may be explained by an accelerated increase 
in glucose uptake at the beginning of the hyperinsulinemic-euglycemic clamp.

PART 2
The second part of this thesis includes chapter 7 and 8, which focus on the 
impact of microvascular dysfunction on peripheral and central neurological 
complications of diabetes. In chapter 7, microvascular dysfunction was cross-
sectionally assessed in healthy controls, cryptogenic axonal polyneuropathy 
patients and type 2 diabetes patients with and without polyneuropathy. We 
demonstrated that patients with cryptogenic axonal polyneuropathy show normal 
endothelium-dependent and endothelium-independent skin microvascular 
reactivity. In addition, irrespective of the presence of polyneuropathy, type 
2 diabetic patients show decreased endothelium-dependent vasodilatation 
of skin microvessels. The data suggest that it is unlikely that impaired skin 
microvascular endothelium-dependent and -independent vasodilatation in 
type 2 diabetes plays a major role in the development of polyneuropathy. 

In chapter 8, we examined the influence of microvascular dysfunction on 
cognitive decline in type 1 diabetes patients. Cognitive impairments in type 1 
diabetes may result from hyperglycaemia-associated cerebral microangiopathy.  
We aimed to identify cerebral microangiopathy and skin microvascular 
dysfunction - as surrogate marker for generalized microvascular function - 
as predictors of cognitive decline over time. In type 1 diabetes patients with 
proliferative retinopathy, presence of WML and lower skin capillary perfusion 
predict poorer general cognitive ability over time. The relationship between 
WML and cognitive decline was significantly reduced when adjusting for 
capillary perfusion, suggesting that generalized microvascular dysfunction at 
least partly underlies WML-associated cognitive decline.
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General discussion 

In this thesis we have further explored the influence of insulin-induced skeletal 
muscle capillary recruitment on whole-body glucose uptake in healthy individuals 
and type 2 diabetes patients. Two of the most pressing questions were 

1) whether vascular insulin resistance could be an early phenomenon in diet-
induced obesity and if so, if vascular insulin resistance is detrimental or rather 
favorable to human health, and

2) whether insulin-induced skeletal muscle capillary recruitment was impaired 
in type 2 diabetes and if so, if improving capillary recruitment by pharmaceutics 
would result in improved whole-body glucose uptake. 

Vascular insulin resistance – friend of foe?
In this thesis we hypothesized that vascular insulin resistance is a protective 
mechanism which prevents nutrient-induced cell damage to skeletal muscle 
tissue during caloric excess. It has been proposed previously that insulin 
resistance protects tissues from glucose-induced oxidative damage7,8. In 
line with this theory, diabetes-related microvascular complications caused 
by hyperglycemia-induced overproduction of reactive oxygen species occur 
in tissues with insulin-independent glucose uptake via glucose GLUT-1/
GLUT-2/GLUT-39. These tissues lack the capacity to protect themselves from 
glucolipotoxicity by developing insulin resistance7

The influence of vascular insulin resistance in the prevention of metabolic 
intracellular stress was never examined before, despite the theoretical ground 
for an important role in this process. Anatomically, endothelial cells are 
prone to early adaptations in response to high-fat and high-caloric feeding, 
since circulating hormones, inflammatory cells and free fatty acids reach the 
vasculature without having to cross any barriers. A temporal dissociation in 
insulin signaling was found in diet-induced obese mice, where insulin signaling 
in the endothelial cells was affected before impairment of insulin signaling in 
hepatocytes, adipocytes and myocytes10-12. In this thesis we examined whether 
this hypothesis and the results of animal studies could be translated to humans 
by exposing healthy human subjects to a hypercaloric diet.  We detected that 
overfeeding in a healthy, lean, male population led to changes in blood flow 
distribution from skeletal muscle towards adipose tissue and increased insulin-
induced adipose tissue capillary recruitment. Although not measured by us, this 
may have led to an increased uptake of insulin stimulated glucose in adipocytes. 
In insulin resistant individuals reduced blood supply to adipose tissue depots is 
an important factor in the impairment of in vivo insulin-induced glucose uptake 
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in both subcutaneous and visceral fat depots13. However, insulin stimulated 
glucose uptake in adipocytes during the early stages of overfeeding has not been 
examined before. Assuming that adipose tissue insulin sensitivity is preserved 
in the early stage of overfeeding as was shown in animal studies10-12 increased 
adipose tissue blood flow and thus delivery of insulin and glucose may indeed 
increase glucose uptake. The underlying mechanism by which overfeeding may 
result in blood flow shifts are extensively postulated in chapter 3. In short, 
overfeeding-induced hyperinsulinemia may result in increased sympathetic 
nervous system activity, which exerts vasodilatation in adipose tissue arterioles, 
whereas noradrenalin is known to induce vasoconstriction in skeletal muscle 
arterioles via α-adrenergic receptor stimulation14. Moreover, direct insulin-
induced vasodilatation via endothelial insulin signaling seems selective to 
skeletal muscle arterioles compared with adipose tissue arterioles15.  Therefore, 
overfeeding-induced perfusion defects are therefore likely to occur first in 
skeletal muscle tissue during the development of obesity. Our data indeed 
confirm a defect in insulin-induced vasodilation of muscle arterioles after the 
hypercaloric diet measured by ex vivo pressure myography. However, we were 
unable to confirm these results by in vivo measurements of insulin–induced 
microvascular recruitment. This may be a consequence of the methodological 
shortcomings of the CEUS technique, including high day-to-day variation, 
which inhibits detection of small changes over time. On the other hand, the 
arterioles used in the ex vivo experiments could be resistance vessels rather 
than pre-capillary arterioles and may therefore be more relevant to blood 
pressure regulation than skeletal muscle perfusion. 

Vascular insulin resistance – a therapeutic target?
In obese subjects insulin-induced skeletal muscle microvascular is blunted 
compared with healthy individuals 10,16-18. Although similar impairments were 
assumed by many to be present in patients with type 2 diabetes, it was never 
empirically confirmed. We demonstrate that in type 2 diabetes patients insulin-
induced microvascular recruitment is not merely blunted, but infusion of insulin 
results in a reduction of microvascular blood volume, indicating “decruitment” 
of skeletal muscle capillaries. This is a novel finding, which denotes that in type 
2 diabetes progressive impairment of microvascular insulin signaling leads to 
an additional shift in the production of NO and ET-1 in endothelial cells. In 
addition, we show that simultaneous infusion with the prostacyclin analogue 
iloprost prevents the decruitment of capillaries. Iloprost-induced vasodilation 
is achieved via either direct stimulation of the prostacyclin receptor on smooth 
muscle cells 19,20, by interacting with insulin’s microvascular effects or via 
enhancement of the expression of endothelial nitric oxide synthase (eNOS) 
mRNA and protein levels, resulting in increased NO production21, as was shown 
for beraprost sodium - also a prostacyclin analogue22. Regardless of the working 



195

9

mechanism of iloprost, restoring impaired skeletal muscle capillary recruitment 
did not lead to improvements in peripheral glucose uptake or suppression of 
endogenous glucose production as was expected by us. 

In theory, increasing skeletal muscle capillary perfusion is only useful in 
conditions where delivery of insulin or glucose to the capillary bed is rate-
limiting. This is not the case in situations where glucose uptake is limited due 
to other satiable processes, such as defects in intramyocellular insulin signaling 
or impaired trans-endothelial transport of insulin23. Present literature is 
inconclusive on the rate-limiting steps in glucose uptake and how this changes 
during the development of insulin resistance. Our data suggest that in type 2 
diabetes patients delivery of insulin and glucose to myocytes is not rate-limiting 
for glucose uptake, since enhancing glucose and insulin delivery to the capillary 
bed by preventing capillary derecruitment did not result in higher glucose 
uptake. This concept also explains the finding that beraprost sodium was able 
to restore capillary recruitment and glucose uptake in endothelium specific 
IRS2 knock-out mice22, since insulin signaling in the myocyte is not impaired 
in this model. Moreover, studies in healthy rodents24 and healthy volunteers25 
showed that inhibition of insulin-induced skeletal muscle perfusion by eNOS 
inhibitors results in attenuated whole-body glucose disposal. To sum up, our 
data suggest that in physiological situations insulin-induced skeletal muscle 
perfusion does contribute to postprandial glucose disposal, however this is not 
the case for type 2 diabetes patients. However, we should not fully discard a 
potential role for medications aimed at improving perfusion in the treatment 
of type 2 diabetes. Several possibilities need further research. First, based on 
our data we cannot exclude that chronic stimulation of tissue perfusion may 
indirectly improve glucose uptake as has been observed with chronic treatment 
with beraprost sodium in mice., For example, long-term enhancement of adipose 
tissue perfusion, which is known to impaired in type 2 diabetes, may 
reduce lipotoxicity and thereby improve muscle insulin signalling in the long 
run. Second, in light of the previous paragraph, combination-therapies aimed at 
enhancing tissue perfusion in combination with drugs that enhance myocellular 
insulin sensitivity. For example, in combination with high doses of metformin 
or in combination with thiazolidinedione (TZD). In addition, increasing 
skeletal muscle perfusion may also be more attractive in individuals with better 
myocellular insulin sensitivity, such as obese nondiabetic patients, to prevent the 
development of hyperglycemia. Third, improving tissue perfusion may also have 
other health benefits besides increasing whole-body glucose uptake by ensuring 
adequate delivery of oxygen and other essential nutrients to target tissues. 
Currently, prostanoids are used in clinical practice to prevent (complications of) 
peripheral arterial disease. However, the balance between benefits and harms 
associated with use of prostanoids in patients with critical limb ischemia with 
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no chance of reconstructive intervention is uncertain26. In addition, prostacyclin 
analogs are used as inhalation therapy and orally for the treatment of pulmonary 
arterial hypertension27. Finally, iloprost and other NO stimulators/donors could 
potentially reduce the chance on macrovascular complications of diabetes, such 
as myocardial infarction, cerebral infarction and peripheral arterial disease, by 
preventing both hypertension and atherosclerosis28. 

Methodological considerations
In part 1 of this thesis we have used contrast-enhanced ultrasonography 
(CEUS) to measure microvascular blood volume (MBV) in skeletal muscle 
and adipose tissue. CEUS has the capacity to dissect different perfusion 
components, including MBV (i.e. the proportion of tissue volume existing of 
blood), microvascular flow velocity (MFV, i.e. the speed of red blood cells) and 
microvascular blood flow (MBF, i.e the volume of blood passing a section of 
tissue per unit of time, calculate and  the product of MBV and MFV)29. It is a 
technique that has been used extensively in rodents and humans to determine 
nutrient- or insulin-induced skeletal muscle microvascular recruitment (i.e. the 
change in MBV)17,30,31. Since MBV represents microvascular endothelial surface 
area, it is  considered more relevant to the delivery of nutrients and oxygen to 
organs than MBF32. 

In theory, CEUS can be applied on all organs that can be reached by ultrasound. 
However, at initiation of this thesis, the implementation of the technique for 
the quantification of adipose tissue perfusion had not received much attention. 
Only one study had shown that the technique could indeed adequately measure 
insulin-induced adipose tissue microvascular recruitment33. However, in lean 
male individuals small layers of adipose tissue did not allow for CEUS imaging. 
To this end, we have experimented with several ultrasound settings to increase 
the number of adequate inflow curves. Up to now, there is no consensus on which 
ultrasound settings, which machine and which type of microbubble can be used 
best, indicated by the large variations in current literature. In vitro studies 
have shown that 80% of the echogenicity is provided by bubbles with a 
diameter ranging from 3 to 9 μm in CEUS using SonoVue as the contrast agent. 
The corresponding resonance frequency of these bubbles is around 3 MHz34. 
We therefore adapted the transmitted wave frequency to a frequency in which 
the Sonovue® microbubbles are known to resonate best35. This resulted in a 
significant increase in signal-to noise ratio. Using this adapted transmission 
frequency, we were able to gain adequate perfusion curves of adipose tissue 
in healthy, lean male participants. The downside of the lower transmitted 
frequency is the loss of spatial resolution, which complicated distinguishing 
anatomical structures. This was resolved by measuring adipose tissue depth 
before CEUS imaging using a high-frequency probe. 
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The huge downside of the CEUS technique is the large day-to-day variation, 
which makes the technique less fit for longitudinal studies with small sample 
sizes. This has been a problem in most of the studies in this thesis and may 
have led to false negative data. The ultrasound signal will vary from day-to-
day depending on several variables, including the half-life of the bubbles in 
the circulation, vascular tone and physical activity prior to the measurements. 
Despite an effort to keep these parameters constant, coefficients of variations 
were high. In order to partly overcome the problem with large variation, we 
have for the first time used the ratio between skeletal muscle and adipose tissue 
MBV to identify changes in blood flow distribution. This outcome value has 
not been validated, however, we believe there is theoretical ground for using 
this parameter since it corrects for day-to-day variations. Furthermore, the 
conventional parameters of CEUS have also not been validated, except for 
CEUS measurements of myocardial perfusion1.

Limitations 
The studies in this thesis have some limitations. First, since we performed proof 
of concept studies by which mechanistic data is gathered using time-consuming 
measurements, sample size of the studies is small. For example, we used  the 
gold-standard hyperinsulinemic-euglycemic clamp technique to determine 
(changes in) insulin sensitivity, where large epidemiological studies use 
HOMA-IR, which is less suited to detect more subtle changes in insulin action. 
The downside of a smaller sample size is the large chance of false negative data, 
specifically since relevant effect sizes are unknown. To limit the chances of type 
2 errors,  we have included a heterogenic 
homogeneous patient groups to minimize variation between subjects. As a 
consequence, results from the trials are not translatable to other patients 
groups. In addition, sub-group analysis were not possible due to limited number 
of patients per group. Furthermore, the data of these studies are considered 
exploratory, with chances of false-positive findings due to limited correction for 
multiple measurements. 
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Take home messages

•  Insulin resistance protects insulin sensitive tissues from 
hyperglycemia-induced oxidative stress. Vascular insulin resistance 
is likely to regulate this process by changing blood flow distribution 
from skeletal muscle to adipose tissue.

  
•  Improving skeletal muscle microvascular recruitment in type 2 

diabetes does not increase insulin-induced whole-body glucose 
uptake. Muscle glucose uptake is most likely limited by processes 
other than muscle perfusion.

•  Exercise-induced increase in whole-body glucose uptake is 
not mediated by an increase in insulin-induced microvascular 
recruitment. However, muscle perfusion does become more relevant 
for glucose uptake, indicated by post-exercise correlations between 
glucose uptake and microvascular blood volume.  
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