
 

 

 

Role for the endothelial glycocalyx in regulation of
insulin sensitivity in muscle
Citation for published version (APA):

Eskens, B. J. M. (2014). Role for the endothelial glycocalyx in regulation of insulin sensitivity in muscle.
[Doctoral Thesis, Maastricht University]. Uitgeverij BOXPress. https://doi.org/10.26481/dis.20140523be

Document status and date:
Published: 01/01/2014

DOI:
10.26481/dis.20140523be

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

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.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.26481/dis.20140523be
https://doi.org/10.26481/dis.20140523be
https://cris.maastrichtuniversity.nl/en/publications/bc22aac5-40b4-46d8-b6dd-1c4cf7a9c890


Role for the endothelial glycocalyx in 

regulation of insulin sensitivity in muscle

Bart Eskens



Design cover: Mathieu Hagelaars

Printed & Lay Out by: Proefschriftmaken.nl || Uitgeverij BOXPress
Published by:  Uitgeverij BOXPress, ’s-Hertogenbosch

The printing of this thesis was financially supported by Amgen B.V.

ISBN: 978-90-8891-868-1

The research presented in this thesis was performed at the department of Physiology, 
Cardiovascular Research Institute Maastricht (CARIM), and financially supported by 
the Dutch Diabetes Research Foundation (grant number 2006.00.027), the Netherlands 
Heart Foundation (grant number 2005T037) and the Center for Translational Molecular 
Medicine (Work package 01C-104-04-PREDICCT)



Role for the endothelial glycocalyx in 

regulation of insulin sensitivity in muscle

Proefschrift

Ter verkrijging van de graad van doctor aan de Universiteit Maastricht,  
op gezag van de Rector Magnificus, Prof. Dr. L.L.G. Soete, 

volgens het besluit van College van Decanen,
in het openbaar te verdedigen 

op vrijdag 23 mei 2014 om 12.00 uur

door

Bart Johannes Maria Eskens,

Geboren 3 februari 1983 te Tilburg



Promotor

Prof. Dr. T. Unger

Co-promotor

Dr. H. Vink
Dr. J.W.G.E. Van Teeffelen

Beoordelingscommissie

Prof. Dr. M.G.A. Oude Egbrink (voorzitter)
Prof. Dr. C.G. Schalkwijk
Prof. Dr. L.J.C. van Loon
Prof. Dr. H.A.J. Struijker-Boudier
Dr. E.H. Serné

Financial support by the Dutch Heart Foundation for the publication of this thesis is 
gratefully acknowledged. 



5

Contents

1. General introduction and outline of the thesis 7

2. Insulin-induced increase in intracapillary blood volume in cremaster 
muscle is impaired in db/db mice 19

3. Rapid insulin-mediated increase in microvascular glycocalyx 
accessibility in skeletal muscle may contribute to insulin-mediated 
glucose disposal in rats 37

4. Acute enzymatic glycocalyx degradation results in reduced insulin 
sensitivity but normal glucose tolerance in conscious rats 67

5. Early impairment of skeletal muscle endothelial glycocalyx barrier 
properties in diet-induced obesity in mice 85

6. Effects of two weeks of metformin treatment on whole-body glycocalyx 
barrier properties in db/db mice 105

7. Improvement of insulin resistance in diet-induced obese mice by 
sulodexide, an endothelial glycocalyx mimetic. 123

8. General discussion 141

9. Appendix 161

  Summary 162

  Nederlandse samenvatting 165

  List of publications 168

  Dankwoord 169

  Curriculum vitae 172



6



7

Chapter 1

General introduction  

and outline of the thesis



8

Chapter 1

Introduction

The percentage of people diagnosed with diabetes is increasing rapidly, from 153 
million in 1980 to 347 million in 2008, and by 2030 the number of individuals with 
diabetes worldwide is expected to rise to 472 million people [1]. Approximately 90% 
of these people are diagnosed with type II diabetes, and are characterized by high 
blood glucose due to insulin resistance and relative insulin deficiency. In the late or 
end-stage of type II diabetes major pathological complications may arise, including 
cardiovascular complications, kidney failure, and eye and nerve diseases. Insulin 
resistance may underlie the development of all these conditions. Although the treatment 
at the late stage of diabetes has become increasingly sophisticated, a normalization of 
blood glucose at this stage for any a period of time is seldom achieved, and serious 
complications at the late stage still likely occur [2]. Furthermore, microvascular disease 
is often already present at this stage. Therefore, it is important to diagnose and treat the 
people at risk at an early stage during the development of insulin resistance and thereby 
prevent the onset of type II diabetes. Since insulin resistance has been associated with 
an impaired insulin delivery from the pancreas via the circulation to its target tissues, 
it is important to understand the processes controlling insulin delivery. There is 
substantial experimental evidence that the delivery of insulin from the microcirculation 
to the interstitium is a rate-limiting step for insulin-induced glucose uptake [3,4,5,6,7]. 
The endothelial glycocalyx, which is located between the circulating blood and the 
endothelium throughout the circulation, is the compartment which insulin encounters 
on its way from the blood to the interstitium. The glycocalyx has been demonstrated 
to be largely inaccessible for the flowing blood and circulating macromolecules during 
resting conditions, but was in previous studies shown to be modulated by adenosine, 
bradykinin and sodium nitroprusside, enabling an increase in its accessibility for 
circulating blood [8,9]. In the current thesis we hypothesize that insulin can modulate 
the glycocalyx barrier properties as well and that this promotes the delivery of insulin 
from the blood towards its target tissues. In this introductory chapter, the glucose 
regulation and role of insulin herein is first described; subsequently, the effects of insulin 
on the microcirculation which promote its delivery, and the potential contribution of 
the glycocalyx are discussed, leading to our hypothesis that the glycocalyx is involved in 
regulation of insulin sensitivity, and that glycocalyx degradation may be linked to insulin 
resistance. From this, we will arrive at the specific aims and outline of the current thesis.

Glucose homeostasis

Glucose is a simple sugar and is the primary source for energy. In the blood circulates 
approximately 4 grams of glucose, and although this is a small fraction of the mass of 
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the total organism, glucose is important to sustain metabolism in a variety of tissues. In 
the fasted state the brain consumes approximate 60% of the blood glucose, and the liver 
releases glucose formed by glycogenolysis and gluconeogenesis into the blood equal to 
the uptake of blood glucose. However, the real glucoregulation comes into play when 
blood glucose rises, e.g. after ingestion of a meal high in carbohydrates which causes an 
incretin response and increased ß-cell insulin secretion. In healthy conditions, insulin 
suppresses the entry of glucose from the liver to the blood and stimulates glucose 
removal from the circulation into muscle, liver and fat; in this way glucose levels in the 
blood are maintained at a relatively constant level. Individuals with insulin resistance 
are characterized by hyperglycemia, and this persistent elevation in blood glucose leads 
to glucose toxicity, which contributes to β-cell dysfunction and the pathology grouped 
together as complications of diabetes [10]. Microvascular complications form a major 
part of these, affecting flow resistance and tissue perfusion which further compromise 
insulin action, and ultimately leading to the development of organ damage, hypertension 
and other cardiovascular disease. This latter may include atherosclerosis, since there 
is evidence that in insulin-resistant conditions microvascular dysfunction and the 
development of macrovascular disease are related [11,12].

Insulin actions in the microvasculature and their contribution to 
insulin delivery

When insulin is released by the β-cells of the pancreas it needs to be delivered by the 
circulatory system towards its target tissues (skeletal muscle, adipose tissue, liver), 
finally leading to glucose uptake by these tissues and disposal of glucose from the 
blood [10]. The circulatory system is important for the delivery of oxygen, hormones 
(e.g. insulin), and nutrients (e.g. glucose) to tissues and organs in the body and for the 
removal of CO2 and metabolic waste products from them. The system can be divided into 
the macrovasculature and the microvasculature. The macrovasculature is composed 
of arteries and veins, which are large diameter vessels responsible for transporting 
blood rapidly from the heart towards the organs, and away from the organs back to the 
heart. The microvasculature consists of arterioles, capillaries and venules, which form 
a network that regulates local blood perfusion and blood to tissue exchange [13]. When 
oxygen, hormones and nutrients are delivered by the blood to the capillaries, they have 
to pass the endothelium to reach the tissues [14]. 
Insulin is supplied from the macrocirculation to the microcirculation by the circulating 
blood. Insulin at physiological concentrations is able to vasodilate arterioles by the 
release of nitric oxide (NO), and to vasoconstrict these by the release of endothelin 
(ET-1). To initiate these divergent effects insulin has to bind to the insulin receptors 
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on endothelial cells. In general, the integrated response of these vasodilator and 
vasoconstrictor effects of insulin causes an increased blood flow [15,16]. In case 
of endothelial dysfunction, however, the balance between the insulin-stimulated 
production of NO and ET-1 may be altered, in favor of ET-1, leading to a reduction in 
total blood flow to the target tissues [17,18]. In addition to these effects on total blood 
flow, it has been indicated that insulin can recruit blood volume in the microcirculation 
and that this is an important step for the delivery of insulin itself, and glucose as well, 
to the myocytes [6,19,20]. It was demonstrated that insulin recruits capillary blood 
volume within 5-10 minutes in skeletal muscle in anesthetized rats [21], and that 
this effect precedes increases in total blood flow and in glucose metabolism. This 
increase in capillary blood volume by insulin is considered to increase the exchange 
capacity of insulin, thereby facilitating its delivery to the muscle. However, to reach 
its target tissues insulin has to cross the endothelium, which structure appears to be 
tight in the muscle microcirculation [22]. It has been shown that intravenous insulin 
infusion rapidly increases plasma insulin, yet glucose disposal occurs at a much slower 
rate. This delay in insulin’s action may be related to the protracted time for insulin to 
traverse the capillary endothelium [4]. In addition, it has been suggested that insulin 
concentrations in the interstitial rather than the plasma compartment dictate insulin’s 
action. In previous studies, using various techniques to monitor the microcirculation, 
in insulin-resistant animal models [23,24] as well as humans [5], the transendothelial 
exchange of insulin has been shown to be delayed and this defect was accompanied by 
a diminished insulin-mediated glucose disposal. The data altogether indicate that the 
endothelium plays an important role in the delivery of insulin to its target tissues and, 
that as a consequence, dysfunction of the endothelium may relate to the development 
of insulin resistance due to impairments in insulin and nutrient access to muscle and 
other tissues [15,25]. While traditionally insulin resistance is typically defined as 
decreased sensitivity or responsiveness to metabolic actions of insulin there is more 
and more evidence indicating that diminished vascular actions of insulin also play an 
important role in the development of insulin resistance. Nevertheless, the hemodynamic 
and cellular mechanisms underlying the insulin-mediated increases in capillary blood 
volume and subsequent transcapillary insulin transport, and how these are affected in 
conditions of insulin resistance, are largely unknown at the moment. We hypothesize 
in the current thesis that the endothelial glycocalyx plays a significant role in these 
processes, and that as a result of glycocalyx damage insulin resistance may develop, 
which may be alleviated by therapeutic restoration of the glycocalyx. 
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The endothelial glycocalyx: the missing link between endothelial 
function and insulin delivery? 

In the vasculature the endothelium is covered with a relatively thick gel-like layer, 
called the glycocalyx. This negatively charged layer consists of a network of endothelial 
membrane-bound and –unbound proteoglycans, glycoproteins and glycosaminoglycans, 
in which numerous molecules from the circulating blood and a considerable amount of 
water are incorporated [26,27,28] (Fig 1.1). 

Fig 1.1 Electron microscopic overview 
of alcian blue 8GX-stained goat 
coronary capillary [29]

The last decades our research group has focused on understanding the role of the 
endothelial glycocalyx in the vasculature. Substantial experimental evidence has been 
provided indicating that the glycocalyx protects the endothelium to direct exposure 
to blood flow, thereby contributing to the vascular permeability barrier and the anti-
adhesive properties of the vascular wall. Furthermore, the glycocalyx is involved in 
endothelial release of nitric oxide by mechanotransducing fluid shear stresses. Previous 
studies showed that red blood cells (RBCs) and macromolecules are normally excluded 
from the endothelium by the glycocalyx, and that degradation of the glycocalyx with 
e.g. hyaluronidase, light-dye treatment, oxidized LDL, hyperglycemia, and inflammatory 
stimulation impaired these glycocalyx barrier properties [8,30,31,32]. Evidence has 
also been provided that in healthy conditions agonists, like adenosine, bradykinin 
and sodium nitroprusside are able to impair the barrier properties of the glycocalyx 
and that this is associated with an increase in functionally perfused capillary blood 
volume, as reflected by an increase in capillary tube hematocrit [8,9,33]. These findings 
indicate that the glycocalyx may be a locus of blood volume regulation at the level of the 
individual capillary.
While there has been clear evidence of a relation between insulin’s ability to dispose 
glucose and insulin’s ability to increase capillary blood volume in skeletal muscle, 
the underlying mechanism has not been resolved. Traditionally, the increase has 
been explained by an increase in the number of perfused capillaries (i.e., capillary 
recruitment) [6,34]. We hypothesize in the current thesis that insulin has the ability to 
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modulate the glycocalyx barrier properties in the microcirculation and thereby increase 
blood volume within already perfused capillaries. This proposed concept is depicted in 
the cartoon in Fig. 1.2.

Fig 1.2 Proposed hypothesized action of insulin. 
By modulation of the glycocalyx barrier properties, insulin can increase the accessibility of the glycocalyx 
for the flowing blood, resulting in an increased capillary blood volume within an individual capillary and 
facilitation of insulin exchange to the muscle (left, thick arrows denote insulin delivery to muscle). In contrast, 
glycocalyx degradation is associated with an impaired ability of insulin to modulate the glycocalyx barrier 
properties and to increase capillary blood volume. As a consequence, insulin exchange to the muscle is 
reduced (right, thin arrows).

Degradation of the glycocalyx is, according to our hypothesis, expected to be 
accompanied by an impaired ability of insulin to increase capillary blood volume and 
as a consequence a reduced insulin-mediated glucose disposal (Fig 1.2). Consequently, 
therapies aiming at restoration of the glycocalyx when damaged could be useful in 
improving insulin sensitivity and preventing the development of diabetes. 

Outline of the thesis 

This thesis can be divided in three parts. The first part (chapters 2 and 3) focuses 
on microvascular and capillary effects of insulin in relation to the glycocalyx, the 
second part (chapters 3, 4, 5) aims at determination of the effect of acute glycocalyx 
degradation on regulation of insulin sensitivity and glucose homeostasis, while in the 
last part (chapters 6, 7, 8) the role of glycocalyx degradation, and the potential of 
therapies to restore this, in models of obesity and diabetes are tested (Fig 1.3). 
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Cardiovascular risk factors

- Obesity

Insulin resistance

Glycocalyx damage 

Impaired insulin delivery

- Impaired capillary volume recruitment
- Impaired transcapillary insulin transport

Glycocalyx therapies
- Sulodexide
- Metformin 

Endothelial dysfunction

β-cell failure  

Type II diabetesI diab

Diabetic complicationsmplica

l dysfuffce

Chapter 5

l

C

nsulin

Ch. 6 & 7

Chapters 2 & 3

Ch. 3 & 4

Fig 1.3 Schematic outline of the current thesis.
It is hypothesized that damage to the glycocalyx resulting from exposure to cardiovascular risk factors may be 
“the common soil” for both insulin resistance and endothelial dysfunction. Thick arrows denote the different 
research questions which are addressed in the various chapters of the thesis. The dotted arrows illustrate 
the well-known relationships between cardiovascular risk factors, endothelial dysfunction, insulin resistance, 
and type II diabetes and its complications.

In short, the following studies were performed:
As a proof of principle of the concept illustrated in Fig. 1.2, it was first studied, whether 
insulin was able to increase blood volume in individual capillaries in healthy muscle, 
and if this effect would be impaired in case of a damaged glycocalyx. Thereto, intravital 
microscopy was performed on the cremaster muscle of control mice as well as of 
diabetic mice (chapter 2). To monitor sublingual glycocalyx properties non-invasively 
in humans, we developed a new technique to measure glycocalyx barrier properties 
in vivo. Herefore, a Sidestream Dark-field (SDF) camera was used to visualize the 
microcirculation [35] and an in house developed software program developed to assess 
glycocalyx barrier properties. This technique was also used to measure glycocalyx 
barrier properties in the microcirculation of skeletal muscle of rats and mice in the 
studies described in the thesis. In chapter 3 SDF imaging was applied to measure to 
effect of insulin on glycocalyx barrier properties in rat skeletal muscle microcirculation, 
and the effect of acute enzymatic glycocalyx degradation on insulin sensitivity was 
measured with an intravenous insulin tolerance tests during anesthesia. Next, the effect 
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of acute glycocalyx degradation on insulin sensitivity and insulin release was measured 
in conscious rats using both intravenous insulin and glucose tolerance tests, and these 
results are described in chapter 4. Obesity has been shown to be an important risk 
factor for the development of insulin resistance and type II diabetes. In chapter 5, we 
used the high-fat diet (HFD)-fed mouse model to determine the effect of obesity on 
development of glycocalyx degradation in the muscle microcirculation in relation to the 
development of glucose intolerance. In chapter 6 and 7 therapies were administrated 
in the drinking water of HFD-fed mice, as well as in a genetic mouse model for diabetes 
(db/db mouse), to test if the glycocalyx may be a useful target for therapeutic treatment 
of insulin resistance and type II diabetes. Finally, the findings of the thesis are discussed 
in an integrative manner in chapter 8.
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Abstract

Insulin sensitivity has been coupled to the ability of insulin to increase capillary blood 
volume in skeletal muscle, but the underlying hemodynamic events have not been 
elucidated. In the current study, we hypothesize that insulin increases blood volume 
within individual capillaries in muscle of healthy mice but not of diabetic mice. 
Intravital microscopy of cremaster muscle was performed in anaesthetized control 
(C57Bl/6, n=5) and diabetic (db/db, n=5) mice, and capillary hemodynamics were 
monitored at baseline and during topical insulin administration (20 & 200 µU/ml).
In control mice, insulin increased (P<0.05) capillary tube hematocrit (Hcap) from a 
baseline of 0.093 ± 0.008 (SEM, n=25 capillaries) to 0.143 ± 0.011 (20 µU/ml) and 0.139 
± 0.008 (200 µU/ml). In diabetic mice, Hcap was elevated at baseline (0.154 ± 0.01, 
n=36 capillaries), and not changed during subsequent insulin administration. Insulin 
administration was associated with a loss of RBC perfused capillaries in diabetic but 
not in control mice. 
While insulin-mediated recruitment of capillary blood volume takes place at the level 
of the individual muscle capillary in normal mice, this effect is abolished in db/db mice. 
These data indicate the capillary as locus of impaired vascular insulin action in diabetes.
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Introduction

Skeletal muscle constitutes a major site of insulin-mediated glucose uptake in the body 
[1]. There is substantial experimental evidence which indicates that in vivo the delivery 
of insulin from the circulation to the muscle tissue is a rate-limiting step for insulin-
induced glucose uptake [2,3,4,5,6,7,8,9]. The notion that accurate regulation of insulin 
delivery is a prerequisite for glucose homeostasis is underscored by studies suggesting 
that insulin delivery may be delayed in conditions of insulin resistance [8,10,11,12,13]. 
Whereas the precise hemodynamic and cellular events underlying the relation between 
insulin delivery and insulin-mediated glucose uptake in muscle are not fully understood 
at the moment, a recurring finding has been that capillary blood volume in skeletal 
muscle may rapidly increase in response to insulin infusion [9,14,15,16]. Using the 
technique of contrast-enhanced ultrasound (CEU), where gas-filled microbubbles were 
used as marker of circulating red blood cells it was demonstrated in experimental 
animals and humans that insulin administration during an euglycemic clamp is 
associated with a relatively rapid (within 5-20 min) increase in echo intensity in 
skeletal muscle in response to insulin administration [15,16]. This increase typically 
precedes increases in total blood flow and insulin signalling or glucose uptake in the 
muscle [15], and was shown to be reduced in conditions of acute insulin resistance 
(e.g. during FFA infusion [17], and L-NAME and TNF-α treatment [18,19]), as well as in 
obesity and overt diabetes [13,20,21]. From these observations the concept has been 
put forward that the ability of insulin to dispose glucose in skeletal muscle is related 
to its ability to increase capillary blood volume in this tissue. While CEU has not the 
resolution to assess capillary blood volume increases in individual muscle capillaries, 
the increase in echo intensity during insulin has primarily explained by an increased 
number of perfused capillaries (i.e., capillary recruitment) due to dilation of terminal 
arterioles [5]; the associated increase in surface area for exchange of insulin has been 
inferred to facilitate transcapillary delivery of insulin towards the muscle interstitium 
[6,8]. Although observations of an increased metabolism of 1-methylxanthine (1-MX) in 
response to insulin suggest an increased exposure of this substrate to xanthine oxidase 
in the capillary compartment [11,14,22], direct evidence for insulin actually increasing 
the number of perfused capillaries has been lacking at the moment, and the concept of 
capillary recruitment has actually been challenged by the observation that normally 
about ~90% of the capillaries are already perfused at rest in skeletal muscle [23,24]. 
Further, although some experimental evidence has been provided showing the ability 
of insulin to dilate pre-capillary arterioles in muscle [25,26], its relation to an actual 
change in blood volume in the capillaries has not been established. 
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Additional to an increase in the number of perfused capillaries, the insulin-mediated 
increase in capillary blood volume may also involve an increase in blood-accessible 
volume within already perfused capillaries, which can occur as a result of glycocalyx 
modulation [27,28]. Recent pilot intravital microscopic data showed that 10 minutes 
of systemic hyperinsulinemia in the rat were associated with an increase in tube 
hematocrit in the observed cremaster muscle capillaries [28]. The contribution of the 
endothelial glycocalyx to the blood volume increase was indicated by the finding that 
prior intravenous hyaluronidase treatment virtually abolished the insulin-induced 
increase in capillary tube hematocrit [28]. These data indicate that insulin, like other 
agonists, may robustly increase blood volume in individual capillaries by modulating 
the barrier properties of the endothelial glycocalyx [29]. Consequently, since diabetes 
has been associated with damage to the glycocalyx [30,31], it is anticipated that the 
reported impairment in insulin-mediated increase in muscle capillary blood volume 
during conditions of insulin resistance [13,20,21] may be a result of an inability of 
insulin to increase blood volume in individual capillaries by glycocalyx modulation. 
In the current study, cremaster muscle capillary hemodynamic responses to topical 
insulin administration were examined in non-diabetic control mice versus db/db mice, 
which were previously characterized by impaired glycocalyx barrier properties [30]. 
It was hypothesized that in control mice insulin stimulation would be associated with 
an increase in blood volume in individual capillaries, but that the capillary response to 
insulin would be impaired in the diabetic mice. 
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Methods

General surgery and anesthesia 

All procedures and protocols were approved by, and carried out according to, the 
guidelines of the Animal Care and Use committee of Maastricht University. Experiments 
were performed on male C57Bl/6 mice (n=5; body weight 26.0 ± 1.5 g) and db/
db mice (n=5; body weight 41.4 ± 2.7 g) which were obtained from Harlan (Horst, 
the Netherlands). Mice received standard mouse chow and water ad libitum. At the 
beginning of an experiment, mice were anesthetized with an i.p. injection of ketamine 
hydrochloride (125 mg/kg) and medetomidine (0.2 mg/kg), and tracheotomised to 
ensure airway patency [32,33,34]. Depth of anesthesia was maintained according to 
respiration rate and lack of toe pinch reflex by supplemental administration (every ~1 
h) of anaesthetics (ketamine: 15 mg/kg, i.p.; medetomidine: 35 mg/kg, i.p.); to counter 
decreases in blood pressure and heart rate induced by medetomidine, atropine was 
administered (initial dose: 0.5 mg/kg, s.c.; maintenance: 0.125 mg/kg/h, i.p.). Blood 
pressures and heart rates using this anaesthetic protocol in previous experiments were 
typically 60-70 mmHg and 300-400 bpm [32,33,34]. Oesophageal temperature was 
maintained at ~37° C by radiant heat. At the end of the experimental procedures, the 
animal was euthanized using an overdose of ketamine.

Mouse cremaster preparation and video microscopy

Before preparation of the cremaster muscle, baseline blood glucose levels were 
measured (Ascensia Contour, Bayer) in <5 μl of blood obtained by tail bleeding. The 
mouse was placed in a supine position on a custom built animal platform and the right 
cremaster muscle was prepared [32,34]. Briefly, an incision was made through the 
skin and the muscle dissected from the surrounding connective tissue. The exposed 
muscle was positioned on a clear Silicon pedestal and longitudinally incised from 
the apex to the inguinal canal with minimal disruption of the vascular supply. After 
severing the deferential artery and vein, the testis and epididymis were dissected away 
and repositioned in the abdominal cavity. The cremaster muscle was spread radially 
on the pedestal and pinned at the edges. The muscle was continuously (~5 ml/min) 
superfused at 34 °C with a bicarbonate-buffered physiological salt solution (PSS) of the 
following composition (in mM): 131.9 NaCl, 4.7 KCl, 2.0 CaCl2, 1.2 MgSO4, 20 NaHCO3 
and equilibrated with 5% CO2/95% N2 to obtain a pH of ~7.4. 
Following surgery, the completed preparation was transferred to the stage of an 
intravital microscope (Leitz, Wetzlar, Germany), coupled to a cooled CCD video camera 
(C9100; Hamamatsu, Hamamatsu City, Japan). Microvessels were observed using 
bright-field (100 W Hg lamp) microscopy with a 435 nm band pass interference filter 
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(blue light) in the light path and a condenser with a numerical aperture of 0.6, and for 
examination of capillary hemodynamics a x50 salt water immersion objective lens with 
a numerical aperture of 1.0 was used.

Experimental protocol

The preparation was equilibrated for 30 min, during which period a site for data 
collection was identified. Typically, 5-8 capillaries were chosen for examination during 
an experiment. Capillaries were selected based on image clarity and on the observation 
that they had continuous RBC perfusion. From each capillary three 30 s digital video 
recordings were made during a period of 5 minutes using Wasabi Imaging Software 
(Hamamatsu Photonics, Germany). After baseline recordings were obtained (~30 min), 
the PSS solution superfusing the muscle was exchanged with PSS containing insulin at 
a concentration of 20 µU/ml; recordings of the same capillaries were made, starting 
after 10 min, and lasting another ~30 min. Finally, a 10-fold higher dose of insulin (200 
µU/ml) in the superfusate was applied, and recordings again repeated after 10 min for 
another half an hour. The duration of the entire experiment was ~3 hours (1 hour of 
surgery, 30 min equilibration, and 90 min of measurements). The applied insulin doses 
were based on previous studies and can be considered to represent an intermediate 
(20 µU/ml) and high (200 µU/ml) physiological insulin level in rodents [25,35]. 
Solutions were made by diluting 50 µl of 100 U/ml purified pork insulin (Novo Nordisk 
Pharmaceuticals) in 50 ml of saline to obtain a working stock of 100 mU/ml, and further 
diluting this stock solution in PSS. 

Data analysis

The digital video images were analysed using image analysis software [36]. Capillary 
tube hematocrit (Hcap) was calculated from measurements of capillary anatomical 
diameter (Dcap, in μm), flux of RBCs (RBC flux, in cells/s), and velocity of RBCs (Vrbc, 
in μm/s) in a capillary using the formula: Hcap = [RBC flux / (Vrbc · p/4 · Dcap2)] x MCV 
[34,37], where MCV is the mean corpuscular volume of RBCs in mice (44 µm3) [38]. 
Capillary anatomical diameters were estimated from the distance between the opposite 
insides of the capillary wall. RBC flux was determined during slow-motion playback 
from the time required for at least 50 RBCs to pass through a reference point inside 
the capillary. Vrbc was determined by measuring the length of a capillary segment and 
dividing it by the time required for RBCs to traverse this segment. Data are presented as 
means ± SEM with n referring to the number of vessels studied. In both animal groups, 
effects of incremental doses of insulin were tested against baseline using a Repeated 
Measures Analysis of Variance; Tukey’s multiple comparison test was used for post-hoc 
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comparison. Baseline differences between C57Bl/6 and db/db mice were tested using 
unpaired t-tests. Results were considered statistically significant with P ≤ 0.05.
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Results

Baseline blood glucose levels were 4.8 ± 1.3 mmol/Lin the control mice and 26.1 ± 4.8 
mmol/Lin the db/db mice (P<0.05). Intravital microscopic observations of cremaster 
muscle capillaries were performed, and video recordings were obtained during resting 
conditions and during superfusion of two increasing doses of insulin. Figure 2.1 shows 
pooled data of capillary hemodynamics in the control mice (left panels) and db/db mice 
(right). All examined capillaries (n=25) in the control group sustained RBC perfusion 
during the protocol, and paired observations could be performed for these vessels. 
In line with previous studies, capillary tube hematocrit (panel A) was less than 0.10 
during baseline in the C57Bl/6 mice (i.e., 0.093 ± 0.008). During superfusion of insulin, 
tube hematocrit was increased (P<0.05), to 166 ± 8% of baseline during the 20 µU/ml 
concentration, and to 176 ± 20% of baseline during the 200 µU/ml concentration in the 
superfusate. 
In the db/db mice (n=5), a total of 36 capillaries were examined at baseline. In these 
capillaries, tube hematocrit was 0.154 ± 0.10, which was higher (P<0.05) compared 
to the C57Bl/6 mice at baseline. In contrast to the C57Bl/6 group, there was a loss 
of capillaries with RBC perfusion during the protocol; of the 36 capillaries examined 
during baseline conditions 4 showed stagnant RBCs during superfusion with the 20 
µU/ml insulin dose and an additional 12 capillaries lost RBC perfusion in the presence 
of the 200 µU/ml insulin dose in the superfusate. Hcap in the capillaries of the db/db 
mice with sustained RBC perfusion during the first dose of insulin (n=32) was 0.153 ± 
0.011 at baseline and not affected during administration of insulin (0.163 ± 0.01). Also, 
in the capillaries with sustained RBC perfusion during the entire experiment (n=20; 
presented in right panels of Figure 2.1), Hcap at baseline was higher than in the control 
mice, and did not change during superfusion with insulin at both concentrations (panel 
A, right). 
The increase in Hcap in the presence of insulin in the control mice coincided with an 
increase of RBC flux (panel B, left), to 157 ± 12% of baseline during the 20 µU/ml dose, 
and to 135 ± 13% of baseline during the 200 µU/ml insulin dose, respectively. RBC 
velocity (panel C, left) was was unchanged during the lower dose of insulin (i.e., to 102 
± 5% of baseline), yet significantly lower in the presence of the 200 µU/ml (91 ± 6% of 
baseline). In the capillaries with remaining RBC perfusion of the db/db mice, RBC flux 
(panel B, right) and velocity (panel C, right) were both significantly decreased (to 67 ± 
9% and 49 ± 4% of baseline, respectively) during the higher insulin dose. 
Anatomical diameters of the examined capillaries are presented in panels D. In the 
control mice (left panel), capillaries had a baseline anatomical diameter of 5.4 ± 0.2 µm, 
which was not affected during exposure to the 20 µU/ml insulin concentration, yet was 
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significantly smaller compared to baseline at the higher insulin concentration (i.e., 94 
± 2%). Baseline anatomical diameters of the flow-maintaining capillaries in the db/db 
mice (right panel D) were smaller (P<0.05) compared to those in the C57Bl/6 control 
group. Similar as in the control mice, capillary anatomical diameter in the db/db mice 
was not affected by the lower dose of insulin, yet, in contrast to the C57Bl/6 mice, it 
appeared larger (P<0.05) at the higher insulin dose (108 ± 3% of baseline). 

Figure 2.1 Capillary hemodynamics during baseline and insulin administration. 
Left panels: control (C57Bl/6) mice (pooled data of n=25 vessels in n=5 animals). Right panels: diabetic (db/
db) mice (pooled data of n=20 vessels in n=5 animals). Panels A: Capillary tube hematocrit; B: RBC flux; C: RBC 
velocity; D: Capillary anatomical diameter. *, P<0.05 compared to Baseline (Tukey’s); #, P<0.05 compared to 
20 µU/ml insulin dose (Tukey’s); & P<0.05 compared to Baseline control (unpaired t-test).
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Discussion

Ample experimental evidence has been provided in the past indicating that insulin-
mediated glucose uptake in muscle is coupled to insulin-induced increases in capillary 
blood volume [9,14,15,16]. While this effect has typically been interpreted as insulin 
having the ability to increase the number of perfused capillaries in muscle, our previous 
experimental data suggest that intracapillary blood volume may also increase as a result 
of increased blood accessibility into the endothelial glycocalyx. In the current study it 
was shown that administration of insulin onto the cremaster muscle in C57Bl/6 mice was 
associated with an increase in blood volume in individual capillaries which had baseline 
perfusion. In contrast, topical insulin administration onto the cremaster muscle of 
diabetic (db/db) mice, which were previously associated with a generalized glycocalyx 
loss, was associated with a reduction in the number of blood-perfused capillaries and a 
lack of effect on blood content in the remaining capillaries. While confirming previous 
studies indicating that metabolic insulin resistance is characterized by an inability for 
insulin to increase capillary blood volume in skeletal muscle, the current observations 
indicate that this defect occurs at the at the level of the individual capillary. 

Insulin increases blood volume in individual capillaries of healthy mice

Whereas several previous studies have pointed out the potential of insulin to increase 
capillary blood volume in muscle [9,14,15,16], the origin for this microvascular insulin 
effect has remained unknown due to the lack of in vivo observations of individual 
capillary responses to insulin. The current study follows up on previous intravital 
microscopic studies in the cremaster muscle showing that tube hematocrit in single 
capillaries is low under baseline conditions, i.e., about 20% of systemic hematocrit, but 
may rapidly increase upon stimulation by vasoactive agents [34,39,40]. As in previous 
studies [34,41,42,43], capillary tube hematocrit, which is the fractional volume of a 
capillary occupied by RBCs, was derived from capillary anatomical diameter and the 
velocity and flux of RBCs in the examined capillary. Insulin was topically applied to the 
muscle, thereby minimizing systemic effects of the hormone. We used two concentrations 
with a 10 fold dose difference (20 and 200 µU/ml) which were in a sequential order 
applied; this approach resembled the study of McKay and Hester in the rat [25], 
with the difference that they used an initial insulin dose of 10 µU/ml. These authors 
evaluated vasodilator responses in second- to fourth-order arterioles, and observed 
diameter increases in these vessels only during superfusion with the 200 µU/ml dose. 
In contrast, we observed in the current study that tube hematocrit robustly increased 
in the observed capillaries during administration of the 20 µU/ml dose already, and 
did not further increase at the 200 µU/ml dose (Fig. 2.1A), confirming previous studies 
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using CEU and 1-MX metabolism indicating that the increase in capillary blood volume 
in skeletal muscle is more insulin sensitive than the increase in blood flow [5,8,14]. 
Also, the magnitude of the increase in capillary tube hematocrit (60-80%) fell in the 
range of reported increases in CEU signal intensity and 1-MX metabolism during insulin 
administration [14,15,17,21,44]. 
Capillary hemodynamics were evaluated during steady state superfusion of the muscle 
with insulin, starting 10 minutes after topical administration of insulin was initiated. 
The current study, therefore, follows up on our previous study in the rat, in which 
additional intravital microscopy of the cremaster muscle was performed in a small 
number of animals during the first 10 min of a hyperinsulinemic-euglycemic clamp only 
[28]. The reason for this short time interval was that we were interested in the rapid 
effect of insulin only, since it was found that the glycocalyx barrier properties in the 
microcirculation of the hindlimb were already impaired within 5-10 minutes after start 
of the clamp [28]. In that study, tube hematocrit was found to rapidly increase ~50% in 
the observed capillaries, and to be paralleled by an increase in capillary RBC flux without 
a change in RBC velocity and anatomical diameter. A similar response pattern was found 
in the current study when the muscle was exposed to the lower insulin concentration 
(Fig. 2.1). The unaltered capillary RBC velocity seems to preclude a contribution of 
the Fåhraeus effect to the tube hematocrit increase [45], and is in line with numerous 
previous intravital microscopic studies which showed that capillary tube hematocrit 
increases as a result of an increase in glycocalyx accessibility may occur independent 
of changes in RBC velocity [34,37,42,46]. The 200 µU/ml concentration of insulin was, 
however, besides the increase in capillary RBC flux also associated with small (i.e., ~9% 
and 6%, respectively) decreases in capillary RBC velocity and anatomical diameter 
(Figure 2.1C & D, left panels). 

Impairment of capillary response to insulin in db/db mice

The db/db mouse, which is characterized by a genetic absence of the leptin receptor, 
has been well established as experimental rodent model of obesity and type II diabetes. 
The db/db mouse is hyperglycaemic and hyperinsulinemic, and was in a previous 
study from our group indicated to have reduced glycocalyx barrier properties [30]. 
Microvascular studies have shown that the db/db model displays structural rarefaction 
in the cremaster, seen as a generalized loss of capillaries and small arterioles [47,48], 
and remodelling of the terminal arteriolar network [49]. These alterations have been 
associated with robust functional microvascular impairments in the cremaster, including 
a loss of arteriolar vasomotor tone and impaired capacity for vasodilation [47,48], and an 
unequal flow distribution in the terminal arteriolar network [49]. Cremaster capillaries 
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of the db/db mice in the current study were found to have somewhat smaller anatomical 
diameters compared to the control mice (Fig. 2.1D). Perfusion impairments in these 
muscles were not clearly evident at baseline, however. Capillary tube hematocrit was 
elevated in the observed capillaries at baseline, indicating an increased intracapillary 
volume available for blood likely as a result of the impaired glycocalyx barrier 
properties that were reported in these mice [30]. The increased Hcap was, however, not 
associated with an increased RBC flux or decreased RBC velocity, as observed during 
glycocalyx degradation by an atherogenic challenge in our previous studies [34,42]. 
These baseline capillary hemodynamics in the db/db mice, therefore, contrast with 
other intravital microscopic studies in rat models of type 1 and type 2 diabetes showing 
severe reductions in RBC flux and velocity in capillaries of resting spinotrapezius muscle 
[41,43]. While it is possible that our observations were biased towards capillaries with 
relatively unaffected RBC perfusion due to the applied selection criteria (image clarity, 
continuous RBC perfusion), capillary perfusion impairments in the db/db mice clearly 
manifested during insulin stimulation, particularly at the high insulin dose. Thus, in 
contrast to the control C57Bl/6 mice, capillaries lost RBC perfusion during insulin, 
resulting in a considerable proportion (16 out of 36) of capillaries with stagnant 
RBCs during stimulation with the 200 µU/ml insulin dose, while in the capillaries that 
sustained RBC perfusion both capillary RBC flux and velocity were reduced at the 200 
µU/ml dose as well. In line with our hypothesis, in the capillaries of the db/db mice 
that sustained RBC flow in the presence of insulin, tube hematocrit was unchanged 
at both concentrations, indicating an inability for insulin to augment blood volume 
in these capillaries. These data comply with reported data obtained in Zucker rats in 
which integrated capillary blood volume responses derived from 1-MX metabolism or 
CEU were found to be impaired during a hyperinsulinemic clamp [11,13]. The current 
data indicate that the impairment may occur at the level of the individual capillary, and 
correspond to the finding in our previous study in which the insulin-induced increase 
in capillary tube hematocrit was impaired in rats in which glycocalyx degradation was 
induced by systemic hyaluronidase infusion [28]. In these hyaluronidase treated rats 
capillary RBC flux and velocity were also found to be decreased in response to insulin, 
resembling the current observations in db/db mice during exposure of the cremaster to 
the high dose of insulin (Fig. 2.1B & C, right panels). 
In conclusion, the results of the current study show that insulin is able to increase blood 
volume in individual capillaries of the cremaster muscle of control mice, but not of db/
db mice, in which stagnation of RBC flow in capillaries was found in response to insulin 
as well. It might be anticipated that the detrimental capillary response to insulin in 
db/db mice is associated with an impaired delivery of insulin towards muscle, thereby 
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contributing to the compromised insulin-mediated glucose uptake in this mouse model 
of diabetes. 

Physiological relevance

Muscle insulin sensitivity has been coupled to the ability of insulin to increase capillary 
blood volume. While traditionally explained by an increase in the number of perfused 
capillaries (i.e., capillary recruitment), the current study shows that insulin increases 
blood volume at the level of the individual capillary in healthy mice but not in diabetic 
mice. These results indicate the capillary itself as locus for control of blood volume and 
exchange capacity.
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Abstract

It has been demonstrated that insulin-mediated recruitment of microvascular blood 
volume is associated with insulin sensitivity. We hypothesize that insulin rapidly 
stimulates penetration of red blood cells (RBC) and plasma into the glycocalyx and 
thereby promotes insulin-mediated glucose uptake by increasing intracapillary blood 
volume.
Experiments were performed in rats; the role of the glycocalyx was assessed by 
enzymatic degradation using a bolus of hyaluronidase. First, the effect of insulin on 
glycocalyx accessibility was assessed by measuring the depth of penetration of RBCs 
into the glycocalyx in microvessels of the gastrocnemius muscle with Sidestream Dark-
field imaging. Secondly, peripheral insulin sensitivity was determined using intravenous 
insulin tolerance tests (IVITT). In addition, in a smaller set of experiments, intravital 
microscopy of capillary hemodynamics in cremaster muscle and histological analysis of 
the distribution of fluorescently labeled 40 kDa dextrans (D40) in hindlimb muscle was 
used to evaluate insulin-mediated increases in capillary blood volume.
Insulin increased glycocalyx penetration of RBCs by 0.34 ± 0.44 µm (P<0.05) within 
10 minutes, and this effect of insulin was greatly impaired in hyaluronidase treated 
rats. Further, hyaluronidase treated rats showed a 35 ± 25 % reduction in whole-
body insulin-mediated glucose disposal compared to control rats. Insulin-mediated 
increases in capillary blood volume were reflected by a rapid increase in capillary tube 
hematocrit from 21.1 ± 10.1 % to 29.0 ± 9.8 % (P<0.05), and an increase in D40 intensity 
in individual capillaries of 134 ± 138 % compared to baseline at the end of the IVITT. 
These effects of insulin were virtually abolished in hyaluronidase treated animals.
In conclusion, insulin rapidly increases glycocalyx accessibility for circulating blood in 
muscle, and this is associated with an increased blood volume in individual capillaries. 
Hyaluronidase treatment of the glycocalyx abolishes the effects of insulin on capillary 
blood volume and impairs insulin-mediated glucose disposal.
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Introduction

After insulin has been secreted by the pancreas into the bloodstream, it is distributed 
by the microcirculation towards the capillaries where it has to cross the endothelium to 
bind to insulin receptors on target tissues, such as skeletal muscle. There is increasing 
evidence that both insulin delivery by the blood and the subsequent exchange from 
capillaries to the tissue may be rate limiting steps for the metabolic actions of insulin 
[1,2,3]. In skeletal muscle microcirculation, insulin has been indicated to rapidly (within 
10-15 minutes) recruit capillary blood volume [4,5], an effect which occurs before an 
increase of total blood flow, and which appears to be important for insulin’s metabolic 
actions [5]. While there is substantial experimental evidence for this link between 
the ability of insulin to increase capillary blood volume and its ability to efficiently 
dispose glucose from the circulation [5,6], the mechanism by which insulin mediates 
the increase in capillary blood volume in muscle is not well understood at the moment 
[7]. While traditionally the increase in capillary blood volume has been explained by an 
increase in number of perfused capillaries, our previous studies suggest that agonists 
are also able to increase functionally perfused capillary blood volume within individual 
microvessels by modulating the barrier properties of the endothelial glycocalyx [8,9,10]. 
The endothelial glycocalyx is the 0.5-1.0 µm thick gel-like layer on the luminal side of 
the vascular endothelial cells. It consists of a mesh of polysaccharide structures and 
absorbed plasma proteins and water [11,12], and has the last decade been indicated 
to have an important role in protection of the vessel wall, as well as in regulation of 
microvascular perfusion and nutrient exchange [9,13]. Intravital microscopy studies 
in rodent cremaster muscle indicate that under control conditions the glycocalyx is 
to a large extent inaccessible for red blood cells (RBCs) and plasma macromolecules 
[14,15], but that its accessibility can be rapidly increased in the presence of the agonists 
adenosine, bradykinin and sodium nitroprusside, resulting in a robust increase in 
capillary tube hematocrit [8,10,16]. Conversely, glycocalyx degradation during chronic 
hyperlipidemic conditions or acute enzymatic treatment has been associated with an 
impaired ability for these agonists to increase capillary blood volume [10,17].
The aim of the current study was to determine whether insulin also has the ability to 
rapidly increase blood volume in individual capillaries in muscle by modulation of the 
glycocalyx, and if this mechanism is important for insulin-mediated glucose disposal. 
In rats, we measured insulin effects on microvascular glycocalyx barrier properties and 
capillary blood volume in muscle, and assessed insulin sensitivity by an intravenous 
insulin tolerance test. The role of the glycocalyx was evaluated by acute enzymatic 
degradation with hyaluronidase [18,19]. Our results indicate that insulin, by rapidly 
increasing glycocalyx accessibility for circulating blood, is able to augment blood volume 
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within individual capillaries in skeletal muscle, and this effect is indicated to contribute 
to insulin-mediated glucose disposal.
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Methods

Animals and general instrumentation

The experimental protocols were approved by the Animal Ethics Care and Use committee 
of Maastricht University (AEC protocol numbers: 2007-167 and 2009-015). Experiments 
were performed in male Wistar rats (350-400 gram; n=42) that received standard 
chow and water ad libitum. After arrival from the external supplier (Harlan, Horst, The 
Netherlands) the animals were housed at the animal facility of Maastricht University 
and allowed to acclimatize for at least one week before the experiments. At the day of 
the experiment, after an overnight fast (10-12 h), rats received the narcotic analgesic 
buprenorphine (Temgesic 0.03 mg/mL; Schering-Plough) at 0.1 mg/kg subcutaneously, 
while 30-45 minutes later the animals were put under isoflurane anesthesia (2%). Their 
femoral vein was cannulated with a polyurethane catheter (1.02 mm outer diameter 
(OD); 0.61 mm inner diameter (ID), Charles River Wiga GmbH, Sulzfeld, Germany), and 
either a bolus of 1 ml saline or 1 ml hyaluronidase (500 U/ml) was infused. One hour 
later baseline glucose (Gluc0) and baseline insulin (Ins0) were measured in each animal, 
and as a measure for baseline insulin sensitivity the HOMA-IR was calculated ((Ins0 X 
Gluc0)/405). Insulin infusion started 60-90 min after bolus injection in the different 
protocols described below. The choice for a 1-1.5 hour incubation period was based on 
previous reports of a time-dependent effect of bolus administration of hyaluronidase 
on impairment of glycocalyx exclusion properties [18,19]. At the end of the experiments 
rats were sacrificed by exsanguination while under anesthesia.

Experimental protocols

Table 3.1 depicts the different protocols used in the current study. Two main protocols 
were used. In the first protocol, it was studied whether glycocalyx barrier properties 
were rapidly impaired upon insulin infusion, and in the second it was studied whether 
enzymatic glycocalyx degradation was associated with an impaired insulin sensitivity. 
To evaluate whether the effects observed in these two studies were associated with 
changes in perfused capillary blood volume, for each protocol additional experiments 
were performed in a smaller group of animals (named protocol 1a and 2a, respectively).
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1) Rapid effect of insulin on glycocalyx barrier properties in hindlimb muscle 

To determine the potency of insulin to rapidly modulate microvascular glycocalyx barrier 
properties, rats received a constant infusion of insulin (6 mU/min/kg), somatostatin 
(0.8 μg/kg/min) and glucose (12 mg/kg/min) for 30 minutes. Somatostatin was 
used to block endogenous insulin and glucagon secretion. The co-infusion of glucose 
enabled blood glucose levels to be maintained above 75 mg/dl, as checked by regular 
blood glucose measurements (Ascensia Contour). To measure the effect of insulin on 
glycocalyx barrier properties, changes in RBC column width in individual microvessels 
were determined. Herefore, the superficial part of the gastrocnemius muscle in rats 
was exposed, and a bicarbonate-buffered physiological salt solution (PSS) of the 
following composition (mM): 131.9 NaCl, 4.7 KCl, 2.0 CaCl2, 1.2MgSO4, 20 NaHCO3 
and equilibrated with 5% CO2–95% N2 to obtain a pH of ± 7.4 was used to suffuse 
the muscle. The microcirculation was imaged with a SDF camera, which is equipped 
with a 5X magnifying objective lens system-containing probe, imaging the RBCs in the 
tissue-embedded microcirculation using green pulsed LED ring illumination [20]. After 
equilibration, the microcirculation was visualized 10 times at baseline (for 30 minutes) 
and during the constant infusion of insulin for 30 minutes. In each animal, paired 
measurements of the muscle microcirculation were made by holding the SDF at the 
same position using a micromanipulator.

1a)  Rapid effect of insulin on capillary tube hematocrit in cremaster muscle 

To test if the rapid changes (i.e., within 10 minutes) in glycocalyx barrier properties by 
insulin were accompanied by concomitant rapid increases in capillary blood volume, 
capillary tube hematocrit measurements were performed in cremaster muscle using 
intravital microscopy. Herefore, rats were placed in a supine position on a custom built 
animal platform and the right cremaster muscle was prepared as previously described 
for the mouse [21,22]. Briefly, an incision was made through the skin and the muscle 
dissected from the surrounding connective tissue. The exposed muscle was positioned 
on a clear Silicon pedestal and longitudinally incised from the apex to the inguinal 
canal with minimal disruption of the vascular supply. After severing the deferential 
artery and vein, the testis and epididymis were dissected away and repositioned in the 
abdominal cavity. The cremaster muscle was spread radially on the pedestal and pinned 
at the edges. The muscle was continuously (~5 ml min-1) superfused at 34 °C with 
PSS. Following surgery, the completed preparation was transferred to the stage of an 
intravital microscope (Leica Microsystems, Wetzlar, Germany), coupled to a CCD video 
camera (C9100; Hamamatsu, Hamamatsu City, Japan). Microvessels were observed 
using bright-field (100 W Hg lamp) microscopy (condensor: numerical aperture (NA): 
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0.6; salt water immersion objective lens (SW100, NA 1.2)). Bright-field images were 
made with a 435 nm band pass interference filter (blue light) in the light path. The 
preparation was equilibrated for 20-30 min, during which time the arteriolar network 
was scanned for the presence of vasomotor tone. Cremaster capillaries from different 
microscopic fields were randomly chosen for examination and recorded with Wasabi 
software (Hamamatsu) before (for 30 minutes) and during 10 minutes after start of the 
insulin infusion.

2)  Effect of enzymatic glycocalyx treatment on insulin-mediated glucose 

disposal 

An intravenous insulin tolerance test (IVITT) was performed to measure insulin-
mediated glucose disposal. To avoid hypoglycemia resulting from the insulin infusion, 
first a bolus of 1 g/kg glucose (0.5 g/mL) was given via the venous line and this was 
followed by a bolus of 1 U/kg insulin (1 U/mL) after 30 minutes. Blood glucose was 
measured, via tail bleeding, with a glucose meter (Ascensia contour) at t = -10 and 0 
(pre) and t= 2, 4, 6, 8, 10, 15, 20 and 30 minutes after glucose infusion; then the bolus 
of insulin at t = 31 was given and blood glucose was further monitored at t = 33, 35, 
37, 39, 41, 46, 51, and 61 minutes. Plasma insulin levels were measured with an ELISA 
(ALPCO Diagnostics, Salem, NH) at t= 0 (pre) and t = 2, 6, 10, 15, 30, 33, 37, 41, 46 and 
61 minutes after glucose infusion; systemic hematocrit was also measured at these time 
points. 

2a)  Effect of enzymatic glycocalyx treatment on insulin-mediated increases in 

plasma volume in hindlimb capillaries 

At the end of the IVITT (t=61 min), 0.5 ml of Texas-Red labeled 40 kDa dextrans (5 
mg/ml) (D40; Invitrogen) was infused, and 3 minutes later hindlimb muscles were 
rapidly removed and immediately fixed in a 4% formaldehyde solution for subsequent 
histological analysis. Additional control experiments were performed to determine 
the D40 distribution in the absence of insulin, and to correct for the contribution of 
autofluorescence (no D40 infusion).

Data analysis 

1)  Glycocalyx barrier properties

Insulin-mediated changes in glycocalyx barrier properties were derived from dynamic 
RBC column width measurements, which were determined in all visualized microvessels 
that were a) in focus, b) had a sufficient length and were not close to bifurcations, and c) 



45

Insulin modulates glycocalyx barrier properties

3

were continuously filled with RBCs and did not contain plasma gaps. Movies consisted 
of 40 consecutive frames and contained 5-15 useful microvessels per observed muscle 
area (950 µm by 700 µm) (Fig 1A). In each frame, lines were placed every 10 µm 
perpendicular to the vessel direction along the length of each visible microvessel. Each 
line represented a measurement site; at each site a total of 21 parallel (every ± 0.5 µm) 
intensity profiles was plotted (using ImageJ, National Institutes of Health, Bethesda, 
MD) and RBC column width (full width half maximum (FWHM)) was determined at each 
line for all 40 consecutive frames in a movie, revealing a total of 840 RBC column width 
measurements at a single measurement site (21 profiles X 40 frames). The cumulative 
distribution of the RBC column widths for these 840 measurements was constructed 
and used to determine median RBC column diameter (DP50) at each measurement site; in 
addition, RBC column widths percentiles between P25 and P75 were fitted with a linear 
fit to determine the distance between opposite positions of the RBC-glycocalyx interface 
at each measurement site, which is defined as the RBC-perfused diameter (Dperf) (Fig. 
3.1B) [23]. For each microvessel in an experiment, DP50 and Dperf were averaged for all 
measurement sites along the vessel, and this was done at each time point.

1a)  Capillary tube hematocrit 

Capillary hemodynamics in 4-5 capillaries per muscle were monitored at baseline and 
during insulin infusion for 10 minutes. Capillary tube hematocrit (Hcap) was determined 
from the digitally recorded movies from capillary anatomical diameter (Da), the flux of 
RBCs (F) and the velocity of RBCs (V) in each recorded capillary using the formula:
Hcap = F/ (V*π/4*Da2) * MCV [10,21], where MCV is the mean corpuscular volume 
in rats (± 70 um3) [24,25]. Using frame by frame playback RBC flux in a capillary was 
determined, at least 5 times per measurement, by counting the number of RBCs to 
pass through a reference point in 1 second. The velocity of RBCs in each capillary was 
determined by measuring the length of a capillary segment and dividing it by the time 
required for RBCs to traverse this segment [21]. Further, capillary blood flow (Qcap) 
was calculated using the formula:
Qcap=V * π* (D/2)2

.

2)  Insulin-mediated glucose disposal

As a reflection of the insulin sensitivity during the IVITT, the decline in blood glucose 
between 2 and 30 minutes after insulin infusion was determined, and the glucose 
disposal rate (Kitt) calculated from the slope of the linear regression line of the logarithm 
of blood glucose against time multiplied by -100 [26]. 
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2a)  D40 distribution

Muscles were paraffin-embedded and sectioned in the transverse direction. Of each 
muscle 5 slides were analyzed; only slides were included in which microvessels were 
sectioned perpendicular, as checked by the hexagonal pattern of the cross-sectioned 
muscle fibers and roundness of the D40 / WGA-FITC stain (see below). Images (713 
μm x 532 μm) were captured with a Leica DFC320 digital camera (Leica, Rijswijk, 
Netherlands) at 20x magnification (Leica DM3000 microscope) (Fig. 3.3). Within a 
slide both diameter and total intensity of each D40 filled capillary were derived using 
MATLAB software (MATLAB 7.8.0). Thereto, the number of fluorescent pixels per 
capillary was used as a measurement of the total surface area (A) of a filled capillary, 
and diameter (D) calculated using the formula: D = 2 *

p
A .. Total intensity per filled 

capillary was calculated by dividing the intensity of each fluorescent pixel in the vessel 
by the mean background intensity from the surrounding muscle tissue, and subsequent 
summation of all normalized pixel intensities. In the slides that were analyzed, for all 
four conditions, approximately 85% of all microvessels had a D40 diameter <10 μm, 
indicating that primarily capillaries were analyzed. 
In addition, in each slide the total number of D40 perfused capillaries per muscle area 
was calculated using specialized morphometry software (Leica QWin V3, Cambridge, 
United Kingdom). For reference, structural capillary density was measured in a number 
of the slides as well. Hereto, slides were deparaffinized and stained using 50 μg/ml FITC-
labeled lectin from triticum vulgaris (WGA-FITC; Sigma). Images were captured at the 
same x-y position of the slide as for the D40 image and the total number of WGA-FITC 
stained capillaries per muscle area was calculated also using specialized morphometry 
software.

Statistical analysis

Statistical analysis for protocols 1 and 2 was performed on the number of animals; 
for protocols 1a and 2a analysis was performed on the number of vessels and number 
of slides, respectively. These numbers were based on power analyses (power = 0,8; α 
=0.05). Thus, the study of Vincent et al. [5], showed, using contrast-enhanced ultrasound, 
that insulin rapidly increased microvascular blood volume by ~50 %, and we supposed 
that insulin would have comparable effects on capillary tube hematocrit (SD: 40 %) and 
D40 intensity (SD: 41 %), revealing that a total number of 11 vessels and 12 slides were 
needed, respectively, to observe significant increases by insulin. The number of animals 
that were used in each protocol as well as the number of vessels (SDF and IVM imaging) 
or slides (D40 distribution) that were analyzed are summarized in Table 1. All data are 
presented as means ± SD; coefficient of variation is expressed as (SD/mean x 100%). The 
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normality of the data was checked with the D’Agostino & Pearson omnibus normality 
test for groups with a n>6 and the Shapiro Kolmogorov-Smirnov test for groups with 
a n<6. If data were not normally distributed, the range (minimum to maximum) has 
been added. The effect of insulin on glycocalyx barrier properties measured with SDF 
was tested for the first 10 minutes as well as for the entire 30 minute infusion period, a 
1-way ANOVA test with Tukey’s posthoc test was used if all data passed the normality 
test, while a Friedman test with Dunn’s post-hoc multiple comparison test was used in 
case when groups did not pass the normality test. Statistical differences in the other 
experiments were tested with Student’s t-tests or Mann-Whitney U test. A value of 
P<0.05 was considered statistically significant.
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Results

To determine the potency of insulin to rapidly modulate microvascular glycocalyx 
properties and thereby increase blood volume in capillaries (Protocol 1), control and 
hyaluronidase treated rats received a constant infusion of insulin (6 mU/min/kg), 
somatostatin (0.8 μg/kg/min) and glucose (12 mg/kg/min) for 30 minutes. Baseline 
glucose and insulin levels were 115.0 ± 30.4 (75.7 -198.2) mg/dl and 7.6 ± 1.5 (5.7 
-9.7) µU/ml respectively in control rats and were not different in the hyaluronidase 
treated rats (130.0 ± 29.6 (82.9 -187.4) mg/dl and 8.7 ± 6.0 (4.2 -21.5) µU/ml).In line 
with the comparable glucose and insulin levels, the HOMA-IR was not different between 
the control group and the hyaluronidase treated group, 2.0 ± 0.4 versus 2.4 ± 1.8, 
respectively. 

1)  Glycocalyx barrier properties 

For assessment of glycocalyx barrier properties, the microcirculation of the 
gastrocnemius muscle was visualized with a SDF camera. Dynamic variations in red 
blood cell (RBC) column width were measured in each visible useful microvessel and 
the position of the RBC-glycocalyx interface was used to monitor the level of penetration 
of RBCs into the glycocalyx (Fig. 3.1). In the control rats, the coefficient of variation 
between the 10 measurements in a vessel during the baseline period for DP50 and Dperf 
were 4.5 ± 2.4 % and 6.4 ± 5.0 % respectively; pooled values were respectively 9.5 ± 1.3 
µm (DP50) and 13.4 ± 1.2 µm (Dperf). Mean coefficients of variation of DP50 and Dperf within 
an animal were 11.3 ± 3.0% and 15.0 ± 5.5%, between animals they were 3.5% and 
9.0% and between vessels they were 12.4% and 18.6%, respectively. Subsequent insulin 
infusion resulted in an increase in outward movement of the RBC-glycocalyx interface 
of 0.34 ± 0.44 µm at both sides within 10 minutes (p<0.05; Fig 3.1C, right panel), while 
there was no significant effect of insulin on RBC-glycocalyx interface when tested for 
the entire 30 minutes infusion period. DP50 did not change within the first 10 minutes 
after start of the insulin infusion, nor during the 30 minutes of insulin infusion (Fig 3.1C, 
left panel). Compared to the control rats, DP50 in the microvessels of the hyaluronidase 
treated rats was lower during baseline (8.6 ± 0.9 µm; p<0.05) and did not change in 
response to insulin infusion as well (Fig 3.1D, left panel). The Dperf at baseline did not 
differ (12.6 ± 1.4 µm) in the hyaluronidase treated rats compared to the control rats; in 
contrast to control, Dperf did not increase in the initial 10 minutes after start of insulin 
infusion in the hyaluronidase treated rats (Fig 3.1D, right panel). The response of Dperf 
during the insulin infusion was heterogeneous with respect to the time of the peak 
and the magnitude of the response between vessels within an animal. When statistical 
analysis was performed on the total number of vessels, Dperf was found to be increased 
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in control animals at t= 5, 10, 15, 20 and 30 minutes after insulin infusion compared to 
baseline, without a change in DP50. In contrast, both Dperf and Dp50 were unaffected at any 
time point after insulin infusion in the hyaluronidase treated animals. 

Figure 3.1 A. Example of a single SDF image of rat gastrocnemius microcirculation. From each movie (total 
length: 40 frames) recorded by the SDF camera the distribution of the width of the red blood cell (RBC) 
column in each microvessel that fitted the criteria of the analysis (a) in focus, b) had a sufficient length and 
were not close to bifurcations, and c) were continuously filled with RBCs and did not contain plasma gaps) 
was determined along the vessel by placement of lines ± every 10 μm perpendicular to the vessel direction (as 
shown by numbered lines in image), and calculating the full width at half maximum of the intensity profile 10 
times in front and 10 times behind each line frame by frame in all 40 consecutive frames (see methods). Per 
vessel, the DP50 and Dperf, by linear extrapolation of the distribution of RBC column width, were determined, 
revealing the perfused boundary region (PBR), which includes the cell-permeable part of the glycocalyx (see 
Discussion, page 16). Between the PBR and the endothelium the cell-impermeable glycocalyx resides. An 
increase in the accessibility of this part of the glycocalyx for the flowing RBCs is associated with an outward 
movement of the RBC-glycocalyx interface as shown by the thick arrow in panel B. Effects of insulin on the Dp50 
and Dperf in control rats (n=6) are shown in panel C and effect of insulin on the Dp50 and DPerf in hyaluronidase 
treated rats (n=7) are shown in panel D. #, P<0.05 (1-way ANOVA), *, P<0.05 versus baseline (t=0) (Tukey’s 
post hoc test)

1a)  Capillary tube hematocrit

Rapid changes in capillary hemodynamics in response to hyperinsulinemia were 
evaluated in cremaster muscle with intravital microscopy. Capillary tube hematocrit 
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was derived from measurements of capillary RBC flux, velocity, and anatomic diameter, 
in multiple vessels in an experiment (see Methods). These parameters showed a 
considerable range during baseline conditions already, resulting in a mean coefficient 
of variation of Hcap within an animal of 51.8 ± 16.2%, between animals of 20.2%, and 
between vessels of 47.8% in control rats. Nevertheless, capillary tube hematocrit was 
observed to significantly increase within the first 10 minutes after start of the insulin 
infusion already (Table 3.2). RBC flux tended to increase (p=0.08), without changes in 
RBC velocity and anatomic diameter. Hyaluronidase treatment itself was associated 
with an elevated capillary tube hematocrit under baseline conditions, which was not 
further increased by insulin infusion within the first 10 minutes (Table 3.2). However, 
RBC flux tended to decrease after insulin infusion in the hyaluronidase treated rats 
(P=0.06).

Table 3.2 Capillary hemodynamics measured in the cremaster muscle

Control Hyaluronidase

Baseline  
(n=13)

Insulin 10 min 
(n=14)

Baseline  
(n=9)

Insulin 10 min 
(n=7)

Hcap (%) 21.1 ± 10.1 29.0 ± 9.8 * 42.6 ± 20.2 # 40.6 ± 25.9 

RBC velocity 
(µm/s) 216 ± 93 207 ± 83 220 ± 133 148 ± 89

RBC flux (cells/s) 18.2 ± 11.8 27.6 ± 15.1 23.5 ± 13.0 12.9 ± 5.6

Anatomic 
diameter (µm) 6.2 ± 1.5 (4.6-10.0) 6.5 ± 1.4 (4.9-9.0) 5.4 ± 0.55 (4.9-6.5) 5.0 ± 0.7 (4.0-5.7)

Capillary blood 
flow (pL/s) 6.3 ± 3.4 (1.6-16.1) 6.7 ± 2.8 (3.2-11.9) 5.0 ± 3.3 (0.8-10.3) 2.9 ± 1.9 (0.7-6.2)

Capillary hemodynamics were obtained during baseline conditions and in the first 10 minutes period during 
infusion of insulin in control (saline-treated) rats (n=3) and hyaluronidase-treated rats (n=2). Data are means 
± SD, number of vessels given in upper row. *, P<0.05 effects of insulin compared to baseline (unpaired 
Student’s t-test), # P<0.05, hyaluronidase baseline compared to baseline control rats (unpaired Student’s 
t-test). 

2)  Insulin-mediated glucose disposal

To determine the effect of glycocalyx degradation on whole-body insulin-mediated 
glucose disposal, IVITTs were performed in anesthetized rats, and the glucose disposal 
rate monitored for 30 min. The Kitt was decreased in the hyaluronidase treated rats 
compared to control rats (p<0.05) (Fig. 3.2). Systemic hematocrit before the infusion 
of glucose was 43.8 ± 3.4 % in the control rats and 46.3 ± 7.4 % in the hyaluronidase 
treated rats and did not change after the insulin infusion in both groups of animals. 
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Figure 3.2 A. Mean ± SEM of the logarithm of blood glucose in time after an i.v. bolus of insulin (1 U/kg) in 
control rats (n=6) and hyaluronidase treated rats (n=7). Insulin levels (in μU/ml) measured at different times 
during the test are shown in the panel below the graph.*, P<0.05 versus control (unpaired Student’s t-test). 
B. The glucose disposal rate (Kitt), calculated from the slope of the linear regression line of the logarithm of 
blood glucose against time multiplied by -100, for each individual experiment as well as the mean ± SEM of all 
experiments *, P<0.05 versus control (unpaired student’s t-test).

2a)  D40 distribution

Figure 3.3A shows representative histological images of D40 filling in capillaries of 
hindlimb muscle in the four different treatment groups. These images were used to 
determine both intensity (Fig 3.3B) and diameter (Fig 3.3C) for each filled capillary, 
as well as the total number of D40 perfused capillaries per muscle area (Fig 3.3D). 
Mean intensity and number of fluorescent capillaries were 18.8 ± 7.1 a.u. and 102 ± 62 
capillaries/mm2 respectively, in muscle without D40 infusion; these autofluorescence 
values were subtracted from the experimental values presented in Figure 3.3. Both 
mean intensity, as well as diameter of the D40 filled vessels were greater (p<0.05) in 
the rats that underwent the IVITT compared to the rats that did not receive insulin. The 
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number of D40 filled capillaries was lower in the rats that received insulin (p<0.05, Fig 
3.3D).

Figure 3.3 A. Typical examples of histological cross sections of rat hindlimb muscles at baseline in control rats 
(1 hour after saline; I, n=18 slides), 30 minutes after insulin administration in control rats (II, n=13 slides), 
1 hour after a bolus of hyaluronidase (III, n=17 slides) and 30 minutes after insulin in hyaluronidase treated 
rats (IV, n=11 slides). In each slide the total intensity (B) and diameter (C) of each tracer filled capillary were 
determined, as well as the number of filled capillaries (D) (see Methods). In muscles of rats in which no 
tracer was infused (n=12), the number of counted capillaries was 102 and total intensity in these capillaries 
was 18.8; data in panels B and D are corrected for these values. *, P<0.05 versus control baseline (unpaired 
Student’s t-test); †

, P<0.05 versus control baseline (Mann-Whitney U test); #
,
 P<0.05 versus hyaluronidase 

baseline (unpaired Student’s t-test).

In the hyaluronidase treated rats, mean intensity and D40 diameter were greater 
compared to control baseline (P<0.05), and the number of D40 filled capillaries was 
significantly lower. In contrast to the effect of insulin in control animals, mean D40 
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intensity did not increase and the diameter of D40 filled capillaries was actually reduced 
(p<0.05) at the end of the IVITT in the hyaluronidase treated rats. In these rats, insulin 
infusion appeared not to affect the number of D40 filled capillaries. Structural capillary 
densities (WGA-FITC staining) were not different in the four groups (control: baseline 
821 ± 206 capillaries/mm2, insulin 816 ± 120 capillaries/mm2; hyaluronidase: baseline 
989 ± 198 capillaries/mm2, insulin 766 ± 189 capillaries/mm2)
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Discussion

The observations in the current study demonstrate that insulin rapidly increases the 
accessibility of circulating blood into the glycocalyx, which enables an increase in blood 
volume within already perfused capillaries. In contrast, after enzymatic glycocalyx 
degradation the ability of insulin to modulate glycocalyx properties and to increase 
capillary blood volume in individual capillaries is impaired, and this impairment 
is associated with a ~ 35% reduction in insulin-mediated glucose disposal from the 
circulation. While confirming previous studies indicating that the ability of insulin to 
dispose glucose is coupled to its ability to increase capillary blood volume in muscle 
[5,6], the current results indicate that the latter includes volume increases at the level 
of the individual capillary by insulin increasing the accessibility of the glycocalyx for 
flowing blood.

Methodological considerations

SDF imaging: The microcirculation on the external part of the gastrocnemius muscle 
was monitored with SDF imaging. The advantage of the SDF camera is that it can readily 
be applied for visualization of the sublingual microcirculation in humans [20,27,28,29], 
and of skeletal muscle microcirculation in rodents as done in the current study. 
Changes in glycocalyx barrier properties were assessed using specialized software tools 
developed in our laboratory. Since the anatomic borders of the vessels are not depicted 
when using epi-illumination, we analyzed the dynamic range of the RBC column width 
as a reflection of the glycocalyx barrier properties (Fig 3.1B). The analysis requires 
sufficient continuous RBC filling of the microvessels. The average Dp50 was ~ 9 µm, 
illustrating that the analysis was not directed to true capillaries only and most likely 
included pre- and post-capillary microvessels. SDF measurements were reproducible 
during the baseline period in control rats as indicated by the small coefficients of 
variation for Dp50 and Dperf. The SDF camera has a low magnification, giving pixel sizes 
of 1.26 μm. Linear interpolation of the intensity profiles into virtual subpixels of ~ 0.15 
μm, however, allowed for more accurate measurements of FWHM positions while in 
addition to this, there were 21 measurements along the length of a vascular segment for 
each measurement site. The analysis revealed that during control conditions, DP50 was 
bordered by a cell poor region of approximately 2 μm at both sides. This region resembles 
the so-called perfused boundary region (PBR; Fig. 3.1), which results from the phase 
separation between the RBCs and plasma in microvessels and includes the most luminal 
part of glycocalyx that allows cell penetration [30,31,32]. Accordingly, an increase in 
Dperf at a given DP50 width is indicated to reflect an increased glycocalyx accessibility due 
to impaired glycocalyx barrier properties (as indicated by the arrow in Fig. 3.1B) [23]. 
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In line with this approach, Vink et al. recently showed, using high magnification bright-
field microscopy in microvessels of the cremaster muscle of transgenic mice in which 
the endothelial cells were labeled with a green fluorescent protein, that hyaluronidase 
treatment was associated with an outward radial displacement of RBCs without a 
change in anatomic vessel diameter [33].

Intravital microscopy: Agonist- or enzyme-induced impairments of glycocalyx barrier 
properties have been shown to coincide with increases in functionally perfused capillary 
volume, as reflected by an increased capillary tube hematocrit [10,14,21]. To confirm 
that the increases in glycocalyx accessibility in the microvessels during insulin infusion 
would be accompanied by increases in capillary blood volume, we performed additional 
intravital microscopy experiments in a small number of animals, in which capillary 
hemodynamics were measured in multiple vessels in one animal [10,21]. Capillary tube 
hematocrit was derived from RBC flux and velocity, anatomic diameter and MCV; while 
these measurements have potential errors associated with them this estimate has been 
used in many previous studies and the possible error associated with the calculation 
is regarded to be small [34]. In line with previous studies [10,35,36], capillary tube 
hematocrit showed a considerable range, as illustrated by a coefficient of variation 
between vessels of 48%; nevertheless, in line with our previous study [10], we observed 
a rapid and substantial increase in this parameter upon insulin infusion. Compared to 
the increases in capillary tube hematocrit of ~ 250% found after bradykinin and SNP 
administration [10], the increases in hematocrit found with insulin were, however, 
relatively small, indicating that there still seems potential for capillary blood volume to 
increase further. Of note, MCV was based on previous studies [24,25]; while effects of 
insulin or hyaluronidase on MCV have not been reported, possible affects of a change in 
MCV on capillary tube hematocrit in the present study cannot be ruled out.

IVITT: In accordance with previous studies [37,38] we used an IVITT for measuring 
insulin sensitivity. We used an IVITT instead of a clamp as a more physiological stimulus 
with respect to the timing of the vascular insulin effect. When using a hyperinsulinemic 
euglycemic clamp, the glucose infusion rate is typically measured during steady state 
conditions which occur approximately 120 minutes after start of insulin infusion 
and it might be anticipated that at this time point insulin-mediated glucose uptake is 
dominated by processes occurring at the level of the myocytes and not at the level of 
the microvasculature. Note that in order to avoid hypoglycemia and to have a useful 
range for blood glucose to be decreased by insulin, we first gave a bolus of glucose in 
our IVITT experiments. As a result of the glucose bolus, counterregulatory mechanisms 
kicked in later than 30 minutes in our experiments, as shown by the dynamics of the 
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glucose response (Fig. 2A), thereby warranting use of the entire blood sampling period 
for calculation of the Kitt.

Histology: To check if insulin-mediated increases in capillary blood volume occurred 
during the IVITT, fluorescent D40 was infused as a small-sized plasma tracer [15] at the 
end of the test (30 min), and its distribution in the hindlimb muscle microcirculation 
was analyzed on histological sections. While during control conditions approximately 
80% of the present capillaries (i.e. labeled by WGA) were filled with D40, the number 
of D40 filled capillaries decreased after hyaluronidase and insulin infusion. The lower 
number of D40 filled capillaries may reflect a redistribution of blood flow into the 
capillary network, as was previously described for hyaluronidase by Cabrales et al. 
[18], as well as an increase in the number of capillaries containing an erythrocyte (and 
hence no D40) in the histological cross-section. Further, the increases in D40 diameter 
occurred without changes in systemic hematocrit suggesting that the increase in D40 
intensity did not reflect an increased D40 concentration in the plasma due to fluid 
leakage. Although all D40 filled microvessels were used for the analysis, capillaries were 
prominent in these cross-sections, as reflected by the calculated D40 diameters (Fig 
3.3C). 

Hyaluronidase treatment: The rationale for using hyaluronidase treatment to study 
the role of the glycocalyx in insulin-mediated responses comes from previous studies 
which demonstrated loss of glycocalyx structures [39] and impairment of its barrier 
properties after administration of the enzyme [18,19,40]. These studies indicated that a 
period of ~ 45-60 minutes was needed for an optimal effect of hyaluronidase; hereafter, 
the effect waned, but was still present after 2 hours [19]. Based on these findings we 
used an incubation period of 1-1.5 hour for the enzyme in the current experiments. In 
line with these previous studies, hyaluronidase treats rats showed decreased glycocalyx 
barrier properties which coincided with increases in capillary blood volume. Thus, 
hyaluronidase treatment was associated with a significant increased Dperf compared 
to the DP50 and increased capillary tube hematocrits in the cremaster microcirculation 
at baseline; furthermore, in the histology experiments, the intensity of D40 within a 
capillary, as well as D40 diameter were higher in the hyaluronidase treated animals 
compared to controls at baseline This observation appears to contrast the finding of 
a smaller DP50 in the SDF experiments. However, when taking into consideration that 
the vessels examined with SDF were not primarily capillaries but included also small 
arterioles and venules, it is possible that increased blood volume in the capillaries is 
associated with a reduced blood volume in the upstream and downstream microvessels. 
In line herewith, a previous study of VanTeeffelen et al [40] showed that hyaluronidase 
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treatment was associated with decreases in anatomic diameter in second- and third-
order arterioles in the mouse cremaster, which was suggested to reflect a decreased 
NO-bioavailability.

Insulin-mediated blood volume increase within already perfused capillaries by 

rapid modulation of glycocalyx barrier properties 

In previous studies, using contrast-enhanced ultrasound (CEU) and 1-methylxanthine 
metabolism (1-MX), it has been shown that insulin infusion results in a rapid increase 
in microvascular blood volume and functionally available endothelial surface area 
in skeletal muscle [5,41,42,43]. Based on these studies, the concept was put forward 
that these microvascular effects of insulin may promote its own delivery and that of 
glucose towards the myocytes [5,42,44]. These previous studies did, however, not 
distinguish whether the increase in capillary volume or surface area were the result of 
an increased number of perfused capillaries, an increased volume in already perfused 
capillaries, or both. Based on the idea that skeletal muscle capillaries at rest are only 
partly perfused [45], the data so far have been merely interpreted as insulin increasing 
the number of perfused capillaries by inducing vasodilatation of precapillary arterioles 
[46,47,48]. The data of the current study show that insulin, by attenuating glycocalyx 
barrier properties, may increase capillary blood volume within already perfused 
capillaries. As reflected by the outward movement of the RBC-glycocalyx interface, 
insulin stimulated farther penetration of the outer RBC edge into the glycocalyx by 0.34 
± 0.44 µm within 10 minutes, indicating that the barrier properties of the glycocalyx 
were rapidly decreased by insulin. Reports by others showed that the dose of insulin 
used in the current study increases total skeletal muscle blood flow only after 20 to 30 
minutes [47,49], confirming that the agonist-induced impairment of glycocalyx barrier 
properties might precede its action on the resistance vasculature [21]. Capillary tube 
hematocrit in cremaster muscle increased with ~ 40% within 10 min after start of a 
continuous insulin infusion, and we observed a more than 2-fold increase in the amount 
of D40 per capillary in hindlimb muscle capillaries 30 min after a bolus injection of an 
even higher dose of insulin. The D40 increase in control rats was partially due to an 
increase in D40 diameter, which is in line with the increased Dperf during insulin infusion 
found with SDF imaging. These results confirm previous studies which showed that 
insulin rapidly increases capillary blood volume in muscle tissue; our data show that 
the increase can occur within already perfused capillaries by an increase in glycocalyx 
accessibility. The effect of insulin on glycocalyx barrier properties and capillary blood 
volume was greatly impaired after enzymatic degradation of the glycocalyx with 
hyaluronidase (Fig 3.1C, Table 2, Fig 3.3B), which is in line with previous studies, which 
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showed a lack of effect of agonists on glycocalyx dextran accessibility and capillary 
tube hematocrit after glycocalyx degradation [10,17]. Subsequent insulin infusion in 
the hyaluronidase treated rats was even associated with smaller D40 diameters in the 
histological slides, which contrasts to the unaltered capillary diameters in the intravital 
microscopy experiments. The differences could be due to a difference in timing between 
the observations and/or the different insulin concentrations used. The decrease in 
D40 diameter might reflect a reduction in capillary anatomic diameter for example 
due to perivascular edema [39], or a reduction in capillary pressure coinciding with 
the impaired capillary perfusion observed in the IVM experiments, which could be a 
consequence of vasoconstriction of arterioles as also illustrated by the reduced median 
RBC column after hyaluronidase treatment

Glycocalyx degradation is associated with impaired vascular and metabolic 

insulin actions

Hyaluronidase treatment was associated with similar changes in baseline glycocalyx 
properties and capillary blood volume as compared to the effect of insulin during control 
conditions, but apparently did not affect insulin sensitivity at baseline as illustrated 
by unchanged fasting glucose levels, fasting insulin levels and HOMA-IR compared to 
fasting control conditions. Importantly, insulin infusion in the hyaluronidase treated 
rat was accompanied by a ~ 35% delayed glucose disposal from the circulation. It has 
been indicated, using 1-MX and CEU, that insulin increases capillary surface area for 
exchange by recruiting the number of perfused capillaries, and it is suggested that these 
increases in capillary blood volume are important for insulin’s ability to efficiently 
dispose glucose from the circulation [5,6,45]. However, the hyaluronidase results of the 
current study suggest that a single increase in capillary blood volume within individual 
capillaries in itself is not sufficient to increase glucose disposal. In the hyaluronidase 
treated animals, the decrease in insulin-mediated glucose disposal may be explained 
by an impaired microvascular delivery of insulin and glucose due to a compromised 
capillary perfusion, as evidenced by the reduced number of D40 filled capillaries, the 
decrease in RBC flux, and smaller D40 filled diameters found after insulin infusion in 
these animals.
The findings of the current study suggest that an intact glycocalyx is necessary for 
optimal regulation of transcapillary transport of insulin. It has been shown that the 
transcapillary exchange of insulin, despite its small size (6 kDa), does not simply occur 
via diffusion but that it likely involves a receptor-mediated process, involving caveolae 
[50]. Further, Vink & Duling [15] showed that the penetration of plasma proteins/
peptides into the glycocalyx most likely involves molecular interactions with low affinity 
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glycocalyx binding sites and does not simply follow a pattern based on molecular size 
or charge alone. It is therefore hypothesized that glycocalyx components like heparan 
sulfate proteoglycans may interact with insulin and affect its transcapillary transport. 
Numerous studies have reported that these polysaccharide structures are able to store 
various plasma proteins, to organize and regulate cell surface receptors, to interact with 
caveolae, and to be able to modulate the vasodilator effects of endothelial receptor-
dependent, NO-mediated, agonists [51,52]. In addition, a remarkable correlation 
between the localization of the insulin receptor and the presence of glycocalyx 
coating has been demonstrated in isolated adipocytes [53], and it might well be that 
this association also holds for the endothelium. The impaired insulin response after 
enzymatic glycocalyx modification might thus include compromised transport of insulin 
through the glycocalyx mesh towards its receptors on the endothelium.
In conclusion, the present study provides evidence that the endothelial glycocalyx 
plays a role in regulation of an efficient insulin and associated glucose delivery into 
skeletal muscle. The precise molecular and cellular mechanisms involved in the insulin-
mediated modulation of glycocalyx barrier properties are unknown at the moment, and 
future studies are needed to determine the effects of insulin on the composition of the 
glycocalyx and to study the role of the glycocalyx in the transport of insulin towards and 
across the endothelium. 

Clinical relevance

In recent years, it has been recognized that the endothelial glycocalyx exerts protective 
effects towards the vessel wall, in particular towards preservation of endothelial 
function. This layer was shown to be highly vulnerable to acute and chronic atherogenic, 
hyperglycemic and inflammatory conditions [13,54,55], and as a result, loss of the 
glycocalyx has been indicated a marker of, and potentially a contributing factor to, 
the development of endothelial dysfunction associated with conditions of increased 
cardiovascular risk. Since the current data show that glycocalyx degradation may 
not only be a consequence of hyperglycemia [56,57], but that it may also directly 
compromise insulin-mediated uptake of glucose from the circulation by impairing the 
insulin-mediated capillary blood volume increase in muscle, loss of glycocalyx may 
be a common factor in the established relationship between insulin resistance and 
endothelial dysfunction in patients and experimental animals [58,59]. As a result the 
glycocalyx may constitute an important target for early diagnosis as well as therapy in 
people at risk for the development of endothelial dysfunction and insulin resistance, 
such as in the metabolic syndrome. In this respect, a previous study showed that 
8 week treatment with sulodexide, a mixture of the glycocalyx components heparan 
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and chondroitin sulfates, improved both sublingual glycocalyx dimensions as well as 
the vascular retention of albumin in type II diabetes patients [27]. While the effect of 
sulodexide on insulin sensitivity was not determined in this latter study, our current 
data would suggest a potential improvement by this glycocalyx therapy as well.
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Abstract

Perturbation of the endothelial glycocalyx has been suggested to be an early event 
in the development of endothelial dysfunction during increased cardiovascular risk 
exposure. Previously, we showed in anesthetized rats that acute enzymatic degradation 
of the endothelial glycocalyx was associated with an impaired insulin-mediated glucose 
disposal, suggesting a role of the glycocalyx in regulation of glucose homeostasis. In the 
current study, we tested the acute effect of enzymatic glycocalyx treatment on glucose 
tolerance and insulin sensitivity in conscious rats.
In rats, which had their femoral artery and vein cannulated one week before the 
experiment, intravenous glucose (IVGTT) and insulin tolerance tests (IVITT) were 
performed before and after acute degradation of the endothelial glycocalyx using an 
intravenous bolus of hyaluronidase. During the IVGTT, glucose tolerance did not differ 
between the hyaluronidase treated and control animals, but was associated with 1.5 fold 
higher plasma insulin levels in the former group. Furthermore, glycocalyx treatment 
significantly decreased the insulin-mediated glucose disposal during an IVITT, as 
illustrated by the reduced insulin-mediated glucose disposal rate from 3.3 ± 0.1 %/min 
in control rats to 2.6 ± 0.2 %/min in the hyaluronidase treated rats. 
These results support a role for the endothelial glycocalyx in the regulation of peripheral 
insulin sensitivity. The reduction in insulin sensitivity during acute glycocalyx damage 
does, however, not have an immediate effect on glucose tolerance due to a compensatory 
increase in plasma insulin levels.
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Introduction

Type II Diabetes, characterized by elevated glucose levels in the context of insulin 
resistance and relative insulin deficiency, is an increasingly prevalent health problem in 
our society. When fully manifested type II diabetes can be considered a chronic disease 
which at the moment can only be managed but not be cured. Hence, type II diabetes 
is often recognized at an advanced stage by physicians when significant vascular 
complications have already occurred [1]. Recent experimental evidence has been 
provided suggesting that vascular defects, in particular at the level of the endothelium, 
may not only be a consequence of type II diabetes, but also contribute to the development 
of it by impairing insulin action [2,3]. Detection of a vulnerable endothelium may, 
therefore, have added value for early diagnosis and treatment of people at risk for type 
II diabetes. The endothelial glycocalyx, which shields the vascular wall from direct 
exposure to the flowing blood, has the last decade been indicated to play an important 
role in protection of the endothelium against atherogenic insults. [4,5], while we 
recently provided evidence suggesting that this compartment may be involved in the 
regulation of insulin sensitivity as well. In anesthetized rats, we showed that insulin, 
by diminishing the barrier properties of the glycocalyx and increasing its accessibility 
for the flowing blood rapidly increased microvascular blood volume in muscle [6], an 
action which had been indicated by studies of Rattigan, Barrett and co-workers [7,8,9] 
to contribute to insulin-mediated glucose disposal. Indeed, we observed that acute 
enzymatic degradation of the glycocalyx in the rats by intravenous administration of 
hyaluronidase was associated with an acute decrease in whole-body insulin-mediated 
glucose disposal during an intravenous insulin tolerance test [6]. The physiological 
relevance of these latter observations for glucose regulation may, however, be 
questioned since the insulin tolerance test was performed during isoflurane anesthesia, 
requiring a supraphysiological dose of insulin to be administered. In the current study 
we, therefore, tested in conscious rats if acute glycocalyx degradation would reduce 
insulin sensitivity as well, and whether this would affect glucose tolerance. Herefore, 
intravenous glucose tolerance tests (IVGTT) and insulin tolerance tests (IVITT) were 
performed in chronically instrumented rats, and compared between control conditions 
and after intravenous hyaluronidase administration, an enzyme treatment which has 
been demonstrated in several experimental studies to result in a loss of glycocalyx 
[10,11,12,13].
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Methods

Animals and instrumentation

Experiments were performed in male Wistar rats (350-450 gram; n=29) that received 
standard chow and water ad libitum. All procedures were in accordance with the 
requirements of the Animal Ethics Care and Use committee of Maastricht University. 
After arrival from the external supplier (Harlan, Horst, The Netherlands) the animals 
were housed at the animal facility of Maastricht University and allowed to acclimatize 
for at least one week before surgery. At the day of surgery rats received the narcotic 
analgesic buprenorphine (Temgesic 0.03 mg/mL; Schering-Plough) at 0.1 mg/kg 
subcutaneously, while 30-45 minutes later the animals were put under isoflurane 
anesthesia (2%), and their femoral artery and vein cannulated with a polyurethane 
catheter (1.02 mm outer diameter (OD); 0.61 mm inner diameter (ID), Charles River 
Wiga GmbH, Sulzfeld, Germany). The cannulas were tunneled subcutaneously and 
attached to the skin by sutures and closed with an iron plug. After surgery the cannulas 
were filled with heparinized glycerol and closed. Cannulas were flushed every 3 days 
with heparinized saline. At least one week later an insulin or glucose tolerance test was 
performed after an overnight fast (10-12h). Hereto, both the cannulas in the femoral 
artery and vein were connected with a blunt 30-gauge needle to a polyethylene tube 
of approximately 20 cm length (1.45 mm OD; 0.75 mm ID), allowing the rat to move 
freely in the cage. The cannula in the femoral artery was connected to a data acquisition 
system (IdeeQ 1.70; Instrument Development Engineering and Evaluation, Maastricht 
University, The Netherlands) to measure blood pressure and heart rate. The rats were 
handled regularly (at least 3 times a week) during the acclimatization period, so that 
the rats got used to this connection within 15-30 minutes, as evidenced by stability 
of blood pressure and heart rate, and the absence of protest movement. Hereafter the 
intravenous glucose tolerance test (IVGTT) or intravenous insulin tolerance test (IVITT) 
was performed.

Intravenous glucose tolerance test

To determine the effect of acute glycocalyx degradation on glucose tolerance, IVGTTs 
were performed in the first group of rats. All animals underwent two IVGTTs: the first 
test (run 1) was considered a reference test, while the second test (run 2) was the 
experimental test with the rats receiving either a bolus of hyaluronidase or as a control 
a bolus of saline before the run. During the IVGTT, 1 g/kg glucose was infused into the 
femoral vein, and blood samples were collected to measure blood glucose and plasma 
insulin levels. The arterial line was used for the withdrawal of these blood samples. 
Blood glucose was measured with a glucose meter (Ascensia contour) at t = -5 and -3, 
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(pre) and t = 2, 4, 6, 8, 10, 12, 15, 20, 30, 60 and 90 minutes after glucose infusion. Plasma 
insulin concentrations were measured with an ELISA (ALPCO Diagnostics, Salem, NH) 
in samples taken at t = -5 and -3 (pre), and t= 6, 10, 15, 30, 60 and 90 minutes after 
glucose infusion (flowchart 1). After the measurements the animals were disconnected 
from the sampling and infusion lines, the canulas flushed and the rats returned to the 
housing facility. One week later the second IVGTT was performed in the rats, one group 
of rats received a bolus of 1 mL of saline via the femoral vein (n=8) and the other a bolus 
of 1mL of hyaluronidase (500 U/ml; bovine testes, type IV-S, Sigma-Aldrich) (n=7) 1 
hour before the start of the second IVGTT. Because the initial experiments indicated 
that insulin levels were increased after hyaluronidase treatment, c-peptide levels were 
determined as a reference for insulin secretion in the later experiments as well. The 
c-peptide levels were measured (ELISA, ALPCO Diagnostics, Salem, NH) in the plasma 
samples taken for insulin determination in 3 animals of the control group and in 4 
animals of the experimental group during the 1st and 2nd IVGTT.

Flowchart 1 Time points of blood sampling during the IVGTT. 
Glucose was infused at time = 0 min. All rats underwent two IVGTTs, the first served as reference and the 
second as experimental test. Saline (control group) or hyaluronidase (experimental group) infusion was only 
performed before the start of run 2 (time = -60 min)

Intravenous insulin tolerance test

To verify that acute glycocalyx degradation was, similar to our previous study in the 
anesthetized rat, associated with an acute reduction in insulin sensitivity, whole-body 
insulin sensitivity was tested in a second group of conscious rats by an IVITT. Again, 
two runs were performed in the rats, a reference test and an experimental test. First, 
endogenous insulin and glucagon production by the pancreas was blocked by a constant 
infusion of somatostatin (300 µg/kg/h; 100 µg/mL) which started 30 minutes before 
the run. Then, to prevent hypoglycemia, a bolus of 1 g/kg glucose (0.5 g/mL) was given 
via the venous line and subsequently a bolus of 0.1 U/kg insulin (0.1 U/mL) was given 
after 10 minutes. Blood glucose (± 0.6 µL blood) was measured with a glucose meter, by 
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sampling blood from the cannula in the femoral artery, at t = -30, -20, -10 and -0 (pre) 
and t= 2, 4, 6, 8, 10 minutes after glucose infusion; then the bolus of insulin at t = 11 
was given and blood glucose was further measured at t = 13, 15, 17, 19, 21, 26, 31, 41 
and 61 minutes. Plasma insulin levels (± 60 µL blood) were measured with an ELISA 
at t=-30 and 0 (pre) and t = 2, 6, 10, 13, 17, 21, 26, 41 and 61 minutes (flowchart 2). 
After the measurements the animals were disconnected from the sampling and infusion 
lines, the canulas flushed and the rats returned to the housing facility. As in the IVGTT 
experiments, one week later a second IVITT was performed in the rats which were split 
into a control group (n=7) and an experimental group (n=7). In the control group a 
bolus of saline was infused via the femoral vein one hour before the start of the IVITT, 
and in the experimental group a bolus of 1 ml hyaluronidase was given.

Flowchart 2 Time points of blood sampling during the IVITT. 
To avoid hypoglycemia, a bolus of glucose was given at time = 0 min, while the infusion of insulin was given 
11 minutes later. All rats underwent two IVITTs, the first served as reference and the second as experimental 
test. Saline (control group) or hyaluronidase (experimental group) infusion was only performed before the 
start of run 2.

Data analysis

IVGTT

As a reflection of the circulating levels of glucose, insulin and c-peptide during the IVGTT 
we calculated the incremental area under the curve (AUC) of their concentrations, 
corrected for baseline, versus time after glucose infusion using the linear trapezoidal 
rule [14].

IVITT

As a measure of the insulin sensitivity the decline in blood glucose between 2 and 15 
minutes after insulin infusion was determined, and the glucose disposal rate (Kitt) 
calculated from the slope of the linear regression line of the logarithm of blood glucose 
against time multiplied by -100 [15].
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Statistical analysis

The data are presented as the mean ± SEM. Differences between the first and second 
IVGTT and IVITT were tested with paired t-tests. A value of P<0.05 was considered 
statistically significant.
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Results

Baseline characteristics are listed in table 4.1. There were no significant differences 
in baseline glucose and insulin levels, body weight, heart rate and blood pressure 
between the first and second run in control rats as well as in hyaluronidase treated rats. 
Somatostatin infusion resulted in significant decreases in glucose and insulin levels in 
all groups.

Table 4.1 Baseline characteristics

Control Experimental

Run 1 Run 2 
(saline) Run 1 Run 2 

(hyaluronidase)

Body weights (gram) 353.5 ± 8.8 348.6 ± 6.8 358.4 ± 8.0 365.9 ± 8.3

Blood pressure (mmHg) 110.8 ± 3.6 111.0 ± 3.7 107.7 ± 3.2 106.7 ± 2.8

Heart rate (bpm) 442.8 ± 22.0 389.9 ± 14.2 393.9 ± 15.3 380.8 ± 14.3

Baseline glucose (mg/dL) 94.0 ± 3.2 92.7 ± 2.8 100.4 ± 3.9 93.7 ±2.5

Baseline insulin (uU/mL) 18.6 ± 6.0 20.0 ± 8.8 20.0 ± 8.3 12.9 ± 4.5

Glucose levels after somatostin 
infusion (mg/dL) 77.0 ± 3.1* 69.8.0 ± 1.9* 87.0 ± 4.3* 81.9 ± 3.9*

Insulin levels after somatostin 
infusion (uU/mL) 2.0 ± 0.5* 2.0 ± 0.5* 3.6 ± 1.0* 2.9 ± 0.5*

Data are means ± SEM (n=15 control (saline) rats; n=14 treated (hyaluronidase) rats). The baseline glucose 
and insulin levels are the values derived after an overnight fast before the IVGTT (t=-5) and IVITT (t=-30) 
started. Glucose levels and insulin levels were also measured 30 minutes after somatostatin infusion in the 
rats that underwent an IVGTT (n=8 control rats; n=7 hyaluronidase treated rats). Somatostatin infusion 
resulted in significant decreases in glucose and insulin levels in all groups. * P<0.05 (paired t-test), compared 
to baseline glucose and insulin levels before somatostatin. Blood pressure and heart rate represent values 
during baseline before the glucose or insulin tolerance test (i.e., from t=-10 to t=0 min). 

IVGTT

To determine the effect of glycocalyx degradation on glucose tolerance and glucose 
stimulated insulin secretion, IVGTTs were performed in conscious rats. Mean glucose 
and insulin curves after the intravenous glucose infusion are shown in Figure 4.1A and 
Figure 4.2A. The AUC of glucose did not change between the first and second run in 
control rats (112 ± 8 % of run 1), as well as in the hyaluronidase treated rats (99 ± 9% 
of run 1) (Fig. 4.1B). In control rats the AUC of insulin (100 ± 11 % of run 1, Fig. 4.2B) 
was not different between the first and second run. In contrast, the AUC of insulin (152 
± 16 % of run 1, Fig. 4.1B) was significantly increased after enzymatic treatment of 
the glycocalyx with hyaluronidase (P<0.05). For reference we also measured C-peptide 
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levels during both runs in 3 animals of the control group and in 4 animals of the 
reference group. The AUC of c-peptide levels (220 ± 52% of run 1; Fig. 4.3) tended to 
increase after hyaluronidase treatment, however not in the control group (94 ± 34% of 
run 1; Fig. 4.3) (P=0.08).

Figure 4.1 A. Circulating glucose levels (means ± SEM) in conscious rats during the 1st (reference) and 2nd 
glucose tolerance test (IVGTT) in control (n=8, left panel) and hyaluronidase treated rats (n=7; right panel).
B. As a reflection of the glucose levels during the test the incremental area under the curve (AUC) was 
calculated for the period of 0-90 minutes after glucose infusion by the linear trapezoidal rule. AUCs of paired 
individual experiments and mean ± S.E.M during the 1ste and 2nd IVGTT are shown for control (left panel) and 
hyaluronidase treated rats (right panel).
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Figure 4.2 A. Circulating insulin levels (mean ± SEM) in conscious rats during the 1st (reference) and 2nd 
glucose tolerance test (IVGTT) in control (n=8, left panel) and hyaluronidase treated rats (n=7; right panel). B. 
As a reflection of the insulin levels during the test the incremental area under the curve (AUC) was calculated 
for the period 0-90 minutes after glucose infusion by the linear trapezoidal rule. AUCs of paired individual 
experiments and mean ± S.E.M during the 1ste and 2nd IVGTT are shown for control rats (left panel) and 
hyaluronidase treated rats (right panel). * P<0.05 (paired t-test).

Figure 4.3 A. C-peptide levels (relative to run 1) measured in control rats and hyaluronidase treated rats 
during an IVGTT. B. As a reflection of the c-peptide levels during the test the incremental area under the 
curve (AUC) was calculated for the period of 0-60 minutes after glucose infusion by the linear trapezoidal 
rule. AUCs are shown for control rats (n=3) and hyaluronidase treated rats (n=4). Because of the variation in 
the c-peptide levels in run 1 (range AUC: 3001 pM* 60 minutes - 28719 pM* 60 minutes) and the small n, we 
corrected the values measured in run 2 for the paired values measured in run 1. The AUC of insulin in these 
3 control rats was 1569 ± 213 during the 1st IVGTT and 1423 ± 203 (P = NS) during the 2nd IVGTT. The AUC of 
insulin in 4 hyaluronidase treated rats was 1179 ± 369 during the 1st IVGTT and 1876 ± 448 (P<0.05) during 
the 2nd IVGTT.
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IVITT

To determine the effect of glycocalyx degradation on whole-body insulin-mediated 
glucose disposal, IVITTs were performed in conscious rats, and the glucose disposal 
rate monitored. The Kitt, which is the slope of the linear regression line of the logarithm 
of blood glucose, is shown for each individual experiment together with the mean Kitt 
of all experiments in Figure 4.4. There was no change in Kitt after a bolus of saline 
(102 ± 6% of run 1), however after treatment with hyaluronidase the Kitt decreased 
significantly (to 81 ± 6% of run 1, P<0.05).

Figure 4.4 A. Mean ± SEM of the logarithm of blood glucose in time after an i.v. bolus of insulin (0.1U/kg) 
during the 1st and 2nd insulin tolerance test in the conscious control rats (n=7; left panel) and conscious 
hyaluronidase treated rats (n=7; right panel). Insulin levels (in μU/ml) measured during the test are shown 
in the panel below the graph. B. Glucose disposal rate (Kitt) for each paired individual experiment as well as 
the mean ± SEM of all experiments during both IVITTs for control rats (left panel) and hyaluronidase treated 
rats (right panel). * P<0.05 (paired t-test).
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Discussion

When plasma glucose rises by an exogenous glucose load, insulin is released by the 
pancreas, causing hepatic glucose production to decrease and glucose to be taken up 
by insulin-dependent tissues, mainly skeletal muscle [16]. In an insulin-resistant state 
the ability of insulin to inhibit hepatic glucose release and to promote glucose uptake is 
impaired. In a previous study [6] we showed in anesthetized rats that acute enzymatic 
glycocalyx degradation was associated with a decrease in insulin-mediated glucose 
disposal, suggesting a role for the glycocalyx in regulation of insulin sensitivity. In the 
current study, we similarly demonstrated this role in conscious rats and showed that 
the evoked insulin resistance did not affect glucose tolerance because of an increased 
pancreatic insulin release in response to an exogenous glucose load. These data suggest 
that loss of glycocalyx, which is regarded an early marker of vascular vulnerability in 
humans at risk for cardiovascular disease, is associated with an acute impairment of 
insulin sensitivity. This defect does, however, not directly manifest itself by glucose 
intolerance due to a compensatory insulin response.

Role for glycocalyx in regulation of muscle insulin sensitivity

Insulin-mediated glucose uptake in muscle has been coupled to the ability of insulin 
to rapidly increase capillary blood volume, and it has been suggested that this enables 
insulin to be efficiently delivered to the myocytes [8,9]. While traditionally the insulin-
mediated increase in capillary blood volume was explained by an increase in the number 
of perfused capillaries (capillary recruitment) [7], we recently showed in anesthetized 
rats that insulin can also increase blood volume within already perfused microvessels by 
increasing blood accessibility into the glycocalyx, and that this vascular action of insulin 
was impaired after enzymatic glycocalyx degradation. Further, it was suggested that this 
impaired insulin-mediated microvascular blood volume increase in muscle underlied 
the ~30% reduction in glucose disposal rate during an intravenous insulin tolerance 
test after hyaluronidase treatment in the rats [6]. To check whether the reduction of 
glucose disposal from the blood was due to diminished insulin action in skeletal muscle, 
Akt phosphorylation (expressed as the ratio of phosphorylated Akt to total Akt) was 
measured in soleus muscle after the IVITT in a few of these anesthetized rats (n=5, 
unpaired measurements). The amount of Akt phosphorylated was 0.16 ± 0.03 in control 
rats versus 0.09 ± 0.02 in hyaluronidase treated rats (unpublished observations). 
These data suggest that the amount of insulin that was delivered towards the muscle 
and activating the myocytes was decreased. In contrast in the liver there seemed no 
difference in Akt phosphorylation between the control rats and the hyaluronidase 
treated rats (0.46 ± 0.11 in control rats versus 0.54 ± 0.11 in hyaluronidase treated 
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rats) (unpublished observations). These data indicated a novel role for the endothelial 
glycocalyx in the regulation of insulin sensitivity. 
Insulin tolerance tests in our previous study were performed without the use of 
somatostatin and during isoflurane anesthesia [6], and it has been shown before that 
isoflurane anesthesia affects glucose utilization [17,18]. In the current study we, therefore 
measured glucose and insulin tolerance in conscious rats one week after cannulation. 
The animals well recovered from the surgery after one week as illustrated by comparable 
body weights to pre-surgery body weights, and physiological blood pressures and heart 
rates, as well as blood glucose and plasma insulin levels at baseline. Furthermore, these 
parameters were comparable between the first and second test in the control group, 
indicating that this model is suitable to perform repeated measurements. In contrast 
to the IVITT performed during anesthesia in which glucose-mediated insulin release 
is already greatly inhibited by the isoflurane anesthesia [19], in the conscious animals 
somatostatin was used to block the endogenous insulin and glucagon production. The 
effectiveness of somatostatin was illustrated by the significant decrease of glucose and 
insulin levels after 30 minutes of insulin infusion in all groups (Table 4.1). Further in the 
anesthetized rats the bolus of insulin infused was supraphysiological (1 U/kg), while 
in the current study a more physiological bolus of insulin (0.1 U/kg) was infused. The 
reduction in insulin sensitivity after hyaluronidase treatment was confirmed in the 
present study in which we found a comparable (i.e, ~25%) reduction in glucose disposal 
rate in conscious rats after hyaluronidase treatment, indicating that the decrease in 
insulin-mediated glucose disposal after glycocalyx damage was not greatly influenced 
by the isoflurane anesthesia. 
The reduction in insulin sensitivity was not accompanied by an impaired glucose 
tolerance (Fig. 4.1). However, it appeared that about 1.5 fold more insulin was 
needed to dispose the intravenously infused glucose load in the rats that had received 
hyaluronidase before the 2nd test (Fig. 4.2). The increased insulin response seemed 
primarily explained by an increased release of insulin by the pancreas as shown by 
the elevated c-peptide levels after hyaluronidase treatment (Fig. 4.3). C-peptide is co-
secreted when insulin is released by the pancreas in equimolar amounts; however 
C-peptide is not cleared by the liver and the clearance of C-peptide from the circulation 
is slower compared to that of insulin [20,21]. In addition to an increased insulin release 
by the β–cells, it cannot be ruled out that a diminished clearance of insulin from the 
blood as a result of a compromised insulin delivery to the target tissues may have 
contributed to the increased insulin response to glucose infusion after hyaluronidase 
treatment. The current data does not allow us to discriminate whether the increased 
insulin release after hyaluronidase was a result of a direct effect of hyaluronidase on the 
ß-cell or the result of a rapid feedback of the decrease in peripheral insulin sensitivity. 
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While there is currently a distinct lack of information regarding the contribution of 
hyaluronan or the glycocalyx on regulation of insulin release by the pancreas, it has 
been well recognized in rodent, dog, en human studies that a healthy pancreas is 
readily capable to compensate for a reduction in insulin sensitivity [16,22]. The precise 
mechanisms by which a normal organism detects insulin resistance and compensates 
with hyperinsulinemia remain unknown at the moment. The data of the current study 
indicate that the pancreas is able to compensate immediately for the reduced insulin 
sensitivity induced by acute glycocalyx degradation.

Clinical relevance

While in the current study glycocalyx degradation was induced by a bolus of the enzyme 
hyaluronidase, a treatment which was in previous animal studies shown to effectively 
reduce glycocalyx thickness and barrier properties [10,11], additional studies have 
shown that short-term hyperglycemia and acute hyperlipidemic conditions rapidly 
initiate glycocalyx loss as well [23,24,25]. As a result, it has been suggested that 
glycocalyx loss may be an early event in the development of endothelial dysfunction 
during exposure to traditional risk factors [26]. Given the indicated relationship between 
endothelial dysfunction and insulin resistance, our finding that insulin sensitivity is 
decreased after acute degradation of the glycocalyx, may well indicate glycocalyx loss 
as common target linking endothelial dysfunction to insulin resistance, e.g. during 
the metabolic syndrome. Our results show that the decrease in insulin sensitivity 
induced by glycocalyx loss is not readily transferred into glucose intolerance due to a 
compensatory insulin response, thereby resembling an early stage of insulin resistance 
in the progression to type II diabetes. When unrecognized for a prolonged period, this 
stage may be followed by dysfunction and loss of β–cells and finally progress into overt 
type II diabetes. Early detection of glycocalyx loss, which can nowadays be performed 
using sublingual SDF imaging [27], may in the future facilitate identification of humans 
at risk for cardiovascular and associated metabolic disease.
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Abstract

While previous studies have indicated an important role for the endothelial glycocalyx 
in regulation of microvascular function, it was recently shown that acute glycocalyx 
degradation in rats was associated with an impaired insulin-mediated glucose disposal. 
The aim of the current study was to determine whether glycocalyx damage in skeletal 
muscle occurs at an early stage of diet-induced obesity (DIO).
The microcirculation of the hindlimb muscle of anesthetized C57Bl/6 mice, fed chow 
(CON) or a high-fat diet (HFD) for 6 and 18 weeks (w), respectively, was visualized 
with a Sidestream Dark-field camera, and glycocalyx barrier properties were derived 
from the calculated perfused boundary region (PBR). Subsequently, an intraperitoneal 
glucose tolerance test was performed and the area under the curve (AUC) of blood 
glucose was calculated.
Impairment of glycocalyx barrier properties was already apparent after 6w of HFD and 
remained after 18w of HFD (PBR (in µm): 0.81 ± 0.03 in CON_6w vs. 0.97 ± 0.04 in 
HFD_6w and 1.02 ± 0.07 in HFD_18w (both P<0.05)). Glucose intolerance appeared to 
develop more slowly (AUC (in mmol/L*120 min): 989 ± 61 in CON_6w vs. 1204 ± 89 in 
HFD_6w (P=0.11) and 1468 ± 84 in HFD_18w (P<0.05)). 
The data indicate that damage to the endothelial glycocalyx is an early event in 
diet-induced obesity. It is suggested that glycocalyx damage may contribute to the 
development of insulin resistance in obesity.
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Introduction

Obesity is a growing global health problem, as it has been associated with an increased 
risk for developing cardiovascular complications and type II diabetes. Endothelial 
dysfunction has been indicated to play a central role in both aspects [1,2]. At the luminal 
side of the endothelium, the endothelial surface layer, consisting of proteoglycans and 
glycosaminoglycans in dynamic association with the plasma and its soluble components, 
resides [3,4,5,6]. The glycocalyx contributes to the regulation of multiple aspects of 
endothelial function [7], including the delivery and exchange of plasma solutes and 
hormones [8,9], shear-mediated release of nitric oxide, and homeostasis of the vascular 
wall [10,11]. Previous animal and human studies showed that severe acute [12,13] as 
well as long-term hyperlipidemic [14] and hyperglycemic conditions [15,16] resulted 
in significant reductions of whole-body glycocalyx volume and impaired microvascular 
glycocalyx barrier properties [14,16,17,18]. Consequently, the hypothesis has been 
put forward that glycocalyx loss may be an important step in the development of 
endothelial dysfunction during conditions of increased cardiovascular risk [7,19]. 
Recently, we provided evidence in rats that the endothelial glycocalyx also plays a role 
in the regulation of insulin sensitivity [20]. We showed in rats that insulin-mediated 
increases in microvascular blood volume in muscle included an increased accessibility 
of circulating blood into the glycocalyx; the importance of this effect in the metabolic 
action of insulin was illustrated by the observation that enzymatic degradation of the 
glycocalyx using hyaluronidase was associated with an acute impairment of insulin-
mediated glucose disposal from the blood [20]. These recent data suggest that loss of 
glycocalyx may, thus, not only be a consequence of a disturbance in glucose metabolism 
[15,16], but may as well contribute to it, thereby providing a target which links 
endothelial dysfunction to insulin resistance. To appreciate this contribution better, it 
is important to know whether glycocalyx damage is a relatively early process in the 
development of insulin resistance during risk factor exposure. Herefore, we determined 
whether glycocalyx damage occurs at a relative early stage of diet-induced obesity (DIO). 
In particular, we wanted to know whether glycocalyx damage would be manifested in 
the microcirculation of skeletal muscle, since this tissue constitutes the major site for 
insulin-mediated glucose disposal in the body.
In the current study we used the high-fat diet (HFD)-fed C57BL/6 mouse model, which 
is a widely used animal model to study mechanisms of impaired glucose tolerance 
and (early) type 2 diabetes [21,22]. Previous studies showed that feeding these mice 
with a HFD for several weeks induced visceral fat deposition and was associated with 
a progressive loss of insulin sensitivity over time [22]. Furthermore, HFD has been 
indicated to induce endothelial dysfunction in large vessels [23,24]. We assessed the 



88

Chapter 5

occurrence of glycocalyx damage in skeletal muscle microcirculation at a relative early 
(6 weeks) and at a later (18 weeks) stage of DIO, and related this to the development of 
glucose intolerance in this model.
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Methods

Animals and diet

The experimental protocols were approved by the Animal Ethics Care and Use committee 
of Maastricht University (AEC protocol numbers: 2010-101). After arrival from the 
external supplier (Harlan, Horst, The Netherlands) mice (C57Bl/6; n=31) were housed 
at the animal facility of Maastricht University and received standard chow (Ssniff GmbH, 
Soest, Germany, containing on caloric basis 9% fat, 58% carbohydrates and 33% protein) 
for 6 weeks (CON_6w; n=7) and 18 weeks (CON_18w; n=8), or a HFD (Research Diets, 
New Brunswick, NJ, containing on caloric basis 60% fat, 20% carbohydrate and 20% 
protein), also for 6 weeks (HFD_6w; n=8) and 18 weeks (HFD_18w; n=8), respectively. All 
animals had unrestricted access to water. Weekly measurements of body weight, blood 
pressure using a CODA non-invasive blood pressure monitoring system (Kent Scientific), 
and glucose levels and plasma insulin levels via blood sampling of the saphenous vein 
were performed in the conscious animal after a morning fast (4 h). Blood glucose (~ 
5 μl) was measured with a glucose meter (Ascencia Contour), and about 40 μl blood 
was collected from the tail using a 75 μl glass capillary tube (Hirschmann, Germany) to 
measure plasma insulin levels with an ELISA (ALPCO Diagnostics, Salem, NH).

Experimental protocol

At the day of experiment, after an overnight fast (10-12 h) mice were anesthetized 
using an intraperitoneal injection of 0.39 mg/kg fentanyl, 7.81 mg/kg midazolam and 
7.81 mg/kg acepromazine [25]. Anesthesia was maintained by an additional bolus 
after 60-90 minutes of 0.10 mg/kg fentanyl, 1.56 mg/kg midazolam and 1.56 mg/kg 
acepromazine. The combination of fentanyl, midazolam and acepromazine has been 
recently introduced in mice studies of insulin sensitivity [25,26], since other anesthetics 
have regularly been shown to have considerably affect glucose and/or insulin levels 

[27]. The animal was put in a prone position and body temperature was monitored with 
a rectal probe and maintained at ~37°C with the use of a heating pad and lamp. During 
anesthesia a cannula was inserted intraperitoneally and the hindlimb muscle was 
exposed by a small incision in the skin. The muscle was suffused with a bicarbonate-
buffered physiological salt solution (PSS) of the following composition (in mM): 131.9 
NaCl, 4.7 KCl, 2.0 CaCl2, 1.2 MgSO4, 20 NaHCO3 and equilibrated with 5% CO2–95% N2 
to obtain a pH of ± 7.4. Preparations were equilibrated for 20 minutes and hereafter 
glycocalyx barrier properties and glucose tolerance were measured.
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Imaging of muscle microcirculation 

To measure the effect of the HFD on glycocalyx barrier properties, the microcirculation 
of the hindlimb muscle was visualized 5 times at baseline for 10 minutes with a 
Sidestream Dark-field (SDF) camera [20]. The SDF camera is equipped with a 5X 
magnifying objective lens system-containing probe, imaging the RBCs in the tissue-
embedded microcirculation using green pulsed LED ring illumination [28].

Intraperitoneal glucose tolerance test

To determine glucose tolerance, an intraperitoneal glucose tolerance test (IPGTT) was 
performed immediately after the SDF measurements. Mice were infused with a bolus of 
1g/kg glucose (0.1 g/ml) via the i.p. cannula. Blood glucose (~ 5 μl) was measured, via 
tail bleeding, at t = -10 and 0 (pre) and t = 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 
and 120 minutes after the glucose infusion. In addition, about 40 μl blood was collected 
from the tail using a 75 μl glass capillary tube at t= 0 (pre) and t = 10, 30, 60 and 90 
minutes after glucose infusion to determine systemic hematocrit and plasma insulin 
levels Thus in total of maximal of 275 μL blood was collected in an animal during the 
IPGTT. It has been indicated that this amount does not cause local trauma [29].

Muscle capillary density

At the end of the IPGTT, when the animal was still under anesthesia, the hindlimb muscle 
was removed and immediately fixed in a 4% formaldehyde solution for subsequent 
histological analysis of capillary density.

Data analysis

Measurements of glycocalyx barrier properties in muscle 

Glycocalyx barrier properties were calculated as described previously [20,30]. Briefly, 
microvessels with a continuous RBC flow were manually selected in the recorded movies 
(100 frames). In each frame, lines were placed approximately every 10 µm perpendicular 
to the vessel direction along the length of the microvessel. Each line represented a vessel 
segment; for each vessel segment a total of 21 parallel (every ± 0.5 µm) intensity profiles 
was plotted (using ImageJ, National Institutes of Health, Bethesda, MD) and RBC column 
width (full width half maximum) was determined for all 100 consecutive frames in a 
movie, revealing a total of 2100 RBC column width measurements for a vessel segment 
(21 profiles X 100 frames). The cumulative distribution of the RBC column widths for 
these 2100 measurements was constructed and used to determine median RBC column 
diameter (DP50); in addition, RBC column widths percentiles between P25 and P75 were 
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fitted with a linear fit to determine the perfused diameter (Dperf) for the vessel segment. 
The difference between the Dperf and the DP50 divided by two is defined as the perfused 
boundary region (PBR). The majority of the vessel segments had a median RBC column 
diameter between 4 and 6 μm (Fig. 5.2A), and only PBRs of these size segments were 
considered in the analysis. Per individual recording in an animal, calculated PBRs for all 
vessel segments were pooled. Subsequently, PBRs were averaged for the 5 recordings 
that were made per experiment, resulting in a single PBR value per animal.

Intraperitoneal glucose tolerance test

As a reflection of the circulating levels of glucose during the IPGTT we calculated the 
total area under the curve (AUC) of the glucose concentration versus time by the linear 
trapezoidal rule for the period of 0-120 minutes after glucose infusion (Fig. 5.3A). 
As a reflection of the circulating insulin levels we calculated the AUC of the insulin 
concentration versus time by the linear trapezoidal rule for the period of 0-90 minutes 
after glucose infusion (Fig. 5.3B).

Muscle capillary density

Paraffin-embedded hindlimb muscles were sectioned and from each muscle 3-6 slides 
were stained with 200μl FITC-labeled lectin from triticum vulgaris (WGA-FITC; 50 
μg/ml, Sigma) for 30 minutes in the dark at room temperature (20°C), washed three 
times with PBS and mounted with DAPI (Vectashield). Tissues were visualized and 
photographed using a Leica DFC320 digital camera (Leica, Rijswijk, The Netherlands) 
at 400x magnification (Leica DM3000 microscope, Leica, Rijswijk, The Netherlands). 
System control and imaging processing were performed using Leica QWin Image 
Processing and Analysis morphometry software (Leica Microsystems, Cambridge, 
United Kingdom). For each slide capillary density was determined by counting the 
number of capillaries per mm² muscle surface area. For a muscle the values of all stained 
slides were averaged revealing 1 value of capillary density per animal. 

Statistical analysis

All data are presented as means ± SEM. A 2 way ANOVA followed by post hoc Bonferroni 
correction was used for analysis of the weekly measurements of body weight, blood 
pressure, blood glucose and plasma insulin levels measured in the conscious mice with 
diet and time as independent variables. Statistical differences between AUC of glucose 
levels, AUC of plasma insulin levels and the PBR in the anesthetized mice were tested 
with Student’s unpaired t-tests. The group of mice that received chow for 6 weeks was 
used as reference group. Furthermore, the relationship between the PBR and the AUC 
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of glucose was tested using correlation analysis. A value of P<0.05 was considered 
statistically significant.
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Results 

Systemic data

Body weight, blood pressure, baseline glucose and insulin levels were measured after a 
morning (4h) fasting period. Body weight (Fig 5.1A) and insulin levels (Fig 5.1D) were 
significantly different between diets, as well as in time. Glucose levels were significantly 
different between both treatments as well, however not in time (Fig 5.1C). There were 
no significant differences in blood pressure (Fig 5.1B).

Figure 5.1 Animal characteristics.
Weekly measurements of body weight (A), blood pressure by the tail cuff method (B), blood glucose (C) and 
plasma insulin levels (D) via the saphenous vein were performed after a morning fast (4 h) in conscious 
mice that received chow (black line) or a HFD (grey line) for 6 and 18 weeks. Body weights and insulin levels 
were significantly different between diets, as well as in time. The glucose levels were significantly different 
between diets as well, however not in time. There were no significant differences in blood pressure. *, P<0.05 
compared to control diet (Bonferroni post hoc test)

Glycocalyx barrier properties in muscle

The PBR in the skeletal muscle microcirculation of the mice that received chow for 6 
weeks was 0.81 ± 0.03 μm, and this parameter was significantly increased in the mice 
that were fed a HFD during this period (0.97 ± 0.04 μm) as well as in mice that were fed a 
HFD for 18 weeks (1.02 ± 0.07 μm) (Fig. 5.2B). The PBR between the mice that received 
chow for 6 and 18 weeks (PBR in Con_18w was 0.87 ± 0.08 µm), as well as between the 
mice that were fed a HFD for 6 and 18 weeks was not significantly different.
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Since our previous data [20] demonstrated that damage to the glycocalyx was associated 
with an impaired ability for insulin to dispose glucose, we related the PBR to the AUC of 
glucose during the IPGTT in all individual animals for the four groups (Fig. 5.2C). There 
was a significant correlation between the baseline PBR and AUC of glucose measured 
during the IPGTT, suggesting that a greater reduction in glycocalyx barrier properties 
in muscle was associated with a greater inability to dispose the administered glucose 
bolus.

Figure 5.2 Hindlimb imaging.
From each movie (total length: 100 frames) 
recorded by the SDF camera the distribution of 
the width of the red blood cell (RBC) column in 
each visible microvessel was determined (see 
Methods). A. Distribution of median RBC column 
width of all measured vessels segments (n= 
1575 in CON_6w, n=1378 in CON_18w, n=1493 
in HFD_6w, and n=1391 in HFD_18w). B. Mean 
± SEM of PBR measured in the vessel segments 
with a median RBC column between 4 and 6 μm. 
*, P<0.05 compared to CON_6w (unpaired t-test). 
C. Relation between the the PBR measured at 
baseline (X-axis) and the corresponding AUC 
of glucose measured during the IPGTT (Y-axis) 
for all individual experiments in the current 
study. Correlation analysis revealed a R2 of 0.22 
(P<0.05).

Intraperitoneal glucose tolerance test

An IPGTT was performed after an overnight fast under anesthesia after 6 weeks and 
18 weeks of chow or HFD. Baseline glucose levels, as well as insulin levels, were not 
different between the mice that received chow for 6 and 18 weeks before the IPGTT 
(respectively 6.1 ± 0.2 mmol/l and 11.9 ± 1.5 μU/ml after 6 weeks versus 6.0 ± 0.4 mmol/l 
and 11.0 ± 1.2 μU/ml after 18 weeks). Further, in contrast to the increased baseline 
blood glucose and plasma insulin levels in the HFD mice measured in the conscious 
state after a morning fast, glucose levels and insulin levels appeared not increased at 
baseline before the IPGTT at 6 weeks (6.9 ± 0.5 mmol/l and 13.3 ± 2.4 μU/ml) when 
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mice were under anesthesia. In the 18 week HFD-fed mice baseline glucose levels were 
also not different (7.2 ± 0.5 mmol/l), while insulin levels tended to be increased (18.7 ± 
2.4 μU/ml; p=0.08) in these mice.
After i.p. injection of glucose in the 6 weeks chow mice, blood glucose levels increased 
to a peak of 11.4 ± 0.7 mmol/l after 20 min, and then gradually returned to baseline 
after 120 min (Fig. 5.3A). Plasma insulin levels were increased at the first measurement 
(10 min) and remained elevated for up to 90 min after the glucose injection (Fig. 5.3B). 
Glucose and insulin responses did not differ in the mice that were fed chow for 18 
weeks. In the mice that received a HFD for 6 weeks, the peak in blood glucose was 13.1 
± 0.6 mmol/l and occurred after 30 min, while similarly returning to baseline after 120 
min (Fig. 5.3A). As a result, the corresponding AUC of glucose was not increased after 
a HFD for 6 weeks during the IPGTT (P=0.11). The initial insulin response after 10 min 

Figure 5.3 Glucose tolerance tests.
A. Mean ± SEM of blood glucose in time after an i.p. bolus of glucose (1g/kg) (left panel). 
As a reflection of the glucose levels during the IPGTT the total area under the curve (AUC) was calculated 
for the period of 0-120 minutes after glucose infusion by the linear trapezoidal rule (right panel). * P<0.05, 
HFD_6w compared to CON_6w (unpaired t-test); #, P<0.05, HFD_18w compared to CON_6w
B. Mean ± SEM of plasma insulin levels in time after an i.p. bolus of glucose (1g/kg) (left panel). As a reflection 
of the insulin levels at the end of the IPGTT, the total AUC of insulin levels was calculated for the period of 
0-90 minutes after glucose infusion by the linear trapezoidal rule (right panel). * P<0.05, HFD_6w compared 
to CON_6w (unpaired t-test); #, P<0.05, HFD_18w compared to CON_6w
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was comparable to that in chow animals; however, insulin levels further increased up 
to 60 minutes after glucose infusion (Fig. 5.3B), after which they decreased to a level 
comparable to that in chow mice after 90 minutes. After a HFD for 18 weeks, peak glucose 
showed a similar response as in the mice fed the HFD for 6 weeks, but the subsequent 
return to baseline was incomplete, resulting in increased glucose levels after 120 min. 
Consequently, the AUC of glucose during the IPGTT was significantly increased in these 
animals (P<0.05; Fig. 5.3A). Further, insulin levels increased gradually after the glucose 
administration, resulting in a significant increase in plasma insulin concentration at 30, 
60 and 90 min. (P<0.05; Fig. 5.3B).

Muscle capillary density

No differences in muscle capillary density were observed in the mice that were fed a 
HFD for 6 weeks or 18 weeks, or chow for 18 weeks, compared to the mice that received 
chow for 6 weeks (Fig. 5.4)

Figure 5.4 Structural capillary density.
Structural capillary density was measured in 
paraffin-embedded hindlimb muscles of mice 
that were fed chow for 6 weeks (n=4), chow 
for 18 weeks (n=5), HFD for 6 weeks (n=4), or 
HFD for
18 weeks (n=5) using a WGA-FITC staining (see 
Methods.)
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Discussion

In the microcirculation, the RBC column is separated from the endothelium by a gap at 
both sides [17,31,32]. An important part of this cell free layer consists of the glycocalyx 
[33], a compartment that has been demonstrated to protect the endothelium against 
harmful stimuli [4,34] and to control tissue delivery of insulin [20]. While it was 
previously shown that the dimensions of the glycocalyx were reduced in type II diabetes 
[17] and that severe hyperglycemic and hyperlipidemic conditions induce glycocalyx 
damage [12,13,15,16], there is little known about the presentation of glycocalyx loss in 
relation to the disturbed glucose homeostasis during obesity. In the current study we 
assessed glycocalyx barrier properties in skeletal muscle using SDF imaging at an early 
and later stage of diet-induced obesity (DIO) in mice, by feeding them a HFD for 6 and 18 
weeks, respectively. Glycocalyx barrier properties in hindlimb muscle microcirculation 
were found to be impaired after 6 weeks already. Our results suggest that in obesity 
glycocalyx damage represents an early aspect of microvascular dysfunction which may 
as well contribute to the development of glucose intolerance.

Impaired glucose tolerance development in HFD-fed mice

The HFD-fed mouse model has been used as a robust model to study the development 
of impaired glucose tolerance and early type II diabetes, and resembles human obesity 
more closely than other (genetic) mouse models. In a previous study from our group it 
was shown as a proof of principle that placement of C57Bl/6 and ApoE3-Leiden mice 
on a high fat diet for a period of 3 months was associated with loss of glycocalyx in 
capillaries as studied by intravital microscopy of the cremaster microcirculation [14]. 
By using a comparable dietary intervention we aimed in the current study to examine 
an early occurrence of glycocalyx damage in hindlimb muscle, and relate this to the time 
of development of glucose intolerance. In the HFD-fed mouse model, increases in fasting 
blood glucose levels and plasma insulin levels have been reported to appear already 
after 1 week of HFD, resulting in a stable hyperglycemia and a progressively increased 
hyperinsulinemia over time [22,35]. These data indicate that in this model hepatic 
insulin sensitivity is rapidly deteriorated and partly compensated by an increased 
insulin release [36,37]. In line herewith, we observed increases in blood glucose after 
a morning fast in the conscious animals already after 1 week of HFD feeding which 
were more or less constant in the following weeks, while insulin levels more slowly 
increased over time, becoming significantly elevated after 6 weeks of diet (Fig. 5.1). In 
contrast to these measurements in the conscious state, baseline glucose levels were 
not significantly different between the control animals and HFD-fed animals when put 
under anesthesia (Fig. 5.3A). This finding is in agreement with a previous study in mice, 
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which used a similar type of anesthesia and HFD composition as we did in the current 
study; no differences in baseline glucose levels were found after feeding a HFD for 1, 
3 or 10 months in this study [35]. The authors of this study also reported increases in 
baseline insulin levels after feeding a HFD for 3 months. For comparison, in the current 
study, baseline insulin levels tended to be increased (P=0.08) after 18 weeks of HFD 
when the animals were under anesthesia.
As a measurement for muscle insulin sensitivity [37], we performed an IPGTT after 6 and 
18 weeks of feeding a HFD (or chow) while the animal was under anesthesia. Although 
peak glucose levels were increased and delayed after 6 weeks of HFD, the recovery of 
blood glucose to baseline seemed not yet affected resulting in no significant increase for 
the AUC of blood glucose. In contrast, in the mice that received the HFD for 18 weeks the 
recovery of blood glucose was greatly impaired and glucose levels significantly elevated 
after 2 h (Fig. 5.3A), resulting in a significant increased AUC of glucose. Similarly, while 
insulin levels had returned to normal 90 minutes after the glucose infusion in the mice 
that received a HFD for 6 weeks, these were still significantly elevated in the 18 weeks 
of the HFD group (Fig. 5.3B). These data describe, in line with previous studies [22,35], 
the progressive decrease of muscle insulin sensitivity in mice upon feeding a HFD. The 
development of insulin resistance is accompanied by an increased insulin secretion, 
which initially seems to enable normal glucose tolerance to be maintained [38], yet is 
insufficient to compensate for the decrease in insulin sensitivity after 18 weeks of HFD, 
as indicated by the hyperinsulinemia yet significant glucose intolerance. 

Glycocalyx barrier properties in HFD-fed mice

DIO has been associated with endothelial dysfunction, mainly measured in aortic rings 
and mesenteric arteries [23,24,39]. However, insulin-mediated glucose uptake occurs 
principally in skeletal muscle [40], where the microcirculation regulates the delivery 
of insulin towards the myocytes [40,41]. The notion is that insulin, by stimulating the 
endothelium, increases blood volume in the muscle capillaries and thereby facilitates its 
own transport towards the myocytes [42,43]. Consequently, an impaired microvascular 
insulin response due to endothelial dysfunction has been suggested to contribute to 
the development of insulin resistance [44,45]. Recently, we provided evidence that 
the glycocalyx plays a role in the insulin-stimulated capillary blood volume increase 
and associated glucose disposal [20,30]. We, therefore, tested in the current study if 
glycocalyx damage is relevant in the process of insulin resistance development during 
pro-diabetic conditions. Glycocalyx barrier properties were measured in the hindlimb 
muscle capillaries of obese mice by using SDF imaging and analysis of the outward 
variations in RBC column width [30,46,47,48]. In the current study, glycocalyx barrier 



99

Glycocalyx loss after 6 weeks of high fat diet

5

properties were measured in capillaries with a median RBC column width between the 
4 and 6 μm, which coincided with a PBR of 0.81 ± 0.03 μm in control mice. Feeding 
a HFD for 6 weeks caused the PBR to be significantly increased with 0.15 ± 0.04 μm. 

In the following 12 weeks of the diet, the PBR remained elevated at this level while 
intolerance to glucose infusion clearly developed. These data suggest that glycocalyx 
damage was manifested already after 6 weeks of HFD and, based on our previous study, 
it is anticipated that it may have contributed to the worsening of glucose tolerance. 
Although a decrease in insulin sensitivity during obesity has been related to a decrease 
in the number of capillaries present [40,44,45], we did not observe significant changes 
in capillary density in the hindlimb muscle of the mice that were fed a HFD for 6 or 18 
weeks (Fig. 5.4). Rather than structural changes in the microcirculation of the muscle, 
it is suggested, therefore, that the decrease in insulin sensitivity in these mice may have 
resulted from an impaired insulin delivery to the myocytes due to an impaired ability 
to recruit capillary blood volume or to transport insulin to and across the endothelium 
because of the affected glycocalyx [20]. While 6 weeks was chosen as the earliest time 
point for assessment of glycocalyx loss during the development of DIO in the current 
study, earlier changes in glucose metabolism after start of the HFD, such as those reflected 
by the increase in fasting plasma glucose levels after one week already (Fig. 5.1C), could 
as well have initiated glycocalyx damage earlier in the development of DIO. Short-term 
hyperglycemia in itself, albeit at much higher levels than occurring in the current study, 
was previously shown to diminish glycocalyx barrier properties [16]. In line herewith, St 
Pierre et al. showed in a recent study that the ability of insulin to recruit microvascular 
blood volume in skeletal muscle in a rat model was already impaired after feeding a 
HFD for 4 weeks, and this impaired microvascular response was associated with an 
impaired insulin-mediated glucose uptake during an isoglycemic hyperinsulinaemic 
clamp [49]. In summary, the data of the present study indicate early damage to the 
glycocalyx, before the development of overt glucose intolerance, in a mouse model of 
diet-induced obesity. These findings indicate that glycocalyx damage may well underlie 
the reported association between endothelial dysfunction and impaired insulin action 
during obesity. Future studies will be needed, however, to resolve the true staging of 
glycocalyx damage development during DIO, and to substantiate the contribution of this 
damage to the development of insulin resistance and glucose intolerance.
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Abstract

The anti-diabetic drug metformin has been demonstrated to exert a protective effect 
against vascular complications in diabetes independent of its glucose lowering action. 
Since the endothelial glycocalyx has been indicated to have important vasculoprotective 
properties and to be vulnerable to degradation by hyperglycemic conditions, we 
evaluated in the current study the effect of short-term metformin treatment on whole-
body glycocalyx barrier properties in a mouse model of type II diabetes (db/db mouse). 
Glycocalyx barrier properties were measured in an acute experiment in three groups 
of mice: 1) db/db mice without treatment serving as controls, 2) db/db mice which 
received metformin for two weeks in the drinking water serving as experimental 
group, and 3) C57Bl/6 mice serving as reference group. Animals were put under 
anesthesia (ketamine, medetomidine, atropine) and carotid artery blood pressure was 
continuously monitored. To probe the glycocalyx a mixture of the tracers FITC-labeled 
70 kDa dextrans (Dex70) or fluorescein-labeled red blood cells (RBCs) versus Texas 
Red-labeled 40 kDa dextrans (Dex40) was infused and blood samples subsequently 
collected for 30 min to determine the initial vascular distribution volume and clearance 
of these tracers. Urine was collected and dry-to-wet weight of heart and kidney were 
determined after the experiment. Group differences were tested using unpaired t-tests.
Metformin treatment did not affect body weight, fasting blood glucose and arterial blood 
pressure. Compared to C57Bl/6 mice, db/db mice showed a diminished initial exclusion 
and increased vascular clearance of Dex70 versus Dex40 (P<0.05), and both were 
improved by the metformin treatment (P<0.05). While urine production was higher 
in the db/db mice compared to C57Bl/6 (P<0.05), heart and kidney of the metformin 
treated animals showed comparable dry-to-wet weights compared to the C57Bl/6 mice. 
Two weeks of metformin in the drinking water is associated with an improvement in 
glycocalyx barrier properties in db/db mice, as evidence by an enhanced exclusion and 
retention of 70 kDa dextrans in the vasculature and improved hydration of heart and 
kidney. Previous reported cardiovascular benefits of metformin may well involve an 
improvement of the endothelial glycocalyx.
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Introduction

Metformin (dimethylbiguanide) is an orally administered insulin-sensitizing drug used 
to lower blood glucose concentrations in patients with non-insulin dependent diabetes 
mellitus (NIDDM) [1,2]. Compared with other biguanides, metformin expresses the best 
balance of potent activity and low toxicity. It is the most popular anti-diabetic drug in 
the United States and one of the most prescribed drugs in this country. The insulin-
sensitizing effect of metformin has been suggested to be the result of many actions, 
including an increased insulin-mediated glucose disposal, increased translocation of 
glucose transporters, suppressed hepatic glucose output, increased intestinal glucose 
use and decreased fatty-acid oxidation [1,3,4]. In addition to its glucose lowering effects, 
metformin has been found to exhibit beneficial cardiovascular effects in patients with 
NIDMM [5,6]. A major benefit seems to involve alleviation of endothelial dysfunction 
[7,8] as metformin was for example demonstrated to increase NO bioavailability [9]. As 
a result, it is considered that metformin has vasculoprotective properties [10], but the 
mechanisms behind these actions are not completely understood at the moment.
The endothelial glycocalyx is the polysaccharide rich, gel-like layer located at the 
luminal side of all blood vessels, which has been demonstrated the last decades to be 
a gatekeeper of the vascular wall by regulating many aspects of endothelial function 
[11,12,13]. In various experimental models, enzymatic glycocalyx treatment was shown 
to reduce shear stress dependent NO production [14], to increase leukocyte and platelet 
adherence to the endothelium [15,16], and to increase fluid and protein leakage across 
the vasculature [17,18]. Recent studies from our laboratory showed that hyperglycemic 
conditions in humans (i.e., 6 h of a hyperglycemic clamp in healthy controls [19], type 1 
[20] and 2 diabetics [21]) were associated with reduced glycocalyx dimensions and/or 
an increased release of glycocalyx constituents in plasma. These indications that high 
glucose levels induce the loss of glycocalyx barrier properties in humans were preceded 
by an experimental study in mice, in which it was shown that the vascular retention 
of 70 kDa dextrans, considered as a plasma tracer whose access into the glycocalyx is 
significantly limited, was impaired during acute hyperglycemia in healthy animals and 
during chronic hyperglycemia in the db/db model of NIDDM [22]. The loss of glycocalyx 
barrier properties was accompanied by a disturbed fluid balance, as reflected by 
dehydration of heart and kidney, and significant increases in systematic hematocrit and 
urine production [22]. 
Given the vasculoprotective effects of metformin on the one hand, and the indicated 
role of the glycocalyx in orchestrating vascular wall homeostasis on the other hand, we 
hypothesize that metformin may improve glycocalyx properties in NIDDM. We tested 
this hypothesis in the current study in the db/db mouse model of NIDDM by determining 
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whole-body volume distribution of circulating plasma and 70 kDa dextrans versus 40 
kDa dextrans and the vascular retention of both dextrans [23] after administration of 
metformin in the drinking water for 2 weeks. In addition, the effect of metformin on 
the whole-body fluid balance was evaluated by measurements of hematocrit, urine 
production, and kidney and heart hydration [22]. The data of the current study indicate 
that short-term metformin treatment in a mouse model of NIDDM is associated with 
improved glycocalyx barrier properties and tissue hydration.
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Methods

Animals & treatments

All procedures were in accordance with requirements of the Animal Ethics Care and 
Use committee of the Academic Medical Center in Amsterdam. Experiments were 
performed on male db/db and C57Bl/6 mice which were obtained from Harlan (Horst, 
the Netherlands) at an age of 5 weeks. After arrival from the supplier, db/db mice 
(n=20) received standard chow and water ad libitum for two weeks. Then, after an 
overnight fast db/db mice were weighed and a blood sample collected via puncture of 
the saphenous vein for determination of blood glucose concentration with a glucose 
meter (Ascensia Contour). Db/db mice were subsequently divided into two groups: 
the experimental group (n=10) received metformin in their drinking water (0.33 
mg/ml) for two weeks until the acute experiment, while the control group (n=10) 
maintained receiving normal drinking water for this period. For n=6 animals in each 
group, daily intake of water was estimated by weighing of the water bottle every day; 
as a consequence, these animals were housed in groups of two mice per cage. Midway 
the treatment period, body weights and fasting blood glucose were measured for the 
second time in the db/db mice. C57Bl/6 mice (n=10) receiving normal drinking water 
served as reference group; no measurements were performed in these animals until the 
acute experiment. 

Acute experiment

Mice were overnight fasted. Preparation of the animals on the day of experiment was as 
described previously [23]. Briefly, the mice were anesthetized with ketamine (125 mg/
kg)-medetomidine (0.2 mg/kg)–atropine (0.5 mg/kg). A tracheotomy was performed 
and mechanical ventilation was started by connecting the trachea tube to a pressure-
controlled ventilator (SAR-830/P; CWE). Animals were ventilated with a gas mixture 
of 1:1 O2:N2. Respiration was set at 90 breaths/min with a peak inspiratory pressure 
of 18 cmH2O and a positive end-expiratory pressure of 2 cmH2O. Depth of anesthesia 
was maintained according to stability of blood pressure and lack of toe pinch reflex by 
continuous i.p. infusion at a rate of 10 ml/kg/h of ketamine (3.5 mg/ml), medetomidine 
(20 μg/ml) and atropine (7.5 μg/ml). The carotid artery and jugular vein were 
cannulated for monitoring blood pressure and heart rate, and for infusion purposes, 
respectively. Temperature was controlled at 37˚C using rectal temperature monitoring, 
a temperature-controlled heating pad and an infrared lamp. After instrumentation, an 
equilibration period of 30 min was allowed. A blood sample was taken from the tail for 
measurement of blood glucose. 
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To delineate the glycocalyx barrier properties, a bolus injection of two distinct tracers 
was administered, and their dilution in blood measured for 30 min [22,23,24,25]. In 
each mouse, the distribution volume of either FITC-labelled 70 kDa dextrans (Dex70; 
Sigma-Aldrich) (n=5 per group) or circulating plasma (n=5 per group) as glycocalyx-
hindered tracer was compared to that of simultaneously infused Texas Red-labelled 
40 kDa dextrans (Dex40; Invitrogen-Molecular Probes), which are considered to have 
unlimited access to the entire intraluminal volume [23,26]. 0.1 ml of dextran mix (2.5 

mg/ml Dex70 + 10 mg/ml Dex40 in phosphate-buffered saline) was manually infused 
in the jugular vein in 1 min, and blood was subsequently sampled (30 µl) through tail 
bleeding at t = -5 (pre), 2, 5, 10, 15, 20, and 30 min after start of the tracer infusion. 
Circulating plasma was derived from the dilution of fluorescein-labelled red blood cells 
(RBCs) and large vessel hematocrit [20,23,25]. Thereto, blood (~1 ml) was collected 
from a donor mouse (C57Bl/6) by cardiac punction, centrifuged, and the RBCs labelled 
with sodium fluorescein (250 mg/ml) for 5 min. After washing, the labelled cells were 
resuspended in saline to the initial volume; two min before infusion, 0.1 ml of the 
labelled blood was mixed with an equal volume of Dex40 (15 mg/ml) and 0.1 ml of this 
tracer mix was infused in the animal in 1 min. Blood samples (5 μl) were collected in 
heparinized capillaries through tail bleeding at t = -5 (pre), and 2, 3, 4, and 5 min after 
start of the infusion for determination of the fraction of labelled RBCs, while in addition 
30 μl samples were collected in ~30 s at t = -5 (pre), 2, 5, 10, 15, 20, and 30 min for 
determination of Dex40 concentrations.
In each mouse, urine production was assessed by collecting visibly excreted urine 
during the duration of the experiment in a capillary tube together with the remaining 
urine content in the bladder right after the mouse had been euthanized (at t = 35 min) 
[22,23]. In addition, the heart and the kidneys were collected after the experiment, 
blotted, and their wet weight measured [22]. Tissues were stored at 70°C for three days, 
and then weighed again for obtaining dry weight. 

Tracer analysis

Labeled RBCs were measured using a FACScan analyzer (FACSCalibur; Becton 
Dickinson, Mountain View, CA), with at least 100,000 cells being counted to measure 
the circulating fraction of labeled cells [20,23,25]. Data were analyzed using Cellquest 
(Becton Dickinson, San Jose, CA). The circulating plasma volume was calculated as [(1 
– Ht) x Vrbc] / Ht, where Vrbc is the circulating red blood cell volume ([1/circulating 
fraction of labelled RBCs] x volume of labelled cells injected) and Ht is the large vessel 
hematocrit [20,23,25]. The fraction of labeled cells at t = 2, 3, 4, 5 min was averaged and 
used as circulating fraction; unlabeled erythrocytes obtained before the injection (t = -5 
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min) served as negative controls. The sum of both circulating RBC and plasma volume 
revealed total blood volume.
For the blood samples containing dextrans, capillaries were centrifuged, hematocrit 
was determined, and plasma collected and stored at –20°C until fluorescence analysis. In 
each sample, fluorescence was measured at 490/535 nm (excitation/ emission) for the 
Dex70 and at 595/615 nm for Dex40 with a spectrophotometer (VICTOR; PerkinElmer) 
and dextran concentrations calculated in reference to defined dilutions of the infused 
tracer mix in plasma from donor mice [22,23,24,25]. Concentrations were normalized 
to the amount injected. For Dex70, the time-concentration curve was fitted with a mono-
exponential function [22,23,24,25], and the initial distribution volume determined from 
the extrapolated dilution at the start of tracer injection. For Dex40, linear extrapolation 
of the concentration between t=2 and t=5 min to the start of injection was used, because 
this dextran has been indicated to rapidly egress from the circulation [23]. Vascular 
clearance was defined as the percentage decrease in dextran concentration at the end 
of the experiment (t=30 min) compared to the extrapolated concentration at the start 
of tracer injection (t=0 min) [23,24] .
Urine samples were stored at –20°C until analysis when dextran concentrations were 
calculated in reference to defined dilutions of the infused tracer mix in urine from donor 
mice. The percentage dextran recovery in the urine in an experiment was determined 
from the total volume of urine sampled and its dextran concentration, normalized to the 
amount injected [23].

Statistics

Summary data are reported as means ± SEM. Because of the differences in body weight 
between db/db and C57Bl/6 mice, tracer distribution volumes were normalized for 
body weight. Differences between the metformin-treated mice and control db/db mice, 
as well as the reference C57Bl/6 mice, were evaluated using unpaired t-tests. Results 
were considered statistically significant with P ≤ 0.05. 
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Results

At an age of 7 weeks, db/db mice were divided in a control group which continued 
with normal drinking water for two weeks and an experimental group which received 
metformin at a concentration of 0.33 mg/ml in the drinking water for the same period. 
Daily water intake was 32.4 ± 2.5 and 37.7 ± 0.9 ml/100 g body weight in the control and 
metformin-treated db/db mice, respectively (P=0.08). Body weight and fasting blood 
glucose were weekly measured, and were not affected by the metformin (Figure 6.1). 

Figure 6.1 Body weights and blood glucose levels.
Top: body weight was measured every week in the db/db mice (n=20). The first measurement (week 1) was 
at an age of 6 weeks. One week later the control group (n=10) continued with normal drinking water while the 
experimental group (n=10) started with the metformin in the water for two weeks until the acute experiment 
(week 4). C57Bl/6 mice (n=10) were used as reference group in the acute experiment.
Bottom: blood glucose in the db/db mice was measured one week before and one week after start of the 
metformin, as well as during the acute experiment. The sharp rise in glucose during the acute experiment is 
likely explained by the anesthetic conditions
After two weeks, glycocalyx barrier properties were measured in an acute experiment. Blood glucose during 
the experiment was found to be similarly elevated in both groups of db/db mice compared to the earlier 
measurements in the awake animals (Figure 6.1), likely as a result of the anesthesia. While blood pressures 
were higher in the db/db mice compared to the C57Bl/6 mice during the experiment, they did not differ 
between the metformin and control group (Figure 6.2). Heart rates were comparable between the three 
groups of mice (Figure 6.2).

Figure 6.2 Hemodynamics.
Carotid artery blood pressure (left) and heart rate (right) were measured continuously in the anesthetized 
mice during the acute experiment. Values represent average pressure/rate for the entire duration of the 
experiment (from t = -10 min until t = 30 min). *, P<0.05 versus C57Bl/6 mice.
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Whole-body distribution volumes (normalized to body weight) of the different tracers 
are shown in Figure 6.3A. Hematocrits (in %) were not different between the three 
groups (control db/db: 45.8 ± 2.8; metformin db/db: 45.0 ± 3.1; C57Bl/6: 44.0 ± 3.8). As 
shown in our previous studies [23,25], distribution volumes were lower for circulating 
plasma, derived from the dilution of labeled RBCs and hematocrit, compared to the 
dextrans (Figure 6.3A). Distribution volumes for all considered tracers were lower in 
the db/db compared to the C57Bl/6, and did not differ between the metformin treated 
and control db/db groups (Figure 6.3A). Glycocalyx-excluded volume for plasma and 
Dex70, derived from the individual differences in Dex40 distribution volume versus 
those for circulating plasma and Dex70, respectively, are shown in Figure 6.3B. In line 
with our previous study [23], exclusion volume for plasma was larger than for Dex70 in 
all animal groups. While exclusion for plasma was not affected in the metformin treated 
animals, exclusion volume for Dex70 was significantly improved in this group, and not 
different from the C57Bl/6 animals anymore. 

Figure 6.3 Systemic (glycocalyx excluded) distribution volumes.
A: systemic volumes of distribution (normalized to body weight) of circulating blood, i.e., the sum of red 
blood cell (RBC) and plasma volume (derived from RBC space and hematocrit), and 70 (Dex70) (both n=5 per 
group) and 40 kDa dextrans (Dex40) (n=10 per group). *, P<0.05 versus C57Bl/6 mice
B: whole-body glycocalyx volumes for circulating plasma and Dex70 (both n=5 per group), calculated from the 
difference between their respective distribution volume versus that of Dex40. *, P<0.05 compared to C57Bl/6 
mice; #, P<0.05 metformin versus control db/db.

Dextran clearance data are shown in Figure 6.4. In line with previous studies [22,23,24], 
vascular clearance of Dex40 was larger than that of Dex70, yet was not different 
between the three animal groups. Vascular clearance of Dex70 was higher in the db/
db mice compared to the C57Bl/6 mice, and tended to decrease after treatment with 
metformin (38 ± 5% of injected Dex70 cleared in 30 min in control db/db versus 28 
± 1% in metformin treated group (p=0.086)) (Figure 6.4A, left). When accounting for 
individual differences in Dex40 clearance rate [24], Dex70 clearance was significantly 



114

Chapter 6

decreased in the metformin treated db/db compared to the control db/db mice, but still 
much larger than in the C57Bl/6 mice (Figure 6.4A, right).
The diminished vascular clearance of Dex70 compared to Dex40 in the metformin 
treated mice appeared not associated with a reduction in the amount of Dex70 excreted 
in the urine at the end of the experiment. Thus, about 15% of the injected amount of 
Dex70 was detected in the urine of both groups of db/db mice, which was about double 
(P<0.05) of that found in the urine of the C57Bl/6 mice (Figure 6.4B, left). Similar to 
the vascular clearance characteristics, the amount of Dex40 retrieved in urine was 
higher than that of Dex70, i.e., about 35-40% of the injected amount, and comparable 
for all three animal groups (Figure 6.4B, left). When correcting for differences in Dex40 
recovery between individual animals, no differences were found in the amount of Dex70 
retrieved in urine at the end of the experiment. 

Figure 6.4 Vascular clearance and urine appearance of dextrans.
A. Left. Calculated amount of 70 (Dex70) and 40 kDa dextran (Dex40) cleared from the circulation after 

injection (t=0 min) until the last time point of blood sampling (t=30 min). Right: cleared amount of Dex70 
divided by Dex40. *, P<0.05 compared to C57Bl/6 mice; #, P<0.05 metformin versus control db/db.

B. Left. Measured amount of dextran in urine collected during the experiment and in bladder after 
euthanization of the animal (t=35 min). Right: urine amount of Dex70 divided by Dex40. *, P<0.05 
compared to C57Bl/6 mice.

The collected urine volumes were not different between the control and metformin 
treated db/db mice, and both were larger than in the C57Bl/6 mice (Figure 6.5A). 
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To evaluate organ hydration, the dry-to-wet weight ratio for heart and kidneys were 
determined [22]. Higher dry-to-wet weight ratio’s, reflecting a decreased water content, 
were found for both tissues of the control db/db mice versus C57Bl/6 mice. In contrast, 
the ratios of the metformin treated db/db mice were not different from those of the 
C57Bl/6 mice (Figure 6.5B); the beneficial effect of metformin appeared larger in the 
heart than in the kidney. 

Figure 6.5 Urine production and tissue hydration.
A.  Urine volumes collected during the experiment and in bladder after euthanization of the animal (t=35 

min). *, P<0.05 compared to C57Bl/6 mice.
B.  Dry-to-wet weight ratios. Heart and kidneys were collected after the experiment and their wet weight 

measured, after which organs were stored at 70°C for three days, and then weighed again for obtaining dry 
weight. *, P<0.05 compared to C57Bl/6 mice; #, P<0.05 metformin versus control db/db.
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Discussion

In the present study we showed that metformin treatment for 2 weeks in db/db mice 
resulted in an improvement of the endothelial glycocalyx barrier properties in the 
circulation as evidenced by the increased whole-body exclusion volume of Dex70 
compared to Dex40 and enhanced vascular retention of Dex70 compared to Dex40. 
This improvement coincided with an improved hydration of heart and kidney in these 
mice. The two week treatment with metformin did not significantly affect blood glucose 
levels, indicating that the effects of metformin occurred independent from a change in 
fasting glucose. These data suggest that the previous reported cardiovascular benefits 
of metformin may involve an improvement of the endothelial glycocalyx. 

Short-term metformin does not affect blood glucose

Metformin has been famed for its protective effect against vascular complications in 
NIDDM independent of its glycemic lowering action [5,6]. Improvement of endothelial 
function has been considered to contribute to metformin’s vasculoprotective effect 
[9], as treatment was shown to improve endothelium-dependent vasodilation and 
microvascular reactivity in humans [7,27]. Because the endothelial glycocalyx has been 
indicated to play a major role in protection of the endothelium and regulation of its 
functions [11,12], we were interested in the current study whether metformin would 
improve the recently reported glycocalyx perturbation in db/db mice [22]. Because 
changes in blood glucose itself have been shown to affect glycocalyx properties [19,22], 
we aimed in the present study to limit the blood-glucose lowering effect of metformin 
by treating the mice for a short period of time only at a relatively mild dose of the drugs. 
Indeed, we did not observe a reduction in blood glucose levels in the metformin treated 
db/db mice compared to the control db/db mice. Water intake during metformin 
administration was ~35 ml/100 g/day (see Results), which with the dose of 0.33 mg/
ml agrees with an average metformin intake of ~100 mg/kg per day. In previous studies 
in mice, it was shown that higher doses of metformin (150-250 mg/kg/day) for a longer 
period of time (4 weeks) did lower blood glucose levels [28,29]. Also, contrasting to 
previous studies which showed that a 3 week treatment with metformin at a dose of 
300-500 mg/kg/day prevented the hypertension induced by fructose feeding in rats 
[9,30], the two week treatment period of the lower dose in the current study did not 
affect blood pressure in the db/db mice. 

Short-term metformin improves glycocalyx barrier properties

Whole body vascular volume and clearance measurements of different tracers to 
delineate the barrier properties of the endothelial glycocalyx have been applied 
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in previous experimental animal and human studies [19,20,22,23,24,25]. These 
measurements are based on intravital microscopic observations showing that 
circulating blood and large dextrans (mol mass ≥ 70 kDa) are significantly excluded 
from the glycocalyx, in contrast to 40 kDa dextrans, which seem to have unlimited 
access to this domain [26,31,32]. Recently, it was shown that these whole-body 
measurements were sensitive to enzymatic glycocalyx degradation using hyaluronidase 
[23], and hence corroborate the intravital measurements that these tracers can 
indeed be used for detection of generalized glycocalyx degradation. We found that 
both circulating plasma and Dex70 excluding glycocalyx volume were diminished in 
db/db mice compared to the C57Bl/6 mice, indicating impaired glycocalyx barrier 
properties in this mouse model. The perturbed glycocalyx barrier was associated with a 
significant clearance of Dex70 from the circulation at a rate that was comparable to that 
observed after enzymatic glycocalyx degradation [23,24]. Two weeks of metformin in 
the db/db mice improved the glycocalyx barrier, as evidenced by the increased Dex70 
excluding glycocalyx volume which appeared indistinguishable from that measured in 
the C57Bl/6 mice. The improvement coincided with a modest reduction in the vascular 
clearance of Dex70, in line with previous reports of a reduced vascular permeability 
after metformin treatment [10]. Although metformin has been previously shown to 
alleviate microalbuminuria in type II diabetes patients [33], the improved Dex70 
retention in the metformin treated mice in the current study seemed not explained by a 
reduced renal clearance. More likely, the reduced clearance from the circulation might 
represent a slow equilibration of this tracer with the glycocalyx domain and subsequent 
extravasation [23]. Nevertheless, the ratio of the Dex70 versus Dex40 clearance was 
still considerably higher in the metformin treated db/db mice compared to the C57Bl/6 
mice, indicating that other mechanisms involved in regulation of vascular permeability 
were still compromised in these mice. Furthermore, the two week metformin treatment 
appeared not to improve the glycocalyx exclusion of circulation plasma, indicating that, 
despite the improved exclusion of Dex70, the glycocalyx barrier properties were not 
functionally similar to those in non-diabetic mice. In agreement with our previous study 
[23], glycocalyx exclusion of circulating plasma was found to be substantially larger 
than the exclusion of Dex70 dextrans in all animal groups, indicating that these two 
measurements may reflect different characteristics of glycocalyx barrier function. 

Short-term metformin improves hydration of heart and kidney

The improved glycocalyx barrier properties after metformin were associated with an 
improved hydration of heart and kidney, resulting in comparable dry-to-wet weight 
ratios in these tissues versus the C57Bl/6 mice. Although the glycocalyx has been 
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indicated to play an important role in regulation of capillary fluid filtration and organ 
fluid balance [34,35], the available data in the current study could not altogether 
substantiate whether the increased water content in heart and kidney after metformin 
was the single result of the improved glycocalyx barrier properties. Thus, hematocrit 
was not decreased in the metformin treated animals, indicating that intravascular fluid 
retention was not augmented. On the other hand, there was a trend for a higher daily 
water intake in the metformin group (P<0.08), while urine volumes collected in the 
acute experiments were very comparable for both diabetic groups. Also, whole-body 
volumes of distribution for the different tracers did appear to be somewhat larger in 
the metformin treated mice compared to the controls (Figure 6.3), suggesting that 
metformin increased the tracer available microvascular volume either in a structural or 
functional manner. In line herewith, metformin has previously been shown to improve 
obesity- and diabetes-induced reductions in microvascular and capillary density [10]. 

Conclusions  

The results of the current study show significant recovery of Dex70 excluding glycocalyx 
volume and systemic clearance rates in db/db mice after short-term treatment with 
metformin, independent of blood glucose changes. The improved Dex70 excluding 
glycocalyx volume was associated with a significant restoration of the fluid balance in 
heart and kidneys in these mice. Our results suggest, therefore, that an improvement of 
endothelial glycocalyx function may contribute to the reported cardiovascular benefits 
of metformin. While it has been indicated that metformin can lower the free radical load 
in the vasculature [10], and free radicals have been implicated in the evoked glycocalyx 
loss during exposure to cardiovascular risk conditions [36], including hyperglycemia 
[19,22], further studies are needed to determine the precise mechanisms involved in 
the glycocalyx restoring effect of metformin. 
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Abstract

Recently, we showed that the induction of peripheral insulin resistance in diet-induced 
obese mice was accompanied by impaired barrier properties of the endothelial 
glycocalyx in the microcirculation of hindlimb muscle. We hypothesized in the current 
study that sulodexide, an endothelial glycocalyx mimetic, would improve insulin-
mediated glucose disposal in high-fat diet (HFD) fed mice.
Mice received a HFD for 6 or 18 weeks with or without therapy. Therapy consisted of 
sulodexide (0.15 mg/mL) or, as a reference, metformin (0.3 mg/mL) in the drinking 
water in the last two weeks of the HFD feeding period. To evaluate insulin action, 
mice were anesthetized; subsequently, they received a bolus of 1g/kg glucose via an 
i.p. cannula (IPGTT) while glucose and insulin levels were monitored for 120 and 90 
minutes, respectively. 
Two weeks of sulodexide treatment in the 6 weeks HFD fed mice was associated with 
significantly lower glucose levels measured during the IPGTT without a significant 
change in insulin levels. After a HFD for 18 weeks, sulodexide treatment did not 
significantly reduce glucose levels during the IPGTT yet insulin resistance appeared to 
be improved, as reflected by a significant decrease of the product of the area under the 
curve for both the glucose and insulin levels. Two weeks of metformin treatment did 
not affect glucose tolerance in the 6 weeks HFD fed mice. Metformin did also not affect 
glucose and insulin levels after 18 weeks of HFD. 
Oral sulodexide treatment for 2 weeks is able to improve insulin-mediated glucose 
disposal in diet-induced obese mice. Our data indicate that timely treatment with the 
glycocalyx-mimetic sulodexide can be a potential therapy to alleviate insulin resistance 
and prevent the development of glucose intolerance and type II diabetes in obesity.
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Introduction

Obesity is a fast growing health-related problem, and is associated with a major risk 
for developing insulin resistance. Insulin resistance refers to a decreased capacity 
of insulin to regulate nutrient metabolism, and can initially be compensated by an 
increased secretion of insulin [1,2]. However, chronic secretion of large amounts 
of insulin to overcome tissue insensitivity can lead, in predisposed individuals, to 
pancreatic ß-cell failure and to the development of type II diabetes [3,4]. Understanding 
the origin of insulin resistance is of uttermost importance for the development of novel 
diagnostic and therapeutic tools to battle the expected burden of type II diabetes. 
Our recent data suggest that the endothelial glycocalyx may play a pivotal role in 
regulation of vascular insulin sensitivity and that damage to the endothelial glycocalyx 
may play a role in the pathogenesis of insulin resistance in obesity. First, we found 
that acute enzymatic degradation of the glycocalyx in rats resulted in an inability of 
insulin to recruit microvascular blood volume in muscle and this was accompanied 
by a decrease in insulin-mediated glucose disposal [5]. Next, we found evidence for 
glycocalyx degradation in muscle microcirculation in mice after already 6 weeks of a 
high fat diet (HFD). Of relevance, at this time point glucose intolerance seemed not fully 
manifested [6], indicating that glycocalyx damage may be an early event in diet-induced 
obesity (DIO) which may contribute to the development of glucose intolerance in this 
model. As a result, therapeutic interventions aiming at a recovery of the glycocalyx 
should be considered for improving insulin-mediated glucoregulation in DIO. In 
the current study we tested if the recently proposed glycocalyx-mimetic sulodexide 
would be able to alleviate insulin sensitivity in the HFD mouse model. Sulodexide is 
a glycosaminoglycan of natural origin extracted from mammalian intestinal mucosa, 
containing a mixture of 80% low-molecular-mass heparan sulphate and 20% dermatan 
sulphate [7]. Glycosaminoglycan chains contain numerous specific binding sites for 
plasma-derived proteins, and restoration of these chains may therefore improve 
functions of the glycocalyx [7]. As a reference treatment we used metformin, which 
is the most prescribed anti-hyperglycemic drug worldwide, and an anti-diabetic drug 
that has been shown to prevent cardiovascular complications [8]. It has been suggested 
that metformin improves glycocalyx dimensions as well, and this could be a possible 
explanation for the beneficial effects of metformin on endothelial function [9,10]. In 
the current study mice were fed a HFD for 6 or 18 weeks after which we performed an 
intraperitoneal glucose tolerance test (IPGTT) [6]. To evaluate the effect of the therapy, 
sulodexide and metformin were administrated via the drinking water for 2 weeks at the 
end of the feeding period.
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Methods

Animals and diet

All procedures were approved by the requirements of the Animal Ethics Care and 
Use committee of Maastricht University. After arrival from the external supplier 
(Harlan, Horst, The Netherlands) the animals (n=37) were housed at the animal 
facility of Maastricht University and received a HFD (Research Diets, New Brunswick, 
NJ, containing on caloric basis 60% fat, 20% carbohydrate and 20% protein) for 6 or 
18 weeks and water ad libitum. The HFD treated animals were divided into a group 
without therapy (6 weeks n=5, 18 weeks n=6), a group that received sulodexide (0.15 
mg/mL; 6 weeks n=5, 18 weeks n=8), and a group that received metformin (0.3 mg/mL; 
6 weeks n=5, 18 weeks n= 8) in their drinking water in the last two weeks of the feeding 
period. Weekly (6 weeks HFD) or two weekly (18 weeks HFD) measurements of body 
weight, blood pressure using a CODA non-invasive blood pressure monitoring system 
(Kent Scientific), and blood glucose levels and plasma insulin levels via blood sampling 
of the saphenous vein were performed in the conscious animal after a morning fast (4 
h). Blood glucose (~ 5 μl blood) was measured with a glucose meter (Ascencia Contour). 
Further, about 40 μl blood was collected using a 75 μl glass capillary tube (Hirschmann, 
Germany) and centrifuged to collect plasma for the measurement of insulin levels with 
an ELISA (ALPCO Diagnostics, Salem, NH).

Experimental protocol

At the day of experiment, after an overnight fast (10-12 h), mice were anesthetized using 
an intraperitoneal injection (i.p.) of 0.39 mg/kg fentanyl, 7.81 mg/kg midazolam and 7.81 
mg/kg acepromazine, and anesthesia was maintained by an additional bolus after 60-90 
minutes of 0.10 mg/kg fentanyl, 1.56 mg/kg midazolam and 1.56 mg/kg acepromazine. 
The animal was put in a prone position and body temperature was maintained between 
36°C and 37°C with the use of a heating pad and lamp and monitored with a rectal 
probe. During anesthesia a cannula was inserted intraperitoneally for glucose infusion 
[6]

Intraperitoneal glucose tolerance test

To determine glucose tolerance an IPGTT was performed. Mice were infused with a 
bolus of 1 g/kg glucose (0.1 gram/mL) via the i.p. cannula. Blood glucose was measured, 
via tail bleeding, with a glucose meter at t = -10 and 0 (pre) and t = 5, 10, 20, 30, 40, 50, 
60, 70, 80, 90, 100, 110 and 120 minutes after the glucose infusion. About 40 μl blood 
was collected from the tail using a 75 μl glass capillary tube to determine systemic 
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hematocrit and plasma insulin levels with an ELISA at t= 0 (pre) and t = 10, 30, 60 and 
90 minutes after glucose infusion. 

Data analysis

Effects of therapy on blood glucose and plasma insulin levels were evaluated during 
baseline and during the various time points of the tolerance test. Also, as a reflection of 
the circulating levels of glucose during the IPGTT we calculated the total area under the 
curve (AUC) of the glucose concentration versus time by the linear trapezoidal rule for 
the period of 0-120 minutes after glucose infusion (Fig. 7.2A). Similarly, as a reflection of 
the circulating insulin levels we calculated the AUC of the insulin concentration versus 
time by the linear trapezoidal rule for the period of 0-90 minutes after glucose infusion 
(Fig. 7.2B). As an index of baseline insulin resistance, the HOMA-IR ((Baseline glucose 
X baseline insulin)/22.5) was calculated [11], while as an index of peripheral insulin 
resistance during the IPGTT the IR-index, which is the product of the AUC of glucose and 
AUC of insulin was calculated [12].
All data are presented as means ± SEM. Statistical differences were tested with Student’s 
unpaired t-tests. A value of P<0.05 was considered statistically significant.
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Results

Baseline characteristics

Baseline characteristics of the HFD mice measured before the animals received 
the therapy, i.e., up to 16 weeks after start of the HFD, are shown in Figure 7.1. For 
reference, the characteristics in a group of mice on chow (presented in [6]) are shown 
as well (grey dashed line). As shown in our previous study [6], HFD was associated with 
increases in body weight, and baseline glucose and insulin levels, without a change in 
blood pressure. These parameters were not different between the three (no, sulodexide, 
or metformin treatment) groups. Neither metformin, nor sulodexide did have an effect 
on body weight in the mice that received a HFD for 6 weeks. However, compared to 
the body weight measured after feeding a HFD for 18 weeks without therapy (37.9 ± 
1.6 grams), the body weight was lower after metformin treatment (33.2 ± 1.2 grams; 
P<0.05), while it tended to be decreased after sulodexide treatment (33.8 ± 1.4 grams; 
P=0.08).

Fig 7.1 Mean ± SEM of body weight (A), blood pressure (B), and baseline glucose levels (C) and insulin levels 
in the 16 weeks that the mice received a HFD. The dashed grey line represents the values of the control group 
from our previous study [6]. After 16 weeks the mice received either sulodexide or metformin therapy in the 
final two weeks of the experiment, while the remaining groups did not receive any treatment.
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IPGTT

Baseline

Baseline glucose and insulin levels measured before the start of the IPGTT are shown 
in table 7/1. In the mice that were fed a HFD for 6 weeks baseline glucose and insulin 
levels were not affected by the two week sulodexide treatment. Baseline glucose levels 
were also not changed by metformin treatment, however baseline insulin levels were 
significantly increased (P<0.05) after metformin. In the mice that were fed a HFD for 18 
weeks, baseline glucose and baseline insulin levels were not different in the mice that 
were treated by any of both therapies. The HOMA-IR was not affected by sulodexide or 
metformin after both a HFD for 6 weeks as well as for 18 weeks.

Table 7.1. Baseline circulating glucose and insulin values (measured before the start of the IPGTT)

HFD for 6 weeks HFD for 18 weeks

Therapy Without Sulodexide Metformin Without Sulodexide Metformin

Blood glucose (mmol/L) 6.8 ± 0.6 6.2 ± 0.5 7.0 ± 1.1 6.4 ± 0.7 5.5 ± 0.3 6.5 ± 0.9

Plasma Insulin
(μU/ml)

9.7 ± 0.4 11.0 ± 1.6 16.7 ± 2.5* 18.3 ± 4.2 11.9 ± 2.3 17.0 ± 3.8

HOMA-IR 2.81 ± 0.32 3.11 ± 0.58 5.54 ± 1.63 5.24 ± 1.25 2.85 ± 0.53 5.29 ± 1.43

Baseline glucose and insulin levels measured during anesthesia before the start of the IPGTT in mice that 
were fed a HFD for 6 or 18 weeks, respectively. As a measurement for baseline insulin resistance the HOMA-
IR ((Baseline glucose X baseline insulin)/22.5) was calculated. *, P<0.05 compared to HFD mice without 
treatment. 

Glucose tolerance test

In the 6 weeks HFD fed mice, sulodexide treatment was associated with a significant 
decrease in blood glucose at t= 10, 20 and 30 minutes after glucose infusion (Fig. 7.2, 
panel A). This decrease was, however, not sufficient to decrease the total AUC of the 
glucose levels significantly, yet this value was very close to the values obtained in our 
previous study in the chow group (Fig 7.2., panel B). Also, although insulin levels were 
not significantly decreased by sulodexide, the AUC of insulin was very close to that 
measured in the chow fed animals in our previous study. Metformin treatment did not 
improve glucose and insulin levels measured during the IPGTT in the 6 weeks HFD-fed 
mice. 
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Fig 7.2 In panel A the glucose levels during the IPGTT in the mice that received a HFD for 6 weeks without 
therapy, with sulodexide (SUL) or metformin (MET) therapy are shown while in panel B the corresponding 
AUC of glucose levels during the IPGTT are shown. The insulin levels during the IPGTT are shown in panel C 
and the AUC of insulin depicted in panel D. In panel E the IR-index (product of AUC glucose and AUC insulin) 
is shown. The dashed grey (panel A and C) or black line (panel B, D and E) represents the values of the control 
group (chow) from our previous study [6] *. P<0.05 compared to HFD.

In contrast to the effect of sulodexide on improvement of blood glucose levels during 
the IPGTT after 6 weeks of HFD, glucose levels were not significantly affected by this 
treatment in the mice that were fed the HFD for 18 weeks (Fig 7.3, panel A). Although 
there was also no significant difference in plasma insulin levels between the three 
groups during the IPGTT (Fig 7.3, panel C), the AUC of insulin was again close to the 
value observed in animals that received chow for 18 weeks in our previous study. The 
IR-index was significantly lower in the sulodexide treated mice compared to the non-
treated mice.
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Fig 7.3 In panel A the glucose levels during the IPGTT in the mice that received a HFD for 18 weeks without 
therapy or with sulodexide or metformin therapy are shown while in panel B the corresponding AUC of 
glucose levels during the IPGTT are shown.. The insulin levels during the IPGTT are shown in panel C and the 
AUC of insulin are shown depicted in panel D. In panel E the IR-index (product AUC glucose and AUC insulin) 
is shown The dashed grey (panel A and C) or black line (panel B,D and E) represents the values of the control 
group (chow) from our previous study [6] *. P<0.05 compared to HFD).
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Discussion

Sulodexide is a glycosaminoglycan, containing a mixture of 80% low-molecular-mass 
heparan sulphate and 20% dermatan sulphate [7]. Given the abundance of these 
molecules in the endothelial glycocalyx, it may be considered to be a glycocalyx mimetic. 
Indeed, sulodexide treatment was recently shown to partially restore glycocalyx 
barrier properties in type II diabetic subjects [7], and this effect was associated with 
a reduction of the albumin clearance from the circulation in these subjects. It was not 
tested whether the improvement of the glycocalyx barrier properties by sulodexide 
was associated with an improvement in insulin sensitivity and glucose tolerance in 
the diabetics. In the current study we tested if short-term sulodexide would improve 
insulin-mediated glucose disposal at a relatively early and a later stage of diet-induced 
insulin resistance. Herefore, mice were fed a HFD for 6 weeks or 18 weeks with or 
without sulodexide in their drinking water in the last 2 weeks of the feeding period. It 
was found that sulodexide improved blood glucose levels during an IPGTT in the face 
of similar insulin levels in the mice that were fed a HFD for 6 weeks. Furthermore, in 
the mice that were fed a HFD for 18 weeks, sulodexide improved the insulin resistance 
index. These data indicate that sulodexide improves insulin-mediated glucoregulation 
in DIO and suggest that recovery of the endothelial glycocalyx may be useful target in 
diabetes-prone conditions.

Rationale of the study

The glycocalyx occupies a large volume of the microcirculation, and plays an important 
role in protection of the endothelium [13]. In addition to earlier studies in humans 
and experimental animals, in which it was shown that acute conditions of severe 
hyperglycemia [14,15] were associated with immediate glycocalyx damage, we recently 
provided evidence that glycocalyx damage also developed in the early stages of diet-
induced obesity, before the presence of overt glucose intolerance. Together with the 
finding that acute enzymatic degradation of the glycocalyx resulted in an impaired 
insulin-mediated glucose disposal [5], these data suggest that glycocalyx damage may 
not only be a consequence of a defective insulin action and resultant hyperglycemia but 
may actually contribute to them. As a result, the glycocalyx may be a worthwhile target 
for therapy directed at improvement of insulin sensitivity in DIO. Since previous studies 
in rodents had shown that infusion of glycocalyx components, such as hyaluronan 
[16] and heparan sulfates [17], could restore a degraded glycocalyx and its protective 
function, we hypothesized in the current study that sulodexide would improve insulin 
sensitivity in diet-induced obese mice.
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Methodological considerations

HFD

The HFD-fed mouse model has been used to study mechanisms of impaired glucose 
tolerance and type II diabetes [18,19] and to evaluate new treatments [20,21]. In 
our previous study we showed that feeding a HFD for 6 weeks in mice did not affect 
baseline glucose and insulin levels and was associated with rather mild increases in 
glucose and compensatory insulin secretion during the IPGTT, which did not yet result 
in a significant increase in the total AUC of glucose or insulin levels during the test 
[6]. In the current study, we also calculated the IR-index as the product of the AUC of 
both parameters [22,23]. It has been argued by Matsuda and DeFronzo that this index 
provides a better reflection of muscle insulin resistance during a glucose tolerance test 
than for example the ratio of both parameters, since normal or higher glucose levels 
with higher insulin levels reflects the presence of insulin resistance [12]. The IR-index 
(Fig 7.2E) was not significantly increased in the mice that were fed a HFD for 6 weeks, 
indicating that insulin resistance was not fully present at this stage (Fig 7.4, left panel). 
After 18 weeks of HFD baseline insulin and glucose levels were also not significantly 
changed but glucose disposal appeared impaired for the entire 2 h after the glucose 
infusion, resulting in a significantly elevated AUC of glucose. In addition, insulin levels 
tended to be increased as well. These data indicate that after feeding a HFD for 18 weeks, 
insulin resistance was more aggravated and indeed the IR-index was clearly increased 
at this stage (Fig 7.3E).

Fig 7.4 In panel A the relation between the AUC of glucose and AUC of insulin are shown for the mice that 
received a HFD for 6 weeks. In panel B the relation between the AUC of glucose and AUC of insulin are shown 
for the mice that received a HFD for 18 weeks. The data from the control group are the data obtained in [6].
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Treatments

Sulodexide was used in previous clinical studies to test the effect in diabetic nephropathy, 
and it has been shown that sulodexide treatment for several weeks was associated with 
an improvement in albuminuria in type I and II diabetic patients [24,25]. However, other 
studies showed that sulodexide did not have a renoprotective benefit and was ineffective 
in decreasing urine albumin excretion in type 2 diabetic patients. As a result, the effect 
of sulodexide in diabetic nephropathy is still unclear [26,27]. In a diabetic rat model 
it was shown that sulodexide treatment for 5 and 10 weeks improved acetylcholine-
induced relaxation preferentially in the smaller arteries, indication that sulodexide has 
a beneficial effect on endothelial function [28]. Since the glycocalyx has been shown to 
play an important role in regulation of endothelial function, including regulation of the 
bioavailability of NO, these data may well reflect an improvement of the endothelial 
glycocalyx by the sulodexide treatment. A limitation of the current study is that 
properties of the glycocalyx were not measured. However, Broekhuizen et al. recently 
showed the efficacy of sulodexide in improving glycocalyx barrier properties in type 
II diabetics. In this study 8 week sulodexide treatment restored sublingual glycocalyx 
dimensions and this was accompanied by an improvement in systemic vascular 
permeability [7]. Compared to the study of Broekhuizen et al. in which sulodexide was 
orally administrated in human subjects at a concentration of 200 mg/day (approximately 
2.9 mg/kg/day) for 2 months, we gave in the present study sulodexide via the drinking 
water to mice only for a period of two weeks. The concentration sulodexide that was 
administrated to the mice (0.15 mg/mL) was, however, much higher per kg body weight; 
assuming a water intake of 3 ml per day, the mice got administered a sulodexide dose 
of approximately 11.25 mg/kg/day. In line with previous studies [7,28], no significant 
changes in baseline glucose levels were observed. However, in addition to the previous 
reported beneficial effects of sulodexide on endothelial function [28] and glycocalyx 
barrier properties [7], we found that sulodexide decreased the elevated glucose levels 
during an IPGTT at an early state of DIO. The blood glucose and plasma insulin levels 
measured during the IPGTT in the mice that were fed a HFD for 6 weeks in combination 
with sulodexide were very comparable to these levels measured during an IPGTT in 
control mice (Fig 7.2A). Remarkably, it appeared even that the relation between the AUC 
of glucose and the AUC of insulin was improved compared to control mice (Fig 7.4, left 
panel), but additional studies in control mice are needed to verify this. At a later stage 
of DIO, after feeding a HFD for 18 weeks, sulodexide also appeared to improve insulin-
mediated glucoregulation, as evidenced from Fig. 7.4. Although glucose levels during 
the test were not significantly reduced, the insulin resistance index was significantly 
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decreased in the sulodexide treated mice, indicating that less insulin was needed for an 
improved glucose disposal due to the improved insulin sensitivity. 
As a reference we used metformin in the current study. The main target of metformin 
has been suggested to be the liver, namely inhibition of hepatic gluconeogenesis. In 
addition, metformin has been shown to improve insulin action in muscle, adipose tissue 
and endothelium as well [29]. Surprisingly, two weeks of metformin was associated 
with significantly increased baseline insulin levels. However, the HOMA-IR was not 
increased, indicating that baseline insulin sensitivity was not significantly affected by the 
treatment. Furthermore, while metformin has been shown to improve insulin-mediated 
glucose disposal in muscle in previous studies [8,30,31], we did not find evidence 
for this in our metformin treated animals. Since in the reported studies metformin 
was generally administrated for a longer period of time or at higher concentrations, 
it might be argued that the two weeks of metformin treatment might have been too 
short to improve insulin-mediated glucoregulation in the current study. Nevertheless, 
It has been shown that metformin inhibits visceral obesity and lipid accumulation and 
thereby reduces body weight [32,33]; in line with this, we found in the current study 
that two weeks of metformin treatment improved body weight in the mice that were fed 
a HFD for 18 weeks. Furthermore, short-term metformin treatment has been indicated 
to improve endothelial function [8,34] and glycocalyx barrier properties [6,10] in 
insulin-resistant rats and mice. The concentration of metformin used in the drinking 
water in the current study was comparable with our previous study (100mg/kg/d) [9], 
in which two weeks of metformin did also not affect fasting glucose levels. It could well 
be that the beneficial effects of metformin on the barrier properties of the glycocalyx 
were insufficient to improve glucoregulation after two weeks already. While long-term 
metformin treatment has proven beneficial for insulin-mediated glucose homeostasis, 
additional studies need to be performed to investigate the contribution of a potentially 
restored glycocalyx to this.

Conclusion

The results of the current study show that short-term treatment with sulodexide, a 
presumed glycocalyx mimetic, improves insulin sensitivity in diet-induced obese mice. 
In addition to the previous reported beneficial effects of sulodexide on glycocalyx 
barrier properties, this suggests that sulodexide may hinder the development of glucose 
intolerance and ultimately type II diabetes. Sulodexide could, therefore, be a potential 
new therapeutic for obese people predisposed for developing insulin resistance.
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Introduction

Diabetes type II is commonly grouped with other pathologies including dyslipidemia, 
hypertension, cardiovascular disease and obesity; insulin resistance has been indicated 
to underlie the development of these conditions [1]. Insulin resistance associated with 
diabetes is usually considered a cellular inability of insulin to increase glucose disposal 
or suppress glucose production, leading to hyperglycemia. However, insulin resistance 
manifests itself in many tissues and cell types including the endothelium [1]. Endothelial 
dysfunction often coincides with the development of insulin resistance, and has been 
associated with an impaired insulin and nutrient access to muscle and other tissues 
[1,2,3]. This is explained by the fact that, in order to promote the transport of insulin and 
nutrients, insulin can expand microvascular blood volume even under conditions where 
total blood flow is unchanged [2,4]. Further, the endothelium has significant barrier 
properties, and appears to actively regulate insulin delivery from the blood towards the 
interstitium. Altogether, the concept has been put forward that a compromised vascular 
endothelium may play a pivotal role in the development of insulin resistance [1,2,3,5]. 
The luminal side of the endothelium is decorated with the glycocalyx (Fig 8.1), which 
is the first compartment which blood-borne nutrients and pro-inflammatory factors 
encounter when they pass through the circulation [6,7,8].

Fig 8.1. Two photon laser scanning 
microscopy of mouse cremaster muscle 
microvasculature. Microvessel (diameter 
~15 μm) is visualized using Texas Red 
labeled 70kDa dextrans (red) for luminal 
staining and FITC-labeled WGA-lectin 
(green) for glycocalyx staining.

Since the glycocalyx shields the vascular wall from direct exposure to the flowing blood 
it constitutes the first barrier in protecting the endothelium against atherogenic insults 
[7], and it has been shown that damage to the glycocalyx is linked and contributes to 
endothelial dysfunction [9,10,11]. We hypothesized in the current thesis that insulin 
would increase microvascular blood volume in muscle by modulation of glycocalyx 
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barrier properties. Based on previous experimental data suggesting that insulin-
mediated blood volume recruitment in the microcirculation is a rate-limiting step for 
insulin-mediated glucose disposal, particularly in insulin-resistant conditions [12], 
insulin-mediated glycocalyx modulation would, therefore, be an important step in 
regulation of insulin delivery and transport from the blood towards the skeletal muscle 
tissue. Although insulin is a small-sized molecule (6 kDa), it has been suggested that 
insulin is not easily exchanged across the capillary endothelium [13,14], while there is 
also still controversy whether insulin crosses the endothelium by an active [15,16,17,18] 
or a passive pathway [19,20]. Beyond the potential role of insulin to promote its own 
movement into endothelial cells [12], it has been suggested that insulin could promote 
its own delivery, and that of glucose, by increasing the blood flow to the muscle. However, 
the increase in total muscle blood flow has been shown to be slow and to occur only after 
30 minutes in the presence of physiological insulin concentrations. In contrast, insulin 
has been demonstrated at these concentrations to increase microvascular blood volume 
in skeletal muscle within 10 minutes already [21,22]. While the exact mechanism by 
which insulin increases microvascular blood volume has been unknown for a long time, 
we suggest from our data obtained in the current thesis that the glycocalyx plays an 
important role in this. 

Insulin-mediated recruitment of microvascular blood volume includes 

modulation of the glycocalyx

Whereas several previous studies have pointed out the potential of insulin to increase 
capillary blood volume in muscle [13,21,22,23], the origin for this microvascular insulin 
effect has remained unknown due to the lack of in vivo observations of individual 
capillary responses to insulin. As a proof of principle, in chapter 2, we tested if insulin 
was able to increase blood volume within already perfused capillaries. Herefore, insulin, 
at a concentration of 20 µU/ml and 200 µU/ml, was topically administrated onto the 
cremaster muscle of control mice as well as of diabetic (db/db) mice. The results of 
this study showed that insulin robustly increased capillary tube hematocrit in already 
perfused individual capillaries in control mice, while in contrast, in the db/db mice, in 
which evidence of glycocalyx degradation was shown in a previous study [24], this action 
of insulin was compromised. Since insulin and glucose are distributed in the circulating 
plasma, it would have been worthwhile to evaluate whether the plasma volume in the 
capillaries was actually also increased during insulin administration. These experiments 
require the use of a labeled plasma tracer which can be ambiguous due to the fact that 
commonly used tracers such as albumin may not only distribute into the circulating 
plasma but may access the glycocalyx domain as well [25,26]. Nevertheless, in previous 
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studies agonist-induced increases in capillary tube hematocrit were consistently found 
to coincide with increases in distribution volume of large dextrans in the capillary 
due to an increased permeation of the dextrans into the glycocalyx [27,28], indicating 
that the observed increase in capillary tube hematocrit in the presence of insulin was 
paralleled by an increase in capillary plasma volume. Furthermore, our results indicate 
that insulin-mediated augmentation of blood volume may take place at the level of the 
individual capillary, challenging the commonly held belief that the increase in capillary 
blood volume by insulin is the result of the recruitment of previously unperfused 
capillaries. Intravital microscopy of muscle microcirculation using transillumination 
can only be performed in an invasive manner on specialized muscle preparations, and is 
therefore not applicable in human subjects. Hence, a new approach was developed in our 
laboratory to measure glycocalyx properties using epi-illumination of easily accessible 
tissues in the human, such as under the tongue. Herefore, an already available handheld 
Sidestream Darkfield (SDF) camera was used in combination with newly developed 
software, which analyzed the temporal and spatial variation in width of the RBC column 
in the microvasculature to delineate the barrier properties of the glycocalyx [29,30,31]. 
While in the intravital microscopy studies transillumination of cremaster tissue at a 
high magnification enables the endothelial lining of individual capillaries to be depicted 
and blood-excluded glycocalyx properties to be determined from the time-averaged gap 
between the circulating RBCs and the endothelium [32,33], SDF imaging is performed 
at a relative low magnification using epi-illumination, and as a result visualization of 
the anatomic boundaries of the microvessels is troublesome [34]. Therefore, the novel 
analysis uses the dynamic range of the RBC column width to determine the position 
of the outer edge of the RBC perfused core as a reflection of the glycocalyx properties. 
To validate these measurements, a direct test to determine whether loss of glycocalyx 
dimension is reflected by outward radial displacement of circulating RBCs has been 
performed using intravital microscopy. For this experiment, mice (FVB/N background) 
which express a Green Fluorescent Protein (GFP) under the direction of the endothelial-
specific receptor tyrosine (Tie2) were used (GFP-EC mice). In these mice, endothelial 
cells can be imaged and localized by their specific expression of GFP. These GFP-
EC mice were prepared for intravital microscopic observation of the cremasteric 
microcirculation as described in chapter 2. Microvessels were alternately observed at 
high magnification using bright-field microscopy with a 435 nm band pass interference 
filter (blue light) in the light path for depiction of the RBC column and epi-illumination 
for examination of the GFP signal using the appropriate filters for fluorescein. Two 
images (Fig 8.2), were used to measure the anatomic vessel width by determining the 
position of the endothelium by the GFP intensity peaks while the perfused diameter 
was measured by determining the width of the RBC profile at half height intensity. From 
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these measurements, the RBC-EC gap, i.e., the space between endothelial cells and RBC 
column, was determined by calculating the difference between the vessel diameter and 
the perfused diameter divided by two (as the gap is present on both sides of the RBC 
column). For in total 16 vessels in 7 mice, paired measurements were performed before 
and 30 minutes after hyaluronidase treatment (35 U, jugular vein infusion) to be able 
to determine the effect of glycocalyx degradation on the outward displacement of the 
RBC column. We showed that enzymatic degradation using hyaluronidase resulted in 
an outward movement of the outer edge of the RBC column towards the endothelium 
by 0.8 ± 0.3, without a significant in vessel diameter, indicating that measuring the 
dynamic range of the RBC column width can be used as a reflection of the glycocalyx 
barrier properties [35].

Fig 8.2 Example of the epifluorescence- (GFP, green) and trans-illumination (RBC, black) images made for 
measurement of both the microvessel width using the endothelial cell GFP signal and the perfused diameter 
using the RBC column width.

In anesthetized rodents, SDF imaging can also be performed on hindlimb muscle. In 
contrast to the cremaster muscle, the hindlimb muscle truly represents a skeletal muscle, 
which is a major target for insulin-mediated glucose uptake and storage. In chapter 

3, we used this technique to measure glycocalyx barrier properties on the hindlimb 
muscle of rats before and during a constant infusion of insulin (6 mU/min/kg). The 
results showed that insulin infusion resulted in a rapid outward movement of RBCs 
into the glycocalyx domain in the microvasculature. This insulin-mediated impairment 
of the glycocalyx barrier properties coincided with a rapid increase in capillary tube 
hematocrit, in line with the results obtained in mice in chapter 2. In contrast, after 
enzymatic glycocalyx degradation using hyaluronidase the ability of insulin to modulate 
glycocalyx properties and to increase capillary blood volume in individual capillaries 
was impaired. These data support our hypothesis that modulation of the glycocalyx 
is involved in the rapid insulin-mediated increase in microvascular blood volume in 
muscle.
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Role of the glycocalyx in the transcapillary transport of insulin

It has been suggested that the rapid insulin-mediated increase in capillary blood volume 
would facilitate the delivery of insulin towards the skeletal muscle tissue [12]. We 
showed in chapter 3 that insulin increased microvascular blood volume by glycocalyx 
modulation within 5-10 minutes, but the relevance of this rapid volume increase for the 
transcapillary exchange of insulin was not determined. In a pilot study we, therefore, 
determined the rate by which insulin is exchanged from the capillaries towards the 
interstitium in the cremaster muscle, using Two-Photon laser scanning microscopy 
and fluorescently labeled insulin. In C57Bl/6 mice, the cremaster muscle was exposed 
as described in chapter 2, and 0.05 ml of Texas-red 70kDa dextrans (Dex70) (10mg/
mL) was infused to demarcate the capillary network. 10 minutes later, 0.05 mL of 
FITC labeled insulin (0.6125 mg/mL) was intravenously infused in the mouse. The 
intravascular, as well as the extravascular fluorescence intensities of Dex70 and insulin 
were followed in time, and the percentage of the extravascular concentration compared 
to the intravascular concentration was calculated as a measure of the extravasation 
of the tracer (Fig 8.3 A). During control conditions Dex70, which is partially excluded 
by the glycocalyx [28,36,37], was shown to be primarily confined to the intravascular 
space. In contrast, insulin was shown to rapidly leak out of the capillaries and to enter 
the cremaster tissue. This is in line with the study of Barrett and coworkers [18,38], 
who showed that FITC labeled insulin rapidly (within 10 minutes) disappeared from the 
blood and was taken up by the endothelial cells after intravenous administration in rats. 
They observed, in vivo [18] and ex vivo [18,38], that FITC-insulin was localized with 
insulin receptors in endothelial cells, and that blockade of these receptors diminished 
the transport of insulin across the endothelium, suggesting that the insulin binding to 
its receptor may play a role in insulin’s movement into or across the endothelium. 
To test the contribution of the glycocalyx to the insulin extravasation in the mouse 
cremaster, light-dye treatment was performed for 1-5 min [33] to degrade the 
glycocalyx. As a result of the treatment Dex70 started to extravasate rapidly, while the 
extravasation of insulin decreased. These pilot observations suggest that glycocalyx 
damage is associated with an impaired transcapillary exchange of insulin (Fig 8.3B and 
Fig 8.3D). 
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Fig 8.3 A) Example of a Dex 70 image of a cremaster microvessel (diameter ~5 μm) visualized by two-photon 
microscopy. Intravascular (left) and extravascular (right) intensity of the tracer was measured in time and 
their ratio used to reflect the amount of extravasation. B. Visualization of time-dependent distribution 
of fluorescent insulin at relatively low magnification (field of view 158 x 158 μm) in mouse cremaster 
muscle. It can be appreciated that the transcapillary leakage of FITC-insulin occurs rapidly C. Extravascular 
concentration of Dex70 relative to intravascular concentration in time (n=5) D. Extravascular concentration 
of FITC-insulin relative to the intravascular concentration in time (n=5).

In addition to the studies of Barrett and coworkers, we envision that the glycocalyx 
facilitates the transport of insulin from the blood towards the receptors on the 
endothelium. Experimental support for this interaction between the glycocalyx and 
the insulin receptors is sparse, except for one study which demonstrated a remarkable 
correlation between the localization of the insulin receptor and the presence of 
glycocalyx coating in isolated adipocytes [39]. It would be interesting to verify whether 
this association also holds for the endothelium. The impaired insulin extravasation after 
light-dye treatment might thus reflect a compromised transport of insulin through the 
glycocalyx mesh towards its receptors on the endothelium. Of note however, almost 80% 
of the insulin was already outside the vessel when light-dye treatment was performed 
and therefore the reduction in extravasation might be caused by the fact that the amount 
of insulin outside the vessel was already saturated. Further experiments are needed to 
support these pilot data. In order to appreciate the rate of insulin extravasation, the 
transport of insulin needs to be compared to the rate of extravasation of inulin, an 
inert molecule of a similar same size as insulin. Furthermore, it would be worthwhile 
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to follow the transport of insulin in more detail, and investigate if, like mentioned 
by Barrett and coworkers, insulin is first taken up and processed by the endothelial 
cells before it is transported towards the interstitium, and whether this process is 
impaired after glycocalyx degradation. Given the intrinsic structural and functional 
association between the glycocalyx and the endothelial cells, it can be anticipated 
that pathophysiological conditions associated with degradation of the glycocalyx may 
also affect the number of functional insulin receptors on the endothelium. A strong 
link between matrix-metalloprotease (MMP) activation and shedding of glycocalyx 
components has been found in response to inflammatory and ischemic stimuli, for 
example [40], and proteolytic cleavage of the insulin receptor by MMP activation has 
been suggested a mechanism contributing to insulin resistance [41].

The glycocalyx is involved in regulation of insulin sensitivity 

Based on previous studies which showed a strong association between the ability of 
insulin to increase microvascular blood volume and to dispose glucose in muscle, we 
hypothesized that insulin-mediated glycocalyx modulation is important for insulin-
mediated glucose disposal, and hence insulin sensitivity. In chapter 3 we showed that 
acute enzymatic glycocalyx degradation in the rats was associated with a ~ 35% reduction 
in insulin-mediated glucose disposal from the circulation during an IVITT. While these 
observations were performed in anesthetized rats requiring a supraphysiological dose of 
insulin (1 U/kg), we confirmed these results in conscious rats using a more physiological 
concentration of insulin (0.1 U/kg) in chapter 4. Further, in line with the reduction in 
insulin sensitivity found with the IVITTs, it appeared that about 1.5 fold more insulin 
was needed to dispose an intravenously infused glucose load during an IVGTT in rats 
that had received a bolus of hyaluronidase compared to control rats. These data indicate 
that damage to the endothelial glycocalyx may contribute to the development of insulin 
resistance, but that acute compensation of the β-cells cause normal glucose tolerance 
to be maintained. It was not possible to identify from our data whether the increased 
insulin release was due to a direct effect of the hyaluronidase bolus on the pancreas, 
or whether it reflected the accurate feed-back of the decrease in peripheral insulin 
sensitivity. Nevertheless, the compensation appeared to be immediate, exemplifying 
the proficiency of glucoregulation of the body. This compensation is expected to fail at 
the long term when there is a loss of β-cell mass, causing hyperglycemia to develop, and 
finally leading to diabetes [42,43,44]. Future studies aiming at a chronic degradation of 
the endothelial glycocalyx are needed to evaluate the staging of these processes. 
To verify that the reduction in glucose disposal rate during the IVITT reflected an 
impaired insulin action at the skeletal muscle and not the liver, we looked at the cellular 



149

General discussion

8

activation of insulin pathways in both tissues in a few rats in chapter 4. Herefore, the 
soleus muscle and liver at the end of the IVITT were collected, and we looked at insulin 
signaling in these tissues. Tissues were isolated at t=30 min after the insulin injection, 
and immediately frozen at -80 ̊C. After crushing, western blotting was performed to 
measure the amount of phosphorylated Akt (pAkt) and total Akt. Total Akt served as 
a loading control, and the ratio of pAkt to total Akt was calculated as a measure of 
soleus and liver activation by insulin in the animals. We found that the amount of Akt 
phosphorylated after the IVITT tended to be decreased in the hyaluronidase treated 
rats, indicating that the amount of insulin that was delivered towards the muscle 
and activating signaling pathways in the myocytes was indeed decreased. In contrast 
in the liver there was no difference in Akt phosphorylation between the control rats 
and the hyaluronidase treated rats (Fig. 8.4). These pilot data support the role of the 
glycocalyx in regulation of insulin-mediated glucose uptake in skeletal muscle. While 
in the presence of a healthy glycocalyx, insulin is rapidly and effectively delivered to 
the skeletal muscle cells to stimulate glucose uptake, insulin delivery and subsequent 
glucose uptake seems impaired when the glycocalyx is damaged.

Fig 8.4 The ratio of pAkt to total Akt measured in the soleus muscle (left panel) and liver (right panel) of 
control animals and hyaluronidase treated animal after an IVITT (data from a subset of animals as described 
in Chapter 3).

Glycocalyx damage develops during diet-induced obesity

Since our results showed that acute enzymatic degradation of the glycocalyx resulted in 
a decreased insulin sensitivity in skeletal muscle, the next step was to test if glycocalyx 
damage in muscle was evident during pathophysiological conditions associated with the 
development of insulin resistance. The global epidemic of obesity is driving the increased 
incidence and prevalence of insulin resistance and its cardiovascular complications 
[45,46,47]. Therefore, we tested if damage to the glycocalyx in muscle is an early event 
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in diet-induced obesity (DIO). We measured the barrier properties of the glycocalyx and 
glucose tolerance in the high-fat diet (HFD) mouse model, which is frequently used to 
study mechanisms of impaired glucose tolerance and (early) type 2 diabetes. In chapter 

5 we showed that the glycocalyx barrier properties in hindlimb muscle microcirculation 
of HFD-fed mice were impaired after 6 weeks already, before the manifestation of overt 
glucose intolerance, as evidenced from the absence of a significant increase in integrated 
blood glucose levels in response to a glucose tolerance test. In the following 12 weeks 
of the diet, glucose intolerance developed while glycocalyx barrier properties remained 
impaired to the same extent. These data, therefore, indicate that glycocalyx damage 
is an early event in diet-induced obesity. Based on the studies described in chapter 3 
and 4, we suggest that the early glycocalyx damage may actually also contribute to the 
development of insulin resistance in these conditions. Whereas 6 weeks of DIO was the 
earliest time point in which the glycocalyx barrier properties were evaluated in our 
study, other studies have shown evidence of even earlier vascular alterations in this 
model [48,49]. Kim and co-workers determined the time course of the development of 
inflammation and insulin resistance in various tissues and found biochemical evidence 
of inflammation, endothelial dysfunction, and insulin resistance in the thoracic 
aorta already after one week, which was much earlier than the appearance of these 
impairments in liver, skeletal muscle, and adipose tissue. These observations indicate 
that the vasculature is more susceptible than other tissues to the deleterious effects 
of nutrient overload. With the glycocalyx fulfilling the important role as gate-keeper 
protecting the vascular wall and the endothelium, prevention of glycocalyx damage or 
restoration of glycocalyx barrier properties in insulin resistant prone conditions should 
be taken into consideration when attempting to hinder the pathogenesis of diabetes.

Restoration of glycocalyx barrier properties: therapeutic opportunities

Since the endothelium has been indicated to play an important role in the delivery of 
insulin and glucose towards its target tissues, this compartment is a promising target 
for both diabetes and cardiovascular complications [50]. Several therapies have already 
been developed, however not yet applied in humans, which were indicated to improve 
endothelial function and thereby insulin-mediated glucose disposal, e.g. therapies to 
improve NO bioactivity [51,52], to recruit muscle microvasculature [53], to decrease 
ET-1 activity [54,55] and to improve vascular insulin signaling [56,57,58]. Since we 
showed that damage to the glycocalyx develops during conditions of obesity at a time 
point which may well precede the development of endothelial dysfunction and overt 
glucose intolerance, we hypothesized that restoration or prevention of obesity-induced 
glycocalyx damage would delay or prohibit the development of insulin resistance and 
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ultimately type II diabetes in this model. In the current thesis we, therefore, evaluated the 
effects of the well-known anti-diabetic drug metformin and of the glycocalyx-mimetic 
sulodexide in chapter 6 and 7. Metformin is the most prescribed anti-hyperglycemic 
drug worldwide. We were interested to evaluate this drug because it has been shown 
in previous studies that metformin may prevent cardiovascular complications, but the 
underlying mechanisms for this effect have not been resolved [59]. Therefore, we tested 
the effect of metformin on glycocalyx barrier properties in the same mouse model 
of type 2 diabetes which we used in chapter 2, i.e., the db/db mouse. Herefore, the 
distribution of large dextrans (70kDa dextrans), which are significantly excluded from 
the glycocalyx, and small dextrans (40kDa dextrans), having unlimited access to this 
domain, were measured. This technique has been used frequently to measure whole-
body glycocalyx volumes in humans and experimental animals [24,26,36,60,61,62]. We 
found that the Dex70 excluding glycocalyx volume was significantly improved in the db/
db mice by a two week treatment with metformin, and this improvement in glycocalyx 
barrier properties coincided with a reduced vascular clearance rate of this dextran 
compared to Dex40. From this it can be concluded that metformin improved glycocalyx 
dimensions; this improvement of glycocalyx function is suggested to contribute to the 
reported cardiovascular benefits of metformin. In chapter 7, we also tested the effect of 
short-term metformin on insulin-mediated glucose homeostasis in mice that received 
the same HFD as used in chapter 5 to induce insulin resistance. We did not observe 
an effect of metformin on insulin-mediated glucose homeostasis in diet-induced obese 
(DIO) mice, suggesting that the beneficial effects of metformin on the barrier properties 
of the glycocalyx were insufficient to improve glucoregulation after two weeks already. 
While long-term metformin treatment has proven beneficial for insulin-mediated 
glucose homeostasis [63,64], additional studies need to be performed to investigate 
the contribution of a potentially restored glycocalyx to this. In contrast to metformin, 
two weeks of sulodexide administration was found to improve glucose levels during 
an intraperitoneal glucose tolerance test in mice that were in an early stage of DIO. 
Sulodexide can be considered a more specific glycocalyx mimetic than metformin, and 
this component was previously shown to partially restore glycocalyx barrier properties 
in type II diabetic subjects [60]. Remarkably, the glucose and insulin levels measured 
in the HFD-fed mice which were treated with sulodexide were comparable to these 
levels measured in control mice, indicating that short-term sulodexide treatment at 
an early stage of DIO may completely restore insulin sensitivity induced by nutrient 
overload and prevent the development of diabetes in obesity. In the mice that were at 
a later stage of DIO sulodexide also improved insulin resistance, however not to the 
values measured in control mice. These data suggest that, the earlier the glycocalyx 
can be recovered in the development of peripheral insulin resistance, the better the 



152

Chapter 8

improvement may be. Since we did not measure glycocalyx properties in this study, 
we cannot directly link the improvement of glucose tolerance to an improvement in 
glycocalyx barrier properties. However, Broekhuizen et al. [60] showed that sulodexide 
improved glycocalyx dimensions, using sublingual SDF imaging and dye-exclusion in 
the retina, in control human subjects, as well as in human subjects with type II diabetes. 
In their study sulodexide was administrated for 2 months instead of 2 weeks, however 
the concentration they used was 3-4 times lower than in our study. Altogether, non-
invasive glycocalyx measurements in combination with a therapy that can recover the 
glycocalyx, like sulodexide, can be promising for subjects with impaired glucose tolerance 
as a result of insulin resistance. In addition to conventional drugs, recent interest has 
appeared for the use as functional foods as source for therapy and preventive strategy 
against metabolic diseases and their cardiovascular complications. Food containing 
polyphenols were, for example, shown to be associated with an improvement in 
endothelial function and insulin resistance [65]. It would be of great interest to evaluate 
the effect of these food components on the structural and functional properties of the 
endothelial glycocalyx. In the future more studies need to be performed to study the 
exact mechanisms by which these components, and other more conventional drugs, 
may improve the glycocalyx. This may ultimately lead to the development of novel and 
specific drugs which target protection of the endothelium and its associated glycocalyx, 
thereby sustaining microvascular perfusion and exchange, processes which are both 
essential for an optimal insulin-mediated glucoregulation. 

Conclusion

The main results of the studies described in the current thesis are depicted in Figure 8.5. 
Damage to the glycocalyx may well be the “common soil” which links both endothelial 
dysfunction and (vascular) insulin resistance. While, it was described in previous studies 
that the glycocalyx is vulnerable to degradation by a variety of commonly known risk 
factors, and that the glycocalyx damage is accompanied by impairments in endothelial 
function [6,7,31], the results of the current thesis indicate that glycocalyx damage is 
also accompanied by an impaired insulin-induced glucose uptake in muscle due to an 
inability of insulin to recruit microvascular blood volume and to promote transcapillary 
transport of insulin. We focused in the thesis on the detrimental effects of obesity, 
and it was shown that this risk factor induces glycocalyx damage already at an early 
time point. Since the number of obese subjects is increasing rapidly - the world health 
organization mentions that since 1980 obesity has nearly doubled and in 2008 more 
than 10% of the world’s adult population was obese- and obesity is a major contributor 
to the prevalence of cardiovascular diseases [66,67,68], the findings gathered in the 
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studies described in this thesis seem very useful for therapeutic interventions in this 
group of people. Two potential therapeutics were already tested in the thesis and the 
results suggest that targeting the glycocalyx may indeed hinder the pathogenesis of 
(vascular) insulin resistance and finally type II diabetes.

Fig 8.5 Overview of the main results of this thesis. 
The glycocalyx constitutes the initial barrier between the circulating blood and the vascular wall with its 
endothelium. Glycocalyx damage as a result of exposure to cardiovascular risk factors, such as obesity, is 
accompanied by an inability of insulin to recruit microvascular blood volume in skeletal muscle, which will 
contribute to the development of insulin resistance and, when unrecognized and untreated for a long period, 
finally diabetes. Restoration of the glycocalyx at an early stage of insulin resistance may, however, delay or 
prevent the development of type II diabetes. Since glycocalyx degradation has been shown in earlier studies 
to induce endothelial dysfunction, glycocalyx damage may well underlie the well-described relation between 
endothelial dysfunction and insulin resistance. 
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Summary

In this thesis the role of the endothelial glycocalyx in the regulation of insulin sensitivity 
in the muscle was investigated. The glycocalyx is the protective layer between the 
endothelium and the circulating blood, and was previously shown to be involved 
in multiple aspects of endothelial function. While endothelial dysfunction has been 
associated with the development of insulin resistance and ultimately type II diabetes, 
the actual relation between both has been unclear in the past. We hypothesized that a 
damaged glycocalyx may be the missing link. 

The glycocalyx is the first compartment which nutrients (e.g. glucose) and hormones 
(e.g. insulin) encounter when they pass through the circulation towards the insulin-
dependent tissues, such as the skeletal muscle. In chapter 1 a general introduction is 
provided, in which the possible interaction between the endothelial glycocalyx and the 
delivery of insulin towards its target tissues is described. 

In chapter 2, the effect of insulin on capillary blood volume was tested. It was 
demonstrated that administration of insulin onto the cremaster muscle in C57Bl/6 
mice was associated with an increase in tube hematocrit in individual capillaries. In 
contrast, topical insulin administration onto the cremaster muscle of diabetic mice (db/
db mice), which were previously associated with glycocalyx loss, was associated with 
a reduction in the number of blood-perfused capillaries and a lack of effect on blood 
volume in the remaining capillaries. 

In chapter 3, the effect of insulin on the glycocalyx and its relation to insulin-
mediated recruitment of microvascular blood volume was studied. Using SDF imaging, 
in combination with our newly developed software to measure glycocalyx barrier 
properties in the microcirculation, we showed that during healthy conditions insulin 
was able to rapidly modulate the glycocalyx in such a way that microvascular blood 
volume within already perfused microvessels could increase. In rats, in which the 
endothelial glycocalyx was enzymatically degraded by a single bolus of hyaluronidase 
the ability of insulin to recruit microvascular blood volume was, however, impaired, 
and this was associated with an impaired insulin-mediated glucose disposal during an 
intravenous insulin tolerance test. 

While these studies were performed in anesthetized rats, in chapter 4 we confirmed 
that glycocalyx degradation is associated with an impaired insulin-mediated glucose 
disposal measured in conscious rats under more physiological conditions. Furthermore, 
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in this study we showed that, in line with the reduction in insulin sensitivity, about 
1.5 fold more insulin was needed to dispose intravenously infused glucose in the rats 
in which glycocalyx damage was induced. These data indicate that acute glycocalyx 
damage triggers the development of insulin resistance, but that in an early stage the 
induced insulin resistance can be compensated by an increased insulin release by the 
pancreas. 

Since obesity has been associated with insulin resistance and endothelial dysfunction, 
in chapter 5 it was tested if glycocalyx damage was an early event in the development of 
diet-induced obesity (DIO). We showed that glycocalyx barrier properties were impaired 
already after 6 weeks of high fat diet (HFD) in mice, before glucose intolerance was fully 
manifested. In the following 12 weeks of feeding a HFD to mice, glucose intolerance 
developed, without a further impairment of glycocalyx barrier properties. These data 
indicate that glycocalyx damage is an early event in DIO.

From the previous data, we were interested in therapeutic opportunities for glycocalyx 
restoration and their effect on insulin sensitivity. In chapter 6, the effect of short-term 
metformin administration on glycocalyx barrier properties was measured in db/db 
mice. Metformin is the most prescribed anti-hyperglycemic drug worldwide, and while 
it has been shown by others that metformin improves endothelial dysfunction, the exact 
mechanism for this effect is still unknown. Evaluation of the whole-body distribution of 
large (70kDa) versus small dextrans (40kDa), revealed that two weeks of metformin in 
the drinking water improved the glycocalyx barrier properties in the db/db mice. It is 
anticipated that the metformin-mediated improvement of the glycocalyx may contribute 
to the reported cardiovascular benefits of metformin.

In chapter 7 the effect of two week treatment of metformin as well as of the suggested 
glycocalyx mimetic sulodexide on improving insulin resistance in the HFD mouse 
was studied. We did not observe an effect of metformin on insulin-mediated glucose 
homeostasis in diet-induced obese (DIO) mice, suggesting that the beneficial effects 
of metformin on the barrier properties of the glycocalyx were insufficient to improve 
glucoregulation after two weeks already. Sulodexide, in constrast, did improve glucose 
levels measured during an intraperitoneal glucose tolerance test in mice which had 
received the HFD for 6 weeks. Also, at a later stage of DIO (18 weeks), short-term 
sulodexide treatment was shown to improve insulin resistance. Sulodexide was 
previously shown to partially restore glycocalyx barrier properties in type II diabetic 
subjects and appears to be a promising glycocalyx therapy.
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The findings of the current thesis are discussed in chapter 8. We conclude that glycocalyx 
damage seems to be a “common soil” for endothelial dysfunction and (vascular) insulin 
resistance. The glycocalyx may, therefore, be a very useful target for diagnosis and 
therapeutic interventions in obese people, because of their increased risk for developing 
insulin resistance and type II diabetes, and ultimately cardiovascular disease.
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Nederlandse samenvatting

In dit proefschrift is de rol van de endotheliale glycocalyx in de regulatie van insuline 
gevoeligheid in de spier onderzocht. De glycocalyx is de beschermende laag tussen het 
endotheel en het circulerende bloed, en recentelijk is aangetoond dat de glycocalyx 
betrokken is bij verschillende aspecten van endotheliale dysfunctie. Endotheliale 
dysfunctie is in eerdere studies geassocieerd met de ontwikkeling van insuline 
resistentie, maar de precieze relatie tussen beide is onduidelijk gebleven in het verleden. 
Onze hypothese is dat een beschadigde glycocalyx de missende link is.

De glycocalyx is het eerste compartiment dat nutriënten (bijv. glucose) en hormonen 
(bijv. insuline) tegenkomen wanneer ze door het circulerende bloed naar de insuline-
gevoelige weefsels, zoals de spieren, gaan. Hoofdstuk 1 is een algemene introductie, 
waarin de mogelijke interactie tussen de endotheliale glycocalyx en het transport van 
insuline naar de insuline-gevoelige weefsels is beschreven.

In hoofdstuk 2 is het effect van insuline op het bloedvolume in de haarvaten 
onderzocht. Er is aangetoond dat toediening van insuline op de cremaster spier van 
muizen samengaat met een toename in hematocriet in haarvaten. In tegenstelling, 
toediening van insuline op de cremaster spier van diabetische muizen, waarin eerder 
glycocalyx beschadiging aangetoond is, gaat samen met een afname in het aantal met 
bloed gevulde haarvaten. Verder was in deze muizen een effect van insuline op een 
toename in bloedvolume afwezig.

In hoofdstuk 3 is het effect van insuline op de glycocalyx en de relatie tot de insulin-
gemedieerde toename van het bloedvolume in de haarvaten bestudeerd. Met SDF 
opgenomen beelden, in combinatie met door ons nieuw ontwikkelde software om 
de glycocalyx barrière eigenschappen in de microcirculatie te meten, hebben we 
aangetoond dat tijdens gezonde condities insuline in staat is om de glycocalyx snel te 
moduleren op een manier dat het bloedvolume in de haarvaten toeneemt. In ratten, 
waarin de endotheliale glycocalyx enzymatisch beschadigd was met behulp van een 
eenmalige bolus van hyaluronidase, is de mogelijkheid van insuline om het bloed 
volume in de haarvaten te laten toenemen afgenomen. Deze afname ging samen met een 
verminderde insuline-gemedieerde glucose opname tijdens een intraveneuze insuline 
tolerantie test.

Deze vorige studies zijn uitgevoerd in ratten die onder anesthesie waren, maar in 
hoofdstuk 4 is bevestigd dat afbraak van de glycocalyx ook in wakkere ratten, tijdens 
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meer fysiologische condities, samengaat met een afgenomen insuline-gemedieerde 
glucose opname. Verder is in deze studie aangetoond dat, in lijn met de afname in 
insuline gevoeligheid, ongeveer 1.5 keer meer insuline nodig is om een intraveneuze 
glucose toediening in ratten waarin glycocalyx schade geïnduceerd was, te klaren. 
Deze data tonen aan dat acute glycocalyx beschadiging de ontwikkeling van insuline 
resistentie triggert, maar dat in een vroeg stadium de geïnduceerde insuline resistentie 
gecompenseerd kan worden door een verhoogde afgifte van insuline door de alvleesklier.

Omdat obesitas geassocieerd is met insuline resistentie en endotheel dysfunctie, is 
in hoofdstuk 5 getest of glycocalyx beschadiging vroeg voorkomt in de ontwikkeling 
van dieet-geïnduceerde obesitas. We hebben aangetoond dat de glycocalyx barrière 
eigenschappen reeds afgenomen zijn na toediening van een dieet met een hoog vet 
gehalte gedurende 6 weken in muizen, dit voordat glucose intolerantie volledig was 
ontwikkeld. In de daarop volgende 12 weken tijdens het voeden van het dieet met 
een hoog vet gehalte aan de muizen ontwikkelde glucose intolerantie zich, zonder een 
verdere afname van de glycocalyx barrière eigenschappen. Deze data tonen aan dat 
glycocalyx schade een vroegtijdig effect is in de onwikkeling van dieet-geïnduceerde 
obesitas.

Vanuit bovengenoemde data waren we geïnteresseerd in de therapeutische 
mogelijkheden voor glycocalyx herstel and het effect daarvan op insuline gevoeligheid. 
In hoofdstuk 6 is het effect van korte metformine toediening op glycocalyx barrière 
eigenschappen gemeten in obese muizen. Metformine is het meest voorgeschreven 
medicijn bij diabeten wereldwijd, en hoewel anderen hebben aangetoond dat 
metformine endotheliale dysfunctie verbetert is het precieze mechanisme voor dit 
effect vooralsnog onbekend. Evaluatie van de lichaamsdistributie van grote (70kDa) 
versus kleine dextranen (40kDa) toonde aan dat metformine gedurende twee weken 
in het drinkwater de glycocalyx barrière eigenschappen verbetert in obese muizen. Het 
is te verwachten dat de metformine-gemedieerde verbetering van de glycocalyx zal 
bijdragen aan de gerapporteerde voordelen op hart en bloedvaten van metformine. 

In Hoofdstuk 7 is het effect van de behandeling van 2 weken metformine en van 2 
weken sulodexide, een gesuggereerd glycocalyx mimeticum, op de verbetering 
van insuline resistentie in muizen die met een dieet met hoog vet gehalte gevoed 
werden getest. We vonden geen effect van metformine op de insuline-gemedieerde 
glucose homeostase in de muizen waarbij obesitas geïnduceerd was. Dit suggereert 
dat de voordelige effecten van 2 weken metformine op de barrière eigenschappen 
onvoldoende waren om de glucose regulatie al te verbeteren. Sulodexide daarentegen 
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verbeterde de glucose spiegels gemeten tijdens een intraperitoneale glucose tolerantie 
test in muizen die met een dieet met een hoog vet gehalte voor 6 weken waren gevoed. 
Ook tijdens een later tijdstip na toediening van dit dieet (18 weken) is aangetoond dat 
sulodexide behandeling insuline resistentie verbetert. Het was al eerder aangetoond 
dat sulodexide gedeeltelijk de glycocalyx barrière eigenschappen in personen met type 
II diabetes verbetert. Sulodexide lijkt dus een veelbelovende therapie.

De bevindingen van dit proefschriift worden bediscussieerd in hoofdstuk 8. We 
concluderen dat glycocalyx schade de gemeenschappelijk basis lijkt te zijn voor 
endotheel dysfunctie en (vasculaire) insuline resistentie. De glycocalyx kan, daarom, een 
belangrijk doelwit zijn voor de diagnose en therapeutische behandeling van mensen met 
obesitas vanwege hun toenemende risico voor de ontwikkeling van insuline resistentie 
en type II diabetes, en uiteindelijk hart- en vaatziekten.
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een biertje waren een vaste prik op de dinsdagavond. Mede dankzij jullie heb ik een 
hele leuke tijd gehad in Maastricht. Ik vind het dan ook heel bijzonder dat jullie mijn 
paranimfen zijn. Bedankt voor dit alles!

Als laatst nog mijn familie. Mijn broertjes Tom en Roel, en mijn zusje Kim, wil ik bedanken 
voor het aanhoren van het misschien voor jullie soms onbegrijpelijke onderzoek. Het 
doet me goed te weten dat ik altijd bij jullie terecht kan. 
Papa en mama, ik ben echt heel erg dankbaar voor de kansen die jullie mij gegeven 
hebben. Jullie hebben altijd achter mijn keuze gestaan en de aanwezige steun en het 
positivisme hebben mij enorm gestimuleerd. Zonder jullie was dit proefschrift er 
waarschijnlijk nooit gekomen. Een hele grote dank!
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