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Chapter 1  

‘By now we have established the point that many plant and animal cells possess an 
extracellular coating rich in polysaccharides. I deem it desirable to reserve a single, general, 
inclusive term to this extracellular, sugary coating, wherever it may be found. The ancient 
Greeks had no word for sugar, but they had one for sweet taste, which we often associate with 
sugars. I propose that we choose to speak generally of this polysaccharide-rich coating of 
cells as the “ glycocalyx”. This word means ‘ sweet husk’. We know of very many kinds of 
plant, animal, bacterial and other cells, which possess a glycocalyx. Do all cells possess one? 
Is a glycocalyx a general feature of cells, as is the plasma membrane?! We do not know.’   

 
HS Bennett, 19631 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Bennett HS. Morphological aspects of extracellular polysaccharides. J Histochem Cytochem 1963; 11: 

14-23.  
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T hese words from Bennet in 1963 introduced the term glycocalyx for the sugar-like 
coating of cells to the scientific community. Tons of research were to follow. The topic 

of this thesis focuses on the sugar coating of the cells that line the vascular system, the 
endothelial glycocalyx. The endothelial glycocalyx protects the endothelial cells from the 
potential detrimental impact of substances flowing in the blood, diminishing leakage as well 
as preventing direct contact between cellular blood elements and the vessel wall. The 
glycocalyx is a highly hydrated barrier, giving it gel-like properties. Following the application 
of in vivo intravital microscopy, it is now possible to visualize the endothelial glycocalyx in 
experimental models in the microvasculature. Surprisingly, the endothelial glycocalyx was 
only studied by a limited number of researchers throughout the world. But, more recently it 
has gained popularity in view of its key role in protecting the vasculature against adverse 
stimuli in conditions ranging from atherosclerosis and diabetes to sepsis. At the same time, the 
relatively young research field of glycobiology is extending by addressing not only the size, 
but also the composition of the glycocalyx and its associated proteins as a determinant for 
vessel wall barrier properties. This knowledge should allow us to increase our understanding 
of the role of the glycocalyx in health and disease, potentially resulting in therapeutic 
strategies aimed at restoration of a glycocalyx damaged by a variety of diseases.  
 
The first part contains a review of currently available literature with regard to the endothelial 
glycocalyx and its’ constituents at the start of this project (chapter 2). Chapter 3 describes 
two novel techniques to determine glycocalyx dimensions in humans, which have been used in 
the studies included in the present thesis. In chapter 4, the role of proteoglycans on 
atherosclerosis is further explored in patients with type 1 diabetes. 
 
The second part describes the effects of pro-atherogenic stimuli on the glycocalyx. In 
chapters 5 and 6 changes in endothelial glycocalyx dimension following acute and chronic 
hyperglycemia are studied in healthy volunteers and patients with type 1 diabetes mellitus, 
respectively. Further studies on the role of inflammation and hypercholesterolemia as risk 
factors for endothelial glycocalyx perturbation are described in chapters 7 and 8. In addition, 
in chapter 8, the impact of a classic lipid lowering intervention, statins, is addressed in 
patients with familial hypercholesterolemia. 
 
In the third part, we switch towards the beneficial role of HDL on vascular function in general, 
assessed by endothelium-dependent vasorelaxation as well as endothelial progenitor cell 

General Introduction 
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number. Chapter 9 addresses the effect of increasing plasma HDL cholesterol (by infusion of 
reconstituted human HDL) on endothelial function in patients with type 2 diabetes mellitus. 
Chapter 10 describes the HDL induced beneficial effects on endothelial progenitor cells in 
patients with type 2 diabetes.  
 
In the final part, a summary of the most innovative aspects of these studies is provided 
(chapter 11) as well as a perspective on the future role of glycobiology in vascular medicine.  

Chapter 1  
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Chapter 2 

Abstract 

Although cardiovascular prevention has improved substantially, we still face 
the challenge to find new targets to reduce the sequelae of atherosclerosis 
further. In this regard, optimizing vasculoprotective effects of the vessel wall 
itself warrants intensive research. In particular, the endothelial glycocalyx, 
consisting of proteoglycans, glycoproteins and adsorbed plasma proteins, may 
play an essential role in protecting the vessel wall from atherosclerosis. 

In this review, we will discuss the different vasculoprotective effects exerted 
by the endothelial glycocalyx, the factors that damage it and the first preliminary 
data on the glycocalyx dimension in humans. Whereas most glycocalyx-
research has traditionally focused on the microvasculature, more recent data 
have underscored the importance of the glycocalyx in protecting the 
macrovasculature against pro-atherogenic insults. It has been shown that 
glycocalyx loss is accompanied by a wide array of unfavourable changes in both 
small and larger vessels. Pro-atherogenic stimuli increase shedding of 
glycocalyx-constituents into the plasma, contributing to the progressive loss of 
the vasculoprotective properties of the vessel wall. Novel techniques have 
facilitated reproducible measurements of systemic glycocalyx volume in 
humans. Consistent with experimental data, the volume of the human glycocalyx 
is also severely perturbed by exposure to atherogenic risk factors. Cumulating 
evidence suggests that an intact glycocalyx protects the vessel wall, whereas 
disruption of the glycocalyx upon atherogenic stimuli increases vascular 
vulnerability for atherogenesis.  

 
Abbreviations 

HA Hyaluronan; NO Nitric Oxide; ec-SOD extracellular Superoxide 
dysmutase; LDL low density lipoprotein cholesterol; AT antithrombin; TFPI 
Tissue Factor Pathway Inhibitor; ICAM-1 intercellular adhesion molecule-1; 
VCAM-1 vascular cell adhesion molecule-1  
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C ardiovascular disease is the major worldwide cause of mortality. Although a plethora of 
interventions has attempted to reduce the burden of cardiovascular disease, current 

strategies aimed at lowering systemic risk factors have only achieved a 20-30% reduction in 
cardiovascular event rate (1). Therefore, novel strategies to improve cardiovascular outcomes 
are overdue.  

Attention has recently shifted from treating systemic risk factors, such as 
hypercholesterolemia and hypertension, towards increasing vasculoprotective properties of the 
vessel wall itself. As the endothelium constitutes the first line defense mechanism against 
atherosclerosis, research has focused predominantly on strategies to improve endothelial 
function. Up to now, it has proved to be a major challenge to unravel the components of the 
anti-atherogenic arsenal of the vessel wall.  

In recent years, it has been recognized that the endothelial glycocalyx may contribute to 
the vasculoprotective effects of the vessel wall. The glycocalyx is a negatively charged, 
organized mesh of membranous glycoproteins, proteoglycans (e.g. syndecan-1), 
glycosaminoglycans and associated plasma proteins. Hyaluronic acid (HA) and the negatively-
charged heparan sulphate proteoglycans are its major constituents. The glycocalyx is situated 
at the luminal side of all blood vessels (2). The volume of the glycocalyx depends on the 
balance between biosynthesis and the enzymatic or shear-dependent shedding of its 
components (3). Historically, this layer was thought to be confined to a thickness of only 
several nanometers. More recently, it has recently been demonstrated to reach up to 0.5 - 3 µm 

The Endothelial Glycocalyx 

Endothelial 
Cell 

Glycocalyx 

Figure 1. Electron microscopy image of the endothelial glycocalyx in a coronary capillary 
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Chapter 2 

intraluminally (4). This dimension of the glycocalyx by far exceeds the size of the 

endothelium and adhering leukocyte adhesion molecules (Figure 1) and has triggered 

researchers to study more closely the role of this layer in atherogenesis (5).  

In this review, we will discuss the vasculoprotective effects exerted by the endothelial 

glycocalyx, the factors that damage it and present some preliminary data on systemic 

glycocalyx measurements in humans. 

 

Vascular permeability, nitric oxide release and the redox state 

In recent years, several research groups have put forward the concept that the endothelial 

glycocalyx contributes to the vasculoprotective effects of the vessel wall. Numerous studies in 

both micro and macrovasculature have demonstrated that constituents of the glycocalyx, such 

as hyaluronan, are involved in regulating nitric oxide (NO) release by serving as a mechano-

shear sensor for NO-release (6-9). This layer has also been shown to be involved in 

maintaining the vascular permeability (10). In addition, the glycocalyx harbours a wide array 

Figure 2a. Physiological role of the glycocalyx. Endothelial glycocalyx regulates nitric oxide synthase 

activity, harbours superoxide dismutase, serves as a physical barrier for macromolecules, including plasma 

proteins and lipoproteins. In addition, the glycocalyx attenuates platelet as well as leukocyte adhesion. 
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of enzymes that might contribute to its vasculoprotective effect. Extracellular superoxide 

dismutase (SOD), an enzyme that converts oxygen radicals to hydrogen peroxide, is bound to 

heparan sulphate proteoglycans within the glycocalyx (11). Damage to the glycocalyx is 

accompanied by increased shedding of SOD, which is probably related to the decrease 

availability of heparan sulphate binding sites. The latter shifts balance towards a pr-oxidant 

state (12). Collectively, these observations are of particular interest because altered vascular 

permeability, attenuated NO bioavailability and redox dysregulation are among the earliest 

characteristics of atherogenesis (13). 

 

Endothelial glycocalyx disruption and coagulation  

The endothelium is intimately involved in the regulation of coagulation pathways, such as 

thrombin generation and inhibition of fibrinolysis (14, 15). Under physiological conditions, 

the generation of thrombin is carefully minimized by a wide array of coagulation inhibition 

factors comprising antithrombin, the protein C system and tissue factor pathway inhibitor, all 

The Endothelial Glycocalyx 

Figure 2b. Consequences of glycocalyx perturbation. Glycocalyx perturbation results in a pro-atherogenic 

state, characterized by endothelial dysfunction, increased vascular permeability, as well as the activation of 

coagulation and cellular adhesion/migration. 
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located within the endothelial glycocalyx layer (16). It has recently been shown that specific 
disruption of the glycocalyx results in thrombin generation as well as platelet adhesion a few 
minutes (17). Furthermore, various pro-coagulant stimulants such as pro-inflammatory 
cytokines have profound effects on the glycocalyx compound synthesis (e.g. heparan sulphates 
and hyaluronan) and thus are likely to contribute to impaired availability of the main anti-
coagulatory systems (18, 19).  
 
Endothelial glycocalyx as a barrier for leukocyte adhesion  

Exposure of adhesion molecules on endothelial cells and subsequent leukocyte rolling, 
tethering and transmigration are critical events in the course of atherogenesis (13). As the 
dimension of the glycocalyx by far exceeds that of adhesion molecules (e.g. ICAM-1, P- and 
L-selectin), the glycocalyx is likely to serve as a barrier for leukocyte adhesion (20). 
Inflammation and ischemia-induced shedding of endothelial glycocalyx has been suggested to 
be an essential component in the inflammatory response of the vasculature (21). In line with 
this, restoration of the glycocalyx upon infusion of glycocalyx constituents has been shown to 
attenuate leukocyte rolling on the endothelial surface during pro-atherogenic and pro-
inflammatory stimuli (22). Collectively, these data underscore the relevance of an intact 
glycocalyx in preventing leukocyte adhesion to the vessel wall. 
 
Endothelial glycocalyx in micro versus macrovasculature 

In spite of these observations, it has proved difficult to show the direct relevance of the 
glycocalyx as a vasculoprotective barrier in larger vessels. Whereas glycocalyx research has 
traditionally focused on the microvasculature, atherosclerosis does not occur within 
microvessels. Several studies have, however, emphasized that the relevance of the glycocalyx 
is not confined to smaller vessels (23). The glycocalyx has thus recently been visualized in 
large arteries in different animal models (5, 24, 25). The glycocalyx in larger vessels (i.e. 
arterioles) has also been shown to decrease extravasation of LDL particles into the 
subendothelial space (26, 27). These data therefore imply that the glycocalyx could add to the 
vasculoprotective properties of the vessel wall in the microvasculature as well as the 
macrovasculature (fig 2a).  
 

Chapter 2 
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Endothelial glycocalyx disrupted by atherogenic stimuli 

Many experimental findings underline the importance of an intact endothelial glycocalyx. 
Disruption of the glycocalyx can be caused by numerous factors. For example, inflammation 
and ischemia can induce shedding of the glycocalyx (19, 21). Interestingly, the thickness of 
the glycocalyx is decreased at high compared with low risk regions of the murine carotid 
artery supporting a potential role of glycocalyx disruption in rendering disturbed flow regions 
more susceptible to atherogenesis (25). In addition, exposure of endothelial cells to oxidized 
LDL in vitro decreases the amount of heparan sulphate proteoglycans associated with the 
luminal cell surface (28). Similarly, infusion of oxidized LDL concomitantly reduced 
endothelial glycocalyx thickness in an animal model (17). 
 
Systemic glycocalyx volume assessment in humans 

To date, direct visualization of endothelial glycocalyx in humans has been unsuccessful, 
mainly because the endothelial glycocalyx is a very delicate structure depending critically on 
the presence of flowing plasma (2). As a consequence, a possible way to measure the 
endothelial glycocalyx in humans is to compare intravascular volumes using a glycocalyx 
permeable versus a glycocalyx impermeable tracer, thus providing an estimate of the 
glycocalyx volume upon subtraction of these two volumes (29). At present, we found that in 
patients with type 1 diabetes, who are characterized by disturbances in proteoglycan synthesis 
(30, 31), systemic glycocalyx was profoundly reduced compared with healthy age and sex-
matched controls (32, 33). Other risk groups are currently being evaluated. 
 

Summary 
 Evidence in experimental models has revealed that the glycocalyx exerts a wide array of anti-
atherogenic effects, which include acting as a vascular permeability barrier, mediating NO 
release and inhibiting coagulation as wells as leukocyte and platelet adhesion. In line with this, 
glycocalyx disruption is accompanied by enhanced sensitivity of the vasculature towards 
atherogenic stimuli, and glycocalyx restoration can (at least partly) reverse this increased 
vulnerability. Data on glycocalyx changes in humans and its potential consequences for 
atherogenesis are, as yet, scarce. Novel options to estimate glycocalyx volume in vivo allow us 
to address these issues in patient groups. It will be a challenge to determine the validity of 
glycocalyx measurement as a marker of cardiovascular disease, as well to assess whether and 

The Endothelial Glycocalyx 
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to what extent interventions aimed at glycocalyx restoration have the capacity to modulate the 
atherogenic vulnerability of the vasculature. 
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Chapter 3 

Abstract 

Introduction: The endothelial glycocalyx is increasingly considered to be an 
intravascular compartment that protects the vessel wall against pathogenic 
insults.  

Objective: The purpose of this study was to translate an established 
experimental method of estimating capillary glycocalyx dimension into a 
clinically useful tool and to assess its reproducibility in humans.  

Methods: Using intravital microscopy we evaluated the relation between the 
distance between the endothelium and erythrocytes, as a measure of glycocalyx 
thickness, and the transient widening of the erythrocyte column following 
glycocalyx compression by passing leukocytes in hamster cremaster muscle 
capillaries. We subsequently assessed sublingual microvascular glycocalyx 
thickness in 24 healthy males using orthogonal polarization spectral imaging. In 
parallel, systemic glycocalyx volume (using a previously published tracer dilution 
technique) as well as cardiovascular risk profiles were assessed. 

Results: Estimates of microvascular glycocalyx dimension from the transient 
erythrocyte widening correlated well with the size of the erythrocyte-endothelial 
gap (r = 0.63). Measurements in humans were reproducible (0.58 ± 0.16 and 
0.53 ± 0.15 µm, coefficient of variance 15 ± 5%). In univariate analysis, 
microvascular glycocalyx thickness significantly correlated with systemic 
glycocalyx volume (r = 0.46), fasting plasma glucose (r = 0.43) and HDL-
cholesterol (r = 0.58) and correlated negatively with LDL-cholesterol (r = -0.59), 
monocyte count (r = -0.42) and body mass index (r = -0.41).  

Conclusion: The dimension of the endothelial glycocalyx can be measured 
reproducibly in humans. This dimension is related to cardiovascular risk factors. 
It remains to be tested whether glycocalyx dimension can be used as an early 
marker of vascular damage and whether therapies aimed at glycocalyx repair 
can protect the vasculature against pathogenic challenges. 
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U ntil now, cardiovascular (CV) preventive strategies have mainly focused at lowering 
systemic risk factors, such as dyslipidemia and increased blood pressure. Despite the 

clear success of these strategies, more than 60% of CV events cannot be prevented (1). 
Therefore attention has shifted towards approaches that are primarily focused at increasing the 
resistance of the vessel wall itself against atherogenic insults (2). In the search for targets at 
the level of the vessel wall, the potential role of the endothelial glycocalyx in mediating 
vascular protection offers novel and exciting opportunities (3, 4).  

The endothelial glycocalyx is an intraluminal layer, mainly consisting of heparan sulphate, 
syndecan and hyaluronan. It has emerged as a central orchestrator of vascular permeability, 
leukocyte and thrombocyte adhesion as well as endothelial function (5, 6). Indeed, acute 
damage to the endothelial glycocalyx in experimental models was closely correlated to the 
induction of a pro-atherogenic state, such as increased influx of lipoproteins (7), increased 
leukocyte and thrombocyte adhesion (8, 9), and the induction of endothelial dysfunction (10-
13). Conversely, reconstitution of glycocalyx completely restored protective abilities of the 
vessel wall (9, 13, 14). Based on these findings, it has been put forward that an intact 
glycocalyx may contribute to the anti-atherogenic capacity of the vessel wall (2-4). 

To demonstrate the potential role of the glycocalyx in human pathophysiology, it is 
imperative to develop techniques that can reliably quantify or visualize the glycocalyx in vivo 
in humans. Early studies of more than 40 years ago have already unravelled that most of the 
glycocalyx is severely damaged following even gentle handling of vascular material (15). In 
line, glycocalyx visualization was until recently only achieved using experimental in vivo and 
flow-cultured in vitro settings, using e.g. the cremaster muscle preparation in animal models 
or human umbilical vein endothelial cells (HUVEC) under flow (13, 14, 16). During the last 
two years, we have focused on the assessment of systemic glycocalyx volume in humans using 
a tracer dilution technique with labelled erythrocytes and dextran 40 (16-18).  

Here we evaluate the relation between the gap between the endothelium and erythrocytes and 
the change in erythrocyte column width as a measure of glycocalyx thickness in hamster 
cremaster muscle capillaries using intravital microscopy. We subsequently assessed sublingual 
microvascular glycocalyx thickness as well as systemic glycocalyx volume in healthy male 
volunteers. Furthermore, we determined the relation between microvascular glycocalyx 
thickness and cardiovascular risk factors. 

 

Endothelial Glycocalyx Dimensions in Humans 
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Materials and methods 
Estimation of local microvascular glycocalyx thickness in hamsters 

The width of flowing erythrocytes was measured in individual capillaries before and 
immediately after the passage of a leukocyte through the capillary. This method is based on 
the linear theory model (10, 19, 20). In short, the glycocalyx limits the approximation of 
erythrocytes and capillary endothelial cells in ‘healthy’ capillaries (21). In contrast, 
leukocytes, which are much more rigid, compress the capillary endothelial glycocalyx during 
their passage through the capillary lumen, thus allowing a transient ‘widening’ of the 
erythrocytes following leukocyte passage (Figure 1a and b). Hence, the change in erythrocyte 
column diameter divided by two (referred to as delta erythrocyte width/2) is related to the 
dimension of the microvascular glycocalyx, that is transiently compressed by the passing 
leukocytes (7). 

In six hamsters, the capillaries of the cremaster muscle were investigated. The protocol 
was approved by the Institutional Review Board. Hamsters were anesthetized with 
intraperitoneal pentobarbital sodium (70 mg/kg body weight), and the trachea was cannulated 
to ensure a patent airway. The cremaster muscle was prepared as described by Vink et al. and 
observed with an intravital microscope (Olympus BHM) and a cooled ICCD video camera 
(GenIV ICCD, Princeton Instruments) (16). The tissue was transilluminated with a mercury 
lamp (100 W) equipped with a 435nm band pass interference filter (blue light) using an 
aplanat (lens free from spherical aberration), achromatic condenser set at numerical aperture 
(NA) 1.2 (U-AAC, Olympus). All preparations were examined with a ×60 water immersion 
objective lens (Olympus, UPlanApo NA 1.2W or LUMPlanFL NA 0.9 W) and a telescopic 
tube to give a final object-to-camera magnification of ×200. Images were displayed on a 
Philips CM 8833-II video monitor and recorded using a SVHS video tape recorder (JVC BR-
S611E) and a time coding interface unit (JVC SA-F911E) for further off-line image analysis. 
Video images were digitized using a frame grabber (DT3152, PCI Local Bus) and Image-Pro 
Plus software (Image-Pro Plus version 3.0, Media Cybernetics, Silver Spring, PA, USA). An 
onscreen caliper using a 1 mm/0.01mm stage micrometer was used for all calibrated 
dimensional measurements. The anatomical capillary diameter and the width of the flowing 
erythrocyte column were measured using digital calipers at the inside of the capillary wall to 
determine the dimension of the erythrocyte – endothelial cell (EEC) gap prior to, during and 
after spontaneous capillary leukocyte passage. Of note, the EEC gap is the gold standard to 
measure glycocalyx dimension in vivo (16). 
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Endothelial Glycocalyx Dimensions in Humans 

 
Measurements in humans  

Study population. 24 healthy Caucasian male volunteers, aged 18-40 years, were studied. 
The study was approved by the Institutional Review Board of the Academic Medical Center, 
Amsterdam, the Netherlands and written informed consent was obtained from all volunteers. 
Participants did not smoke, did not use any medication and were free from any illness, 
including specifically cardiovascular disease. Medical history, physical examination, routine 
laboratory examination and electrocardiogram were normal. All experiments were performed 
after an overnight fast. Measurements comprised microvascular glycocalyx thickness, 
systemic glycocalyx volume, endothelial function and biochemistry. In a subgroup of 12 
volunteers, reproducibility of microvascular glycocalyx thickness and systemic glycocalyx 
volume was assessed by performing two measurements at separate occasions.  

Estimation of local microvascular glycocalyx thickness in humans. Thickness of the 
endothelial glycocalyx in individual capillary blood vessels was estimated using OPS imaging 
of the sublingual microcirculation based on the same principles as the previously described 
method in hamster capillaries (19, 22, 23). The OPS procedure is non-invasive, painless and 
takes approximately 15 minutes. Measurements were performed with a handheld OPS camera 
(Cytometrics, Philadelphia, PA, USA) with participants in the supine position (Figure 1c). 
Pressure on the tissue was avoided to ensure normal flow. The region chosen for measurement 
was the central sublingual area. Images (sized 720×576 pixels) were collected with a 5× 
objective providing a 325× magnification. The frame rate was 25 per second. All frames were 
recorded on Sony DSR-20P digital video recorder and transferred to a computer using 
Windows Movie Maker®. Analysis of the images was performed with Image-Pro Plus by a 
single image analyst, who was blinded for the clinical details of the participants. Capillaries 
with a diameter between 3 and 7 µm were selected for analysis. Per participant glycocalyx 
dimension was determined in at least 5 capillaries. The mean of these results was calculated 
and used in further analyses.  

Estimation of systemic glycocalyx volume. The endothelial glycocalyx limits access to 
plasma macromolecules and erythrocytes (17, 18, 23). Hence, the systemic glycocalyx volume 
can be estimated by subtracting the circulating plasma volume from the total intravascular 
distribution volume, which comprises both plasma volume and the (intravascular) glycocalyx. 
Circulating plasma volume was calculated by quantification of the distribution volume of 
autologous fluorescein-labeled erythrocytes and hematocrit (24). After infusion of a known 
amount of autologous labelled erythrocytes, the percentage labelled erythrocytes of the total 
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Before leukocyte passage 

*: passing leukocyte, arrow: flow direction 

* 

*: passing leukocyte, arrow: flow direction 

* 

After leukocyte passage 

Figure 1a and b. Determining the change in erythrocyte width in a capillary, as measure of the endothelial 

glycocalyx. A capillary between 3 and 7 µm is selected for analysis. Erythrocyte width is determined as line 

profile diameter in an image just before (a) and after (b) leukocyte passage at the same location. 

Leukocytes appear as moving blank areas in the capillary. The change in erythrocyte width divided by two 

provides the microvascular glycocalyx thickness.  
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erythrocyte pool was detected using a flow cytometer (FACS Calibur®, Becton Dickinson, 

Mountain View, USA) and used to estimate circulating erythrocyte volume. Data were 

analyzed using Cell Quest (Becton Dickinson, San Jose, CA, USA). Hematocrit was measured 

after centrifugation of heparinized blood at 10,000 rpm for 5 min (Hettich, Tuttlingen, 

Germany). The circulating plasma volume was calculated as [(1-Hematocrit) x erythrocyte 

volume]/Hematocrit. Concomitantly, total intravascular volume was calculated using the 

glycocalyx permeable tracer dextran 40 (Rheomacrodex, NPBI, Emmercompascuum, the 

Netherlands) (23, 25, 26). 100 ml of dextran 40 was injected intravenously, after which 

repeated blood sampling at 3, 5, 7, 10, 15, 20 and 30 minutes was performed. The dextran 40 

plasma concentration was calculated by measuring the increase in glucose concentration in the 

post infusion samples after hydrolyzation of the dextran glucose polymers, correcting for the 

individual plasma glucose levels. The glucose concentration was assessed in duplicate using 

the hexokinase method (Gluco-quant on Roche/Hitachi modular analyzer, Roche Diagnostics, 

Mannheim, Germany) and corrected for endogenous glucose concentration. The procedure 

Endothelial Glycocalyx Dimensions in Humans 

Figure 1c. Imaging the sublingual microcirculation using orthogonal polarization spectroscopy. 

Measurements were performed with a handheld OPS camera with participants in the supine position. The 

region chosen for measurement was the central sublingual area. The OPS procedure is non-invasive, 

painless and takes approximately 15 minutes. Images of the microvasculature are directly projected on 

screen. 
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was calibrated with known amounts of dextran 40 added to plasma in vitro. In order to 
estimate the initial intravascular distribution volume of dextran 40, the concentration at the 
time of injection was calculated by exponential fitting of the measured dextran 40 
concentrations at t=0 min.  

 
Blood sampling and biochemistry 

Blood samples were drawn at the baseline measurement after an overnight fast from all 
subjects. All measurements were performed at the Laboratory of Experimental Vascular 
Medicine and the Clinical Chemistry Laboratory of the Academic Medical Center. Baseline 
fasting plasma glucose was assessed in duplicate using the hexokinase method. Total 
cholesterol, HDL-cholesterol and triglycerides were measured by standard enzymatic methods 
(Roche Diagnostics, Basel, Switzerland). LDL-cholesterol was calculated using the 
Friedewald formula. Leukocyte counts and subfractions were measured by flow cytometric 
analysis under standardized conditions and absolute counts were calculated.  

 
Statistical analysis 

All values are provided as means ± standard deviation (SD). To compare the two sets of 
microvascular and systemic glycocalyx measurements the paired two-tailed Student’s t-test 
was used. To determine the coefficient of variation (CV) the SD was divided by the mean. The 
agreement between successive measurements was evaluated by comparison of the 
measurements with the line of identity and by a Bland-Altman plot (27). Bivariate correlations 
between microvascular glycocalyx and other parameters were calculated with the Spearman’s 
rank correlation test (two tailed). A multivariate model was built to stepwisely explore the 
relation between microvascular glycocalyx thickness and other parameters. Sample size 
calculation was performed using the nomogram described by Altman (27). P<0.05 was 
considered to represent a statistically significant difference.  

 

Results 
Endothelial glycocalyx thickness in hamster cremaster muscle capillaries 

In six separate experiments, we performed paired measurements of the anatomic capillary 
diameter, erythrocyte-endothelial cell gap and the maximal erythrocyte column widening after 
leukocyte passage in cremaster capillaries with intravital microscopy. The gap between the 
membranes of flowing erythrocytes and endothelial cells, the gold standard of glycocalyx 
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measurement, could be clearly identified (16). The anatomic capillary diameter did not change 
during the transient erythrocyte widening following leukocyte passage (data not shown). As 
reported previously, the EEC gap as well as the change in erythrocyte width were proportional 
to the anatomical capillary diameter in the range from 4 to circa 8 μm (Figure 2b) (20). 
Furthermore, the measurement of erythrocyte widening always provides an underestimation of 
the glycocalyx thickness defined as EEC gap (Figure 2a). This underestimation is 
proportional to the EEC gap (Delta erythrocyte width/2 = 62% EEC gap), which in turn is 
related to the anatomic diameter of the capillary.  

 
Reproducibility of measurement of microvascular sublingual glycocalyx 
thickness 

In contrast to intravital microscopy, OPS imaging is easily applicable in humans. 
Unfortunately, its use is limited to measuring the change in erythrocyte column width. 
Endothelial cells, lacking hemoglobin, cannot be visualized. However, comparable to the EEC 
gap measurements, measuring the delta erythrocyte width/2 using OPS in vivo has been 
proposed to provide an estimate for glycocalyx thickness (20, 26). 

Endothelial Glycocalyx Dimensions in Humans 
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Figure 2a. Erythrocyte-endothelial cell gap versus 
delta erythrocyte width/2 in hamster capillaries. 
The EEC gap is the gold standard of glycocalyx 
measurement. Delta erythrocyte width/2 correlates 
with this standard, but always underestimates 
glycocalyx thickness. 

Figure 2b. Erythrocyte-endothelial cell gap 
and delta erythrocyte width/2 as function of 
anatomic capillary diameter. The size of the 
EEC gap and the delta erythrocyte width/2 
were determined in capillaries of six hamsters. 
Both are related to the anatomic capillary 
diameter, i.e. larger glycocalyx dimensions are 
related to capillaries with larger diameters. 
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Figure 3a. Comparison of two successive 
microvascular glycocalyx measurements.  

Figure 3b. Bland-Altman plot of the means of the 2 
measurements of microvascular glycocalyx thickness 
against their difference. The mean difference and limits 
of 2 standard deviations are indicated. 
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Figure 4a. Comparison of two successive 
systemic glycocalyx measurements.  

Figure 4b. Bland-Altman plot of the means of the 2 
measurements of systemic glycocalyx volume 
against their difference. The mean difference and 
limits of 2 standard deviations are indicated.  
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Baseline characteristics of volunteers 
are listed in Table 1. All study procedures 
were well-tolerated and no serious adverse 
events occurred. The mean width of the 
capillary erythrocyte columns prior to 
leukocyte passage was almost identical on 
both study days (day 1; 4.22 ± 0.27 day 2; 
4.44 ± 0.46 µm), as was the maximal 
erythrocyte diameter (day 1; 5.37 ± 0.45 
and day 2; 5.50 ± 0.35 µm. Thus, the mean 
microvascular glycocalyx thickness was 
0.58 ± 0.16 and 0.53 ± 0.15 µm 
respectively, which was not significantly 
different from each other (mean difference 
0.05 µm, ns, n=12). The intersession CV 
was 15 ± 5%. Agreement between the two 
measurements was acceptable, as shown by 
the approximation of the values to the line of identity and the limits of the Bland-Altman plot 
(Figure 3). 

 
Reproducibility of measurement of systemic glycocalyx volume 

Throughout all infusion protocols, blood pressure and heart rate remained unaffected (data not 
shown). Infusion of the dextran 40 solution had no significant effect on hematocrit values.  

Circulating plasma volumes were 3.1 ± 0.4 versus 3.0 ± 0.4 liters (ns) and systemic 
dextran 40 distribution volumes 4.7 ± 0.8 versus 4.6 ± 0.5 liters (ns) during the baseline study 
visits. Accordingly, systemic glycocalyx volumes were reproducible between visits (day 1; 1.6 
± 0.8 versus day 2; 1.6 ± 0.6 liters, ns) resulting in an inter-session coefficient of variance of 
15.8 ± 11.9%. Again, agreement between the two measurements was good as shown by the 
Bland-Altman plot (Figure 4). 

 
Correlation between microvascular sublingual glycocalyx and cardiovascular 
risk factors 

In univariate analysis OPS measured microvascular glycocalyx was positively correlated with 
systemic glycocalyx volume (r = 0.46, p<0.05). Furthermore, glycocalyx thickness correlated 

Endothelial Glycocalyx Dimensions in Humans 

Table 1. Baseline characteristics (mean ± SD) 
Characteristic mean ± SD 
Age, years 25.6 ± 6.4 
BMI, kg/m2 22.9 ± 1.6 
Systolic blood pressure, mmHg 125.0 ± 10.2 
Diastolic blood pressure, mmHg 70.4 ± 8.4 
Heart rate, bpm 57.7 ± 9.1 
Total cholesterol, mmol/L 4.1 ± 0.6 
LDL-cholesterol, mmol/L 2.2 ± 0.7 
HDL-cholesterol, mmol/L 1.5 ± 0.3 
Triglycerides, mmol/L 0.5 ± 0.2 
Fasting plasma glucose, mmol/L 4.9 ± 0.4 
C-reactive protein, mg/L 0.5 ± 0.3 
Leukocytes, x109/L 5.1 ± 1.3 
Neutrophils, x109/L 2.9 ± 0.9 
Eosinophils, x109/L 0.12 ± 0.1 
Basophils, x109/L 0.03 ± 0.02 
Lymfocytes, x109/L 1.7 ± 0.4 
Monocytes, x109/L 0.4 ± 0.1 
Thrombocytes, x109/L 224.5± 30 
Microvascular glycocalyx, µm 0.7 ± 0.2 
Systemic glycocalyx volume, L 1.6 ± 0.5 
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with fasting plasma glucose (r = 0.43, p<0.05) and HDL-cholesterol (r = 0.58, p<0.01). In 
contrast, it was negatively correlated with LDL-cholesterol (r = - 0.59, p<0.01), monocyte 
count (r = - 0.42, p<0.05) and body mass index (BMI) (r = - 0.41, p<0.05). After multivariate 
analysis, only systemic glycocalyx volume (r = 0.43, p < 0.01) and BMI (r = -0.41, p<0.01) 
retained significance (Table 2).  

 

Discussion 
In the present study we demonstrate that change in erythrocyte column width correlates with the 
size of the erythrocyte-endothelium gap, which is the gold standard of glycocalyx measurement. 
Using OPS imaging, we are able to visualize erythrocyte column width in the sublingual 
microvasculature in humans, reflecting microvascular glycocalyx thickness. Both this 

Chapter 3 

Table 2. Univariate and multivariate analyses of microvascular glycocalyx thickness 

Parameters Bivariate  
β coefficient P-value Multivariate  

β coefficient P-value 

Age, years 0.33 ns     

BMI, kg/m2 -0.41 0.04 -0.41 0.02 

Systolic blood pressure, mmHg 0.37 ns     

Diastolic blood pressure, mmHg 0.19 ns     

Heart rate, bpm 0.01 ns     

Total cholesterol, mmol/L -0.2 ns     

LDL-cholesterol, mmol/L -0.59 0.002     

HDL-cholesterol, mmol/L 0.58 0.002     

Triglycerides, mmol/L -0.1 ns     

Fasting plasma glucose, mmol/L 0.43 0.03     

CRP, mg/L -0.16 ns     

Leukocytes, x109/L -0.28 ns     

Neutrophils, x109/L -0.3 ns     

Eosinophils, x109/L -0.29 ns     

Basophils, x109/L 0.090 ns     

Lymfocytes, x109/L -0.07 ns     

Monocytes, x109/L -0.42 0.04     

Thrombocytes, x109/L -0.16 ns     
Systemic glycocalyx volume, L 0.46 0.023 0.434 0.01 
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microvascular glycocalyx thickness as well as systemic glycocalyx volume can be quantified 
reproducibly. Furthermore, we confirm the correlation between these two techniques (18). 
Interestingly, we also observed an inverse relation between the presence of cardiovascular risk 
factors and glycocalyx thickness.  

 
Microvascular glycocalyx thickness measurement 

Both fluid shear stress and leukocytes have a profound effect on endothelial glycocalyx 
morphology, structure and function (28, 29). The finding that erythrocytes are not able to 
compress endothelial glycocalyx, whereas leukocytes can compress endothelial glycocalyx, 
provided the basis for the linear theory model, the theoretical background of the microvascular 
glycocalyx thickness measurements (16). According to this model, there are two phases in 
endothelial glycocalyx recoil upon leukocyte passage. At the initial phase of leukocyte 
compression, the endothelial surface layer thickness is less than 36% of its undisturbed 
thickness with glycocalyx fibers aligning parallel to the capillary wall. In the second phase the 
glycocalyx recoils after passage of the leukocyte (10). It is expected that the force restoring 
glycocalyx thickness after leukocyte passage is generated by plasma proteins adsorbed to the 
glycocalyx (30-32) most likely via tension in membrane-bound glycoprotein chains (22, 33). 
In a recently published paper, Han et al. were able to actually measure the time dependent 
restoration of the endothelial glycocalyx after it is nearly completely compressed by the 
passage of a leukocyte, thus further underscoring the validity of this theory (20). It must be 
noted that measuring the transient widening of the erythrocyte column after leukocyte passage 
underestimates the glycocalyx thickness, since compression of the glycocalyx can never 
reduce its dimension to zero. Furthermore, it is smaller than the EEC gap, since this gap also 
includes the lubricating plasma layer between the erythrocyte membrane and the glycocalyx 
surface (10, 16). In line, our data confirm that erythrocyte widening measured using intravital 
microscopy and/or OPS underestimates glycocalyx thickness by approximately 30%. 

Both the OPS method and the tracer dilution method provide estimations of the dimension 
and volume of the endothelial glycocalyx in humans, each with its own limitations and 
technical challenges. The systemic glycocalyx volume does not inform about heterogeneity of 
glycocalyx dimensions between organs. The sublingual glycocalyx measurement only gives 
information on capillary blood vessels. Despite these limitations, these independent techniques 
are able to detect differences between the healthy and diseased state, e.g. diabetes mellitus (17, 
18) and are correlated. Interestingly, when applying tracer dilution method to measure 
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glycocalyx dimension in various species (i.e. mouse, dog, goat and human), we find a fairly 
consistent glycocalyx volume between 15 and 20 ml/kg body weight (data not shown).  

 
Correlations between glycocalyx dimension and cardiovascular risk factors  

It is known that degradation of the glycocalyx, resulting in shedding of its main constituent 
hyaluronan, is increased after exposure to oxidized LDL-cholesterol (7). Oxidized LDL-
cholesterol plasma levels are known to be inversely associated with HDL-cholesterol and 
positively correlated with LDL-cholesterol plasma levels (34). Thus, it is expected that 
cholesterol metabolism (and indirectly BMI) is closely associated with glycocalyx dimensions 
in humans. This conclusion is underscored by the fact that glycocalyx harbours LDL- as well 
as HDL-cholesterol, probably via binding to endothelial heparan sulphates (35). 

Less understood, but even more intriguing is our finding of a positive correlation between 
fasting normoglycemic plasma glucose levels and glycocalyx dimension. We have previously 
reported that overt hyperglycemia was associated with loss of endothelial glycocalyx in 
healthy volunteers. This loss is probably mediated by the generation of reactive oxygen 
species (18). However, glycolysis renders important compounds for synthesis of hyaluronan 
and other proteoglycans (36). Moreover, none of the healthy volunteers had fasting glucose 
plasma levels over 5.6 mmol/L. Therefore, it might very well be possible that in the 
physiological range glucose provides substrate for glycocalyx synthesis, while pathologic 
hyperglycemia results in glycocalyx degradation due to generation of reactive oxygen species.  

 
Endothelial glycocalyx as a biomarker: future in patient related research 

The investigation of novel circulating plasma biomarkers and vascular imaging in patients 
with cardiovascular disease has rapidly progressed. Therefore, appraisal of novel biomarkers 
needs to be structured around three fundamental criteria involving reproducible measurement, 
consistent association between biomarkers and early detection of otherwise subclinical 
disease. Once these three criteria are fulfilled, long term studies will have to be performed in 
order to study modification of these biomarkers by specific therapy (37). With the current 
study, we have addressed two of the three criteria to establish the endothelial glycocalyx as a 
biomarker. This opens the way for further in vivo research in humans. 
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Conclusions 
The dimension of the endothelial glycocalyx can be measured reproducibly in humans. This 
dimension is related to cardiovascular risk factors. Together with glycobiomics, these 
techniques will enable further research in human endothelial glycobiology. It will help us 
assess whether, and to what extent interventions aimed at normalizing glycan enzymatic 
regulation systems will have the capacity to modulate the endothelial glycocalyx and thereby 
the atherogenic vulnerability of the vessel wall, which is to become an important area in the 
search for novel therapeutic targets to reverse atherogenesis (38). 
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Chapter 4 

Abstract 

Aims/hypothesis Cardiovascular disease contributes to mortality in type 1 
diabetes mellitus, but the specific pathophysiological mechanisms remain to be 
established. We recently showed that the endothelial glycocalyx, a protective 
layer of proteoglycans covering the endothelium, is severely perturbed in type 1 
diabetes, with concomitantly increased plasma levels of hyaluronan and 
hyaluronidase. In the present study, we evaluated the relationship between 
hyaluronan and hyaluronidase with carotid intima-media thickness (cIMT), an 
established surrogate marker for cardiovascular disease. 

Methods Non-smoking type 1 diabetes patients without micro- or 
macrovascular complications and matched controls were recruited and cIMT of 
both carotid arteries was measured. To evaluate the relationship between cIMT 
and hyaluronan and hyaluronidase as well as other parameters, uni- or 
multivariate regression analyses were performed.  

Results We included 99 type 1 diabetes patients (age 10-72 years) and 99 
age- and sex-matched controls. Mean cIMT, HbA1c, high sensitivity C-reactive 
protein, hyaluronan and hyaluronidase were significantly increased in type 1 
diabetes vs. controls. Plasma hyaluronan and hyaluronidase were correlated in 
type 1 diabetes. In univariate regression analyses, mean IMT was associated 
with plasma hyaluronan, age and male sex, whereas after multivariate analysis 
only age and sex remained statistically significant.  

Conclusions/interpretation We conclude that type 1 diabetes patients show 
structural changes of the arterial wall associated with increased hyaluronan 
metabolism. These data may lend further support to altered glycosaminoglycan 
metabolism in type 1 diabetes as a potential mechanism involved in accelerated 
atherogenesis.  

 
Abbreviations 

ALAT: alanine aminotransferase 
ASAT: aspartate aminotransferase 
cIMT: carotid intima-media thickness 
hsCRP: high sensitivity C-reactive protein 
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M acro- and microvascular complications are a major cause of morbidity and mortality in 
patients with diabetes mellitus. While the macrovascular complications in patients 

with type 2 diabetes mellitus can partly be attributed to the increased prevalence of classic 
cardiovascular risk factors such as dyslipidaemia, these risk factors cannot explain the 
increased prevalence of atherosclerosis in type 1 diabetes mellitus (1-3). Recent data 
demonstrated that hyperglycaemia itself may play a causative role. Thus, improved metabolic 
control is associated with a decreased macrovascular event rate (1-3). However, the 
pathophysiology of glucose-associated atherogenesis remains to be elucidated (4, 5). In recent 
years, the glycocalyx has emerged as a potential orchestrator of vascular homeostasis, which 
closely determines anti-adhesive and barrier properties of the vessel wall (6). In line, we found 
that the endothelial glycocalyx is adversely affected by both acute and chronic 
hyperglycaemia in volunteers and type 1 diabetes patients, respectively (7, 8). 

Hyaluronan is a principal constituent of the glycocalyx and removal of the glycocalyx with 
hyaluronidase has been associated with increased vascular vulnerability towards atherogenic 
insults (9-11). In animal models of type 1 diabetes, hyaluronidase activity has been shown to 
be increased and this correlated with increased carotid intima-media thickness (cIMT) (12-14). 
In line with this, increased accumulation of hyaluronan within the arterial wall in type 1 
diabetes patients correlated with vascular changes (15). We recently found an acute increase in 
plasma hyaluronan coinciding with glycocalyx perturbation during a normo-insulinaemic–
hyperglycaemic clamp in healthy volunteers (7). Moreover, we observed a strong inverse 
correlation between plasma hyaluronan as well as plasma hyaluronidase and glycocalyx 
volume in patients with type 1 diabetes (8). In this concept, hyperglycaemia-induced 
perturbation of hyaluronan metabolism, characterised by increased hyaluronidase activity with 
subsequent increased plasma hyaluronan levels, may indicate increased vascular vulnerability.  

In the present study, we set out to evaluate the potential relationship between structural 
changes of the carotid artery and hyaluronan metabolism in patients with uncomplicated type 
1 diabetes. 

 

Subjects and methods 
We enrolled non-smoking Europid patients with type 1 diabetes, all without clinical signs of 
micro- or macrovascular disease. The patients were recruited from the Internal Medicine 
outpatient clinics of the Academic Medical Center and Onze Lieve Vrouwe Gasthuis in 
Amsterdam, the Netherlands. The presence of macrovascular disease, defined as ECG 
abnormalities or a history of cardiac, cerebral or peripheral vascular events, was an exclusion 
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criterion for the study. Moreover, subjects with retinopathy, neuropathy, (micro) albuminuria, 
or hypertension were excluded from participation. All patients were on multiple daily 
injections of insulin with no other concomitant medication use. Matched non-smoking 
controls (selected for this study specifically) were unrelated volunteers of similar age and sex. 
Investigations of both study groups were randomly performed during the study period. 
Approval for the study was obtained from the Internal Review Board of the Academic Medical 
Center Amsterdam and all subjects gave written informed consent. The study was carried out in 
accordance with the principles of the Declaration of Helsinki.  

All measurements were performed after an overnight fast and in a quiet and air-
conditioned room. Blood pressure was measured in triplicate and the last two measurements 
were averaged to obtain heart rate and systolic and diastolic blood pressure. The latter were 
averaged to calculate mean blood pressure. At baseline, blood samples were collected for 
determination of lipids, high sensitivity C-reactive protein (hsCRP), HbA1c, hyaluronan and 
hyaluronidase. The markers of hepatic function ASAT and ALAT (aspartate aminotransferase 
and alanine aminotransferase, respectively) were determined, since chronic liver disease is 
known to be associated with increased plasma hyaluronan levels (16). After centrifugation 
(within 1 h after collection), aliquots were snap-frozen in liquid nitrogen and stored at -80 °C.  

Clinical chemistry. Total cholesterol, HDL-cholesterol and triacylglycerol were measured 
by enzymatic methods (Roche Diagnostics, Basel, Switzerland). LDL-cholesterol was 
calculated using the Friedewald formula. ALAT and ASAT were measured by a pyridoxal-
phosphate activation assay (Roche Diagnostics). HbA1c was measured using an HPLC 
(Reagens Bio-Rad Laboratories BV, the Netherlands) on a Variant II (Bio-Rad Laboratories). 
Total plasma hyaluronan and hsCRP levels were determined in duplicates by commercial 
ELISA (Echelon Biosciences, Salt Lake City, UT, USA and Roche, Bern, Switzerland, 
respectively). Plasma hyaluronidase levels were determined with a previously described assay 
(8, 17).  

Ultrasound B-mode protocol for cIMT measurement B-mode ultrasound imaging was used 
to visualise three carotid arterial wall segments comprising common carotid, bulb and internal 
of the left and right carotid arteries according to a previously published protocol (18, 19). 
Subjects were scanned in the reclined position following a predetermined, standardised 
protocol. An Acuson 128 XP/10v (Siemens, Erlangen, Germany) equipped with an L7 linear 
array transducer and extended frequency software was used. B-mode images were stored as 
4:1 compressed jpeg files on a digital still recorder (SONY DKR-700 P). All scans were 
performed by the same sonographer. To investigate intra-sonographer reproducibility, ten 
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study subjects were scanned in duplicate. These investigations enabled us to provide robust 
arterial wall thickness measurements (SD of the means of the paired cIMT measurements 0.05 
mm; CV=9.0%). One image analyst performed the analyses off-line with semi-automated 
quantitative and qualitative video image analysis software. Both the sonographer and the 
image analyst were blinded to the clinical status of the subjects. These images provided the 
cIMT data. Mean cIMT was defined as the mean cIMT of the right and left common carotid, 
the carotid bulb and the internal carotid far wall segments. For a given segment, cIMT was 
defined as the average of the right and left cIMT measurements. The per-patient averaged 
means of the cIMT values of segments was used for the primary analysis.  

Statistical analysis Mean values of continuous variables between type 1 diabetes patients 
and controls were compared using Student’s t test for independent samples. In the case of a 
skewed distribution the t test was performed on log-transformed values, while medians and 
interquartile ranges are presented. Chi-square tests were applied for comparison of distribution 
of dichotomous data. In this study our main interest was to find predictors for type 1 diabetes-
associated atherosclerosis and vascular dysfunction. Correlation between hyaluronan and 
hyaluronidase was calculated by Spearman's rank coefficient (two-tailed). The relationship 
between the dependent variable cIMT on the one hand and other parameters (e.g. plasma 
hyaluronan) on the other was first explored univariably using linear regression analysis. For 
clinical variables and variables which revealed statistically significant correlations in the 
univariate analysis, estimates of cIMT adjusted for confounding were calculated with SPSS 
version 11.5 (Chicago, IL, USA). In addition, several multivariate models were built to 
explore the effects of age, sex and the statistically significant variables on cIMT. Throughout, 
a two tailed p value <0.05 was considered statistically significant. 

 

Results 
Clinical characteristics of the 99 type 1 diabetes subjects and 99 matched controls are listed in 
Table 1. There was no significant difference between type 1 diabetes subjects and controls 
with regard to age, sex, BMI, systolic and diastolic blood pressure, liver function tests and 
cholesterol profile. However, we did observe increased values for HbA1c, heart rate, plasma 
hsCRP, hyaluronan and hyaluronidase in type 1 diabetes patients. A significant correlation 
was found between plasma hyaluronan and hyaluronidase activity in type 1 diabetes (r=0.3, 
p<0.05, see Figure 1a). After exclusion of the highest hyaluronidase activity levels (levels 
>750 U/ml), the correlation between hyaluronan and hyaluronidase levels was still present 
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(r=0.2, p<0.05). Liver function tests (ASAT and ALAT) were not significantly associated with 
plasma hyaluronan levels in type 1 diabetes. 

Mean cIMT was increased in the type 1 diabetes group compared with controls (0.61±0.15 
vs. 0.53±0.12 mm, p<0.001). In type 1 diabetes subjects plasma hyaluronan levels (Figure 
1b), age, male sex, duration of diabetes and mean blood pressure were positively correlated 
with mean cIMT in univariate analysis. No dose-dependent relationship between insulin dose, 
HbA1c levels and mean cIMT was found in these patients. However, upon multivariate linear 
regression analysis only age and sex remained significantly associated with cIMT (Table 2).  

 

Chapter 4 

Table 1. Demographic and baseline parameters of the study cohort 

  Type 1 diabetes patients Controls 

Number of participants 99 99 

Sex (male/female) 44/55 44/55 

Age (years) 32.8±14.8 34.9±16.4 

Duration of diabetes (years) 16.4±11.9 – 

Daily insulin dose (IE) 52.9±20.3 – 

Smoking (yes/no) 0/99 0/99 

BMI (kg/m2) 23.4±3.5 23.3±3.6 

Systolic blood pressure (mmHg) 123±17 125±20 

Diastolic blood pressure (mmHg) 72±9 73±12 

Heart rate (beats/min) 71±11# 60±14 

Total cholesterol (mmol/l) 4.9±0.9 4.9±1.0 

LDL-cholesterol (mmol/l) 2.8±0.7 2.9±0.8 

HDL-cholesterol (mmol/l) 1.6±0.5 1.5±0.4 

Triacylglycerol (mmol/l) 0.9 (0.5-1.1) 1.0 (0.5-1.2) 

ASAT (U/l) 24 (21-27) 25 (21-29) 

ALAT (U/l) 22 (15-28) 20 (14-24) 

HbA1c (%) 8.3±1.6# 5.1±0.3 

Hyaluronan (ng/ml) 78±43* 60±18 

Hyaluronidase (U/ml) 362±23# 242±13 

hsCRP (mg/l) 2.6 (0.4-2.9)* 1.1 (0.2-2.0) 

cIMT (mm) 0.61±0.15# 0.53±0.12 
Data are means±SD, except for triacylglycerol, ASAT, ALAT and hsCRP, 
which are expressed as medians (inter-quartile range) 
*p<0.05, #p<0.01 type 1 diabetes patients vs controls 
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Discussion 
In line with expectation, type 1 diabetes patients were characterised by structural changes of 
the arterial wall. In addition, we observed significant elevations of plasma hyaluronan and 
hyaluronidase activity levels in type 1 diabetes patients, whereas hyaluronan was correlated to 
cIMT. These present data imply that disturbances of hyaluronan metabolism may be 
associated with vascular damage in type 1 diabetes patients.  

 
Intima media thickness in type 1 diabetes  

We observed a significant increase in cIMT in type 1 diabetes patients without micro- or 
macro-vascular complications compared with controls and confirmed that male sex is 
associated with an increased cIMT (3). Despite the cross-sectional design of our study, this 
finding is compatible with data from the longitudinal DCCT study (3). LDL-cholesterol was 
not associated with cIMT progression in the DCCT cohort, underscoring a potential role for 
hyperglycaemia in diabetic atherogenesis (1, 20, 21). In contrast to the DCCT findings, we did 
not find a correlation between cIMT and glycaemic status. This apparent discrepancy may 
have several explanations. First, a single determination of HbA1c in our study may not be a 
reliable reflection of glycaemic excursions over the last months to years. In the DCCT, HbA1c 

Hyaluronan Metabolism and Atherosclerosis 

Figure 1. A: Relationship between plasma hyaluronan levels and plasma hyaluronidase activity in type 1 
diabetes patients. B: Relationship between plasma hyaluronan levels and cIMT in type 1 diabetes patients. 
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was evaluated repetitively in a prospective cohort of type 1 diabetes patients, all receiving an 
intensive treatment regimen (1, 3). Under these circumstances, HbA1c was predictive of cIMT 
progression over the next 4 years. Second, the elderly patients in our cohort may have been 
exposed to longer periods of poorly controlled diabetes followed by more intensive treatment 
regimens only in the last few years. As a consequence, their present HbA1c levels may have 
underestimated long-term glycaemic exposure.  

 
Hyaluronan metabolism and type 1 diabetes  

Hyaluronan is the principal constituent of endothelial glycocalyx as well as the extra-cellular 
matrix (7-10, 14, 15, 22). Since the glycocalyx is a principal determinant of vascular 
permeability for macromolecules (e.g. lipoproteins), glycocalyx loss may contribute to the 
increased transvascular leakage of lipoproteins in patients with type 1 diabetes (20). Indeed 

Chapter 4 

Table 2. Univariate and multivariate associations of cIMT with various risk 
factors in patients with type 1 diabetes 

Parameter Univariate 
β coefficient p value Multivariate 

β coefficient p value 

Female sex -0.86* 0.005 -0.048* 0.029 

Age 0.007* 0.001 0.07* 0.0001 

Duration of diabetes 0.008* 0.001 -0.110 0.340 

Daily insulin dose -0.001 0.109     

BMI 0.004 0.433     

Mean blood pressure 0.004* 0.004 -0.027 0.726 

Heart rate 0.0001 0.994     

Total cholesterol 0.016 0.366     

LDL-cholesterol 0.021 0.321     

HDL-cholesterol 0.026 0.416     

Triacylglycerol -0.054 0.076     

ASAT 0.037 0.615     

ALAT -0.019 0.589     

HbA1c -0.008 0.441     

Hyaluronan 0.126* 0.001 0.116 0.130 

Hyaluronidase 0.036 0.731     

hsCRP -0.013 0.306     

*p<0.05 type 1 diabetes patients vs controls 
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exposure of the carotid artery to atherogenic challenges in mice resulted in increased plasma 
hyaluronan shedding, concomitant loss of endothelial glycocalyx and increased cIMT (23, 24). 
In line, we observed that patients with uncomplicated type 1 diabetes have a profound 
reduction of endothelial glycocalyx, which was associated with increased plasma hyaluronan 
and hyaluronidase levels (8). In fact, in the present study we find a positive correlation 
between plasma hyaluronan and cIMT thickness. Upon multivariate analysis this correlation 
was lost, most likely due to the fact that age and sex are very closely associated with cIMT, 
thus attenuating the predictive value of hyaluronan (19). We did not find a relationship 
between chronic inflammation as measured by hsCRP and plasma hyaluronan in type 1 
diabetes. Therefore further studies are needed to evaluate the effect of other inflammatory 
markers (e.g. leukocyte count) on hyaluronan metabolism in these patients. 

Collectively, the present finding implies that hyperglycaemia may elicit alterations in 
hyaluronan metabolism, which are likely to reflect glycocalyx perturbation. The latter 
facilitates a wide array of pro-atherogenic effects, including vascular dysfunction and 
increased permeability of the vessel wall for, for example, lipoproteins. In line, aggregation of 
calcium with hyaluronan (and other subendothelial glycosaminoglycans) could enhance 
ectopic calcification of the cIMT, which is increased in type 1 diabetes patients (25, 26). It 
would be interesting to investigate whether therapeutic intervention aimed at this disturbed 
hyaluronan metabolism in type 1 diabetes has the potential to reverse the pro-atherogenic state 
in these patients (27, 28).  

 
Study limitations 

Several methodological aspects of our study merit caution. We did not determine fasting 
plasma glucose levels in our type 1 diabetes subjects, therefore we were only able to study 
markers of chronic hyperglycaemia (HbA1c) on vascular dysfunction. Moreover, the 
observational nature of our study combined with the use of surrogate markers of future 
vascular disease can be considered a weakness. However, solid evidence exists that changes in 
arterial wall function are predictive of cardiovascular outcome (29, 30). In addition, 
reproducibility of the measurements was excellent, since a single ultrasound machine was 
used, one experienced sonographer performed all ultrasonography and images were analysed 
by a single reader. To reduce variability further, image analysis software automatically 
investigated each measurement.  

Finally endothelial glycocalyx also comprises other glycosaminoglycans such as syndecan, 
chondroitin sulphate and heparin sulphate, which all have their own function (6, 31). Since 
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hyaluronan and heparin sulphate are important in shear stress-mediated nitric oxide 
production, which is inextricably entangled with atherosclerosis, further research is needed to 
explore the role of these other endothelial glycocalyx compounds on diabetes mellitus 
associated vascular function. 
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Chapter 5 

Abstract 

Hyperglycemia is associated with increased susceptibility to athero-
thrombotic stimuli. The glycocalyx, a layer of proteoglycans covering the 
endothelium, is involved in the protective capacity of the vessel wall. We 
therefore evaluated whether hyperglycemia affects the glycocalyx, thereby 
increasing vascular vulnerability. Systemic glycocalyx volume was estimated by 
comparing the distribution volume of a glycocalyx permeable tracer (Dextran 40) 
to that of a glycocalyx impermeable tracer (labelled erythrocytes) in 10 healthy 
males. Measurements were performed in randomized order on 5 occasions: 2 
control measurements, two measurements during normo-insulinemic 
hyperglycemia with or without N-Acetyl Cysteine (NAC) respectively, and one 
during mannitol. Glycocalyx measurements were reproducible (1.7 ± 0.2 versus 
1.7 ± 0.3 liters). Hyperglycemia reduced glycocalyx volume (0.8 ± 0.2 liters, 
p<0.05), which could be prevented by NAC (1.4 ± 0.2 liters). Mannitol infusion 
had no effect on glycocalyx volume (1.6 ± 0.1 liters). Hyperglycemia resulted in 
endothelial dysfunction, increased plasma hyaluronan levels (70 ± 6 to 112 ± 16 
ng/mL, p<0.05) and coagulation activation (F1+2: 0.4 ± 0.1 to 1.1 ± 0.2 nmol/L, 
D-Dimer: 0.27 ± 0.1 to 0.55 ± 0.2 g/L, p< 0.05). Collectively, these data indicate 
a potential role for glycocalyx perturbation in mediating vascular dysfunction 
during hyperglycemia.  
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Glycocalyx and Hyperglycemia 

P atients with diabetes mellitus are characterized by increased vascular vulnerability for 
atherogenic insults, leading to accelerated atherogenesis. Whereas the latter is in part a 

consequence of the increased prevalence of traditional cardiovascular risk factors, these 
cannot fully explain the propensity towards vascular complications in diabetic patients (1). 
Hyperglycemia itself has been shown to induce a wide array of downstream effects which 
adversely affect the protective capacity of the vessel wall (2). Hyperglycemia has been 
associated with enhanced endothelial permeability, increased leukocyte-endothelium adhesion 
and impaired nitric oxide bio-availability (3-5). In spite of clear progress with respect to the 
underlying pathophysiological mechanisms contributing to this ´vascular dysfunction´, it has 
proven difficult to unravel a final common pathway for the increased vascular vulnerability 
under hyperglycemic conditions (6). 

The glycocalyx covers the endothelium and consists of endothelial cell-derived 
proteoglycans, glycoproteins and adsorbed plasma proteins. This layer has been shown to 
orchestrate vascular homeostasis (7). Its thickness up to several micrometers may explain its 
potent anti-adhesive effects towards both leukocytes and platelets (8, 9). Hyaluronan 
glycosaminoglycans, one of the major constituents of the glycocalyx, are of crucial 
importance for maintaining endothelial barrier properties for plasma macromolecules (10). 
The glycocalyx also serves as mechano-sensor of shear stress, mediating shear-induced release 
of nitric oxide (NO) by endothelial cells (11-13). In fact, selective perturbation of the 
glycocalyx leads to increased vascular permeability, attenuated nitric oxide availability as well 
as increased adhesion of leukocytes and platelets. Reconstitution of the glycocalyx results in 
restoration of both barrier and anti-adhesive properties (10, 14). In view of the intricate 
relation between glycocalyx integrity and vascular homeostasis in experimental models, it has 
been postulated that glycocalyx derangement could also contribute to increased vascular 
vulnerability in humans (15). Since increased degradation of proteoglycans has previously 
been demonstrated in hyperglycemic conditions (16, 17), the impact of hyperglycemia on the 
glycocalyx merits special interest. In the present study we set out to evaluate the impact of 
hyperglycemia on the glycocalyx in healthy volunteers. We measured changes in systemic 
glycocalyx volume before and 6 hours after normo-insulinemic, hyperglycemic clamping. 
Simultaneously, we assessed changes in plasma hyaluronan, endothelial function as well as 
changes in coagulation parameters. To elucidate the role of reactive oxygen species, we 
repeated the hyperglycemic clamp in conjunction with infusion of the anti-oxidant N-Acetyl 
Cysteine (NAC). 
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Methods 
Ten Caucasian male volunteers were included. Measurements were performed on 5 separate 
occasions in random order, taking into account a minimum interval of 2 weeks between the 
measurements. Two baseline measurements were performed after saline infusion in order to 
estimate the inter-session coefficient of variance of the glycocalyx volume estimates. Two 
measurements were performed after hyperglycemic clamping and mannitol infusion, 
respectively. In order to obtain mechanistical insight, a fifth measurement was performed after 
hyperglycemic-normo-insulinemic protocol with concomitant infusion of the antioxidant N-
acetylcysteine in a random subgroup (n=6). The protocol was approved by the Internal Review 
Board and written informed consent was obtained from all volunteers prior to the 
investigation. The study was carried out in accordance with the principles of the Declaration 
of Helsinki. 
  
Estimation of glycocalyx volume 

The endothelial glycocalyx provides limited access to plasma macromolecules and 
erythrocytes (18,19). Hence, glycocalyx volume can be estimated by comparing circulating 
blood volume using a glycocalyx impermeable tracer such as labelled erythrocytes (18, 20) 
with the total intravascular volume using a glycocalyx permeable tracer such as neutral 
Dextran 40 (MW 40 kD). In detail, centrifuged erythrocytes were mixed with sodium 
fluorescein (250 mg/mL) for 5 minutes. After washing, the labelled erythrocytes were 
resuspended in saline to the initial volume and re-infused. Subsequently, blood was drawn at 
4, 5, 6, and 7 minutes after infusion. The fraction of labelled erythrocytes compared to total 
erythrocyte pool was used to estimate circulating erythrocyte volume. Pre-injection unlabeled 
erythrocytes (t= -1) served as negative control. Labelled erythrocytes were measured using a 
FACScan analyzer (FACS Calibur ®, Becton Dickinson, Mountain View, USA), during 
which at least 100,000 cells were counted to measure the circulating fraction of labelled 
erythrocytes. Data were analyzed by Cellquest (Becton Dickinson, San Jose, CA, USA). 
Circulating plasma volume was calculated from circulating erythrocyte volume (Vrbc) and 
large vessel hematocrit (Hsys) by the formula: Circulating plasma volume = {(1-Hsys) * 
Vrbc} / Hsys (20).  

Dextran 40 is used as a probe for intravascular glycocalyx volume (19). Before injection of 
Dextran 40, a single bolus of 10 mL Dextran 1 (Promiten ®, NPBI International BV, 
Emmercompascuum, the Netherlands) was injected to attenuate the risk for anaphylactic 
reactions. At least 1 hour later, 100 mL Dextran 40 (Rheomacrodex ®, NPBI International 
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BV, Emmercompascuum, the Netherlands) was injected intravenously, followed by repeated 
blood sampling at 5, 7, 10, 15, 20 and 30 minutes. Dextran 40 concentration was calculated by 
measuring the increase in glucose concentration in the post-infusion samples after 
hydrolyzation of Dextran glucose polymers (21). Glucose concentration per time point was 
assessed in duplo using the hexokinase method (Gluco-quant ®, Hitachi 917, Hitachi 
Corporation). The procedure was calibrated with Dextran 40 added to plasma in vitro. To 
determine the initial intravascular distribution volume of Dextran 40, the concentration of 
Dextran 40 at the time of injection was estimated by exponential fitting of the measured 
Dextran 40 concentrations.  

 
Hyperglycemic-normo-insulinemic clamp 

A hyperglycemic clamp was applied for 6 hours with a target glucose concentration of 16 
mmol/L (300 mg/dL) (22). To prevent hypokalemia 10mmol/L KCl was added to the glucose 
solutions. Octreotide (Sandostatin ® kindly provided by Novartis, Switzerland) was dissolved 
in saline and albumin and administered at final concentration of 30ng/kg/min to attenuate the 
increase in endogenous insulin production in order to minimize potential confounding effects 
of hyperinsulinemia (23). At this dose, octreotide has no significant vasoactive or haemostatic 
side effects (22, 24). During the clamping protocol, blood glucose concentration was measured 
by the glucose oxidase method (YSI 2300 STAT, Yellow Spring Inc., USA). Target value of 
glucose was maintained by adjusting the infusion rate of glucose 20% (Baxter, USA). As a 
time and osmolality control, the octreotide protocol was repeated on a separate study day, 
during which glucose 20% was replaced with equimolar mannitol 20% (Baxter, USA) 
infusion. Venous samples were obtained throughout the protocol to document the achieved 
level of osmolality. Osmolality was determined by measurement of freezing point depression 
on the Osmo Station (Menarini, Benelux). All samples for glucose, insulin, and osmolality 

were performed in duplicate. The glutathione donor N-Acetylcysteine (manufactured 
clinically graded by Department of Pharmacy, AMC) was administered as a bolus 100mg/kg 
in 15 minutes before start of glucose infusion and thereafter as a continuous infusion of 60mg/
kg throughout the identical hyperglycemia study protocol. This rate of infusion and total 
amount of infused NAC in our experiment was similar to that used for the treatment of 
acetaminophen intoxication (25). 
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Flow mediated dilation 

The assessment of flow mediated dilation (FMD) was measured before each glycocalyx 
volume measurement (26). In short, subjects were studied in supine position. The blood 
pressure cuff was placed just below the elbow of the right arm. The brachial artery in the right 
antecubital fossa was visualized using a 7.5 MHz transducer. A wall tracking system was used 
to measure lumen diameter. After obtaining two baseline vessel diameter measurements, 
reactive hyperemia was induced by inflating an lower-arm blood pressure cuff to 200 mmHg. 
Upon release of the cuff after 4 minutes, ultrasonography continued for 5 minutes to allow for 
lumen diameter measurements at 30 second intervals. Images were stored digitally and 
analyzed off-line using the Wall Track System software analysis package. All measurements 
were performed by the same person, who was unaware of clinical details and the stage of the 
experiment. At our institution, intrasession and intersession variation coefficients for baseline 
diameter assessment using the WTS system are 1.1 % and 3.8 %, respectively. Inter-session 
variability of the FMD measurement is 13.9% (26).  

 
Blood sampling and laboratory methods 

Blood samples were drawn from the subjects after a 12 hour overnight fast and 2, 4, 6 and 30 
hours after start of infusion. After centrifugation within 1 hour after collection, aliquots were 
snap-frozen in liquid nitrogen and stored at -80 °C. Hematocrit (Hsys) was measured after 
centrifugation of heparinized blood in a Hettich-Haematokrit centrifuge at 10000 rpm during 5 
minutes (Hettich, Tuttlingen, Germany). Total cholesterol, HDL-cholesterol and triglycerides 
were measured by standard enzymatic methods (Roche Diagnostics, Basel, Switzerland). 
LDL-Cholesterol was calculated using the Friedewald formula. ALAT and ASAT were 
measured by pyridoxalphosphate activation assay (Roche Diagnostics, Basel, Switzerland). 
HbA1c was measured on HPLC (Reagens Bio-Rad Laboratories B.V., the Netherlands) on a 
Variant II (Bio-Rad Laboratories). Quantitative plasma hyaluronan levels were measured by 
enzyme linked immunosorbent assay (ELISA) (Echelon Biosciences, Salt Lake City, USA). 
As a measure of thrombin generation, prothrombin activation fragment F1+2 (Dade Behring, 
Marburg, Germany) was assessed by ELISA. D-Dimer levels were used as a reflection of 
endogenous fibrinolysis in the presence of coagulation activation and were measured with an 
automated quantitative latex particle immunoassay (Biomerieux, Durham, NC). Plasma 
insulin was measured by immuno-luminimetrische assay (ILMA) (Immulite insuline®) on 
Immulite 2000 (DPC, Diagnostic Product Corporation). 
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Statistical analysis 

All data (except Table 1) are presented as means ± SE. Differences between treatment groups 
were tested by analysis of variance for repeated measures. Comparisons within groups were 
done with the Wilcoxon signed rank test. A probability value below 0.05 was considered 
significant. 

  

Results 
Reproducibility of glycocalyx measurement 

Baseline characteristics of volunteers are listed in Table 1. Throughout all infusion protocols, 
blood pressure and heart rate remained unaffected (data not shown). Infusion of the Dextran 
40 solution had no significant effect on hematocrit values. Circulating plasma volumes (3.0 ± 
0.1 versus 3.0 ± 0.1 liters, n.s.) and systemic Dextran 40 distribution volumes (4.7 ± 0.2 versus 
4.7 ± 0.3 liters, n.s.) were similar during the baseline study visits. Accordingly, glycocalyx 

Glycocalyx and Hyperglycemia 

Table 1. Clinical characteristics of the volunteers (n=10) 
n 10 
Sex (male/female) 10/0 
Age (years) 25.3 ± 2.6 
BMI (kg/m2) 22.5 ± 1.4 
Systolic blood pressure (mmHg) 122 ± 11 
Diastolic blood pressure (mmHg) 65 ± 4 
Smoking (yes/no) 0/10 
Heart rate (bpm) 56 ± 7 
Total cholesterol (mmol/l) 3.6 ± 0.5 
LDL cholesterol (mmol/l) 2.0 ± 0.4 
HDL cholesterol (mmol/l) 1.2 ± 0.2 
Triglycerides (mmol/l) 0.6 ± 0.3 
Fasting glucose (mmol/l) 4.8 ± 0.3 
Fasting insulin (pmol/l) 35 ± 14 
Aspartate aminotransferase (unit/l) 23 ± 8 
Alanine aminotransferase (unit/l) 22 ± 7 
HbA1c (%) 5.3 ± 0.2 
High-sensitivity C-reactive protein (mg/l) 0.5 ± 0.2 
Values represent mean ± SD. 
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Figure 1a. Plasma dextran 40 clearance curves under baseline (open diamonds; [Dex40]C1 = 0.057e-

0.000481 t ; closed diamonds [Dex40]C2 = 0.058e-0.000671 t), glucose infusion (dots; [Dex40]HG = 0.073e-0.001718 

t), glucose-NAC infusion (triangles ([Dex40]NAc = 0.064e-0.000320 t) and mannitol infusion (squares; [Dex40]
Man = 0.056e-0.000190 t). During glucose infusion, the rate of Dextran 40 plasma clearance was increased as 
compared with the mannitol infusion. Depicted values on each timepoint are expressed as mean ± SE. 

Figure 1b. Systemic glycocalyx 
volumes were determined in a 
randomized order before and 
after infusion with glucose (bar 1 
and 2) or mannitol (bar 3 and 4) 
and after glucose-NAC (bar 5). 
Systemic glycocalyx volumes 
were identical at baseline, while 
glucose infusion resulted in a 
statistically significant decrease 
in systemic glycocalyx volume 
compared to baseline, mannitol 
and glucose-NAC. Data are 
presented as means ± SE, 
*p<0.05. 
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volumes were reproducible between visits (1.7 ± 0.2 versus 1.7 ± 0.3 liters, n.s., Figure 1a 
and b; inter-session coefficient of variance of 15.2 ± 9.8%).  

 
Glycocalyx volume after 6h infusion of glucose or mannitol 

During hyperglycemic clamping, glucose concentration was raised to target levels within 15 
minutes and remained stable throughout the hyperglycemic period (~16 mmol/L). Glucose 
levels during mannitol infusion were unchanged (4.8 ± 0.1 versus 5.3 ± 0.1 mmol/L, n.s.). 
Despite octreotide co-infusion, plasma insulin levels rose during hyperglycemia but remained 
within the physiological range (from 35 ± 5 to 116 ± 10 pmol/L, p<0.001). Mannitol infusion 
with octreotide was associated with a decrease in insulin levels (42 ± 5 pmol/L to 15 ± 1 pmol/
L, p<0.01). The plasma osmolality levels during hyperglycemia and Mannitol were 
comparable (284 ± 2 versus 288 ± 2 mmol/kg, n.s.). Glycocalyx volumes were profoundly 
decreased during hyperglycemia compared to mannitol (0.8 ± 0.2 versus 1.6 ± 0.1 liters, p< 
0.05, Figure 1b), predominantly due to a reduction in Dextran 40 distribution volume (4.0 ± 
0.3 vs. 4.7 ± 0.3 liters, hyperglycemia vs. mannitol, p< 0.05). There were no changes in 
circulating plasma volumes (3.2 ± 0.1 versus 3.1 ± 0.1liters, hyperglycemia vs. mannitol, n.s.) 

Glycocalyx and Hyperglycemia 

Figure 2. FMD determined in a randomized order before and after infusion with glucose (bar 1 and 2) or 
mannitol (bar 3 and 4). FMD was identical before the interventions, while glucose infusion resulted in a 
statistically significant decrease in FMD compared to mannitol infusion and baseline. Data are presented 
as means ± SE, *p<0.05 
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Figure 3. Shedding of endothelial glycoca-
lyx compounds (as assessed by plasma 
hyaluronan) in human volunteers infused 
with glucose (dots), mannitol (squares) or 
glucose-NAC (triangles). Data are pre-
sented as means ± SE (*P<0.05 versus 
baseline, # P<0.05 between groups). 

Figure 4a. Activation of coagulation system 
(as assessed by prothrombin fragments 
1+2) in human volunteers infused with glu-
cose (dots), mannitol (squares) or glucose-
NAC (triangles). Data are presented as 
means ± SE (*P<0.05 versus baseline) 

Figure 4b. Activation of the fibrinolytic sys-
tem (as assessed by D-dimer levels) in 
human volunteers infused with glucose 
(dots), mannitol (squares) or glucose-NAC 
(triangles). Data are presented as means ± 
SE (*P<0.05 versus baseline). 
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nor in hematocrit values (0.40 ± 0.001 versus 0.41 ± 0.001 %, hyperglycemia vs. mannitol 
n.s.). Co-infusion of N-acetylcysteine during the hyperglycemic clamp abolished the reduction 
in glycocalyx volume (1.4 ± 0.2 liters, p<0.05 compared to hyperglycemia alone) due to 
normalization of Dextran 40 distribution volume (4.4 ± 0.2 liters) without affecting circulating 
plasma volume (3.0 ± 0.1 liters) or hematocrit (0.41 ± 0.01 %).  

 
Endothelial function 

Flow mediated dilation showed good reproducibility between saline visits (8.8 ± 0.8 versus 
8.2 ± 0.5 %, n.s; inter-session coefficient of variance of 16.8 ± 8.2%). Flow mediated dilation 
was attenuated during hyperglycemia (5.8 ± 0.6 versus 8.8 ± 0.8 %, hyperglycemia vs. 
baseline, p<0.05). Mannitol infusion had no effect on FMD (7.1±1.0 versus 8.2 ± 0.5%, 
mannitol vs. baseline, n.s., Figure 2). There was no difference in nitroglycerine response after 
hyperglycemia vs. mannitol infusion (data not shown). Of note, due to small sample size, we 
did not determine FMD in NAC hyperglycemia protocol. 

 
Laboratory parameters 

Plasma hyaluronan levels rose significantly during hyperglycemia (112 ± 16 versus 70 ± 6 ng/
mL, hyperglycemia vs. baseline p< 0.05) returning towards baseline values within 24 hours 
(81 ± 6 ng/mL) (Figure 3). Activation of the coagulation system (as indicated by an increase 
in F1+2 levels 1.1 ± 0.2 versus 0.4 ± 0.1 nmol/L, p<0.05) and fibrinolytic system (increase in 
D-Dimer levels 0.55 ± 0.2 versus 0.27 ± 0.1 g/L, p< 0.05 see Figures 4 a and b) occurred 
during hyperglycemia. No effect of mannitol was seen on these parameters. Hyperglycemia 
with concomitant NAC infusion resulted in blunting of plasma hyaluronan shedding (69 ± 8 
ng/mL, p<0.05, Figure 3) and coagulation activation compared to hyperglycemia after 6 hours 
(F1+2: 0.8 ± 0.15 nmol/L and D-dimer: 0.44 ± 0.07 g/L, n.s. see Figures 4a and b). 

 

Discussion 
In the present study we show that the glycocalyx constitutes a large intravascular compartment 
in healthy volunteers, which can be estimated in a reproducible fashion in vivo. More 
importantly, we show that hyperglycemic clamping elicits a profound reduction in glycocalyx 
volume coinciding with increased circulating plasma levels of glycocalyx constituents like 
hyaluronan. These disturbances are accompanied by impaired flow mediated dilation as well 
as activation of the coagulation system. Infusion of the antioxidant NAC prevented this 
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glycocalyx perturbation, indicating that generation of reactive oxygen species contributes to 
the glycocalyx perturbation under hyperglycemic conditions.  

 
Hyperglycemia and glycocalyx volume 

Previously, we have validated glycocalyx measurements in isolated vessels by comparison of 
erythrocyte- and Dextran 40 distribution volumes as markers of glycocalyx- impermeable and 
permeable tracers, respectively (18, 19). Consistent with these experimental data, we now find 
comparable values for glycocalyx volume in healthy volunteers with good reproducibility of 
the measurement between sessions (coefficient of variation < 20%). The size of the glycocalyx 
volume in the present study is in line with predictions of glycocalyx dimension in vivo, based 
on a thickness of 0.5 to 3.0 µm combined with a total endothelial surface area between 1000 
and 7000 m2 (27, 28). After 6 hours of hyperglycemic clamping, systemic glycocalyx volume 
is reduced to approximately half of the baseline value. This reduction coincides with a rapid 
increase in circulating plasma hyaluronan levels, an important constituent of the glycocalyx. 
Similarly, hyperglycemia has been associated with increased hyaluronidase activity and 
concomitant increased plasma hyaluronan concentrations in animal models (17, 29). 
Hyaluronan has been shown to be a principal determinant of vascular permeability, since 
selective removal of hyaluronan from the vessel wall is accompanied by a profound increase 
in macromolecular glycocalyx permeation (10). We presently show in vivo that loss of 
glycocalyx volume and shedding of hyaluronan into the plasma is indeed accompanied by a 
significant increase in the rate of Dextran 40 clearance from the circulation (Figure 1a). This 
correlation between glycocalyx volume reduction and increased permeability suggests a 
potential contribution of the glycocalyx, particularly hyaluronan, to the preservation of the 
systemic vascular permeability barrier.  

 
Increased oxygen radical formation  

Several mechanisms may contribute to loss of glycocalyx volume during acute hyperglycemia. 
First, hyperglycemia per se constitutes a potent pro-oxidant and pro-inflammatory stimulus, 
which has been linked to enhanced degradation of the glycocalyx as well as to shedding of 
hyaluronan (30). Therefore, glycocalyx loss may be secondary to a direct effect of oxygen 
radicals on the synthesis of glycosaminoglycans. Indeed, in our study infusion of the potent 
antioxidant NAC was able to abolish the reduction in glycocalyx during hyperglycaemia. On 
the other hand, increased shedding of glycosaminoglycans may follow vascular injury 
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resulting in an upregulation of glycosaminoglycan synthesis to compensate for stimulated 
increased degradation (6, 31).  

 
Endothelial function 

In conjunction with glycocalyx loss we observed a loss of flow mediated dilation after 
hyperglycemic clamping. In line, several research groups have reported endothelial 
dysfunction under hyperglycemic conditions (22, 32). Whereas impaired NO bioavailability 
has predominantly been attributed to direct inactivation of NO by increased radical production 
(33, 34), the present finding provides us with an alternative explanation. It has been 
demonstrated that the endothelial glycocalyx plays an important mechano-sensory role 
translating intravascular shear stress into biochemical activation of endothelial cells (12). 
Accordingly, the release of NO in response to shear stress is abolished upon enzymatic 
removal of glycosaminoglycans from the endothelial glycocalyx (15).  

 
Coagulation activation 

Hyperglycemia elicited coagulation and fibrinolysis, reflected by increased thrombin 
generation (F1+2) as well as increased fibrinolysis (D-dimer). Our data are in line with studies 
showing that induction of acute hyperglycemia in healthy volunteers increased plasma levels 
of coagulation factor VIIa and stimulated tissue factor-dependent activation of coagulation 
(35). The endothelial glycocalyx is a crucial compartment for binding and regulation of 
enzymes involved in the coagulation cascade. In addition, the most important inhibitor of 
thrombin and factor Xa, i.e. antithrombin, is firmly attached to the endothelium in 
physiological circumstances (36). In agreement, we and others have previously demonstrated 
that glycocalyx perturbation has direct effects on coagulation and fibrinolytic responses (9, 
37). It is therefore not surprising that hyperglycemia-induced loss of glycocalyx is 
accompanied by activation of coagulation. The subsequent increase in endogenous fibrinolysis 
can thus be explained by counterbalancing the increased thrombin generation during 
hyperglycemia. 

 
Study limitations 

First, the accuracy of glycocalyx volume estimates is determined by the accuracy of Dextran 
40 distribution volume estimates. Because of its relatively small size and neutral charge, 
Dextran 40 is slowly cleared from the circulation. Extrapolation of measured plasma Dextran 
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40 concentrations to the time of its initial intravascular injection is used to estimate 
intravascular Dextran 40 concentration prior to leakage. However, as can be appreciated from 
the average clearance curves in Figure 1a, the error of the estimated initial Dextran 40 
concentration is relatively small and will therefore have no major impact on the estimates of 
glycocalyx volume. Second, the stable circulating blood volumes during hyperglycemic 
clamping cannot exclude changes of microcirculatory volume. Due to anatomical dimensions 
the largest part of the erythrocyte volume in located in the macrovasculature whereas 
measured Dextran 40 volume is mainly situated in the microvasculature. In fact, we recently 
reported that hyperglycemia reduces perfused murine capillary density by 38% (38). 

Hence, in addition to glycocalyx shedding, impaired microcirculatory perfusion may also 
have contributed to the reduction of systemic glycocalyx volume. Finally, during 
hyperglycemic clamping, an increase in insulin levels was observed in spite of the 
concomitant infusion of octreotide. Higher octreotide administration was not feasible due to 
gastro-intestinal side effects (23). Under these circumstances, plasma insulin increases are 
inextricably entangled with hyperglycemic clamping in humans (22). Although the insulin 
levels were within physiological range, we cannot exclude a potential confounding effect of 
insulin.  

 
Clinical implications 

Experimental studies have shown that the glycocalyx constitutes a crucial intravascular 
compartment, which mediates transduction of shear-stress induced NO release, modulates 
vascular permeability and harbours a wide array of anticoagulant proteins. In a time course 
comparable to the loss of glycocalyx volume, we find loss of shear-stress induced NO-release, 
increased vascular permeability and activation of coagulation during hyperglycemic clamping 
in healthy volunteers. The prevention of glycocalyx damage by antioxidant infusion confirms 
other research in this area on the role of oxidative stress in hyperglycemia-induced vascular 
damage (6, 39). Therefore, glycocalyx measurement may hold a promise as a tool to estimate 
cardiovascular risk and the impact of cardiovascular risk lowering therapies in patients with 
diabetes.  
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Abstract 

Chronic hyperglycemia underlies microvascular complications in patients with 
type 1 diabetes mellitus (DM1). The mechanisms leading to these vascular 
complications are not fully understood. Recently, we observed that acute 
hyperglycemia results in endothelial glycocalyx damage. To establish whether 
glycocalyx perturbation is associated with microvascular damage, we performed 
glycocalyx volume measurements in DM1 patients with microalbuminuria (DM1-
MA, n=7), without microalbuminuria (DM1-NA, n=7) and in age-matched 
controls (CON, n=7). Systemic glycocalyx volume was determined comparing 
intravascular distribution volume of a glycocalyx permeable tracer (Dextran 40) 
to that of a glycocalyx impermeable tracer (labelled erythrocytes). Sublingual 
capillaries were visualized using orthogonal polarization spectral microscopy 
(OPS) to estimate microvascular glycocalyx. Patients and controls were 
matched according to age and BMI. Glycocalyx volume decreased in a stepwise 
fashion from controls, DM1-NA and finally DM1-MA (1.5 ± 0.1, 0.8 ± 0.4 and 0.2 
± 0.1 liters respectively, p< 0.05). Microvascular glycocalyx in sublingual 
capillaries was also decreased in DM1 versus CON (0.5 ± 0.1 vs 0.9 ± 0.1 µm, 
p< 0.05 ). Plasma hyaluronan, a principal glycocalyx constituent, and 
hyaluronidase were increased in DM1. In conclusion, DM1 patients are 
characterized by endothelial glycocalyx damage, the severity of which is 
increased in presence of microalbuminuria.  
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T ype 1 diabetes (DM1) associated micro- and macrovascular complications are major 
causes of morbidity and mortality (1, 2). In this disorder the presence of microvascular 

disease is strongly associated with increased cardiovascular risk, underlining the generalized 
nature of such vascular dysfunction (3,4). The exact pathways leading to this propensity for 
vascular disease have not been fully elucidated. In line with direct adverse effects of 
hyperglycemia itself (5), good glycemic control has been associated with decreased 
microvascular disease rates (6, 7). Whereas the concept of generalized vascular dysfunctional 
state in DM1 has already been put forward more than two decades ago (8), a final common 
pathway for the vascular dysfunction has remained a matter of debate. 

Recently, we demonstrated that the endothelial glycocalyx, an intraluminal layer consisting 
of glycosaminoglycans and hyaluronan, constitutes an important component to the vascular 
permeability barrier by preventing transvascular leakage of macromolecules (9). Conversely, 
hyaluronidase exposure severely decreases endothelial glycocalyx thickness with a 
concomitant increase in capillary wall permeability and induction of peri-capillary edema (10, 
11). In fact, loss of glycocalyx leads to a wide spectrum of vascular abnormalities in 
experimental models, including increased vascular permeability, adhesion of mononuclear 
cells and platelets to the endothelial surface and attenuated NO-availability (12). Restoration 
of the glycocalyx is associated with reversal of these derangements (11, 13). Collectively, 
these data suppose a potential role for the glycocalyx in determining the protective properties 
of the vessel wall. Recently, we validated a technique to assess the volume of the endothelial 
glycocalyx in humans. Using this technique, we found that acute hyperglycemia resulted in a 
profound perturbation of the glycocalyx, which closely coincided with vascular dysfunction 
and coagulation activation (14).  

In the present study we set out to evaluate whether glycocalyx loss is also present in 
patients with longstanding DM1 and whether more severe glycocalyx perturbation coincides 
with the presence of microalbuminuria. In order to substantiate this, we determined systemic 
glycocalyx volume as well as microvascular glycocalyx thickness in DM1 patients with and 
without microalbuminuria as well as in matched normoglycemic healthy control subjects. 

 

Materials and methods 
We enrolled non-smoking male DM1 patients either with (DM1-MA) or without (DM1-NA) 
microalbuminuria, defined as albumin/creatinin ratio (ACR) > 2.5 mg/mmol in a morning 
urine sample. Of note, both DM1-MA and DM1-NA patients had been diagnosed with DM1 
for at least 15 years with comparable mean duration of DM in both groups. All patients were 
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C-peptide negative, used multiple injections of insulin per day and had HbA1c levels between 
7.0 - 9.0 % during the 6 months preceding the study. The presence of macrovascular disease, 
defined as ECG abnormalities, abnormal ankle-brachial index or a history of cardiac, cerebral 
of peripheral vascular events were exclusion criteria for the study. Sex- and age-matched, 
normoglycemic healthy controls (n=7) were also included. All subjects gave written informed 
consent and approval was obtained from the internal review board of the Academic Medical 
Center. The study was carried out in accordance with the principles of the Declaration of 
Helsinki.  

All experiments were performed after an overnight fast in a quiet and air-conditioned room 
(temperature 22 to 24ºC). Participants were asked to refrain from heavy physical exercise in 
the 24h prior to the study visit. Patients using ACE inhibitors or AT-II antagonists were asked 
to stop this medication at least 5 days prior to the study visit. Patients with DM1 were asked to 
check their fasting blood glucose level (target levels 7.0 – 12.0 mmol/L), since injection of 
insulin was not allowed from 8 hours prior until the end of the experiment. Based on 24-hour 
urine microalbuminuria measurement in the 6 months preceding the study, patients were 
selected as normalbuminuric or microalbuminuric, respectively. At the beginning of the study, 
morning urine samples were collected to verify albumin creatinin ratio’s. Blood pressure was 
measured 3 times and the last two measurements were used to calculate systolic and diastolic 
blood pressure. During the study, two cannulas were inserted in the antecubital veins of both 
forearms for the collection of blood and infusion of Dextran 40 and labelled autologous 
erythrocytes, respectively.  

 
Laboratory methods 

After centrifugation, aliquots were snap-frozen and stored at -80 °C. Hematocrit (Hsys) was 
measured after centrifugation of heparinized blood at 10000 rpm for 5 minutes (Hettich, 
Tuttlingen, Germany). Total cholesterol, HDL-cholesterol and triglycerides were measured by 
standard enzymatic methods (Roche Diagnostics, Basel, Switzerland). LDL-cholesterol was 
calculated using the Friedewald formula. ALAT and ASAT were measured by 
pyridoxalphosphate activation assay (Roche Diagnostics, Basel, Switzerland). Creatinin was 
measured by Jaffé kinetic colorimetric test (Roche Diagnostics, Basel, Switzerland) on 
Modular P800, Roche Diagnostics. HbA1c was measured by HPLC (Reagens Bio-Rad 
Laboratories B.V., the Netherlands) on a Variant II (Bio-Rad Laboratories). Quantitative total 
plasma hyaluronan levels were measured by enzyme linked immunosorbent assay (ELISA) 
(Echelon Biosciences, Salt Lake City, USA). Plasma hyaluronidase levels were determined 
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with a previously described assay (inter-sample coefficient of variation <20%) (15). Urinary 
creatinin and albumin content was determined according to the Jaffé-method on the P800 and 
by immunoturbidimetric assay, respectively (Roche Diagnostics, Switzerland). 

 
Estimation of systemic glycocalyx volume 

The glycocalyx allows limited access to plasma macromolecules and erythrocytes (16, 17). 
Hence, systemic glycocalyx volume can be estimated by comparing circulating blood volume 
with the intravascular distribution volume of a glycocalyx permeable tracer such as neutral 
Dextran 40 (MW 40 kD). We recently showed that systemic glycocalyx volume can be measured 
reproducibly (inter-measurement coefficient of variation: 15.2 ± 9.8 %) and has a relatively large 
magnitude in healthy male volunteers (14). In short, the intravascular distribution volume of 
labelled, autologous erythrocytes was used to quantify circulating blood volume (18). Blood was 
drawn and centrifuged at 1330 rpm for 5 minutes. Subsequently, 250 mg/ml of sodium 
fluorescein was added to the erythrocyte fraction for 5 minutes. After washing, labelled 
erythrocytes were resuspended in saline to the initial volume and re-infused. Subsequently, 
blood was drawn at 4, 5, 6, and 7 minutes after infusion. The fraction of labelled erythrocytes 
compared to total erythrocyte pool was used to estimate circulating erythrocyte volume. Pre-
injection unlabeled erythrocytes (t= -1) served as negative controls. Labelled erythrocytes 
were measured using a FACScan (FACS Calibur ®, Becton Dickinson, Mountain View, 
USA), during which at least 100,000 cells were counted to measure the circulating fraction of 
labelled erythrocytes. Circulating plasma volume was calculated from circulating erythrocyte 
volume (Vrbc) and large vessel hematocrit (Hsys) by the formula: Circulating plasma volume 
= {(1-Hsys) * Vrbc} / Hsys (18). 

Dextran 40 is used as a probe to estimate total intravascular volume, which includes the 
glycocalyx compartment (14,16,17,19). A bolus of 10 ml Dextran 1 (Promiten, NPBI 
International BV, Emmercompascuum, the Netherlands) was injected to attenuate the risk for 
anaphylactic reactions. At least 1 hour later, 100 ml Dextran 40 (Rheomacrodex, NPBI 
International BV, Emmercompascuum, the Netherlands) was injected intravenously, followed 
by repeated blood sampling at 5, 7, 10, 15, 20 and 30 minutes. Dextran 40 concentration was 
calculated by measuring the increase in glucose concentration in the post-infusion samples 
after hydrolyzation of Dextran 40 glucose polymers (19). Glucose concentration per time point 
was assessed in duplicate using the hexokinase method (Gluco-quant, Hitachi 917, Hitachi 
Corporation). To determine the initial intravascular distribution volume of Dextran 40, the 

Glycocalyx and Microalbuminuria 

max 
page 77

 
Composite

Tuesday, July 24, 2007 13:29



78 

concentration of Dextran 40 at the time of injection was estimated by exponential fitting of the 
measured Dextran 40 concentrations.  

 
Visualization of the capillary endothelial glycocalyx 

To determine the thickness of the endothelial glycocalyx in individual capillary blood vessels, 
we used orthogonal polarization spectral (OPS) imaging of the sublingual microcirculation 
(Cytoscan ®, Cytometrics, Philadelphia, PA) which has been validated extensively (20, 21). 
Preceding the systemic glycocalyx volume measurement, images were obtained with a x5 
objective (on screen magnification x 650). A total of five representative sublingual capillaries 
per person (n=21; 7 healthy control and 14 DM1) were identified for microvascular 
glycocalyx analysis. As previously reported, the change in capillary red cell column width 
following capillary leukocyte passage can be used to provide an estimate of the anatomic 
capillary diameter (i.e. glycocalyx compressed, Dcap_anat) whereas the red cell column width 
prior to leukocyte passage reflects the functionally perfused capillary diameter (Dcap_func) 
(22). Subsequently, subtracting functional capillary diameter from anatomic capillary diameter 
{(Dcap_anat - Dcap_func)/2} provides an estimate of individual capillary glycocalyx 
thickness. Measurements and analysis of the images were performed with Image Pro Plus ® 
(Mediacybernetics, Silverspring, MD, USA) by the same person, who was unaware of the clinical 
details of the participants.  

 
Statistical analysis 

All results are expressed as mean ± SE except those listed in Table 1 (mean ± SD). 
Differences between groups were tested by Kruskal-Wallis test. Mann Whitney U test (two-
tailed) was used for comparison of vascular volume compartment determinants and unpaired 
Student’s t-test (two-tailed) for all other parameters. Statistical differences were first 
calculated for all DM1 patients versus controls and then separately for DM1-NA versus DM1-
MA. Correlation coefficients between systemic glycocalyx volume and microvascular 
glycocalyx thickness and biochemical parameters were calculated with the Spearman's rank 
correlation test (two-tailed). A probability value of < 0.05 was considered significant. 
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Results 
Baseline parameters 

Clinical characteristics of subjects are listed in Table 1. Compared to healthy controls, DM1 
patients had higher fasting plasma glucose and glycosylated hemoglobin levels (Table 1). 
Between DM1-NA and DM1-MA patients, ACR and plasma creatinin were significantly 
different (Table 1).  

 
Systemic glycocalyx volume 

All procedures during the test day were well-tolerated and no adverse events occurred during 
systemic glycocalyx volume measurements. Systemic glycocalyx volumes were significantly 
decreased in DM1 patients compared to controls (CON: 1.5 ± 0.1 versus DM1: 0.5 ± 0.1 liters, 

Table 1. Clinical characteristics of the study subjects 

  CON 
(n=7) 

DM1-NA 
(n=7) 

DM1-MA 
(n=7) 

Duration of diabetes (years)   29 ± 13 32 ± 7 
Daily insulin use, IE   50 ± 18 48 ± 17 
Age, years 52 ± 11 47 ± 12 51 ± 10 
BMI, kg/m2 24 ± 4 23 ± 2 24 ± 3 
Smoking (y/n) 0/7 0/7 0/7 
Systolic blood pressure, mmHg 134 ± 18 137 ± 10 150 ± 17 
Diastolic blood pressure, mmHg 74 ± 10 77 ± 7 80 ± 9 
HR, bpm 64 ± 7 64 ± 10 70 ± 10 
Fasting plasma glucose (mmol/L) 5.1 ± 0.4 9.1 ± 2.4 * 9.3 ± 2.2 * 
TC, mmol/L 4.8 ± 0.8 4.8 ± 1.0 4.8 ± 0.8 
LDL-C, mmol/L 3.0 ± 0.6 2.9 ± 0.9 2.6 ± 0.8 
HDL-C, mmol/L 1.5 ± 0.3 1.6 ± 0.4 1.9 ± 0.4 
TG, mmol/L 0.6 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 
ACR, mg/mmol 0.4 ± 0.1 0.8 ±0.7 30 ± 27 *# 
Plasma Creatinine, µmol/L 69 ± 6 67 ± 6 86 ± 11*# 
ASAT, U/L 21.9 ± 5.9 23.9 ± 4.6 24.0 ± 5.0 
ALAT, U/L 22.0 ± 11.6 22.6 ± 8.1 19.3 ± 5.1 
HbA1c, % 5.2 ± 0.3 7.7 ± 0.6* 8.3 ± 1.0* 
hsCRP, mg/L 1.3 ± 1.1 1.6 ± 1.2 2.8 ± 1.6 
Values represent mean ± SD. BMI indicates body mass index; HR, heart rate; TC, total 
cholesterol; LDL, low-density cholesterol; HDL, High-density cholesterol; TG, triglycerides; 
ASAT, aspartate aminotransferase; ALAT, alanine aminotransferase. * p < 0.05 controls 
versus DM1. # p < 0.05 DM1-NA versus DM1-MA. 
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p< 0.01, Figure 1a). Markedly, the reduction in systemic glycocalyx volume was significantly 
higher in DM1-MA compared to DM1-NA (0.2 ± 0.1 and 0.8 ± 0.4 liters respectively, p<0.05, 
Figure 1a). Changes in Dextran 40 distribution volumes were predominantly responsible for 
the decreased systemic glycocalyx volume in DM1 (CON: 4.5 ± 0.7 versus DM1-NA: 3.7 ± 
0.9 and DM1-MA: 3.4 ± 0.6 liters), as evidenced by the changed Dextran 40 clearance curves 
(see Figure 1b). Circulating plasma volumes were not significantly different (CON: 3.0 ± 0.4 
versus DM1-NA: 2.9 ± 0.4 and DM1-MA: 3.2 ± 0.5 liters, n.s.). Hematocrit values were 
comparable between groups and did not change during Dextran 40 infusion (data not shown). 

 

0.04

0.05

0.06

0.07

0.08

0.09

0 10 20 30 40

Time after infusion of Dextran 40 (min)

[D
40

] i
n 

pl
as

m
a 

(m
m

ol
/l)

 

Figure 1a. Systemic glycocalyx volumes 
are decreased in DM1 patients (group 2 
and 3) compared to matched controls 
(group 1). Between DM1 patients, 
reduction was highest in DM1-MA (group 
3) compared to DM1-NA (group 2). * p < 
0.05 and # p < 0.01 

Figure 1b. Plasma dextran 40 clearance 
curves in matched control subjects 
(diamonds), DM1-NA (squares) and DM1-
MA (triangles). In DM1, the rate of Dextran 
40 plasma clearance is increased compared to 
matched controls. Values on each time point 
are expressed as mean ± SE.  
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Microvascular glycocalyx volume 

Glycocalyx thickness in sublingual capillaries was reduced in DM1 patients compared to 
controls (CON: 0.9 ± 0.1 µm versus DM1: 0.5 ± 0.1 µm p<0.01) with a non significant 
difference between DM1-NA and DM1-MA ( 0.5 ± 0.1 µm and 0.4 ± 0.1 µm respectively, see 
Figure 2a). The reduced glycocalyx thickness in DM1 patients was accompanied by a modest 
reduction in anatomic capillary diameter compared to controls (CON: 6.8 ± 0.2 µm versus 
DM1-NA: 5.7 ± 0.1 µm and DM1-MA: 5.0 ± 0.2 µm, p< 0.05). In addition, a close correlation 
was found between systemic glycocalyx volume and sublingual glycocalyx thickness in all 
subjects (r = 0.73, p < 0.01, see Figure 2b). 

 

Figure 2a. Capillary glycocalyx thickness is 
reduced in DM1 (middle and right bar) 
compared to age matched healthy controls 
(left bar). Individual capillary glycocalyx 
thickness is estimated from the transient 
widening of the erythrocyte column upon 
compression of the glycocalyx during 
capillary leukocyte passage. # p < 0.01 

Figure 2b. Relation between systemic 
glycocalyx volume and sublingual capillary 
glycocalyx thickness in matched control 
subjects (diamonds), DM1-NA (squares) 
and DM1-MA (triangles). 
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Systemic biochemical markers of glycocalyx perturbation 

Plasma levels of hyaluronan were increased in DM1 (DM1: 118 ± 9 versus CON: 65 ± 8 ng/
mL, p< 0.01) with a further increase in DM1-MA (DM1-MA: 136 ± 29 versus DM1-NA: 100 
± 17 ng/mL, p<0.05, Figure 3a). Plasma hyaluronidase levels were increased in DM1 patients 
(DM1: 236 ± 8 versus CON: 170 ± 19 U/mL, p<0.01) with a trend towards higher values in 
DM1-MA (DM1-MA: 240 ± 13 and DM1-NA: 232 ± 10 U/mL, Figure 3b). Plasma 
hyaluronan and hyaluronidase ( r = - 0.75 and - 0.66, p < 0.01, respectively), plasma creatinin 
(r = - 0.58, p < 0.05) and ACR (r = - 0.54, p < 0.05) were inversely correlated with systemic 
glycocalyx volume. Systemic glycocalyx volume showed no correlation with fasting plasma 
glucose (r = - 0.31, ns), but there was a trend for HbA1c (r = - 0. 41, p=0.06). 

 
 

Discussion 
In the present study we show that systemic glycocalyx volume is markedly reduced in patients 
with longstanding DM1 compared to normoglycemic controls. In fact, the magnitude of 
systemic glycocalyx reduction was largest in DM1 patients with microalbuminuria. Using 
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Figure 3a. Circulating hyaluronan levels 
increase in a stepwise manner from controls to 
DM1-NA and DM1-MA. Data are presented as 
means ± SE. * p < 0.05 and # p < 0.01 

Figure 3b. Plasma hyaluronidase activity is 
increased in DM1 patients compared to controls. 
Data are presented as means ± SE. * p < 0.05 
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OPS imaging of the sublingual microcirculation, we were also able to confirm the reduction of 
glycocalyx volume in DM1 patients at the level of the microcirculation. The reduction of 
systemic glycocalyx volume was correlated with increased levels of circulating hyaluronan 
and its degrading enzyme hyaluronidase. The close relation between glycocalyx perturbation 
and microvascular complications in DM1 warrants further studies to assess whether loss of 
glycocalyx may actually be a causal factor for vascular complications in DM1.  

 
Systemic and microvascular glycocalyx reduction in patients with type 1 
diabetes 

Previously, we have validated the estimation of glycocalyx volume by comparison of 
erythrocyte and Dextran 40 distribution volumes in individual vessels and in vivo (14,16,17). 
The size of systemic glycocalyx volume in healthy controls is in line with its predicted 
dimensions, based on a thickness between 0.5 to 3.0 μm (23-24) and an estimated endothelial 
surface area between 1000 and 7000 m2 (25). Microvascular OPS imaging of glycocalyx 
thickness in sublingual capillaries further substantiated our systemic findings. In analogy with 
our previous findings of glycocalyx perturbation during acute hyperglycemia in healthy 
individuals (14), a marked reduction in systemic glycocalyx volume was observed in DM1 
patients. In fact, overall systemic glycocalyx volume was reduced to 40-50% of the volume 
observed in matched normoglycemic controls with an even more profound reduction in DM1 
patients characterized by microalbuminuria. In addition, we also found a trend between 
HbA1c levels and glycocalyx volume, whereas no correlation was found for fasting plasma 
glucose levels. Therefore, the impact of (long term) glucose regulation on glycocalyx volume 
will have to be addressed in a larger cohort of DM1 patients. 

Interestingly, the reductions in Dextran 40 intravascular distribution volumes in DM1 
patients are not accompanied by concomitant increases in circulating blood volume. The latter 
implies that the lost glycocalyx volume is apparently compensated for by a reduction in total 
vascular volume. Since the majority of the glycocalyx volume is located within the 
microvasculature, these changes should become apparent at the level of the capillaries. Indeed, 
we observed a significant reduction in anatomic capillary dimensions in DM1. The mechanism 
by which glycocalyx loss leads to a decrease in capillary diameter needs further study. One of 
the mechanisms could relate to the formation of peri-capillary edema, which has been shown 
to cause a reduction of capillary diameters following glycocalyx degradation upon 
hyaluronidase infusion in rats (10). In analogy, reductions in capillary volume have been 
consistently reported in animal models of both acute and chronic hyperglycemia (26-28). 
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Possible mechanisms of glycocalyx perturbation 

Glycocalyx thickness depends on the rate of synthesis and shedding of glycosaminoglycans. 
Over the last years, we and others have demonstrated that hyaluronan is an important 
component of the endothelial glycocalyx and hyperglycemia is associated with increased 
synthesis of hyaluronan both in humans and in-vitro models (14, 29, 30). Moreover, recent 
animal studies have shown that the endothelial glycocalyx is an important component of the 
glomerular barrier, the magnitude of which firmly decreases after hyaluronidase infusion (31-
33). The observation of both increased hyaluronan and hyaluronidase levels in both plasma 
and kidney of diabetic animal models is consistent with our present finding in DM1 subjects, 
correlating the reduction in glycocalyx volume with enhanced shedding of these components 
(29, 34). So far six hyaluronidase regulating genes have been identified in humans, of which 4 
are functionally active and the presence of renal hyaluronidase activity has long been 
recognized (35, 36). It is tempting to speculate that genetically determined changes in 
hyaluronan and hyaluronidase metabolism may contribute to the sensitivity towards 
glycocalyx perturbation, which can be associated with the likelihood of developing vascular 
dysfunction in DM1.  

 
Study limitations 

Due to the relatively small sample size, we were unable to perform multivariate analysis in 
order to identify determinants predictive for glycocalyx damage. In fact, we chose to include a 
homogenous group of DM1 patients with or without microalbuminuria. The clear difference 
between patient categories and controls underscores potential clinical relevance of the 
observation. Secondly, the accuracy of glycocalyx volume estimates is largely determined by 
the accuracy of Dextran 40 distribution volume estimates. Because of its small size and neutral 
charge, Dextran 40 is also cleared from the circulation. Therefore, we estimated the 
intravascular Dextran 40 concentrations before vascular leakage or renal clearance by 
extrapolating Dextran 40 concentrations to the time of injection. As can be appreciated from 
the clearance curve in figure 1b, the error of the estimated initial Dextran 40 concentration is 
relatively small and will therefore have no major impact on the estimates of glycocalyx 
volume. Finally, whereas the microvasculature with its large endothelial surface area contains 
the majority of systemic glycocalyx volume, the macrovasculature determines the circulating 
blood volume. So, decreased glycocalyx volume with stable blood volume could also indicate 
selective loss of microvascular capillary volume. However, in the present study this scenario is 
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highly unlikely. Thus, capillary density and dimension between DM-NA versus DM-MA 
during OPS imaging were not significantly different, in spite of a significant decline in 
glycocalyx volume.  

 
Clinical implications 

The finding of a gradual reduction in glycocalyx volume in association with the presence of 
microalbuminuria in DM1 subjects emphasizes the generalized nature of glycocalyx 
perturbation in the development of diabetes related microvascular disease. Further studies are 
needed to address whether glycocalyx perturbation indicates a poor vascular outcome and 
whether restoration of the glycocalyx is a valuable target to prevent vascular disease 
progression.  

 
Acknowledgements 

Hans Vink is an established investigator of the Netherlands Heart Foundation (dr E. Dekker 
program 2005T037). John J.P. Kastelein is a clinical established investigator of the 
Netherlands Heart Foundation (2000D039). 

 
Designations 

J.A.E. Spaan, M. Diamant, R.J. Heine, J.B.L. Hoekstra, J.J.P. Kastelein, E.S.G. Stroes and H. 
Vink designed the study. M. Nieuwdorp, J. Kroon, H.L. Mooij, F. Holleman and B. Atasever 
performed the research. C. Ince contributed the analytic tools (OPS). M. Nieuwdorp, E.S.G. 
Stroes and H. Vink analyzed the data and drafted the paper. All authors critically reviewed the 
manuscript. 

 
 

References 

1. The Diabetes Control and Complications Trial Research Group. The effect of intensive treatment of 
diabetes on the development and progression of long-term complications in insulin-dependent 
diabetes mellitus. N Engl J Med. 1993;329(14):977-86. 

2. Nathan DM, Lachin J, Cleary P, Orchard T, Brillon DJ, Backlund JY, O’Leary DH, Genuth S. 
Intensive diabetes therapy and carotid intima-media thickness in type 1 diabetes mellitus. N Engl J 
Med. 2003; 348(23):2294-303. 

3. Rossing P, Hougaard P, Borch-Johnsen K, Parving HH. Predictors of mortality in insulin dependent 
diabetes: 10 year observational follow up study. BMJ;313(7060):779-84. 

4. Kornerup K, Nordestgaard BG, Feldt-Rasmussen B, Borch-Johnsen K, Jensen KS, Jensen JS. 
Increased transvascular low density lipoprotein transport in insulin dependent diabetes: a 
mechanistic model for development of atherosclerosis. Atherosclerosis. 2003;170(1):163-8. 

Glycocalyx and Microalbuminuria 

max 
page 85

 
Composite

Tuesday, July 24, 2007 13:29



86 

5. Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature. 2001;414
(6865):813-20. 

6. Writing Team for the Diabetes Control and Complications Trial/Epidemiology of Diabetes 
Interventions and Complications Research Group. Sustained effect of intensive treatment of type 1 
diabetes mellitus on development and progression of diabetic nephropathy: the Epidemiology of 
Diabetes Interventions and Complications (EDIC) study. JAMA. 2003;290(16):2159-67. 

7. Hovind P, Tarnow L, Rossing K, Rossing P, Eising S, Larsen N, Binder C, Parving HH. Decreasing 
incidence of severe diabetic microangiopathy in type 1 diabetes. Diabetes Care. 2003;26(4):1258-64. 

8. Deckert T, Feldt-Rasmussen B, Borch-Johnsen K, Jensen T, Kofoed-Enevoldsen A. Albuminuria 
reflects widespread vascular damage. The Steno hypothesis. Diabetologia. 1989;32(4):219-26. 

9. van Haaren PM, VanBavel E, Vink H, Spaan JA. Localization of the permeability barrier to solutes in 
isolated arteries by confocal microscopy. Am J Physiol Heart Circ Physiol. 2003 ;285(6):H2848-56. 

10. van den Berg BM, Vink H, Spaan JA. The endothelial glycocalyx protects against myocardial edema. 
Circ Res. 2003 ;92(6):592-4. 

11. Henry CB, Duling BR. Permeation of the luminal capillary glycocalyx is determined by hyaluronan. 
Am J Physiol 1999;277(2Pt2):H508-14. 

12. Nieuwdorp M, Meuwese MC, Vink H, Hoekstra JB, Kastelein JJ, Stroes ES. The endothelial 
glycocalyx: a potential barrier between health and vascular disease. Curr Opin Lipidol. 2005;16
(5):507-11. 

13. Constantinescu AA, Vink H, Spaan JA. Endothelial cell glycocalyx modulates immobilization of 
leucocytes at the endothelial surface. Art Thromb Vasc Biol 2003;23(9):1541-7. 

14. Nieuwdorp M, van Haeften TW, Gouverneur MCLG, Mooij HL, van Lieshout MHP, Levi M, Meijers 
JCM, Holleman F, Hoekstra JBL, Vink H, Kastelein JJP and Stroes ESG. Loss of Endothelial 
Glycocalyx during Acute Hyperglycemia Coincides with Endothelial Dysfunction and Coagulation 
Activation in vivo. Diabetes 55(2):480-6 

15. Frost GI, Stern R. A microtiter-based assay for hyaluronidase activity not requiring specialized 
reagents. Anal Biochem. 1997;251(2):263-9. 

16. Vink H, Duling BR. Identification of distinct luminal domains for macromolecules, erythrocytes, and 
leukocytes within mammalian capillaries. Circ Res. 1996;79(3): 581-9. 

17. Vink H, Duling BR. Capillary endothelial surface layer selectively reduces plasma solute distribution 
volume. Am J Physiol Heart Circ Physiol. 2000; 278(1):H285-9. 

18. Orth VH, Rehm M, Thiel M, Kreimeier U, Haller M, Brechtelsbauer H, Finsterer U. First clinical 
implications of perioperative red cell volume measurement with a nonradioactive marker (sodium 
fluorescein). Anesth Analg. 1998 ;87(6):1234-8. 

19. van Kreel BK, van Beek E, Spaanderman ME, Peeters LL. A new method for plasma volume 
measurements with unlabeled Dextran-70 instead of 125I-labeled albumin as an indicator. Clin Chim 
Acta. 1998 ;275(1):71-80. 

20. Groner W, Winkelman JW, Harris AG, Ince C, Bouma GJ, Messmer K, Nadeau RG. Orthogonal 
polarization spectral imaging: a new method for study of the microcirculation. Nature Med. 1999;5
(10):1209-12. 

21. Mathura KR, Vollebregt KC, Boer K, De Graaff JC, Ubbink DT, Ince C. Comparison of OPS imaging 
and conventional capillary microscopy to study the human microcirculation. J Appl Physiol. 2001;91
(1):74-8. 

22. Han Y., Weinbaum S., Vink H. Large deformation analysis of the elastic recoil of fiber layers in a 
Brinkman medium with application to the endothelial glycocalyx. Journal of Fluid Mechanics 2006; 
554: 217-35. 

Chapter 6 

max 
page 86

 
Composite

Tuesday, July 24, 2007 13:29



87 

23. Klitzman B and Duling BR. Microvascular hematocrit and red cell flow in resting and contracting 
striated muscle. Am.J.Physiol 1979;237:H481-H490. 

24. Desjardins C, Duling BR. Microvessel hematocrit: measurement and implications for capillary oxygen 
transport. Am.J.Physiol 1987; 252:H494-H503 

25. Aird WC. Endothelium as an organ system. Crit Care Med. 2004;32:S271-9. 
26. Sexton W, Poole DC, Mathieu-Costello O. Microcirculatory structure-function relationships in skeletal 

muscle of diabetic rats. Am.J.Physiol 1994;266:H1502-H1511 
27. Kindig CA, Sexton WL, Fedde MR, Poole DC. Skeletal muscle microcirculatory structure and 

hemodynamics in diabetes. Respir.Physiol 1998;111:163-175 
28. Zuurbier CJ, Demirci C, Koeman A, Vink H, Ince C. Short-term hyperglycemia increases endothelial 

glycocalyx permeability and acutely decreases lineal density of of capillaries with flowing RBC’s. J 
Appl Physiol. 2005;99(4):1471-6. 

29. Ikegami-Kawai M, Okuda R, Nemoto T, Inada N, Takahashi T. Enhanced activity of serum and 
urinary hyaluronidases in streptozotocin-induced diabetic Wistar and GK rats. Glycobiology. 2004;14
(1):65-72 

30. Wang A, Hascall VC. Hyaluronan structures synthesized by rat mesangial cells in response to 
hyperglycemia induce monocyte adhesion. J Biol Chem. 2004 279:10279-85. 

31. Deen WM. What determines glomerular capillary permeability? J Clin Invest. 2004;114(10):1412-4. 
32. Jeansson M, Haraldsson B. Glomerular size and charge selectivity in the mouse after exposure to 

glucosaminoglycan-degrading enzymes. J Am Soc Nephrol. 2003;14(7):1756-65. 
33. Jeansson M, Haraldsson B. Morphological and functional evidence for an important role of the 

endothelial cell glycocalyx in the glomerular barrier. Am J Physiol Renal Physiol. 2006;290(1):F111-6. 
34. Ikegami-Kawai M, Suzuki A, Karita I, Takahashi T. Increased hyaluronidase activity in the kidney of 

streptozotocin-induced diabetic rats. J Biochem. 2003;134(6):875-80. 
35. Csoka AB, Frost GI, Stern R. The six hyaluronidase-like genes in the human and mouse genomes. 

Matrix Biol. 2001;20:499-508. 
36. Bollet AJ, Bonner WM, Nance JL. The presence of hyaluronidase in various mammalian tissues. J. 

Biol. Chem 1963;238:3522-3527. 

Glycocalyx and Microalbuminuria 

max 
page 87

 
Composite

Tuesday, July 24, 2007 13:29



max 
page 88

 
Composite

Tuesday, July 24, 2007 13:29



7 
Tumor Necrosis 
Factor-α inhibition 
protects against 
endotoxin-induced 
endothelial glycocalyx 
perturbation  

Max Nieuwdorp 
Marijn C Meuwese 
Miriam HP van Lieshout 
Marcel Levi 
Joost CM Meijers 
Can Ince 
John JP Kastelein 
Hans Vink 
Erik SG Stroes 
 
submitted 

max 
page 89

 
Composite

Tuesday, July 24, 2007 13:29



90 

Abstract 

Objective: Inflammatory stimuli profoundly increase the vulnerability of the 
vessel wall to atherogenesis. The glycocalyx, a layer of glycosaminoglycans and 
proteoglycans covering the endothelium, has recently emerged as an 
orchestrator of vascular protection. In the present study, we investigated 
whether endotoxin-induced inflammatory reactions lead to a decrease of 
glycocalyx volume in humans and whether Tumour Necrosis Factor-α (TNFα) 
plays a role in this process. 

Design, subjects and intervention: Healthy male volunteers received a 
low-dose endotoxin intravenously, with (n=8) or without (n=8) pre-treatment with 
the soluble TNFα receptor Etanercept. Systemic and microvascular glycocalyx 
were estimated at baseline and 4 hours after endotoxin challenge.  

Results: Endotoxin resulted in a profound reduction in glycocalyx volume 
(from 1.8±0.6 to 0.6±0.3 litres; p<0.05) as well as microvascular glycocalyx 
thickness (decrease 49%; p<0.01). Concomitantly, plasma levels of the principal 
glycocalyx constituent hyaluronan (60±4 to 82±8 ng/mL, p<0.05), monocyte 
activation and coagulation activation (F1+2; 0.3±0.1 to 3.2±0.5 nmol/L, p<0.01) 
increased. Inhibition of TNFα by Etanercept attenuated loss of systemic 
glycocalyx volume (from 1.7±0.5 to 1.1±0.2 litres, p<0.05) as well as loss of 
microvascular glycocalyx thickness (decrease 35%, p<0.05). Changes in 
hyaluronan (58±7 to 46±3 ng/mL, p<0.05) and coagulation activation (F1+2: 
0.3±0.1 to 2.1±0.4 nmol/L, p<0.05) were also attenuated.  

Conclusions: These data suggest that inflammatory activity, in part 
mediated by TNFα, leads to perturbation of the endothelial glycocalyx. This may 
contribute to the inflammation-induced increase in vascular vulnerability.  
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P atients with chronic inflammatory disorders, such as rheumatoid arthritis and systemic 
lupus erythematodes, often suffer from accelerated atherogenesis (1-3). Elevated levels 

of endotoxin in the human bloodstream have also been associated with an elevated risk for 
atherosclerosis (4), and repeated administration of endotoxin has been shown to profoundly 
increase atherosclerotic lesion formation in an atherogenic mouse model (5). Even single 
inflammatory challenges, such as vaccination, infusion of C-reactive protein (CRP) or 
endotoxin administration have been associated with endothelial dysfunction in humans (6-8). 
Collectively, these data suggest that inflammatory stimuli increase the vulnerability of the 
vessel wall to atherogenesis. The exact pathways contributing to the increased vulnerability, 
characterized by endothelial dysfunction, increased vascular permeability and increased 
leukocyte and platelet aggregation, have not been fully elucidated (9).  

Recently, the endothelial glycocalyx has been put forward as an orchestrator of vascular 
homeostasis (10). This intraluminal layer, mainly consisting of heparan sulphate and 
hyaluronan, is instrumental for regulating vascular permeability (11, 12). Perturbation of the 
glycocalyx is also accompanied by increased leukocyte and platelet adhesion in experimental 
models (13, 14). Reconstitution of the glycocalyx, on the other hand, fully restores the 
protective properties of the vessel wall (11, 13). Tumour Necrosis Factor-α (TNFα) is one of 
the factors that has been shown to disrupt endothelial glycocalyx in an experimental model 
(15). This was closely correlated with increased vascular permeability as well as endothelial 
dysfunction. In humans, we recently showed that hyperglycaemia is characterized by 
glycocalyx perturbation, coinciding with endothelial dysfunction and coagulation activation 
(16).  

We hypothesized that acute inflammatory stimuli adversely affect the endothelial 
glycocalyx in humans, thus augmenting vascular vulnerability. Therefore, we evaluated the 
effect of a standardized inflammatory challenge (endotoxin 1 ng/kg) on glycocalyx volume, as 
well as on endothelial function, coagulation and inflammatory markers. To specifically 
address the role of TNFα, experiments were performed with or without pre-treatment with the 
soluble TNFα receptor Etanercept.  

 

Materials and methods 
Study design 

Sixteen healthy Caucasian male volunteers were studied (Table 1). The study was approved 
by the Institutional Review Board of the Academic Medical Centre, Amsterdam and written 
informed consent was obtained from all volunteers. Participants had no history of 
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cardiovascular disease. Subjects did not smoke, did not use any medication and were free from 
any febrile illness in the month preceding the study. Medical history, physical examination, 
routine laboratory examination, electrocardiogram and chest X-ray were normal and 
comparable. All experiments were performed after an overnight fast. A baseline measurement 
comprising systemic glycocalyx volume, microvascular glycocalyx thickness and 
biochemistry was performed in all subjects. Five days later, subjects were randomized to 
intramuscular injection of either saline (n=8) or Etanercept (n=8; Enbrel® 50 mg, Wyeth 
Pharmaceuticals, Madison, NJ, USA). After 48 hours, all subjects received a bolus injection of 
endotoxin intravenously (1ng/kg body weight), United States Pharmacopeial Convention Inc, 
Rockville, MD, USA). The incidence, time and severity of clinical symptoms associated with 
endotoxemia were recorded as previously published (17). After the endotoxin infusion, vital 
signs including blood pressure, heart rate and body temperature were measured at regular 
intervals. Systemic glycocalyx volume and microvascular glycocalyx thickness were 
measured approximately 4 hours after endotoxin infusion but at the same time of day as the 
baseline measurement. 
 
Estimation of systemic glycocalyx volume  

Systemic glycocalyx volume was estimated as previously published by subtracting circulating 
plasma volume from the intravascular distribution volume of the glycocalyx permeable tracer 
Dextran 40 (16, 18). Circulating plasma volume was calculated with a previously published 
method (19). The intravascular distribution volume of labelled autologous erythrocytes was 
used to quantify the circulating blood volume. Blood was drawn and centrifuged at 1,330 rpm 
for 5 minutes. Subsequently, sodium fluorescein (fluorescein-di-Na 25%, 250 mg/ml, AZUA 
Pharmacy, Amsterdam, the Netherlands) was added to the erythrocyte fraction for 5 minutes. 
After careful washing, labelled erythrocytes were resuspended in saline and infused. 
Subsequently, blood was drawn at 4, 5, 6, and 7 minutes after infusion and the percentage of 
labelled erythrocytes was measured using flow cytometry (FACSCalibur; Becton Dickinson, 
Mountain View, CA, USA). The fraction of labelled erythrocytes in the total erythrocyte pool 
was used to estimate the circulating erythrocyte volume (VERY). Pre-injection erythrocytes (t= 
-1 min) served as negative controls. Haematocrit (Ht) was measured after centrifugation of 
heparinized blood in a Hettich-Haematokrit centrifuge at 10,000 rpm during 5 minutes 
(Hettich, Tuttlingen, Germany). Circulating plasma volume was calculated from VERY and 
large vessel Ht by the following formula: circulating plasma volume = ([1 – Ht] x VERY)/Ht. 
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Dextran 40 (Rheomacrodex; NPBI International, Emmercompascuum, the Netherlands) 
was used as a probe to estimate total intravascular volume, which includes the glycocalyx 
compartment. A bolus of 10 ml Dextran 1 (Promiten; NPBI International, 
Emmercompascuum, the Netherlands) was injected to attenuate the risk of anaphylactic 
reactions prior to Dextran 40 infusion. 100 ml Dextran 40 was injected intravenously, 
followed by repeated blood sampling at 3, 5, 7, 10, 15, 20, and 30 minutes. Dextran 40 
concentration was calculated by measuring the increase in glucose concentration in the post 
infusion samples after hydrolyzation of Dextran 40 glucose polymers (20). Glucose 
concentration per time point was assessed in duplicate using the hexokinase method (Gluco-
quant, Hitachi 917; Hitachi). To determine the initial intravascular distribution volume of 
Dextran 40, the concentration of Dextran 40 at the time of injection was estimated by 
exponential fitting of the measured Dextran 40 concentrations. Exponential time constants (t 
[min]) were used to determine Dextran 40 systemic clearance rates (t-1 min-1). 

 
Estimation of microvascular glycocalyx  

Thickness of endothelial glycocalyx in individual capillary blood vessels was measured by 
orthogonal polarization spectral (OPS) imaging of the sublingual microcirculation 
(Cytometrics, Philadelphia, PA, USA) as previously published (16, 35). In short, the width of 
flowing erythrocytes was measured in 5 individual capillaries before and immediately after 
capillary leukocyte passage. In healthy capillaries, the glycocalyx limits capillary blood filling 
by separating erythrocytes from the luminal endothelial surface, which is known as the red cell 
exclusion zone. Under steady-state conditions, this red cell exclusion zone represents an upper 
bound on the maximum possible thickness of the endothelial glycocalyx. Since leukocytes 
transiently compress the capillary endothelial glycocalyx, the corresponding transient 
widening of the capillary erythrocyte column can be used to estimate capillary glycocalyx 
dimension (22). Images (sized 720×576 pixels) were recorded were collected with a 5× 
objective providing a 325× magnification at a frame rate of 25/second. Analysis of the images 
was performed with Image Pro Plus (Media Cybernetics, Silverspring, MD, USA) by one single 
observer, who was blinded for clinical details of the participants. 
 
Blood sampling and laboratory methods 

Blood samples were drawn from the subjects at the baseline measurement, as well as at t=0, 
and ½, 1, 3, 4 and 24 hours after endotoxin infusion. After centrifugation, aliquots were snap-
frozen in liquid nitrogen and stored at -80ºC. Leukocyte plasma concentrations as well as 
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subfractions were determined in EDTA plasma with standardized flow cytometric analysis. 
Plasma CRP levels were measured with a commercially available assay (Roche, Switzerland). 
Plasma soluble TNFα receptor type 2 (sTNFR2) levels were measured using an enzyme-linked 
immunosorbent assay (ELISA) (R&D Systems Inc, Minneapolis, MN, USA), as a marker of 
effective Etanercept administration as described previously (23). Plasma IL-6 levels, a 
cytokine induced by TNFα activity, were measured using Cytometric Bead Array technique 
(R&D systems, Minneapolis, MN, USA). Prothrombin activation fragment F1+2 (Dade 
Behring, Marburg, Germany) was measured by ELISA to estimate thrombin generation. D-
dimer levels were measured as a reflection of fibrin formation and subsequent endogenous 
fibrinolysis with an automated quantitative latex-particle immunoassay (Biomerieux, Durham, 
NC, USA). Quantitative plasma hyaluronan was measured by ELISA (Echelon Biosciences, 
Salt Lake City, UT, USA), which measures total amount (including low and high molecular 
weight) hyaluronan. Heparan sulphate was measured after serum pre-treatment with Actinase 
E (Sigma, St. Louis, MO, USA) by ELISA (Seikagaku Corporation, Tokyo, Japan). Total 
plasma hyaluronidase activity was determined with a previously published assay with minor 
modifications (24). In short, CovaLink plates (Nunc, Wiesbaden, Germany) were coated with 
biotinylated hyaluronan (0.2 mg/mL, HyluMed® Sterile IUO Sodium hyaluronate, Genzyme 
Corp, Cambridge, MA, USA). Plasma samples were diluted 800x and added to the plates for 
2.5 hours at 37ºC at pH 3.7. Bovine hyaluronidase (Sigma, St. Louis, MO, USA) was used for 
the standard curve. The remaining amount of hyaluronan was determined by binding of 
avidin-biotin complex (Vectastain, Vector Laboratories, Burlingame, CA, USA), followed by 
addition of o-phenylenediamine (OPD) and 30% H2O2. Plates were measured in a reader at 
OD 492 nm. 
 
Monocyte flow cytometry procedure 

Whole blood samples were collected in pyrogen-free lithium-heparin tubes and then incubated 
for 10 min with 9 volumes ice-cold erythrocyte lysis buffer and centrifuged for 10 min at 4ºC. 
Remaining cells were washed twice with ice-cold PBS. For flow cytometric analysis 0.5 x 106 
cells were incubated in FACS buffer mixed with antibody. All reagents were titrated to obtain 
optimal results as recommended by the manufacturers. Cell surface staining was performed 
with Fluorescein Isothiocyanate (FITC) labelled mouse anti-human CD14 (IgG2a), anti-
human Allophycocyanin (APC) labelled CD18 (IgG1) and Phycoerythrin (PE) labelled anti-
human CD11b (IgG1) and CD62L (IgG1) (R&D Systems, San Jose, CA, USA). Appropriate 
isotype control antibodies were used to correct for non-specific antibody binding. After 
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staining, the cells were washed, fixed in 4% paraformaldehyde, and analyzed by flow 
cytometry using a FACS Calibur flow cytometer. Data were analyzed with CellQuest software 
(Becton Dickinson, Franklin Lakes, NJ, USA).  
 
Statistical analysis 

All values are provided as means±SEM. Differences in baseline characteristics between the 
endotoxin-saline and the endotoxin-Etanercept group were analyzed by independent-samples 
T-test. Changes within treatment groups were analyzed by one-way analysis of variance. 
Changes between treatment groups were analyzed by two-way analysis of variance 
(interaction treatment and time). Correlations between systemic glycocalyx volume and other 
parameters were calculated with the Spearman’s rank correlation test (two tailed). P<0.05 was 
considered to represent a statistically significant difference.  
 

Table 1. Baseline characteristics 
  LPS-Etanercept LPS-saline 
Number of participants 8 8 
Sex (m/f) 8/0 8/0 
Age, years 24 ± 2 22 ± 1 
Weight, kg 78±2 76±3 
Length, centimeters 185 ± 3 183± 3 
BMI, kg/m2 22 ± 0.3 22 ± 0.2 
Systolic blood pressure, mmHg 125±3 122±4 

Diastolic blood pressure, mmHg 69±3 65±3 

HR, bpm 62±4 58±5 
Body temperature, °C 36.6±0.5 36.7±0.5 
Total cholesterol, mmol/L 4.2±0.2 4.2±0.2 
LDL cholesterol, mmol/L 2.4±0.2 2.3±0.2 
HDL cholesterol, mmol/L 1.5±0.1 1.6±0.1 
Triglycerides, mmol/L 0.6±0.1 0.5±0.1 
ASAT, U/L 27±2 24±3 
ALAT, U/L 23±3 21±2 
Fasting plasma glucose, mmol/L 4.8±0.1 4.9±0.1 
HbA1c, % 5.3±0.1 5.4±0.1 
Leukocytes, x10 E9 5.3±0.6 5.0±0.4 
CRP, mg/L 0.6±0.1 0.6±0.1 
soluble TNFR2, ng/mL 2.9 ± 0.5 2.1 ± 0.3 

Means ± SEM. 
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Figure 1a. Systemic glycocalyx volumes were 
determined before and after endotoxin challenge 
without or with Etanercept pre-treatment. Data 
are presented as mean ± SEM, *p<0.05, 
#p<0.01. 

Figure 1b. Plasma Dextran 40 clearance curves 
under baseline (open diamonds; closed diamonds), 
in the saline (closed squares) and Etanercept group 
(open squares). 4 hours after endotoxin infusion the 
rate of Dextran 40 plasma clearance was increased 
in the saline group as compared with Etanercept 
group. Depicted values on each time point are 
expressed as mean ± SEM.  
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Results 
Clinical responses to endotoxin infusion with or without Etanercept pre-
treatment 

Prior to endotoxin infusion, no differences in clinical characteristics were observed between 
the saline and the Etanercept group (Table 1). Infusion of endotoxin and systemic glycocalyx 
volume measurements were well tolerated and no serious adverse effects were encountered. 
Endotoxin infusion caused characteristic clinical symptoms, such as chills, headache, myalgia 
and nausea. These symptoms were transient in both groups, but occurred more frequently and 
more intensive in the saline group compared to the Etanercept group (data not shown). 
sTNFR2 levels were significantly increased after Etanercept pre-treatment (from 1.8±0.2 to 
520±34 ng/mL, p<0.0001), indicating that Etanercept effectively inhibited TNFα. Levels 
remained elevated 4 hours after endotoxin infusion in the Etanercept group (646±83 ng/mL), 
whereas sTNFR2 plasma levels were only slightly affected in the saline group (from 2.1±0.3 
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to 4.9±0.6 ng/mL 4 hours after endotoxin, p<0.05). Blood pressure, heart rate and body 
temperature significantly changed 4 hours after endotoxin infusion in the saline group 
(systolic blood pressure; from 122±4 to 118±2 mmHg, diastolic blood pressure; from 65±3 to 
52±3 mmHg, heart rate; from 58±5 to 84±3 and body temperature; from 36.7±0.5 to 
38.2±0.5ºC, p<0.05 compared to baseline for all parameters). Etanercept attenuated these 
changes (systolic blood pressure; from 125±3 to 123±3 diastolic blood pressure; from 69±3 to 
67±2 mm Hg, heart rate; from 62±4 to 69±3 and body temperature; from 36.6±0.5 to 
37.3±0.5ºC, ns compared to baseline for all parameters).  

 
Etanercept attenuated endotoxin-induced glycocalyx perturbation 

Baseline systemic glycocalyx volumes were comparable between the two groups (saline 
group: 1.8±0.6 versus Etanercept group: 1.7±0.5 litres, ns). Systemic glycocalyx volumes 
were significantly reduced after endotoxin infusion in the saline group (to 0.6±0.3 L, p<0.01), 

TNFα and glycocalyx damage  

Figure 2. Plasma hyaluronan levels (A) and hyaluronidase activity (B) in human volunteers challenged with 
endotoxin without (dots) or with Etanercept pre-treatment (diamonds). Data are presented as means ± 
SEM (*p<0.05 vs. baseline, # p<0.05 between groups).  
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Figure 3. Markers of inflammation were assessed by plasma IL-6 levels (A, without (dots) or with 
(diamonds) Etanercept pre-treatment) and plasma CRP plasma levels (B, without (black bars) and with 
(white bars) Etanercept pre-treatment) during endotoxin challenge in human volunteers. Activation of 
coagulation (C, as assessed by prothrombin fragments 1+2) and fibrinolysis (D, determined by D-dimer 
levels) parameters are depicted. Data are presented as mean ± SEM (*p<0.05 vs. baseline, † p<0.01 vs. 
baseline, # p<0.05 between groups).  
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predominantly due to a reduction in Dextran 40 distribution volume (4.7±0.2 to 3.6±0.2 L, 
p<0.05, see Figures 1a and b). Circulating plasma volumes (2.9±0.2 to 3.0±0.2 L, ns) and 
haematocrit values (0.42±0.01 to 0.41±0.01%, ns) were not affected. In addition, endotoxin 
resulted in a twofold increase of the systemic clearance rate (t-1) of Dextran 40 (from 
0.008±0.002 to 0.016±0.003 min-1, p<0.05). Etanercept attenuated endotoxin-induced 
glycocalyx volume loss (to 1.1±0.2 L, p<0.05) based on a smaller reduction in Dextran 40 
distribution volume (4.6±0.3 to 3.9±0.2 L, p<0.05) without affecting circulating plasma 
volume (2.9±0.1 to 2.8±0.2 L, ns), haematocrit values (0.43±0.01 to 0.42±0.01%, ns) or 
systemic Dextran 40 clearance rate (0.009±0.002 to 0.009±0.001 min-1, ns). With regard to 
microvascular glycocalyx, endotoxin infusion led to a solid reduction in microvascular 
glycocalyx thickness of 49% in the saline group (from 0.59±0.04 to 0.30±0.05 µm, p<0.01). 
Loss of glycocalyx resulted in increased capillary blood filling as reflected by an increased 
width of the capillary erythrocyte column (from 4.2±0.1 to 4.9±0.2 µm, p<0.05) prior to 
leukocyte passage. No apparent changes were detected in the anatomic capillary diameters 
(from 5.4±0.2 to 5.5±0.2 µm, ns). Etanercept limited decreases in microvascular glycocalyx to 
35% (from 0.54±0.05 to 0.35±0.04 µm, p<0.05). Finally, a significant correlation was 
observed between systemic glycocalyx volume and microvascular glycocalyx thickness 
(r=0.51; p<0.01). 
 
Changes in glycocalyx components upon endotoxin infusion 

Plasma hyaluronan levels, a marker of glycocalyx shedding, rose significantly 4 hours after 
endotoxin infusion in the saline group (from 60±4 to 82±8 ng/mL, p<0.05), whereas 
Etanercept reduced endotoxin-induced shedding (from 58±7 to 46±3 ng/mL, p<0.05) (Figure 
2a). Plasma hyaluronidase activity was significantly decreased 4 hours after endotoxin 
infusion in the saline group (-50±3% compared to baseline, p<0.01), whereas hyaluronidase 
activity was not affected in the Etanercept group (-8±5% compared to baseline, ns; Figure 
2b). Notably, heparan sulphate plasma levels did not significantly change in the 4 hours after 
endotoxin challenge with either pre-treatment (saline group: from 5.5±0.5 to 5.3±0.3 µg/mL 
versus Etanercept group: from 5.4±0.5 to 5.1±0.4 µg/mL, ns compared to baseline). However, 
24 hours after endotoxin infusion plasma heparan sulphate levels increased more in the saline 
group (9.9±0.7 µg/mL versus Etanercept group 7.4±0.6 µg/mL, p<0.01). 
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Etanercept treatment reduced TNFα-induced inflammatory and coagulation 
responses 

Inflammatory markers rose in the saline group after endotoxin challenge (IL-6: from 4.3±1.7 
to 531±131 pg/mL and CRP: from 0.6±0.1 to 27.3±3 mg/L, p<0.01 compared to baseline, see 
Figures 3a and b). Etanercept significantly reduced this increase (IL-6: from 4.6±2.6 to 
127±33 pg/mL and CRP: from 0.6±0.1 to 16.0±1.2 mg/L, p<0.05 compared to baseline, 
Figures 3a and b). In parallel, 4 hours after endotoxin, the number of circulating leukocytes 
was doubled in both treatment groups compared to baseline (2.0±0.2-fold increase, p<0.05). 
When all data at baseline and after 4 hours were pooled, systemic glycocalyx volumes were 
inversely correlated with absolute leukocyte (r= -0.62, p<0.01) and neutrophil count (r= -0.68, 
p<0.01). With respect to leukocyte differentiation after endotoxin infusion, a significant drop 
in monocyte count by 79±3% was observed in the saline group at 4 hours (p<0.01 compared to 
baseline), whereas Etanercept was associated with a less profound reduction of 51±2% 
(p<0.05 compared to baseline). There was no difference between CD14+ monocyte counts 
between the two groups (34±49 versus 26±13 %, ns). However, the CD11b+/CD18+ (Mac-1 
complex) monocyte count was higher after saline compared to Etanercept (median 0.83±0.1 
versus 0.65±0.1, p<0.05). Finally the percentage of CD62L+ (L-selectin) expressing 
monocytes was decreased at maximum 4 hours after endotoxin in the saline group (-10±26%) 
whereas in the Etanercept group an increase was observed (+ 66±42%; p<0.05).  

In parallel, markers of endotoxin-induced thrombin generation and subsequent fibrinolysis 
in the saline group were significantly increased, starting 3 hours after endotoxin challenge 
(F1+2; from 0.3±0.1 to 3.2±0.5 nmol/L and D-dimer: from 0.2±0.1 to 0.5±0.1 mg/L, p<0.01; 
Figure 3c), whereas Etanercept significantly reduced this increase (F1+2: from 0.3±0.1 to 
2.1±0.4 nmol/L and D-dimer: from 0.2±0.1 to 0.3±0.1 mg/L, p<0.05; Figure 3d). When data 
at baseline and 4 hours after endotoxin infusion were pooled for both groups, an inverse 
correlation was present between systemic glycocalyx volume and F1+2 or D-dimer levels (r= -
0.74 and r= -0.60 respectively, both p<0.01). 

 

Discussion 
In the present study we show that a low-dose endotoxin challenge leads to loss of systemic 
glycocalyx volume as well as microvascular glycocalyx thickness in conjunction with 
shedding of the glycocalyx constituent hyaluronan into the plasma compartment. These 
changes correlate with accelerated systemic clearance of Dextran 40, increased leukocyte 
activation and thrombin generation. Conversely, we show that inhibition of TNFα activity 
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with Etanercept attenuates the reduction in both systemic and microvascular glycocalyx, 
abolishes shedding of glycocalyx constituents, and reduces coagulation activation. These 
findings imply a profound effect of inflammatory activation on endothelial glycocalyx, which 
may contribute to loss of vascular protection.  
 
Glycocalyx measurements in humans 

The role of the endothelial glycocalyx as a target of damage and, thus, as a structure deserving 
protection, is starting to emerge. Although the techniques to evaluate the endothelial 
glycocalyx in humans are relatively new, our data provide valuable information to extend 
these initial hypotheses. We observed a large decrease in the Dextran 40 distribution volume 
following endotoxin challenge, without significant changes in circulating plasma volume and 
haematocrit. As the microvasculature with its large endothelial surface area contains the 
majority of systemic glycocalyx volume, the macrovasculature determines the circulating 
blood volume. Hence, the stable blood volumes upon endotoxin administration do not 
necessarily exclude changes in microcirculatory volume. Indeed, direct microvascular imaging 
revealed a significant increase of blood volume in individual capillaries, indicating that loss of 
glycocalyx volume may have resulted in redistribution of circulating blood to the 
microvasculature. We speculate that the decrease in glycocalyx volume is accompanied by a 
reduction in microvascular resistance, which might in turn account for the observed reduction 
in diastolic blood pressure.  
 
Effect of endotoxin on glycocalyx components and permeability 

Endotoxin challenge results in a large reduction of both systemic and microvascular 
glycocalyx volume. The concomitant rapid increase in circulating plasma hyaluronan levels 
implies increased shedding as a cause for loss of glycocalyx volume. This is in line with 
previous studies demonstrating shedding of endothelial glycosaminoglycans upon 
inflammation (25, 26). However, hyaluronan concentrations only rose modestly compared to 
the large reduction in glycocalyx volume. This may be explained by rapid uptake of excess 
hyaluronan in the liver (27, 28). Hyaluronan contributes to vascular permeability barrier 
properties, as selective removal of hyaluronan with hyaluronidase has been shown to be 
accompanied by a clear increase in vascular permeability for macromolecules (11, 12). In the 
present study, we show that loss of glycocalyx volume during acute inflammation is 
accompanied by increase in Dextran 40 clearance from the circulation. Interestingly, increased 
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circulating hyaluronan levels in conjunction with a dramatic increase in vascular permeability 
are also found in septic patients (28).  

Of note, plasma hyaluronidase activity was decreased, rather than increased. This could 
pertain to the release of endogenous hyaluronidase inhibitors, which are increased during 
inflammatory reactions (29). 

 
Effect on coagulation and inflammatory markers  

Our study confirms previously published data that endotoxin activates the coagulation system 
as well as monocytes (30-32). Interestingly, we find that glycocalyx damage is associated with 
increased leukocyte counts. This may point towards a role for increased reactive oxygen 
species (ROS) generation in endotoxin-induced vascular damage (13, 14, 32). Interactions 
between monocytes and endotoxin involve CD14, a glycosylphosphatidyl inositol–linked 
glycoprotein present on mononuclear and polymorphonuclear leukocytes. CD14 acts as a 
high-affinity receptor for complexes of endotoxin and endotoxin-binding protein. Endotoxin 
binding to CD14 and Toll like receptor-4 activates both endothelium as well as monocytes, 
resulting amongst others in increased hyaluronan release (31, 33). The ensuing loss of 
endothelial glycocalyx facilitates binding of monocytes to activated endothelium (13, 14, 26), 
illustrated by increased CD11b+/CD18+ expression in the monocytic fraction. In experimental 
studies, it has been substantiated that damage of the glycocalyx indeed results in increased 
leukocyte adhesion (13, 14). Based on the present data we can not draw conclusions on the 
impact of glycocalyx perturbation on monocyte margination in vivo, since pre-treatment with 
Etanercept preserves both the glycocalyx and attenuates monocyte activation. 

Finally, as already discussed, the techniques to estimate glycocalyx volume in humans are 
indirect and should be interpreted with caution. However, as both techniques point in a similar 
direction and results are in line with experimental studies, we consider our results valuable 
initial steps in human glycocalyx research. 
 
Study limitations 

Etanercept is a dimeric fusion protein between the recombinant form of the human p75 TNFα 
receptor 2 and the Fc fragment of human IgG1 and can therefore be measured in the assay for 
native sTNFR2 (23). Prior studies have shown an increase in circulating TNFα in response to 
TNFα inhibition with recombinant soluble TNFα receptors (23, 30). An increase in measured 
TNFα was also seen in the Etanercept group (data not shown). This likely relates to 
sequestration of Etanercept with TNFα in the circulation, resulting in the fact that both free 
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TNFα and that bound to the sTNFR2 are measured in the TNFα assay. In this situation, 
reduced TNFα activity can only be observed using bio-assays, which are not widely available. 
In stead of evaluating TNFα bio-activity, we measured sTNFR2 plasma levels for treatment 
efficacy in combination with CRP and IL-6 plasma levels as a secondary cytokine following 
TNFα. As shown, both CRP and IL-6 were indeed attenuated upon Etanercept pre-treatment.  

Second, caution is warranted in interpreting the increased clearance rate of Dextran 40. In 
addition to increases in vascular permeability, enhanced glomerular filtration may also have 
contributed. It has been demonstrated that the glomerular endothelial glycocalyx is an 
essential component of the renal filtration barrier (34). Consistent with this possibility, we 
demonstrated in a previous study that the level of glycocalyx volume loss correlates with the 
level of proteinuria in type 1 diabetes (35). However if upon the inflammatory stimulus 
Dextran 40 would be rapidly cleared by the kidney combined with increased vascular 
permeability, one would expect lower Dextran 40 plasma concentrations in time. However, we 
show that upon endotoxin, Dextran 40 plasma concentrations are increased rather than 
decreased in this situation.  

 
Clinical implications 

It has been widely acknowledged that coagulation and inflammation are entangled with 
endothelial dysfunction (36). Both atherosclerosis and sepsis are associated with inflammatory 
activation, increased vascular permeability and subsequent vascular damage. Experimental 
studies indicated that the endothelial glycocalyx is a crucial intravascular compartment which 
modulates vascular permeability and serves as a barrier attenuating leukocyte and platelet 
adhesion. Concomitant with loss of glycocalyx volume upon endotoxin challenge, we 
observed shedding of the major glycocalyx component hyaluronan, activation of monocytes 
and the coagulation cascade. All of these could be partly reversed by TNFα inhibition. Our 
data point towards a potential role of endothelial glycocalyx in the protection of the vessel 
wall. This study provides the foundation for further studies of the endothelial glycocalyx in 
humans to discern its exact role and to determine whether preventing glycocalyx perturbation 
can attenuate the adverse effects of inflammatory stimuli on the vessel wall.  
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Abstract 

Objective: The endothelial glycocalyx has been shown to serve as a 
protective barrier between the flowing blood and the vessel wall in experimental 
models. The aim of this study was to evaluate whether hypercholesterolemia is 
associated with glycocalyx perturbation in humans, and if so, whether statin 
treatment can restore this. 

Methods and Results: We measured systemic glycocalyx volume (VG) in 13 
patients with familial hypercholesterolemia (FH) both after cessation of lipid-
lowering therapy for a minimum of 4 weeks and after 8 weeks of rosuvastatin 
therapy and in normocholesterolemic controls. VG was estimated by subtracting 
the intravascular distribution volume of a glycocalyx permeable tracer (dextran 
40) from that of a glycocalyx impermeable tracer (labelled erythrocytes). VG in 
untreated FH patients (LDL 225±57 mg/dL (mean±SD)) was significantly 
reduced compared to controls (LDL 93±24 mg/dL) (VG 0.8±0.3 L vs. 1.7±0.6 L 
respectively, p<0.001). A strong inverse relation was present between LDL 
levels and VG (β =-0.73, p<0.001). After normalization of LDL levels (95±33 mg/
dl), VG recovered only partially (VG 1.1±0.4 L, p=0.04).  

Conclusions: The endothelial glycocalyx is profoundly reduced in FH 
patients, which may reflect increased atherogenic vulnerability. This perturbation 
is partially restored by short-term statin therapy.  
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E ndothelial cells are shielded from direct exposure to the flowing blood by a highly 
hydrated mesh of macromolecules named the endothelial glycocalyx (1). Its major 

components include proteoglycans with their associated glycosaminoglycans, such as 
hyaluronan and heparan sulphate, as well as glycoproteins bearing acidic oligosaccharides 
with terminal sialic acids. Recent intravital microscopic studies show that the endothelial 
glycocalyx is 0.5 to 3 µm thick (2, 3). Several decades ago, Gorog already found that sialic 
acid density in rabbits was decreased in predilection sites for atherosclerosis (4). These 
findings have now been corroborated, since loss of glycocalyx leads to a wide spectrum of 
vascular abnormalities in experimental models. These comprise increased vascular 
permeability as well as increased adhesion of leukocytes and thrombocytes to the vessel wall 
(5-8). Restoration of the glycocalyx is associated with reversal of these pro-atherogenic 
changes (5). Collectively, these data suggest that the endothelial glycocalyx could play a 
central role in vascular homeostasis and could thus be an important factor in protecting the 
vasculature against atherogenic insults.  

Recently, our group developed a technique to estimate the volume of the endothelial 
glycocalyx in humans. Using this technique, Nieuwdorp et al. showed that acute 
hyperglycemia results in a profound perturbation of the glycocalyx, coinciding with vascular 
dysfunction and coagulation activation (9). Glycocalyx loss was also shown to be present in 
patients with type 1 diabetes mellitus, in whom damage was most severe in patients with 
microalbuminuria (10, 11). In experimental models, other risk factors such as oxygen radical 
stress, inflammation and exposure to oxidized low-density lipoprotein (oxLDL) have also 
been shown to disrupt the glycocalyx (8, 12-14). 

In the present study we evaluated whether hypercholesterolemia is associated with 
glycocalyx perturbation in humans, and if so, whether statin treatment was able to reverse 
these derangements. For this purpose we selected patients with heterozygous familial 
hypercholesterolemia (FH), characterized by elevated low-density lipoprotein (LDL)-
cholesterol levels.  

 

Methods  
Study population 

We enrolled 13 non-smoking, male patients with FH (DNA diagnosis and/or strong clinical 
suspicion based on lipid profile, family history and/or presence of xanthomas, xanthelasmata 
or corneal arcus) without a history of cardiovascular disease or diabetes mellitus and selected 
13 normocholesterolemic, non-smoking, male healthy control subjects. All subjects gave 
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written informed consent, and approval was obtained from the internal review board of the 
Academic Medical Centre. The study was carried out in accordance with the principles of the 
Declaration of Helsinki.  

 
Study design 

We measured systemic glycocalyx volume (VG), safety and lipid profiles and glycocalyx 
related parameters in FH patients after cessation of statin therapy for a minimum period of 4 
weeks as well as after 8 weeks of intensive statin therapy (rosuvastatin 40 mg, QD), and in 
normocholesterolemic control subjects. All experiments were performed after an overnight 
fast. Participants were asked to refrain from heavy physical exercise 24 h prior to the study 
visit. Blood pressure was measured three times, from which the mean of the final two 
measurements was taken as systolic and diastolic blood pressure. 

 
Estimation of endothelial glycocalyx volume  

The endothelial glycocalyx allows limited access to plasma macromolecules and erythrocytes, 
whereas smaller tracers can permeate the glycocalyx (15). We estimated VG making use of 
these characteristics by subtracting circulating plasma volume from the intravascular 
distribution volume of a glycocalyx permeable tracer, i.e. neutral dextran 40, as previously 
published (9, 10, 16). The intravascular distribution volume of labelled, autologous 
erythrocytes was used to quantify circulating blood volume (17).  

In short, two cannulas were inserted in the antecubital veins of both forearms for the 
collection of blood and infusion of dextran 40 as well as labelled autologous erythrocytes, 
respectively. Blood was drawn and centrifuged. Subsequently, 250 mg/ml of sodium 
fluorescein was added to the erythrocyte fraction for 5 minutes. After washing, labelled 
erythrocytes were resuspended in saline to the initial volume and re-infused into the patient. 
Blood samples were drawn before infusion as well as 4, 5, 6, and 7 min after infusion. The 
circulating fraction of labelled erythrocytes was measured using flowcytometry 
(FACSCalibur; Becton Dickinson, Mountain View, CA) to estimate the total circulating 
erythrocyte volume (VRBC). Circulating plasma volume was calculated from VRBC and large 
vessel hematocrit (Ht) by the following formula: ([1 – Ht] x VRBC)/Ht. Dextran 40 was used as 
a probe to estimate the intravascular volume including the glycocalyx compartment. A bolus 
of 10 ml dextran 1 (Promiten; NPBI International, Emmercompascuum, the Netherlands) was 
injected to attenuate the risk of anaphylactic reactions. Subsequently, 100 ml dextran 40 kD 
(Rheomacrodex; NPBI International, Emmercompascuum, the Netherlands) was injected 
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intravenously, followed by repeated blood sampling at 3, 5, 7, 10, 15, 20, and 30 minutes. 
Dextran 40 concentration was calculated by measuring the increase in glucose concentration 
in the post infusion samples after hydrolyzation of dextran 40 glucose polymers corrected for 
background glucose levels. Glucose concentration per time point was assessed in duplicate 
using the hexokinase method. To determine the initial intravascular distribution volume of 
dextran 40, the concentration of dextran 40 at the time of injection was estimated by 
exponential fitting of the measured dextran 40 concentrations. Exponential time constants (t 
[min]) were used to determine dextran 40 systemic clearance rates (t-1 [min-1]).  

Thickness of endothelial glycocalyx in individual capillary blood vessels was measured by 
orthogonal polarization spectral (OPS) imaging of the sublingual microcirculation 
(Cytometrics, Philadelphia, PA, USA) as previously published (18). Briefly, the width of 
flowing red blood cells was measured in individual capillaries before and immediately after 
leukocyte passage. In healthy capillaries, the glycocalyx limits capillary blood filling by 
separating red blood cells from the luminal endothelial surface. Since leukocytes transiently 
compress the capillary endothelial glycocalyx, the corresponding transient widening of the 
capillary red blood cell column can be used to estimate capillary glycocalyx dimension (19). 
Analysis of the images was performed with ImageJ (Free software of the National Institutes of 
Health, USA) by a single observer, unaware of the clinical details of the participants. 

 
Biochemical parameters 

Total cholesterol, high-density lipoprotein (HDL)-cholesterol, and triglycerides were 
measured by standard enzymatic methods (Roche Diagnostics, Basel, Switzerland). LDL-
cholesterol was calculated using the Friedewald formula. OxLDL was measured using an 
enzyme-linked immunosorbent assay (ELISA) (Mercodia, Uppsala, Sweden). Alanine 
aminotransferase and aspartate aminotransferase were measured by pyridoxalphosphate 
activation assay (Roche Diagnostics). Creatinin was measured by Jaffe´ kinetic colorimetric 
test (Roche Diagnostics) on Modular P800 (Roche Diagnostics). Glucose was assessed using 
the hexokinase method (Gluco-quant, Hitachi 917; Hitachi). Plasma C-reactive protein (CRP) 
levels were measured with a commercially available assay (Roche, Switzerland). Hematocrit 
(Ht) was measured after centrifugation of heparinized blood at 10,000 rpm for 5 min (Hettich, 
Tuttlingen, Germany). For further analysis, plasma aliquots were snap-frozen and stored at -
80°C. Quantitative total plasma hyaluronan levels were measured by ELISA (Echelon 
Biosciences, Salt Lake City, UT, USA). Plasma hyaluronidase activity was determined with a 
previously described assay (20). 
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Statistical analysis  

Results are expressed as means ± SD. Differences between normocholesterolemic and 
hypercholesterolemic subjects were tested by an unpaired Student’s t test (two tailed). 
Differences within the hypercholesterolemic group with and without treatment were tested 
using a paired Student’s t test (two tailed). CRP and triglyceride levels are generally not 
normally distributed. Therefore, we present medians (interquartile range) and used non 
parametric tests for these values. The relation between VG as dependent variable and other 
parameters was explored using univariate linear regression analysis. Parameters which showed 
a statistically significant relation in univariate analysis were used in a multivariate linear 
regression model. CRP and triglycerides were log transformed before use in regression 
analysis. Analyses were performed with SPSS version 11.5 (Chicago, IL, USA). A p value of 
<0.05 was considered statistically significant. 
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Table 1. Clinical characteristics of hypercholesterolemic and normocholesterolemic subjects 
  FH patients FH patients Controls P* P# 

 No treatment 
(n=13) 

Rosuvastatin 
(n=13) 

No treatment 
(n=13)     

Age (yrs) 38.5 ± 9.2   33.2 ± 13.5 ns   
BMI (kg/m2) 24.4 ± 1.6 24.4 ± 1.6 22.9 ± 1.8 ns ns 
SBP (mmHg) 134 ± 12 127 ± 11 124 ± 10 0.04 0.02 
DBP (mmHg) 82 ± 10 80 ± 8 67 ± 9 <0.001 Ns 
Total cholesterol (mg/dL) 288 ± 56 159 ± 35 166 ± 26 <0.001 <0.001 
LDL (mg/dL) 225 ± 57 95 ± 33 93 ± 24 <0.001 <0.001 
HDL (mg/dL) 45 ± 12 47 ± 18 58 ± 11 0.005 ns 
Triglycerides (mg/dL) 89 (76-120) 68 (63-90) 34 (33-50) 0.001 ns 
OxLDL (U/L) 122 ± 37  61 ± 17 80 ± 17 <0.001 <0.001 
Glucose (mmol/L) 4.9 ± 0.3 4.8 ± 0.5 5.1 ± 0.4 ns ns 
CRP (mg/L) 0.7 (0.5-1.6) 1.0 (0.4-5.6) 0.3 (0.3-0.8) 0.03 ns 
Leukocyte count (x109/L) 5.3 ± 1.4 5.2 ± 1.2 5.3 ± 0.9 ns ns 
Values are presented as means ± SD. Triglycerides and CRP are presented as median (interquartile 
range) and tested non- parametrically, as they are generally not normally distributed. 
* P value FH patients (no treatment) vs. Controls (unpaired Student's t test) 
# P value FH patients (no treatment) vs. FH patients (rosuvastatin treatment) (paired Student's t test) 
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Results 
Clinical characteristics  

Clinical characteristics of the participants are listed in Table 1. As expected, FH patients who 
had discontinued statins during 4 weeks had substantially higher LDL-cholesterol levels than 
normocholesterolemic controls (LDL-cholesterol mean ± SD: 225 ± 57 mg/dL vs. 93 ± 24 mg/
dL respectively). HDL-cholesterol levels, triglyceride levels, blood pressure as well as CRP 
were all within normal limits, but significantly less favorable in FH patients compared to 
controls. Age, body mass index as well as plasma glucose levels were comparable between 
groups.  

 
Glycocalyx volume and hypercholesterolemia 

Systemic glycocalyx volume (VG) in untreated FH patients was substantially lower than in 
normocholesterolemic controls (0.8±0.3 L vs. 1.7±0.6 L respectively, p<0.001) (Figure 1). 
LDL-cholesterol levels as well as the presence of FH were highly negatively correlated with 
VG in controls and patients without treatment on univariate regression analysis (both β= -0.73, 
p<0.001) (Figure 2). Weaker correlations were observed between VG and oxLDL (β = -0.63, 
p=0.001), diastolic blood pressure (β = -0.68, p<0.001), systolic blood pressure (β = -0.46, 
p=0.02), ln(triglycerides) (β = -0.44, p=0.03) and body mass index (β = -0.42, p=0.03). There 
were no significant correlations between VG and age, HDL-cholesterol, plasma glucose, ln
(CRP) or leukocyte count. Moreover, VG was positively associated with sublingual glycocalyx 
thickness (β = 0.77, p=0.001). After correction for classical risk factors (age, BMI, HDL 
cholesterol and diastolic blood pressure) LDL-cholesterol remained significantly inversely 
associated with VG (β = -0.56, p=0.02). In multivariate backward regression analysis using the 
factors that showed a significant relation, only diastolic blood pressure (β = -0.39, p=0.02) and 
LDL-cholesterol remained (β = -0.50, p=0.005). 
 
Glycocalyx volume after statin treatment 

After 8 weeks treatment with rosuvastatin 40 mg QD LDL-cholesterol levels completely 
normalized to 95 ± 33 mg/dL (Table 1). VG recovered partially (VG 1.1 ± 0.4 L, p=0.04). 

Capillary endothelial glycocalyx thickness, determined using OPS imaging, followed a similar 
pattern. Median glycocalyx thickness was 0.4 ± 0.1 mm in patients without treatment and 
increased to 0.5 ± 0.1 mm after treatment (p=0.17). Unfortunately, OPS images could be 
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Figure 1. Systemic glycocalyx volume in 
hypercholesterolemic and normocholesterolemic 
subjects. The boxplot shows the median and 
interquartile range and total range of the systemic 
glycocalyx volume. VG is significantly reduced in FH 
patients compared to normocholesterolemic controls. 
Statin therapy partially restored glycocalyx volume. 

Figure 2. LDL-cholesterol levels and systemic 
glycocalyx volume. LDL-cholesterol levels have the 
strongest inverse association with systemic 
glycocalyx volume in FH patients and controls 
without statin treatment (β= -0.73, p<0.001). 
Black squares: FH patients, No treatment 
White circles: Normocholesterolemic controls, No 
treatment 

Figure 3. Dextran clearance rate. The dextran 
clearance, an indicator of vascular permeability, 
tended to be fastest in FH patients without treatment. 
The slope was -0.014 in FH patients, without 
treatment, -0.012 in FH patients on rosuvastatin and -
0.006 in normocholesteromic controls (FH patients, 
No treatment vs. Controls, p=0.07). 
Black squares: FH patients, No treatment 
White squares: FH patients, Rosuvastatin 
White circles: Normocholesterolemic controls, No 
treatment 
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analyzed in 8 out of 13 patients only due to technical difficulties. There was no significant 
correlation between VG and LDL-cholesterol after treatment. 

  
Vascular permeability and glycocalyx-associated parameters 

The clearance rate of dextran 40 is an indirect indicator of vascular permeability. The steepest 
slope of the clearance curves was found in FH patients without treatment (-0.014), compared 
to -0.006 in normocholesterolemic controls (p=0.07) (Figure 3). Rosuvastatin treatment did 
not significantly alter the dextran clearance rate (slope -0.012). Hyaluronan, the main 
component of the glycocalyx, was significantly higher in FH patients on treatment compared 
to controls (p<0.001) (FH, no treatment 73.5 ± 30.1 ng/ml; FH, Rosuvastatin 80.0 ± 17.1; 
Controls, no treatment 60.1 ± 10.6). A similar pattern was observed in plasma hyaluronidase 
activity (FH, no treatment 264±197 U; FH, Rosuvastatin 655 ± 252; Controls, no treatment 
234 ± 135; FH, no treatment or Control vs. FH, Rosuvastatin, p<0.001). There were no 
significant differences in plasma syndecan-1 levels. 

 

Discussion 
In the present study we find a substantial reduction of VG in patients with FH compared to 
normocholesterolemic controls, and LDL-cholesterol levels show a strong inverse relation 
with VG. After 8 weeks of intensive statin treatment, LDL-cholesterol levels completely 
normalized, yet VG only partially recovered. Taking into account the cumulating evidence that 
glycocalyx perturbation enhances vulnerability of the vessel wall, our findings imply that 
strategies aimed at restoring VG may be of interest to further optimize vascular resistance 
towards atherogenic insults. 

FH is known to be associated with increased oxidant stress (21, 22), illustrated by 
increased oxLDL levels in our patients. The inverse relation between LDL-cholesterol and 
oxLDL with glycocalyx perturbation is in line with findings in experimental models showing a 
detrimental impact of oxLDL on glycocalyx (8, 23). In fact, increased oxygen radical stress 
has been suggested to be one of the principal mediators of glycocalyx perturbation. This is 
illustrated by the findings that glycocalyx damage upon oxLDL exposure in hamsters could be 
prevented by radical scavengers (8). Similarly, we previously found that glycocalyx damage 
by hyperglycemia in humans could be restored by infusion of the antioxidant N-acetylcysteine 
(10).  

Concomitant with the decreased glycocalyx volume, dextran 40 clearance was increased in 
FH patients. The endothelial glycocalyx has been shown to be a central orchestrator of 
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capillary permeability by serving as a macromolecular barrier covering the intercellular 
junctions. For example, removal of sialic acids, a major component within the glycocalyx, led 
to increased uptake of LDL in the vessel wall (24). Increased vascular permeability has 
previously been described in FH patients (25). Glycocalyx damage could contribute to this and 
thus to the premature atherosclerosis often found in these patients. 

Although LDL and oxLDL levels normalized after rosuvastatin treatment, VG only 
partially recovered. Possible explanations include the short duration of treatment (8 wks) in 
light of the life-long exposure to high cholesterol levels in FH patients. In contrast, many 
studies have shown rapid recovery of endothelial function upon statin treatment (26, 27). It 
has recently been suggested that endothelial ‘memory’ exists, as it was shown that vascular 
stress persisted following glucose normalization after a hyperglycemic period (28). This may 
also be applicable to hypercholesterolemic vascular stress. It could imply that 
hypercholesterolemia has longer lasting effects on endothelium as well as the endothelial 
glycocalyx and that short term lowering of cholesterol may not be sufficient to overcome 
endothelial ‘memory’. Further studies are needed to evaluate whether long-term statin therapy 
is able to establish further restoration of the endothelial glycocalyx. 

Obviously, statins have not been designed with the goal of restoring the endothelial 
glycocalyx. We actually observed an increase in hyaluronidase levels after rosuvastatin 
therapy. As hyaluronidase breaks down a major component of the glycocalyx, i.e. hyaluronan, 
increased levels could attenuate restoration despite the effective lowering of LDL-cholesterol. 
Whereas the exact cause of statin-associated increase in hyaluronidase is unclear, upregulation 
of KLF2 by statins has been shown to increase hyaluronidase expression (29, 30). If 
restoration of the glycocalyx is to be reached, more direct targeting is likely to be achieved by 
modulating glycosaminoglycan metabolism, either by supporting glycosaminoglycan 
production or by preventing degradation. Such compounds showing larger effects on the 
endothelial glycocalyx may offer further protection towards atherogenic insults on top of 
statins. 

 
Study limitations 

This study has a relatively small sample size. Therefore, we chose to include a homogeneous 
group of healthy, non-smoking, male FH patients and normocholesterolemic control subjects 
with an overt difference in LDL-cholesterol. Whereas other baseline clinical characteristics 
also showed minor differences, these were all well within normal limits. In addition, 
regression analysis showed that the difference between FH patients and control subjects could 
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largely be attributed to differences in LDL-c. Secondly, the accuracy of glycocalyx volume 
estimates is largely determined by the accuracy of dextran 40 distribution volume estimates. 
Because of its small size and neutral charge, dextran 40 is also cleared from circulation. 
Therefore, we estimated the intravascular dextran 40 concentrations before vascular leakage or 
renal clearance by extrapolating dextran 40 concentrations to the time of injection. Thirdly, we 
did not treat normocholesterolemic subjects with rosuvastatin 40 mg. Therefore, we are unable 
to evaluate the effect of statin on the glycocalyx in absence of hypercholesterolemia. 

 

Conclusion  
The endothelial glycocalyx is profoundly reduced in FH patients, which may contribute to 
increased atherogenic vulnerability. This perturbation is partially restored upon short-term 
statin therapy. Pending trials validating the protective role of an intact glycocalyx, the present 
findings may suggest a need for novel interventions aimed at additional restoration of the 
glycocalyx.  
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Abstract 

Objective Endothelial dysfunction, an early vascular hallmark in type 2 
diabetes (DM2), predicts future risk for cardiovascular events. Since 
apolipoprotein (Apo) A-I and the nitric oxide pathway are both pivotal to 
endothelial function, we evaluated the effect of ApoA-I/phosphatidylcholine 
(ApoA-I/PC) infusion on this parameter. 

Research design/methods In 7 DM2 patients and 7 matched controls, 
endothelial function was assessed by venous occlusion plethysmography. 
Forearm blood flow responses to the endothelium-dependent (serotonin, 5HT) 
and independent vasodilators (sodium nitroprusside), as well as to the inhibitor 
of nitric oxide synthase NG-monomethyl-l-arginine (L-NMMA) were measured. 
Subsequently, vasomotor studies were repeated 4 hours and 7 days after 
systemic infusion of ApoA-I/PC discs (80mg/kg bodyweight).  

Results At baseline, vasodilator (maximum, 22 ± 31 %) and vasoconstrictor 
responses (maximum, -16 ± 15 %) were blunted in DM2 compared to controls 
(113 ± 22 % and - 48 ± 5 %; p < 0.001 for both). ApoAI/PC infusion increased 
ApoA-I levels from 1.2 ± 0.2 to 2.8 ± 0.4 g/L (p<0.01). ApoA-I increase resulted 
in partial restoration 4 hours and 7 days after infusion of both vasodilator (to 71 
± 15 and 79 ± 25 %) and vasoconstrictor responses (to - 42 ± 11 and - 36 ± 7 %; 
both p < 0.01 compared to baseline). No effect was seen on endothelium-
independent vasodilator responses. 

Conclusions ApoA-I/PC improves endothelial function in DM2 up till 7 days 
after infusion. These beneficial effects of ApoAI/PC infusion lend further support 
for novel therapeutic strategies aimed at reducing cardiovascular disease in 
DM2. 
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C irculating levels of HDL are inversely related to cardiovascular events in observational 
studies. In line, HDL-increasing strategies in clinical trials have shown that HDL 

increase is associated with decreased cardiovascular risk in patients with type 2 diabetes 
(DM2) (1, 2). Moreover the association between low HDL cholesterol (HDL-C) and 
cardiovascular risk clearly exceeds that of hyperglycaemia (3, 4), indicating that HDL increase 
may be an attractive target to lower cardiovascular risk in these patients. In fact, HDL has 
been shown to exert a wide array of anti-atherogenic effects (5). Besides its traditional role in 
reverse cholesterol transport, HDL also protects the endothelium both directly by increasing 
endothelial nitric oxide (NO)-synthase and indirectly through antagonizing LDL-mediated 
cytotoxicity (6, 7, 8).  

On the other hand endothelial dysfunction, a hallmark in patients with DM2, has also been 
shown to predict future cardiovascular events in DM2 (9, 10). Thus far, it has proven difficult 
to reverse vascular dysfunction in these patients. Recent data demonstrated that decreasing 
HDL levels are associated with progressive endothelial dysfunction in DM2 (11). We and 
others have demonstrated that ApoA-I/PC infusion results in restoration of endothelial 
function in patients with familial hypercholesterolemia as well as in subjects characterized by 
hypo alphalipoproteinemia (12, 13). Moreover, infusion of this compound increased reverse 
cholesterol transport in subjects with established cardiovascular disease (14). However despite 
the evidence provided in several in vitro studies, the direct effects of ApoA-I/PC infusion on 
endothelial function in DM2 patients are not known (15, 16, 17).  

Therefore we evaluated the effect of HDL increase on vascular function in DM2 patients. 
We infused ApoA-I/PC (reconstituted HDL) discs in DM2 patients. ApoA-I levels and 
endothelial function were measured both acutely (4 hours post-infusion) as well as 7 days after 
infusion of these particles in DM2 subjects and matched controls.  

 

Research design and methods 
Seven patients with DM2 (4 men and 3 women) and 7 age- and sex matched control subjects 
(4 men and 3 women) were enrolled. All participants were non-smokers. Inclusion criteria for 
patients with DM2 were as follows: (1) fasting plasma glucose > 7.0 mmol/L, (2) treatment 
with metformin only; (3) no insulin therapy; (4) only mild dyslipidemia with plasma 
triglycerides and LDL cholesterol levels less than 2.0 and 3.5 mmol/l, respectively. Matched 
controls were unrelated volunteers who were recruited by newspaper advertisement. The 
presence of macrovascular disease, defined as ECG abnormalities, abnormal ankle-brachial 
index or a history of cardiac, cerebral of peripheral vascular events and autonomic neuropathy 
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were exclusion criteria. All female participants (patients and controls) were post-menopausal 
and not using hormone replacement therapy. The study protocol was performed at least 4 
weeks after cessation of vasoactive medication, such as ACE inhibitors, angiotensin receptor 
blockers, calcium channel blockers, aspirin, NSAIDs, and vitamin supplementation. None of 
the patients or controls had ever been on lipid lowering agents such as statins, niaspan, fibrates 
or glitazones. Alcohol, caffeine and metformin were withheld at least 12 hours before the 
study. The Internal Review Board of the Academic Medical Center (AMC) approved the study 
and all subjects gave their written informed consent. The study was carried out in accordance 
with the principles of the declaration of Helsinki.  

 
Study Protocol 

Vascular function was assessed at baseline and after ApoA-I/PC infusion at 4 hours and 7 
days, using venous occlusion strain-gauge plethysmography as previously published (EC-4; 
Hokanson Inc, Bellevue, WA, USA) (13). Measurements were performed in a quiet room with 
a constant temperature (22°C to 24°C) and started at 08:00 a.m. Subjects remained in supine 
position throughout the study. The brachial artery of the nondominant arm was cannulated 
with a 20-gauge, flexible, polyurethane catheter (Arrow Inc, Reading, PA, USA). Insertion 
was followed by a 30 minute interval of saline infusion to allow for re-establishing baseline 
conditions. Thereafter, forearm blood flow (FBF), expressed as millilitres per minutes per 100 
mL of forearm tissue volume (FAV), was measured simultaneously in both arms. A 
microcomputer-based R-wave–triggered system for online monitoring was used. During each 
measurement, blood pressure cuffs around both upper arms were inflated (40 mm Hg) by use 
of a rapid cuff inflator. Simultaneously, bilateral wrists cuffs were inflated to above-systolic 
blood pressure to exclude hand circulation (200 mmHg). Intra-arterial blood pressure and 
heart rate were monitored continuously. Next, FBF response to cumulative doses of the 
endothelium-dependent vasodilator serotonin (5HT, Sigma, Poole, UK; 0.6, 1.8, and 6 ng · 100 
mL FAV-1 · min-1), the endothelium-independent vasodilator sodium nitroprusside (SNP, 
Spruyt Hillen, IJsselstein, the Netherlands; 6, 60, 180, and 600 ng · 100 mL FAV-1 · min-1), 
and the competitive inhibitor of endothelial NO synthase (eNOS) NG-monomethyl-L-arginine 
(L-NMMA, Kordia, Leiden, the Netherlands; 50, 100, 200, and 400 µg · 100 mL FAV-1 ·min-1) 
was measured. Infusion blocks of serotonin and sodium nitroprusside were performed in 
randomized order, followed by L-NMMA infusion using a constant rate infusion pump (Braun 
Perfusor Pump, Melsungen, Germany). All infusates were prepared at the pharmacy of the 
Academic Medical Center in accordance with good manufacturing procedure. Agents were 
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administered intra-arterially for 6, 4, and 8 minutes at each dose, respectively with a constant-
rate infusion pump. The 3 different infusion blocks proceeded after a 15-minute rest period or 
until FBF had returned to baseline.  

Subsequently, a venous catheter was inserted in the contralateral arm for administration of 
ApoA-I/PC discs (CSL-111, CSL Bioplasma Ltd, Parkville, Victoria, Australia) at a dose of 
80 mg/kg body weight over a period of 4 hours. Thereafter, the infusion blocks were repeated. 
To properly evaluate the duration of the effects of ApoA-I/PC discs on endothelial function, 
DM2 patients were asked not to restart their medication (besides metformin) until the next 
visit and to return 7 days after ApoA-I/PC infusion to repeat endothelial function 
measurements. Characteristics and infusion of the ApoA-I/PC compound in humans have been 
previously published and described in detail (12, 13, 18). In short, this compound comprises of 
human ApoA-I isolated from plasma of healthy volunteers stabilized with egg-derived 
phosphatidylcholine to prolong half-life in the human circulation. Plasma half-life of this 
ApoA-I after infusion in healthy volunteers was shown to be between 72 and 96 hours (19).  

 
Laboratory Assessments 

Blood samples were drawn from the subjects after a 12-hour overnight fast, and at 4 hours and 
7 days after ApoA-I/PC infusion. After centrifugation within 1 hour after collection, plasma 
aliquots were snap-frozen in liquid nitrogen and stored at -80 °C until further use. ALAT and 
ASAT were measured by pyridoxalphosphate activation assay (Roche Diagnostics, Basel, 
Switzerland). HbA1c was measured by HPLC (Reagens Bio-Rad Laboratories, Veenendaal, 
the Netherlands) on a Variant II (Bio-Rad Laboratories). Baseline fasting plasma glucose was 
assessed in duplicate using the hexokinase method (Gluco-quant on Roche/Hitachi modular 
analyzer, Roche Diagnostics, Mannheim, Germany). Baseline plasma triglycerides, total 
cholesterol, LDL and HDL cholesterol as well as hsCRP levels were determined by standard 
enzymatic methods (Roche Diagnostics, Basel, Switzerland). Plasma levels of ApoA-I and 
ApoB lipoproteins were assessed by rate nephelometry. 

  
Statistical Analysis 

All results of clinical parameters, including plethysmographic data, are expressed as mean ± 
SD. Descriptive statistics between the 2 groups were compared by means of 2-tailed 
independent Student’s t test or non parametric tests, depending on skewedness of the data. 
FBF was averaged over 6 consecutive recordings during the last 2 minutes of each infusion 
step. FBF recordings made in the first 30 seconds after wrist-cuff inflation were not used for 
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analysis. Statistical analysis of FBF measurements for individual subjects between baseline 
and 4 hours as well as baseline and 7 days after ApoA-I/PC infusion was performed by 2-way 
ANOVA for repeated measures with Bonferroni correction. A probability value of p<0.05 was 
considered significant. 

 

Results 
Infusion of ApoA-I/PC was well tolerated in all subjects and no adverse events were noted. 
Baseline characteristics (determined on the infusion day) of DM2 patients and controls are 
listed in Table 1. As indicated, plasma levels of fasting plasma glucose (p < 0.01), 

haemoglobin A1c (p < 0.01), triglycerides (p < 0.01), apoB (p < 0.05) and hsCRP levels 
(p<0.01) were higher in DM2 patients. HDL cholesterol and apoA-I levels were comparable 
between DM2 patients and controls. Baseline FBFs were not significantly different between 
patients and control subjects (Table 1). Four hours after ApoA-I/PC infusion, plasma apoA-I 
increased in DM2 patients and controls from 1.2 ± 0.1 to 2.8 ± 0.4 and 1.2 ± 0.2 to 2.7 ± 0.4 g/
L (p < 0.01), respectively. After 7 days post infusion apoA-I was still increased in the DM2 
patients (1.5 ± 0.3 g/L, n.s. compared to baseline). Liver function tests were not altered after 
ApoA-I/PC infusion (data not shown). 

Intra-arterial infusion of the endothelium-dependent vasodilator serotonin increased FBF 
in a dose-dependent manner in both groups (see Figure 1). At baseline, the FBF response to 
serotonin was attenuated in DM2 compared to controls (DM2: 22 ± 31 vs. CON: 113 ± 22 % ; 
p < 0.001). Four hours after apoA-I/PC infusion in the DM2 patients, FBF response to 
serotonin increased significantly (to 71 ± 15 % ; p < 0.01 compared to baseline), but did not 
reach the levels seen in controls. Interestingly, these effects proved long-lasting since at 7 days 
post ApoA-I/PC infusion, endothelium-dependent vasodilation was similar to the effects seen 
at 4 hours after infusion (7 days: 79 ± 25 % ; p < 0.01 compared to baseline). In contrast, 
ApoA-I/PC infusion had no effect on serotonin induced vasodilation in controls.  

At baseline the vasoconstrictor response to L-NMMA, reflecting basal NO activity, was 
blunted in DM2 patients compared to controls (-16 ± 15 vs. -48 ± 5 % change; p < 0.001, 
Figure 2). After ApoA-I/PC infusion in the DM2 patients, the L-NMMA constrictor response 
was improved (-42 ± 11 % ; p < 0.01 compared to baseline) and still present 7 days after 
infusion (-36 ± 7 % ; p < 0.01 compared to baseline). With respect to serotonin-mediated 
vasoreactivity, ApoA-I/PC infusion had no effect on L-NMMA response in control subjects. 
Finally, endothelium-independent vasodilation in response to SNP was lower in DM2 versus 
controls at baseline (DM2: 205 ± 105 vs. CON: 377 ± 162 %; p < 0.01, Figure 3), while 
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ApoA-I/PC infusion did not show any effect on SNP vasodilator response in patients or 
controls. 

 

Conclusions 
The present study confirms that both basal and stimulated nitric oxide (NO) activity is 
severely compromised in DM2 patients compared to age and sex-matched controls. More 
importantly, infusion of apoA-I/PC discs (reconstituted HDL) improves endothelial function 
within several hours. This effect is still present at 7 days post infusion. Although this study is a 
proof of principle in vivo study, these long-term beneficial effects of ApoA-I at the level of 
the endothelium may lend further support to apoA-I increasing strategies in patients with type 
2 diabetes mellitus. 
 

Table 1. Baseline characteristics of the study cohort 

  DM 2 
n=7 

Controls 
n=7 

Age, years 53.6 ± 3.0 48.6 ± 15.1 

Duration of diabetes, years 5.2 ± 1.2   

Sex (female/male) 3/4 3/4 
BMI, kg/m2 28.9 ± 2.4 25.6 ± 3.6 
Smoking (y/n) 0/7 0/7 
Systolic blood pressure, mmHg 148 ± 12 135 ± 16 
Diastolic blood pressure, mmHg 78 ± 13 83 ± 9 
Heart Rate, bpm 65 ± 5 61 ± 4 
Fasting plasma glucose, (mmol/L) 8.3 ± 1.2 5.2 ± 0.4 # 
HbA1c, % 7.1 ± 0.3 5.4 ± 0.3 # 
hsCRP, g/L 3.5 ± 1.6 1.0 ± 0.9 # 
Total Cholesterol, mmol/L 5.6 ± 0.4 5.3 ± 0.4 
LDL-C, mmol/L 2.9 ± 0.6 3.0 ± 0.7 
HDL-C, mmol/L 1.1 ± 0.2 1.2 ± 0.3 
ApoA-I, g/L 1.2 ± 0.1 1.2 ± 0.2 
ApoB, g/L 1.1 ± 0.3 0.8 ± 0.2 * 
Triglycerides, mmol/L 1.5 ± 0.4 0.8 ± 0.3 # 
Basal FBF, ml · 100 mL FAV-1 · min 4.1 ± 2.0 2.6 ± 0.9 
Values represent mean ± SD. BMI indicates Body Mass Index. HbA1C 
indicates glycosylated haemoglobin A1c. LDL-C indicates Low Density 
Lipoprotein Cholesterol. HDL indicates high density lipoprotein choles-
terol. ApoA-I indicates apolipoprotein A-I. ApoB indicates apolipoprotein 
B. FBF indicates forearm blood flow responses. FAV indicates forearm 
volume. * p < 0.05, # p < 0.01 
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Figure 1. FBF dose-response curves to 
endothelium-dependent vasodilator sero-
tonin (5-HT) before ( ) and 4 hours ( ) 
and 7 days after ( ) ApoA-I/ phosphatidyl-
choline infusion in DM2 patients and con-
trols (before, ; after, ). Endothelium-
dependent vasodilation to 5-HT at base-
line was attenuated in DM2 patients com-
pared with control subjects (* p < 0.001). 
After HDL increase by ApoA-I/ phosphati-
dylcholine infusion, FBF response to 5HT 
in DM2 patients significantly improved 
even after 7 days (# p < 0.01). Data are 
presented as mean ± SD. 

Figure 2. FBF dose-response curves to 
inhibitor of NOS L-NMMA before ( ) and 
4 hours ( ) and 7 days after ( ) after 
ApoA-I/ phosphatidylcholine infusion in 
DM 2 patients and controls (before, ; 
after, ). L-NMMA–induced vasoconstric-
tion at baseline was blunted in DM2 pa-
tients compared with control subjects (* p 
< 0.001). After HDL increase by ApoA-I/ 
phosphatidylcholine infusion, FBF re-
sponse to L-NMMA in DM2 patients was 
significantly improved even after 7 days (# 
p < 0.01). Data are presented as mean ± 
SD.  

Figure 3. FBF dose-response curves to 
endothelium-independent vasodilator SNP 
before ( ), 4 hours ( ) and 7 days ( ) 
after ApoA-I/ phosphatidylcholine infusion 
in DM 2 patients and controls (before, ; 
after, ). At baseline, SNP-induced vaso-
dilator response was significantly different 
between DM2 patients and controls (* p < 
0.01) and remained unaltered by ApoA-I/ 
phosphatidylcholine infusion. Data are 
presented as mean ± SD. 
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Vascular function at baseline 

In line with previous studies we confirm impairment of both basal as well as receptor-
mediated NO-activity in DM2 (20, 21). Several mechanisms seem to contribute to this 
endothelial dysfunction in type 2 diabetes. Decreased bio-availability of the essential cofactor 
tetrahydrobiopterin (BH4) is associated with uncoupling of eNOS, which in turn might be 
induced through increased free fatty acid oxidation in the insulin resistant state (22, 23). The 
pivotal role of reactive oxygen species (ROS) in diabetic vascular dysfunction has been 
underscored by intervention studies reporting full restoration of endothelial function upon 
intra-arterial infusion of anti-oxidants (20). However, emphasis on a pivotal role of ROS in 
HDL function should be tempered by the fact that oral antioxidants have repeatedly failed in 
human clinical trials of cardiovascular disease (24). Moreover, besides affecting ROS 
generation, glycation of apoA-I may adversely affect reverse cholesterol transport in patients 
with type 2 diabetes mellitus (15, 25). Depending on the extent to which it is glycated, apoA-I 
may either impair or enhance removal of cholesterol from peripheral tissues and macrophages 
(25). As the interaction of apoA-I with the ATP-binding cassette protein A1 and the activation 
of the enzyme lecithin/cholesterol acyltransferase (LCAT) are critical steps in the reverse 
cholesterol transport process, recent in vitro studies showed that ABCA-1 is dysfunctional in 
diabetes mellitus which could lead to endothelial dysfunction in DM2 (26, 27). Finally, the 
attenuation of endothelium-independent vasodilation in DM2 subjects, assessed as vasodilator 
response to SNP, indicates that these patients also have a disturbance in the cyclic guanylate 
cyclase-induced vasodilation system at the level of the smooth muscle cells (28). The latter 
finding is consistent with previous publications by us as well as others (11, 20).  
 
Effect of ApoA-I/PC infusion on vascular function 

Infusion of ApoA-I/PC was associated with a rapid improvement of both basal NO activity as 
well as receptor-stimulated NO-activity within a few hours after infusion. On the one hand, 
such an acute effect may indicate increased NO-production upon ApoAI/PC infusion. Indeed, 
HDL has been shown to activate eNOS by targeting both eNOS phoshorylation as well as 
increasing intracellular Ca2+ (29). In addition, ApoA-I also has the ability to directly increase 
membrane-bound eNOS levels by controlling cholesterol homeostasis in the caveoli (5, 7). As 
previously mentioned, increased NO-bioavailability upon ApoA-I/PC infusion may also 
reflect improved reverse cholesterol transport (14). These findings confirm data from 
Choudhury et al, who elegantly showed that overexpression of human ApoA-I in dyslipidemic 
mice can induce regression of atherosclerotic lesions, reinforcing the importance of HDL in 

ApoAI/phosphatidylcholine particles and endothelial function 

max 
page 131

 
Composite

Tuesday, July 24, 2007 13:29



132 

reverse cholesterol transport (30). Interestingly, plasma levels of HDL and apoA-I in DM2 at 
baseline were not significantly different from those in control subjects. Yet, in contrast to 
DM2 patients, ApoA-I/PC infusion had no effect on vascular function in controls. This could 
imply that, beyond HDL- concentration, functionality of HDL may also be altered in DM2. 
Indeed, glycation of HDL as well as ApoA-I compromises the ability of endogenous HDL to 
protect LDL from oxidative damage, partly due to loss of PON activity (31). Glycation of 
HDL may also reduce eNOS expression within the endothelium, leading to impaired NO-
producing capacity and thus endothelial dysfunction (16, 32). 

 
Long-term effects of ApoAI/PC on vascular function  

Endothelium dependent vasodilation was still significantly improved 1 week after ApoA-I/PC 
infusion. Despite decreased ApoA-I plasma levels after 1 week, functional improvement of the 
endothelium was comparable after 1 week compared to 4-hours after infusion. In addition to a 
direct effect of ApoA-I/PC, such a lasting effect implies that apoAI/PC may have contributed 
to structural improvements of HDL-quality and/or at the level of the endothelium (33, 34). 
With regard to the latter, recent in vitro studies have showed that dysfunctional ABCA-1 in 
DM2 might be one of the factors contributing to reduced ApoA-I mediated cholesterol efflux 
(15, 26, 27). Alternatively, infusion of ApoA-I/PC has been shown to beneficially alter anti-
oxidative enzyme content on HDL, which could maintain endothelial cell integrity by 
attenuating apoptosis (5, 35). Further studies are needed to further dissect the exact pathways 
contributing to these long-term effects in DM2 patients.  

 
Study limitations 

The lack of a cross-over design including infusion of phosphatidylcholine without ApoA-I 
merits caution. In animal models, phosphatidylcholine particles are able to normalize 
endothelial function and to enhance reverse cholesterol transport apparently through 
enhancement of HDL function (36, 37). However, the lack of scientific literature on their 
effects on endothelial function in human subjects is most likely due to the fact that infusion of 
pure phosphatidylcholine in humans is complicated by low stability as well as concerns for 
toxicity (personal communication R Basser). So, whereas we cannot discern the impact of 
ApoAI versus phosphatidylcholine on endothelial function in the present study, infusion of 
rHDL, ApoA-I and phospholipids inhibits the early pro-oxidative and proinflammatory 
vascular wall changes (38). As underscored in DM2 animal models, the advent of pure ApoAI 
mimetics will hopefully reconfirm our findings in the human setting (39).  
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Clinical implications for DM2 patients 

Due to residual cardiovascular events despite therapy, new therapeutic approaches are needed 
in the battle against atherosclerotic cardiovascular disease in general but particularly in DM2 
patients, because conventional management of risk factors has not produced the same level of 
clinical benefit as seen in non diabetic patients. Studies on HDL based therapies have 
classically focussed on lowering LDL-C plasma levels in combination with enhancing HDL-C 
levels in order to reduce cardiovascular risk in DM2 patients. Unfortunately, solid data 
providing evidence for reduction of cardiovascular risk following HDL-increasing 
interventions are scarce, predominantly due to lack of selective HDL increasing compounds 
(2, 40). In the setting of the recent adverse outcome of the ILLUMINATE trial, our findings 
support a role for ApoA-I infusion to increase HDL, macrophage cholesterol efflux and 
reverse cholesterol transport in the battle against cardiovascular disease (41, 42). 

 
Designations 

M. Nieuwdorp, R.J. Bisoendial, R. Basser, T.J. Rabelink, J.J.P. Kastelein and E.S.G. Stroes 
designed the study. M. Nieuwdorp, M. Vergeer, J. op ’t Roodt, J.H. Levels, R.S. Birjmohun 
and J.A. Kuivenhoven performed the research. M. Nieuwdorp, J.A. Kuivenhoven and E.S.G. 
Stroes analyzed the data and drafted the paper. All authors critically reviewed the manuscript. 
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employee of CSL Limited, Parkville, Australia. None of the authors have conflicting financial 
interests. 

 
References 

1. Turner RC, Millns H, Neil HA et al. Riskfactors for coronary artery disease in non-insulin dependent 
diabetes mellitus: United Kingdom Prospective Diabetes Study (UKPDS:23). BMJ 1998;316:823-828. 

2. Grundy SM, Vega GL, McGovern ME, Tulloch BR, Kendall DM, Fitz-Patrick D, Ganda OP, Rosenson 
RS, Buse JB, Robertson DD, Sheehan JP; Diabetes Multicenter Research Group. Efficacy, safety, 
and tolerability of once-daily niacin for the treatment of dyslipidemia associated with type 2 diabetes: 
results of the assessment of diabetes control and evaluation of the efficacy of niaspan trial. Arch 
Intern Med. 2002;162(14):1568-76. 

3. Haffner SM. Coronary heart disease in patients with diabetes. N Engl J Med 2000;342(14):1040-2. 
4. Rohrer L, Hersberger M, von Eckardstein A. High density lipoproteins in the intersection of diabetes 

mellitus, inflammation and cardiovascular disease. Curr Opin Lipidol. 2004;15(3):269-78. 

ApoAI/phosphatidylcholine particles and endothelial function 

max 
page 133

 
Composite

Tuesday, July 24, 2007 13:29



134 

5. Mineo C, Deguchi H, Griffin JH, Shaul PW. Endothelial and antithrombotic actionsof HDL. Circ Res. 
2006;98(11):1352-64. 

6. Yuhanna IS, Zhu Y, Cox BE, Hahner LD, Osborne-Lawrence S, Lu P, Marcel YL, Anderson RG, 
Mendelsohn ME, Hobbs HH, Shaul PW. High-density lipoprotein binding to scavenger receptor-B1 
activates endothelial nitric oxide synthase. Nat Med 2001; 7(7):853-7. 

7. Mineo C, Yuhanna IS, Quon MJ, Shaul PW. High density lipoprotein-induced endothelial nitric-oxide 
synthase activation is mediated by Akt and MAP kinases. J Biol Chem. 2003;278(11):9142-9. 

8. Drew BG, Fidge NH, Gallon-Beaumier G, Kemp BE, Kingwell BA. High-density lipoprotein and 
apolipoprotein AI increase endothelial NO synthase activity by protein association and multisite 
phosphorylation. Proc Natl Acad Sci U S A. 2004;101(18):6999-7004. 

9. Zeiher AM. Endothelial vasodilator dysfunction: pathogenetic link to myocardial ischaemia or 
epiphenomenon? Lancet. 1996;348 Suppl 1:s10-2. 

10. Schachinger V, Britten MB, Zeiher AM. Prognostic impact of coronary vasodilator dysfunction on 
adverse long-term outcome of coronary heart disease. Circulation 2000;101:1899-1906. 

11. Woodman RJ, Playford DA, Watts GF. Basal production of nitric oxide (NO) and non-NO vasodilators 
in the forearm microcirculation in Type 2 diabetes: associations with blood pressure and HDL 
cholesterol. Diabetes Res Clin Pract. 2006;71(1):59-67. 

12. Spieker LE, Sudano I, Hurlimann D, Lerch PG, Lang MG, Binggeli C, Corti R, Ruschitzka F, Luscher 
TF, Noll G. High-density lipoprotein restores endothelial  function in hypercholesterolemic men. 
Circulation. 2002;105(12):1399-402. 

13. Bisoendial RJ, Hovingh GK, Levels JH, Lerch PG, Andresen I, Hayden MR, Kastelein JJ, Stroes ES. 
Restoration of endothelial function by increasing high-density lipoprotein in subjects with isolated low 
high-density lipoprotein. Circulation 2003;107(23):2944-8. 

14. Eriksson M, Carlson LA, Miettinen TA, Angelin B. Stimulation of fecal steroid excretion after infusion 
of recombinant proapolipoprotein A-I. Potential reverse cholesterol transport in humans. Circulation 
1999;100(6):594-598. 

15. Brites FD, Cavallero E, de Geitere C, Nicolaiew N, Jacotot B, Rosseneu M, Fruchart JC, Wikinski RL, 
Castro GR. Abnormal capacity to induce cholesterol efflux and a new LpA-I pre-beta particle in type 2 
diabetic patients. Clin Chim Acta. 1999;279(1-2):1-14. 

16. Hedrick CC, Thorpe SR, Fu MX, Harper CM, Yoo J, Kim SM, Wong H, Peters AL. Glycation impairs 
high-density lipoprotein function. Diabetologia. 2000; 43(3):312-20. 

17. Matsunaga T, Iguchi K, Nakajima T, Koyama I, Miyazaki T, Inoue I, Kawai S, Katayama S, Hirano K, 
Hokari S, Komoda T. Glycated high-density lipoprotein induces apoptosis of endothelial cells via a 
mitochondrial dysfunction. Biochem Biophys Res Commun. 2001;287(3):714-20. 

18. Lerch PG, Fortsch V, Hodler G, Bolli R. Production and characterization of a reconstituted high 
density lipoprotein for therapeutic applications. Vox Sang. 1996;71(3):155-64. 

19. Nanjee MN, Doran JE, Lerch PG, Miller NE. Acute effects of intravenous infusion of ApoA1/
phosphatidylcholine discs on plasma lipoproteins in humans. Arterioscler Thromb Vasc Biol. 1999;19
(4):979-89 

20. van Etten RW, de Koning EJ, Verhaar MC, Gaillard CA, Rabelink TJ. Impaired NO-dependent 
vasodilation in patients with Type II (non-insulin-dependent) diabetes mellitus is restored by acute 
administration of folate. Diabetologia 2002;45(7): 1004-10. 

21. Ting HH, Timimi FK, Boles KS, Creager SJ, Ganz P, Creager MA. Vitamin C improves endothelium-
dependent vasodilation in patients with non-insulin-dependent diabetes mellitus. J Clin Invest. 
1996;97(1):22-8. 

Chapter 9 

max 
page 134

 
Composite

Tuesday, July 24, 2007 13:29



135 

22. Heitzer T, Krohn K, Alvers S, Meinertz T. Tetrahydrobiopterin improves endothelium-dependent 
vasodilation by increasing nitric oxide activity in patients with type II diabetes mellitus. Diabetologia 
2000; 43(11):1435-8. 

23. Du X, Edelstein D, Obici S, Higham N, Zou MH, Brownlee M. Insulin resistance reduces arterial 
prostacyclin synthase and eNOS activities by increasing endothelial fatty acid oxidation. J Clin Invest. 
2006;116(4):1071-80. 

24. Greenberg ER. Vitamin E supplements: good in theory, but is the theory good? Ann Intern Med. 2005 
Jan 4;142(1):75-6. 

25. Nobecourt E, Davies MJ, Brown BE, Curtiss LK, Bonnet DJ, Charlton F, Januszewski AS, Jenkins 
AJ, Barter PJ, Rye KA.The impact of glycation on apolipoprotein A-I structure and its ability to 
activate lecithin:cholesterol acyltransferase. Diabetologia 2007;50(3):643-53. 

26. Passarelli M, Tang C, McDonald TO, O'Brien KD, Gerrity RG, Heinecke JW, Oram JF. Advanced 
glycation end product precursors impair ABCA1-dependent cholesterol removal from cells. Diabetes 
2005;54(7):2198-205. 

27. Uehara Y, Engel T, Li Z, Goepfert C, Rust S, Zhou X, Langer C, Schachtrup C, Wiekowski J, 
Lorkowski S, Assmann G, von Eckardstein A. Polyunsaturated fatty acids and acetoacetate 
downregulate the expression of the ATP-binding cassette transporter A1. Diabetes 2002;51
(10):2922-8. 

28. Adams MR, Robinson J, McCredie R, Seale JP, Sorensen KE, Deanfield JE, Celermajer DS. Smooth 
muscle dysfunction occurs independently of impaired endothelium-dependent dilation in adults at risk 
of atherosclerosis. J Am Coll Cardiol. 1998;32(1):123-7 

29. Nofer JR, van der Giet M, Tolle M, Wolinska I, von Wnuck Lipinski K, Baba HA, Tietge UJ, Godecke 
A, Ishii I, Kleuser B, Schafers M, Fobker M, Zidek W, Assmann G, Chun J, Levkau B. HDL induces 
NO-dependent vasorelaxation via the lysophospholipid receptor S1P3. J Clin Invest. 2004;113
(4):569-81 

30. Choudhury RP, Rong JX, Trogan E, Elmalem VI, Danksy HM, Breslow JL, Witztum JL, Fallon JT, 
Fisher EA. High-density lipoproteins retards the progression of atherosclerosis and favorably remodel 
lesions without suppressing indices of inflammation or oxidation. Arterioscler Thromb Vasc Biol 2004; 
24:1904-1909. 

31. Nobecourt E, Jacqueminet S, Hansel B, Chantepie S, Grimaldi A, Chapman MJ, Kontush A. 
Defective antioxidative activity of small dense HDL3 particles in type 2 diabetes: relationship to 
elevated oxidative stress and hyperglycaemia. Diabetologia. 2005;48(3):529-38. 

32. Matsunaga T, Nakajima T, Miyazaki T, Koyama I, Hokari S, Inoue I, Kawai S, Shimomura H, 
Katayama S, Hara A, Komoda T. Glycated high-density lipoprotein regulates reactive oxygen species 
and reactive nitrogen species in endothelial cells. Metabolism 2003;52(1):42-9 

33. Barter PJ, Nicholls S, Rye KA, Anantharamaiah GM, Navab M, Fogelman AM. Antiinflammatory 
properties of HDL. Circ Res 2004;95(8):764-72. 

34. Moore RE, Navab M, Millar JS, Zimetti F, Hama S, Rothblat GH, Rader DJ. Increased 
atherosclerosis in mice lacking apolipoprotein A-I attributable to both impaired reverse cholesterol 
transport and increased inflammation. Circ Res 2005;97(8):763-71. 

35. Kujiraoka T, Hattori H, Ito M, Nanjee MN, Ishihara M, Nagano M, Iwasaki T, Cooke CJ, Olszewski 
WL, Stepanova IP, Egashira T, Miller NE. Effects of intravenous apolipoprotein A-I/
phosphatidylcholine discs on paraoxonase and platelet-activating factor acetylhydrolase in human 
plasma and tissue fluid. Atherosclerosis. 2004;176(1):57-62 

36. Williams KJ, Scalia R, Mazany KD, Rodrigueza WV, Lefer AM. Rapid restoration of normal 
endothelial functions in genetically hyperlipidemic mice by a synthetic mediator of reverse lipid 
transport. Arterioscler Thromb Vasc Biol. 2000;20(4):1033-9 

ApoAI/phosphatidylcholine particles and endothelial function 

max 
page 135

 
Composite

Tuesday, July 24, 2007 13:29



136 

37. Rodrigueza WV, Mazany KD, Essenburg AD, Pape ME, Rea TJ, Bisgaier CL, Williams KJ. Large 
versus small unilamellar vesicles mediate reverse cholesterol transport in vivo into two distinct 
hepatic metabolic pools. Implications for the treatment of atherosclerosis. Arterioscler Thromb Vasc 
Biol. 1997;17(10):2132-9 

38. Nicholls SJ, Dusting GJ, Cutri B, Bao S, Drummond GR, Rye KA, Barter PJ. Reconstituted high-
density lipoproteins inhibit the acute pro-oxidant and proinflammatory vascular changes induced by a 
periarterial collar in normocholesterolemic rabbits. Circulation. 2005;111(12):1543-50. 

39. Kruger AL, Peterson S, Turkseven S, Kaminski PM, Zhang FF, Quan S, Wolin MS, Abraham NG. D-
4F induces heme oxygenase-1 and extracellular superoxide dismutase, decreases endothelial cell 
sloughing, and improves vascular reactivity in rat model of diabetes. Circulation. 2005;111(23):3126-
34. 

40. Keech A, Simes RJ, Barter P, Best J, Scott R, Taskinen MR et al; FIELD study investigators. Effects 
of long-term fenofibrate therapy on cardiovascular events in 9795 people with type 2 diabetes 
mellitus (the FIELD study): randomised controlled trial. Lancet 2005;366(9500):1849-61. 

41. Tall AR, Charvet LY, Wang N. The failure of torcetrapib. Was it the molecule or the mechanism? 
Arterioscler Thromb Vasc Biol. 2007;27:257-260. 

42. Nissen SE, Tsunoda T, Tuzcu EM, Schoenhagen P, Cooper CJ, Yasin M, Eaton GM, Lauer MA, 
Sheldon WS, Grines CL, Halpern S, Crowe T, Blankenship JC, Kerensky R. Effect of recombinant 
ApoA-I Milano on coronary atherosclerosis in patients with acute coronary syndromes: a randomized 
controlled trial. JAMA 2003;290(17):2292-300. 

Chapter 9 

max 
page 136

 
Composite

Tuesday, July 24, 2007 13:29



10 
Reconstituted HDL 
increases circulating 
endothelial progenitor 
cells in patients with 
type 2 diabetes  

Olivia van Oostrom 

Max Nieuwdorp 

Peter E Westerweel 

Imo E Hoefer 

Russell Basser 

Erik SG Stroes 

Marianne C Verhaar 

 
Arterioscler Thromb Vasc Biol 2007; 27: 1864-
1865. 

max 
page 137

 
Composite

Tuesday, July 24, 2007 13:29



138 

Chapter 10 

R ecent articles suggest a new role for high-density lipoprotein (HDL) in endothelial pro-
genitor cell (EPC)-mediated endothelial repair (1-3). We read with great interest the 

article by Sumi et al1 showing that injection of reconstituted HDL (rHDL) stimulates EPC 
differentiation and enhances ischemia-induced angiogenesis in mice. Furthermore, Tso et al. 
(2) demonstrated that injection of rHDL promotes the engraftment of EPC into the thoracic 
aortae of apoE-/- mice. Our data show for the first time that a beneficial effect of increasing 
HDL levels on EPC biology also occurs in humans. 

Patients with type 2 diabetes (DM2) have reduced availability and impaired function of 
EPC (4), indicative of impaired vascular repair (5). Low HDL cholesterol, an established risk 
factor for cardiovascular disease, is associated with both endothelial dysfunction (6) as well as 
reduced EPC colony levels (7). Increasing HDL levels has been shown to improve endothelial 
function in patients at increased cardiovascular risk (8). In the present study we investigated 
the effect of increasing HDL levels by systemic infusion of rHDL (9) on EPC availability in 
patients with DM2. 

Seven patients with uncomplicated DM2 (age 53.6±3.0 years; 3 females, 4 males; glycosy-
lated haemoglobin A1c 7.1±0.3%) were included in the study. The institutional review board 
of the Academic Medical Center approved the study and all subjects gave written informed 
consent. Patients used only metformin and had no clinical signs of macrovascular disease. 
They had mild dyslipidemia (total cholesterol 5.6±0.4 mmol/l; LDL cholesterol 2.9±0.6 mmol/
l; HDL cholesterol 1.1±0.2 mmol/l; triglycerides 1.5±0.4 mmol/l). All patients received sys-
temic rHDL infusion (CSL-111 from CSL Behring AG, Bern, Switzerland) for 4 hours at a 
dose of 80 mg/kg body weight as previously described (8-10). rHDL consists of apolipopro-
tein A-I (apoA-I) isolated from human plasma and phosphatidylcholine (PC) from soy bean. 
ApoA-I and PC are combined in a molar ratio of 1:150, and form disc-shaped, non-covalently 
associated particles resembling nascent HDL.  

Peripheral blood samples were drawn from the patients before (baseline) and directly after 
(t=7) as well as 24 hours (t=24) and 7 days (t=7d) after infusion of rHDL. Plasma levels of 
apoA-I were measured by rate nephelometry. Circulating EPC, defined as CD34+VEGFR-2+ 

cells, and hematopoietic CD34+ cells were determined in peripheral blood by flow cytometry 
as previously described (11). Data are presented as mean±SEM and comparisons between 
groups were made by 1-way ANOVA for repeated measurements. A probability value of 
<0.05 was considered significant.  

After rHDL infusion plasma apoA-I increased from 1.2±0.2 (baseline) to 2.8±0.6 g/L at 7 
hours (p<0.001), whereas after 7 days apoA-I levels had returned to baseline level (1.5±0.3 g/

max 
page 138

 
Composite

Tuesday, July 24, 2007 13:29



139 

L; n.s. compared to baseline). Interestingly, 1 week after rHDL infusion we observed a 
marked increase in the number of circulating CD34+VEGFR-2+ EPC (Figure; baseline 480±85 
versus t=7d 1060±347 /ml blood, p<0.05), indicating a late effect of rHDL infusion on avail-
ability of EPC. Furthermore, the number of circulating CD34+ cells was measured at baseline 
3200±632, t=7 3395±688, t=24 3396±777 /ml blood, and was significantly increased 1 week 
after rHDL infusion t=7d 4694±670 /ml blood versus baseline (p<0.001). 

The late increase in EPC numbers after rHDL infusion can be explained by several mecha-
nisms. rHDL has a direct impact on endothelial function and nitric oxide (NO)-bioavailability 
(8,10). Endothelial nitric oxide synthase (eNOS) activity in the bone marrow is essential for 
the mobilization of EPC into the circulation (12). Therefore, rHDL may enhance EPC mobili-
zation by a beneficial effect on NO-bioavailability in the bone marrow. [Consistently, Sumi et 
al. (1) showed that rHDL administration in eNOS-/- mice had no effect on blood flow recov-
ery.] However, we observed no differences in plasma levels of VEGF165, one of the principal 
mobilizers of EPC from bone marrow, between the different time points. Another possible 
mechanism is that rHDL has a positive effect on the number of EPC in the circulation by in-
creasing their survival period through prevention of apoptosis. It was recently shown that 
HDL can prevent apoptosis through inhibition of caspase-3 activity (7). The exact functional 
effect of HDL on EPC kinetics hence remains to be elucidated. 

We cannot fully exclude an effect of PC on EPC number after rHDL infusion; PC only 
infusion resulted in hemolysis of erythrocytes in rabbits and can therefore not be tested. Fur-
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thermore, cholate mainly pertains to mobilizing cholesterol predominantly from the liver into 
the bile and the hepatic excretion of cholate is very rapid, within 24 hours (13). In view of this 
mechanism, as well as its rapid excretion, it is unlikely that this contributes to a rise in EPC 
one week later. 

In conclusion, our findings together with two other recent reports (1,2) point towards a 
novel role for HDL particles in EPC-mediated repair. Moreover, we demonstrate for the first 
time that an increase in HDL levels can improve the availability of EPC in patients with type 2 
diabetes, lending further support to HDL-increasing strategies also in the acute settings.  

 
 

References 

1. Sumi M, Sata M, Miura Si et al. Reconstituted High-Density Lipoprotein Stimulates Differentiation of 
Endothelial Progenitor Cells and Enhances Ischemia-Induced Angiogenesis. Arterioscler Thromb 
Vasc Biol. 2007;27. 

2. Tso C, Martinic G, Fan WH, Rogers C, Rye KA, Barter PJ. High-Density Lipoproteins Enhance Pro-
genitor-Mediated Endothelium Repair in Mice. Arterioscler Thromb Vasc Biol. 2006;26:1144-1149. 

3. Lesnik P, Chapman MJ. A New Dimension in the Vasculoprotective Function of HDL: Progenitor-
Mediated Endothelium Repair. Arterioscler Thromb Vasc Biol. 2006;26:965-967. 

4. Tepper OM, Galiano RD, Capla JM et al. Human Endothelial Progenitor Cells From Type II Diabetics 
Exhibit Impaired Proliferation, Adhesion, and Incorporation Into Vascular Structures. Circulation. 
2002;106:2781-2786. 

5. Werner N, Kosiol S, Schiegl T et al. Circulating Endothelial Progenitor Cells and Cardiovascular Out-
comes. N Engl J Med. 2005;353:999-1007. 

6. Toikka JO, Ahotupa M, Viikari JSA et al. Constantly low HDL-cholesterol concentration relates to 
endothelial dysfunction and increased in vivo LDL-oxidation in healthy young men. Atherosclerosis. 
1999;147:133-138. 

7. Noor R, Shuaib U, Wang CX et al. High-density lipoprotein cholesterol regulates endothelial progeni-
tor cells by increasing eNOS and preventing apoptosis. Atherosclerosis. 2006;In Press. 

8. Bisoendial RJ, Hovingh GK, Levels JHM et al. Restoration of Endothelial Function by Increasing 
High-Density Lipoprotein in Subjects With Isolated Low High-Density Lipoprotein. Circulation. 
2003;107:2944-2948. 

9. Lerch PG, Fortsch V, Hodler G, Bolli R. Production and Characterization of a Reconstituted High 
Density Lipoprotein for Therapeutic Applications. Vox Sanguinis. 1996;71:155-164. 

10. Spieker LE, Sudano I, Hurlimann D et al. High-Density Lipoprotein Restores Endothelial Function in 
Hypercholesterolemic Men. Circulation. 2002;105:1399-1402. 

11. Westerweel PE, Hoefer IE, Blankestijn PJ et al. End-stage renal disease causes an imbalance be-
tween endothelial and smooth muscle progenitor cells. Am J Physiol Renal Physiol. 2007;292:F1132-
F1140. 

12. Aicher A, Heeschen C, Mildner-Rihm C et al. Essential role of endothelial nitric oxide synthase for 
mobilization of stem and progenitor cells. Nat Med. 2003;9:1370-1376. 

13. Nanjee MN, Doran JE, Lerch PG, Miller NE. Acute Effects of Intravenous Infusion of ApoA1/
Phosphatidylcholine Discs on Plasma Lipoproteins in Humans. Arterioscler Thromb Vasc Biol. 
1999;19:979-989. 

Chapter 10 

max 
page 140

 
Composite

Tuesday, July 24, 2007 13:29



11 
Summary and glance 
at the future of 
glycobiology in 
cardiovascular disease 

max 
page 141

 
Composite

Tuesday, July 24, 2007 13:29



142 

Chapter 11 

I n this thesis, the role of the endothelial glycocalyx as a key player in the vasculo-protective 
capacity of the vessel wall has been studied in humans. The first 3 chapters focus on 

validation and correlation of human glycocalyx measurements to classical cardiovascular risk 
factors, and the potential role of disturbed glycosaminoglycan metabolism in development of 
increased arterial wall thickness. The subsequent 3 chapters evaluate the impact of classical 
atherosclerotic risk factors (hyperglycemia, inflammation and hypercholesterolemia) on 
endothelial glycocalyx and endothelial dysfunction. Finally, the last 2 chapters address the 
effect of HDL cholesterol on endothelial function in general in patients with diabetes mellitus. 
 
PART 1 How to address the state of the glycocalyx in vivo? 

Chapter 2 provides a review of the limited number of publications addressing the endothelial 
glycocalyx, a protective layer which is situated on the luminal side of the endothelium 
consisting of proteoglycans, glycosaminoglycans (hyaluronan) and adsorbed plasma proteins. 
These studies are very clear in demonstrating that the endothelial glycocalyx actively 
contributes to maintaining vascular homeostasis by exerting a number of protective functions. 
Despite the preliminary reports of an endothelial protective layer by Bennett in the early 
1960’s, this topic attracted only little attention in the next decades. More recently, studies have 
elegantly demonstrated that loss of glycocalyx by atherogenic stimuli results in a wide array of 
pro-atherogenic changes. Thus, pro-atherogenic stimuli increase shedding of glycocalyx-
constituents into the plasma (predominantly hyaluronan), which at the same time results in 
loss of vasculo-protective properties of the vessel wall itself. Gaining more insight into these 
processes, especially in humans, opens up a completely new area for cardiovascular 
prevention. Whereas cardiovascular prevention has focused on lowering systemic risk factors 
in high risk patients, we have learned by now that the majority of events cannot be prevented 
by these systemic interventions in spite of optimal medication use. Therefore, it is increasingly 
being acknowledged that future strategies should try to aim at increasing the resistance of the 
vessel wall itself against atherogenic stimuli. In view of the central role of the glycocalyx in 
the protective barrier of the vessel wall, it will be a challenge to unravel whether and to what 
extent glycocalyx-restoring strategies will increase the protective capacity of the vasculature 
under pro-atherogenic conditions.  

In Chapter 3 two independent methods are validated to translate an established 
experimental method of estimating capillary glycocalyx dimension into a clinically useful 
tool, allowing reproducible measurements of the glycocalyx in humans. Sublingual 
microvascular glycocalyx thickness was determined using orthogonal polarization spectral 
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imaging, a technique which enables visualisation of flowing erythrocytes and leukocytes. 
Since the latter are more rigid than erythrocytes, leucocytes have the capacity to compress the 
capillary endothelial glycocalyx during their passage through the lumen, thereby eliciting a 
transient ‘widening’ of the erythrocyte column following a leukocyte passage. The change in 
erythrocyte column diameter (divided by two) provides an in vivo estimate of the dimension of 
microvascular glycocalyx.  

A second technique is based on the principle, that the endothelial glycocalyx limits access 
to plasma macromolecules and erythrocytes. Hence, the systemic glycocalyx volume can be 
estimated by subtracting the circulating plasma volume from the total intravascular 
distribution volume, which comprises both plasma volume and the (intravascular) glycocalyx. 
Repetitive measurements in 12 subjects showed that both techniques allow reproducible 
measurements of glycocalyx volume. Since it was not known whether and to what extent 
cardiovascular risk factors correlated with glycocalyx dimension, we determined glycocalyx 
thickness in 24 healthy male volunteers. We report correlations between glycocalyx volume 
and lipid profiles and BMI. Since one of the mechanisms by which glycocalyx volume 
decreases, pertains to shedding of glycocalyx constituents into the plasma, we subsequently 
evaluated whether plasma hyaluronan levels (reflecting ‘shed glycocalyx components’) were 
associated with cardiovascular disease. Therefore, we determined intima media thickness 
(cIMT) of the carotid arterial wall, as an established marker of atherosclerosis, as well as 
plasma hyaluronan and its regulating enzyme hyaluronidase in 99 patients with type 1 diabetes 
mellitus (DM1) and 99 matched controls (Chapter 4). The cIMT was significantly thickened 
and plasma markers of disturbed hyaluronan metabolism significantly increased in patients 
with DM1, underscoring the potential importance of glycobiology in hyperglycemia induced 
atherosclerosis. 
 
PART 2 Relation between classical cardiovascular risk factors and glycocalyx 
perturbation 

Glucose metabolism is associated with glycoprotein synthesis. A few years ago Brownlee et 
al. convincingly showed that the four major pathways implicated in the pathogenesis of 
hyperglycemia induced vascular damage (hexosamine pathway, advance glycation end-
product formation pathway, protein kinase C activation and pyolol pathway) all reflect 
hyperglycemia-induced overproduction of superoxide by the mitochondrial electron-transport 
chain. Therefore, we first turned our attention to the impact of short-term hyperglycemia on 
the endothelial glycocalyx. Mechanistically, we evaluated whether the potential impact could 
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be related to an increased generation of reactive oxygen species. In Chapter 5 the results of 
the study are described. In ten healthy male volunteers, measurements were performed in 
randomized order on 5 occasions: 2 control measurements, two measurements during normo-
insulinemic hyperglycemia (plasma glucose 16 mmol/l) with or without the antioxidant N-
Acetyl Cysteine (NAC) respectively, and one during mannitol infusion. Acute hyperglycemia 
profoundly reduced glycocalyx volume (0.8±0.2 liters, p<0.05). This disturbance was 
abolished by co-infusion of NAC (1.4±0.2 liters), indicating a causal role for increased ROS 
formation. In contrast, the osmotic control substance mannitol had no effect on glycocalyx 
volume (1.6±0.1 liters). Concomitantly, acute hyperglycemia resulted in endothelial 
dysfunction, increased plasma hyaluronan levels and coagulation activation. Collectively, we 
concluded that hyperglycemia significantly affects endothelial glycocalyx, which associated 
with endothelial dysfunction and coagulation activation.  

In Chapter 6, we investigated the effect of longstanding hyperglycaemia in type 1 diabetes 
mellitus (DM1), with or without the presence of microalbuminuria, on endothelial glycocalyx 
dimension and hyaluronan metabolism. Glycocalyx volume decreased in a stepwise fashion 
from controls, DM1 patients without and finally DM1 patients with microalbuminuria 
(1.5±0.1, 0.8±0.4 and 0.2±0.1 liters respectively, p<0.05). Microvascular glycocalyx thickness 
as visualised using OPS was also decreased in conjunction with disturbed hyaluronan 
metabolism in these DM1 patients. We therefore concluded that in chronic hyperglycemic 
situations endothelial glycocalyx damage occurs, the severity of which increases in the 
presence of microalbuminuria. The latter is even more interesting, if one considers that the 
endothelial glycocalyx is one of the key determinants of vascular permeability. In this respect, 
it is tempting to speculate that glycocalyx perturbation could be the missing link between 
microalbuminuria and increased cardiovascular risk. 

We already mentioned that the endothelial glycocalyx may have an important role in host-
defense mechanisms towards inflammatory stimuli. In addition, low-grade inflammation has 
now been accepted to be a hallmark for all stages of atherogenesis. In Chapter 7 we evaluated 
whether a standardized, modest inflammatory stimulus (low-dose endotoxin challenge) 
adversely affected the endothelial glycocalyx, thus contributing to further proinflammatory 
and procoagulatory changes. Sixteen healthy male volunteers, who were either pretreated with 
an injection of Etenercept (a soluble TNFα receptor) or saline, received an infusion of 
endotoxin (LPS, 1 ng/kg bolus). Endotoxin infusion with saline pre-treatment elicited a 
systemic inflammatory response, severely diminished endothelial glycocalyx dimensions and 
increased plasma levels of hyaluronan. Pretreatment with Etanercept significantly attenuated 
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these disturbances. These findings lend further support the role of endothelial glycocalyx in 
inflammatory related diseases (e.g. sepsis and atherosclerosis) and warrant further study. Once 
again, the parallel to more severe inflammatory states such as sepsis, characterized by 
profound increases in vascular permeability, illustrates that the interaction between 
inflammation and glycocalyx extends from localized inflammatory changes to systemic 
inflammatory states.  

Subsequently, we addressed yet another principal risk factor for atherosclerotic disease: 
LDL cholesterol. Thus, we evaluated whether patients with familial hypercholesterolaemia, a 
disease characterized by high plasma LDL-cholesterol levels, were also characterized by 
perturbation of the endothelial glycocalyx. Concomitantly, we had the opportunity to study 
whether therapeutic intervention with statins would translate into beneficial changes in these 
parameters. Our findings are described in Chapter 8. In thirteen patients with familial 
hypercholesterolemia (FH) systemic and microvascular glycocalyx were measured at baseline 
as well as after 8 weeks of rosuvastatin therapy compared to normocholesterolemic controls. 
Systemic glycocalyx volume in FH patients was significantly reduced compared to controls 
(0.8±0.3 vs. 1.7±0.6 liters, p<0.001). After 8 weeks of statin treatment, systemic glycocalyx 
volume recovered only partially (to1.1±0.4 L, p=0.04). An inverse relation was observed 
between LDL levels and systemic glycocalyx volume. Therefore, this reduction in endothelial 
glycocalyx may contribute to increased atherogenic vulnerability in these subjects. 
 
PART 3 HDL-c and the vessel wall 

In Chapter 9, we investigated acute as well as long-term effects of reconstituted HDL 
infusion in patients with type 2 diabetes mellitus (DM2). Prospective epidemiological studies 
in the general population have shown that low plasma levels of high-density lipoprotein 
cholesterol (HDL-C) are inversely related to coronary artery disease risk in DM2. Notably, in 
DM2 patients, intensive statin therapy does not have the capacity to improve endothelial 
dysfunction, which clearly differs from the full restoration of vascular function by statin 
therapy in for instance patients with familial hypercholesterolemia. Therefore, we evaluated 
whether increasing HDL by infusing rHDL would have a beneficial impact on endothelial 
function (measured by means of venous occlusion plethysmography) in DM2 patients. The 
forearm blood flow response to the endothelium dependent vasodilator serotonin (5HT) and 
the inhibitor of nitric oxide synthase (LNMMA) were blunted in DM2. Infusion of rHDL 
increased plasma HDL levels and restored the vasomotor response not only after 4 hours, but 
even up to 7 days after rHDL infusion. The latter is even more interesting, since after 7 days 
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apoAI and HDL-c levels had almost returned towards pre-infusion levels. Hence, these data 
point towards a long-lasting beneficial effect of HDL on the vessel wall, the exact mechanism 
of which needs further study. In chapter 10, we investigated the effect of reconstituted HDL 
on endothelial progenitor cells in DM2 patients and found that 7 days after infusion EPC 
plasma levels were significantly increased, underscoring the potential of rHDL as a 
therapeutic agent.  
 
Future perspectives  

The data presented in this thesis indicate that the endothelial glycocalyx has properties that 
reach beyond ‘merely’ an endothelial barrier function during pro-inflammatory processes. 
However, the exact mechanisms by which endothelial glycocalyx perturbation mediates 
atherosclerosis need closer evaluation. In this delicate process, glycobiology and glycobiomics 
may turn out to have the best tools to answer these questions in the near future. 

First and foremost, the techniques described in the present thesis underscore that we are 
now able to study changes in endothelial glycocalyx in various patient groups as well as to 
evaluate changes in glycocalyx volume upon therapeutic interventions. Beyond lowering the 
systemic risk factors (e.g. LDL cholesterol), we now for the first time have the ability to 
design strategies to selectively prevent glycocalyx loss or, even better, restore already 
damaged glycocalyx. In this respect, it is interesting to cite recent work by van den Berg et al, 
who elegantly showed that atherosclerosis predominantly develops at sites which are 
characterized by a thin endothelial glycocalyx. These sites are, amongst others, characterized 
by increased leakage of LDL into the subendothelial space, followed by the well known pro-
atherogenic changes within the vessel wall. Even more interestingly, infusion of glycocalyx 
compounds, such as glycosaminoglycan and heparin sulphate, have been shown to protect 
against atherogenic challenges. Hence, in vitro models have provided proof-of-concept that 
restoration of glycocalyx is accompanied by recovery of protective capacity of the vessel wall. 
Combined with the novel techniques and the data, described in the present thesis, we have 
currently entered a new era, in which we are testing novel compounds with the sole aim to 
restore and enhance vessel wall protection. First targets include infusion of glycocalyx 
compounds, such as hyaluronan-chondroitin combinations, as well as novel compounds which 
increase the synthesis of glycosaminoglycans.  

Apart from strategies aimed at increasing glycocalyx volume, a second challenge is 
already glooming at the horizon: composition of the glycocalyx. At the same time, this implies 
that measuring ‘glycocalyx degradation products’ in the plasma of patient groups may provide 
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an answer to the question what the ‘status’ of the glycocalyx is in various organs. It is not 
exactly known how endothelial glycocalyx proteoglycan-composition changes upon pro-
inflammatory stimuli. One might speculate that pro-inflammatory stimuli induce changes in 
relative amounts of heparan sulphate, chondroitin sulphate, hyaluronan, and mucin type 
oligosaccharides upon shedding of endothelial glycocalyx. For example, shed glycocalyx- 
bound high molecular weight hyaluronan is known to be degraded to low molecular weight 
chains, which in turn can initiate several crucial inflammatory steps (e.g. via Toll Like 
Receptors), ultimately resulting in organized inflammation and subsequent tissue damage 
control. On the other hand, heparan sulphate chains have potential to interact with a wide array 
of ligands, including many cytokines, chemokines and extracellular matrix molecules relevant 
to regulation of immune cell function and vascular repair. Therefore, upon pro-inflammatory 
stimuli glycocalyx bound heparin sulphate chains might lead to changes in the regulation of 
partner molecules such as LPL and chemokines as well as leukocyte docking, whereas at later 
stages endothelial heparin sulphate chain shedding could fine tune coagulation activation via 
their known anticoagulation effect.  

However, the different biochemical basis of pro-inflammatory stimuli (e.g. hyperglycemia 
versus endotoxemia) may require differential secretion of proteoglycans on endothelial cells. 
Recent in vitro data suggest that hyperglycemia or endotoxemia result in lower levels of 
secreted heparin sulphates and chondroitin sulphates with affecting chain length, whereas 
hyaluronan secretion and shedding is significantly increased. However, technical difficulties 
in the determination of these proteoglycans in human plasma prevented the ‘bench to bedside’ 
step up till now. The main problem to tackle in the near future will be reliable and sensitive 
detection of proteoglycan plasma concentrations. In contrast to the glycosaminoglycan 
hyaluronan, the other proteoglycans are highly specific in terms of sulphation patterns. 
Although assays are available to determine total heparan sulphate plasma concentration (see 
Chapter 7), specific characterisation of differential sulphation patterns in chondroitin or 
heparan sulphate chains during inflammation require a different approach. With the advent of 
high speed GCMS (gas chromatography mass spectrometry), we might be able to detect these 
changes. Whereas the chomatograph separates the molecules in the sample in GCMS, the 
mass spectrometer breaks down the molecule to ionized fragments and allows detection of 
specific fragment spectrum. Introduction of this technique might enable us to relate changes in 
proteoglycan metabolism to human vascular disease, which will undoubtedly provide valuable 
insight into the delicate relation between endothelial glycocalyx, related proteoglycans and 
vascular pathophysiology.  
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Chapter 12 

I n dit proefschrift wordt de rol van de endotheliale glycocalyx, een beschermlaag op de 
binnenkant van de vaatwand bestaande uit proteoglycanen, glycosaminoglycanen 

(hyaluronan) en geabsorbeerde plasma eiwitten, besproken alsook haar mogelijke rol bij het 
ontstaan van atherosclerose (vaatwandverkalking). De eerste drie hoofdstukken geven een 
overzicht van de bestaande literatuur over de glycocalyx in relatie tot hart- en vaatziekten. 
Vervolgens wordt een tweetal methoden beschreven, waarmee de glycocalyx betrouwbaar kan 
worden gemeten bij mensen. In deze studies wordt tegelijkertijd de relatie tussen glycocalyx 
dimensie en klassieke risicofactoren voor hart- en vaatziekten beschreven, waaronder LDL-
cholesterol, vaatwandontsteking en overgewicht. Tenslotte wordt gekeken naar de relatie 
tussen de hoeveelheid glycoproteinen in het bloed en vaatwanddikte als risicomaat voor hart- 
en vaatziekten. De volgende 3 hoofdstukken beschrijven de relatie tussen glycocalyx en 
risicofactoren voor het ontwikkelen van atherosclerose (hyperglycemie, inflammatie en 
hypercholesterolemie). Tenslotte worden in de laatste 2 hoofdstukken de effecten van acute 
HDL verhoging op vaatwandfunctie besproken in patiënten met type 2 diabetes. 

 
 

DEEL 1 Het meten van glycocalyx bij mensen 

Hoofdstuk 2 geeft een samenvatting van de wetenschappelijke artikelen over endotheliale 
glycocalyx. Deze onderzoeken laten duidelijk zien dat endotheliale glycocalyx een belangrijke 
rol speelt bij de homeostase van de vaatwand door het uitoefenen van een groot aantal 
beschermende eigenschappen, zoals het remmen van leukocyten en plaatjes adhesie, alsook de 
synthese van stikstof monoxide, een belangrijke vaatverwijder. 

Hoewel de eerste bewijzen over het bestaan van de endotheliale glycocalyx reeds door 
Bennet et al in 1963 gepubliceerd werden, heeft dit onderzoek slechts weinig aandacht 
gekregen in de jaren die daarop volgden. Pas de laatste 10 jaar is duidelijk geworden dat 
beschadiging van endotheliale glycocalyx gepaard gaat met duidelijk pro-atherogene 
veranderingen. Beschadiging van endotheliale glycocalyx induceert enerzijds loslaten van 
glycocalyx componenten in het plasma (voornamelijk hyaluronan), terwijl tegelijkertijd ook 
vaatwandontsteking en vervolgens vaatlekkage optreedt. Door meer inzicht te verkrijgen in de 
rol van de glycocalyx in het veroorzaken van atherosclerose bij mensen zou een grote stap 
voorwaarts kunnen betekenen voor de behandeling van hart- en vaatziekten bij patiënten. Niet 
in de laatste plaats, omdat mogelijke behandelingen gericht op het herstellen van glycocalyx 
zouden ingrijpen op een proces dat vaatwandbeschadiging tegengaat door het direct verhogen 
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van de beschermende capaciteit van de vaatwand zelf, terwijl huidige interventies (cholesterol 
verlaging) voornamelijk op ‘damage control’ gebaseerd zijn. 

In hoofdstuk 3 worden twee manieren besproken waarmee op reproduceerbare wijze 
endotheliale glycocalyx in mensen kan worden gemeten welke mogelijk een aanvulling 
zouden zijn in het arsenaal van methoden voor cardiovasculaire risicostratificatie. De eerste 
methode betreft microvasculaire glycocalyx meting met OPS (orthogonal polarisation spectral 
microscopie), waarmee op niet-invasieve wijze erythrocyten en leukocyten sublinguaal 
gevisualiseerd kunnen worden. Aangezien de leukocyten stijver zijn dan erythrocyten, kunnen 
leukocyten de glycocalyx tijdens passage door sublinguale capillair tijdelijk comprimeren. 
Hierdoor ontstaat een tijdelijke verbreding van de stromende erythrocyten kolom, die na 
passage van de leukocyt weer normaliseert. Tijdens opname van een capillair voor en vlak na 
passage van de leukocyt, is men in staat de verandering in erythrocyten kolom diameter te 
bepalen. Deze verandering in diameter (gedeeld door 2) geeft een directe schatting van de 
endothelial glycocalyxdikte in de microcirculatie. De andere beschreven techniek om 
glycocalyx dimensie te meten, is gebaseerd op het principe dat glycocalyx niet toegankelijk is 
voor plasma macromoleculen en erythrocyten. Derhalve kan door het infunderen van twee 
verschillende tracers, te weten een glycocalyx toegankelijke tracer (dextran 40) die een 
schatting geeft van het totale vasculaire volume en een glycocalyx impermeabele tracer 
(erythrocyten), die een schatting geeft van het plasmavolume. Subtractie van gemeten 
plasmavolume van totale plasma volume geeft dus een schatting van het intravasculaire 
glycocalyxvolume. Herhaalde metingen met iedere methode werden uitgevoerd in gezonde 
mannelijke vrijwilligers, waarmee werd aangetoond dat beide manieren glycocalyx op een 
reproduceerbare manier meten. Aangezien data over de relatie tussen glycocalyx dimensie en 
cardiovasculaire risicofactoren in mensen ontbrak, werden in 24 gezonde vrijwilligers zowel 
glycocalyx gemeten alsook plasmamarkers voor hart- en vaatziekten (lipidenspectrum en 
ontstekingsparameter CRP) in het bloed bepaald. We toonden correlaties aan tussen 
glycocalyx dimensie, LDL- en HDL-cholesterol en body mass index (BMI). 

Aangezien een van de mechanismen waarop een verminderd glycocalyxvolume 
bewerkstelligd wordt, optreedt via verhoogde shedding van glycocalyx bouwstenen, is in 
hoofdstuk 4 gekeken of plasmawaarden van hyaluronan (een van de belangrijkste glycocalyx 
componenten) samenhangen met de vaatwanddikte van de arteria carotis in patiënten met type 
1 diabetes. Derhalve werd in 99 patiënten met type 1 diabetes en 99 gezonde controle 
personen de intima media dikte van de arteria carotis (cIMT, een belangrijke non invasieve 
cardiovasculaire risico marker) gemeten en gecorreleerd aan plasmawaarden van hyaluronan 
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en hyaluronidase (afbrekende enzym van hyaluronan). Niet alleen werd een verstoord 
hyaluronan metabolisme (verhoogde waarden van hyaluronan en hyaluronidase in plasma) en 
een verdikte cIMT in DM1 patiënten aangetoond; bovendien bleken beide parameters nauw 
gecorreleerd te zijn. Deze data onderstrepen het mogelijke belang van glycobiologie en 
glycocalyx homeostase in hyperglycemie geassocieerde atherosclerose. 

 

DEEL 2 Relatie tussen klassieke cardiovasculaire risicofactoren en 
glycocalyxschade  

Het glucosemetabolisme is nauw verbonden met glycoproteinensynthese. Een paar jaar 
geleden toonde Michael Brownlee aan dat vier belangrijke paden in de glycolyse (hexosamine 
pathway, advance glycation end-product formation pathway, protein kinase C activation and 
pyolol pathway) verstoord raken tijden hyperglycemie. Hierdoor ontstaat verhoogde zuurstof 
radicalenuitstoot uit de mitochondria, die vervolgens een belangrijke rol spelen in 
hyperglycemie-geassocieerde vaatschade. Aangezien wij geïnteresseerd waren in het effect 
van kortdurende hyperglycemie op glycocalyxdimensie en of eventuele schade samen zou 
hangen met verhoogde zuurstof radicaalproductie, werd in 10 gezonde vrijwilligers door 
middel van een hyperglycemische-normoinsulinemische clamp 6 uur lang hyperglycemie 
geïnduceerd met of zonder co-infusie van de anti-oxidant N-Acetyl Cysteine (NAC). Tevens 
werd een osmotische controlemeting met mannitol-infusie uitgevoerd (hoofdstuk 5). Acute 
hyperglycemie gaf een sterke reductie van glycocalyxvolume. Deze verandering werd vrijwel 
geheel tegengegaan door co-infusie met NAC, waarmee aangetoond de rol voor 
zuurstofradicalen in hyperglycemie-geïnduceerde glycocalyxbeschadiging werd bevestigd. De 
osmotische controlemeting met mannitol had geen effect op glycocalyxvolume. Naast 
glycocalyxbeschadiging resulteerde acute hyperglycemie ook in endotheeldisfunctie, 
verhoogde plasma waarden van hyaluronan en activatie van de stollingscascade.  

Vervolgens werd onderzocht of chronische hyperglycemie ook gepaard gaat met 
glycocalyxschade. In hoofdstuk 6 werd daarom gekeken naar de relatie tussen glycocalyx - en 
hyaluronanmetabolisme, gemeten in patiënten met type 1 diabetes mellitus met of zonder 
microalbuminurie. Het glycocalyxvolume was het hoogst bij controle patiënten en laagst bij 
patiënten met microalbuminurie. Microvasculaire glycocalyxdimensie (gemeten met OPS) 
was ook verminderd bij patiënten met type 1 diabetes. Wij concludeerden dat ook tijdens 
chronisch hyperglycemie glycocalyxschade optreedt, waarbij deze schade ernstiger is bij 
patiënten met microalbuminurie. Aangezien microalbuminurie gezien wordt een maat voor 
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gegeneraliseerde vaatpermeabiliteit in het lichaam en endotheliale glycocalyx zich op alle 
endotheel in het lichaam bevindt, zou het mogelijk kunnen zijn dat glycocalyxverlies de 
ontbrekende schakel is tussen microalbuminurie en het bijbehorende verhoogde risico op hart- 
en vaatziekten. 

Er was al eerder gesuggereerd dat endotheliale glycocalyx een belangrijke rol speelt in 
beschermingsmechanismen tegen vaatwandontsteking. Daarnaast komen er de laatste tijd 
steeds meer aanwijzingen, dat vaatwandontsteking een belangrijke regulator is van het 
atherosclerose proces. Derhalve hebben wij in hoofdstuk 7 gekeken naar het effect van een 
ontstekingsprikkel op glycocalyxbeschadiging en of een specificieke cytokine (TNFα) een 
cruciale rol speelt in het ontstaan van glycocalyxschade en subsequente vaatwanddisfunctie en 
stollingsactivatie. Zestien gezonde mannelijke vrijwillers werden gerecruteerd en 
voorbehandeld met hetzij Etanercept (een TNFα receptor die alle geproduceerde TNFα bindt, 
waardoor deze biologisch inactief wordt) of placebo (fysiologisch zout). Zij kregen vervolgens 
allen infuus met endoxotine (geïsoleerde celwanden van E. coli bacteriën), waarmee een 
gecontroleerde systemische ontstekings reactie in het lichaam opgewekt kan worden. 
Endotoxine-infusie met placebo ging gepaard met glycocalyx schade, verhoogde plasma 
waarden van hyaluronan en stollingscascade activatie, terwijl voorbehandeling met Etanercept 
deze beschadiging effecten sterk tegenging. De resultaten van dit onderzoek wijzen in de 
richting van een barrièrefunctie van glycocalyx in bescherming van de vaatwand tegen 
inflammatoire prikkels. Bovendien passen deze gegevens bij bestaande data in sepsis, waarbij 
een heftige inflammatoire reactie op bacteriën (zoals sepsis), gepaard gaat met 
stollingsafwijkingen en verhoogde waarden van glycoproteinen in het bloed. Het zou daarom 
goed mogelijk kunnen zijn dat endotheliale glycocalyx herstel een nieuw doel zou kunnen zijn 
voor ontwikkeling van nieuwe therapeutica in sepsis. 

Tenslotte werd in hoofdstuk 8 gekeken naar een ander belangrijke speler in het 
atherosclerose proces: LDL cholesterol. Wij hebben gekeken of patiënten met familiaire 
hypercholesterolaemie (FH) ook glycocalyxschade hebben. Daarnaast werd gekeken of 
behandeling met statines deze schade kan tegengaan. In 13 patiënten met FH werd glycocalyx 
gemeten voor en na 8 weken behandeling met statine. Glycocalyxvolume in FH patiënten 
bleek inderdaad significant lager vergeleken met gezonde controles, terwijl na 8 weken 
behandeling met rosuvastatine glycocalyxvolume weer gedeeltelijk hersteld kon worden. 
Bovendien werd een duidelijke inverse relatie gevonden tussen de hoogte van LDL cholesterol 
en glycocalyxvolume bij FH patiënten. Concluderend stellen wij dat glycocalyx verlies door 
LDL cholesterol een mogelijk direct aandeel heeft in atherogene gevoeligheid in FH patiënten. 
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DEEL 3 HDL-cholesterol en de vaatwand in type 2 diabetes mellitus 

In hoofdstuk 9 beschrijven wij de korte en lange termijn-effecten van rHDL infusie op 
endotheel functie bij patiënten met type 2 diabetes mellitus (DM2). Epidemiologische studies 
hebben overduidelijk uitgewezen dat verlaagde plasma waarden van high-density lipoprotein 
cholesterol (HDL-C) geassocieerd zijn met een verhoogd cardiovasculair risico in DM2 
patiënten. Intrigerend blijft echter dat behandeling met statines geen endotheelfunctie 
verbetering en geen verlaging van aantal cardiovasculaire events geeft in deze patiënten groep, 
hetgeen in schril contrast staat bij de effecten in andere patiënten groepen (zoals bijvoorbeeld 
FH patiënten). Derhalve vroegen wij ons af of wij door verhoging van HDL-C (door infusie 
van gereconstitueerd humaan HDL cholesterol) wel effecten op de endotheel functie zouden 
zien. DM2 patiënten hadden zoals verwacht een slechtere endotheelfunctie dan controles, 
waarbij voornamelijk de verminderde response op de endotheel afhankelijke vasodilatie 
(serotonine geïnduceerd) en inhibitie van NO synthase (LNMMA geïnduceerd) bevestigd 
werden. Infusie van rHDL gaf naast een sterke verhoging van plasma HDL, ook herstel van de 
endotheelfunctie 4 uur na infusie en dit effect was nog steeds merkbaar 7 dagen na infusie. 
Met name deze laatste observatie is interessant, aangezien op dit tijdstip het HDL-C in plasma 
van DM2 patiënten bijna weer tot pre-infusie waarden gedaald was. Deze data wijzen derhalve 
op een langdurig gunstig effect van rHDL infusie op de vaatwand en onderschrijven nader 
onderzoek naar dit fenomeen. Tenslotte laten wij in hoofdstuk 10 zien, dat parallel aan de 
verbeteringen op endotheelfunctie, ook het aantal endotheliale progenitor cellen (EPC) 
significant stijgt na infusie van rHDL in DM patiënten. 

 
Conclusie en aanbevelingen voor verder onderzoek 

Samenvattend, de data gepresenteerd in dit proefschrift laten zien dat de endotheliale 
glycocalyx een belangrijke rol speelt in de bescherming van de vaatwand tijdens pro-
atherogene prikkels. Het betreft hier echter voornamelijk observationeel onderzoek, en de 
exacte wijze waarop glycocalyxbeschadiging leidt tot versnelde atherogenese vereisen 
aanvullend onderzoek. Dankzij de technieken beschreven in dit proefschrift zijn we nu in staat 
om bij patiënten verandering in glycocalyxvolume te meten. Dit biedt de mogelijkheid om de 
effecten van specifieke interventies, gericht op glycocalyx herstel, te testen bij patiënten. 
Hiermee is een belangrijke stap gezet naar de ontwikkeling van medicatie die hopelijk de 
beschermende capaciteit van de vaatwand kunnen gaan verhogen in de toekomst.  
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Chapter 13 

Dankwoord 
 

M ijn promotores, prof dr J.B.L. Hoekstra en prof dr J.J.P. Kastelein. Beste Joost en beste 
John, dankzij jullie heb ik mijn studentenstad Utrecht verruild voor Amsterdam en ik 

heb er geen spijt van gehad. Ik bewonder de manier waarop jullie, ieder op jullie eigen manier, 
mensen weten te motiveren en een eigen onderzoeksgroep op hebben weten te bouwen en 
vooral succesvol weten te leiden. Mijn copromotores, dr E.S. Stroes en dr H. Vink. Beste Erik 
en Hans, jullie hebben mij de afgelopen jaren wegwijs gemaakt in de wereld van de 
wetenschap. Het is een eer om onder leiding van zulke scherpe geesten mijn 
wetenschappelijke opvoeding te hebben mogen genieten.  

 
De leden van de promotie commissie Prof dr J.M.F.G. Aerts, Prof dr J.D. Esko, Prof dr R.J. 
Heine, Prof dr M.M. Levi, Prof dr T. van der Poll, Prof dr A.J. Rabelink, Prof dr H.P. 
Sauerwein wil ik bedanken voor het kritisch doornemen van dit proefschrift en hun bereidheid 
zitting te nemen in mijn promotiecommissie.  

 
Mijn collega’s van de vasculaire en diabetes groep waren de garantie voor veel gezelligheid 
op F4, maar ook op alle buitenlandse congressen. Met en dankzij jullie was het altijd weer een 
ouderwets gezellige bedoeling in de kroeg en op de dansvloer!  

 
Verder gaat mijn dank uit naar een aantal mensen, die op directe of indirecte wijze bij hebben 
gedragen aan de voltooiing van dit proefschrift. Paul Bouter, jij hebt mij tijdens mijn 
coschappen in s-Hertogenbosch enthousiast gemaakt voor zowel de inwendige geneeskunde 
als het diabetes onderzoek. Timon van Haeften, dank voor het inwijden in de wondere wereld 
van de clamp technieken. Frits Holleman, voor alle intellectuele discussies en gezellige thee-
sessies. Joost Meijers en Jan Albert Kuivenhoven, voor alle hulp en lab ondersteuning. Mieke 
Trip, Saskia Middeldorp, Harry Buller en Victor Gerdes zeg ik dank voor alle opbouwende 
kritiek tijdens de wetenschappelijke en patiëntenzorg-gerelateerde bijeenkomsten.  

 
Verder wil ik Jojanneke Kroon, Hans Mooij (door glycocalyx in vriendschap verbonden), 
Mirella Gouverneur, Jurgen van Teeffelen, Carin Jansen, Marijn Meuwese, Miriam van 
Lieshout, Lysette Broekhuizen, Ward van Beers, Bregtje Lemkes, Anna Hayden, Christina 
Fillerup en Burgo Jansen bedanken voor het opzetten en perfectioneren van glycocalyx 
metingen in mensen. Olivia van Oostrom, veel dank voor de samenwerking in het bepalen van 
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de EPC’s bij diabetes patiënten. Zeker niet te vergeten zijn de medewerkers van het trial 
bureau (in het bijzonder Liesbeth van Huizen, Elsa Rijff en Jet van der Jagt), de experimentele 
vasculaire geneeskunde (in het bijzonder Han Levels, Laura Splint en Alinda Schimmel) en de 
dames van het hemostase lab (in het bijzonder Kamran Bakhtiari ). Johan Gort, Patrick Rol en 
Jos op ‘t Roodt wil ik graag danken voor hun excellente ondersteuning bij de diverse 
vaatwand metingen. Tenslotte bleek de secretariele ondersteuning onmisbaar, zeker in de 
laatste maanden voor mijn promotie (Els van Dongen, Debbie Bus en Joyce Jansen!). Goda 
Choi, jij hielp me professioneel met lay-out en omslag, dank je wel! 

 

Beste paranifmen, Roderik van Geel en Martijn Pruissen, vriendschappelijke rotsen in de 
branding van mijn hectische leven, het is een eer dat jullie naast mij willen staan.  
 
Ik dank mijn ouders voor alle zorg en mogelijkheden, waardoor ik geworden ben wie ik ben. 
Jullie hebben me altijd de vrijheid gegeven om mijn eigen keuzes te maken, ook al was dat 
niet altijd in jullie eigen lijn der verwachtingen. Fijn dat jullie samen met Ilse en Sabine altijd 
voor mij klaar staan.  
 
Willemijn en Hannah, mijn lieve dames, leven met jullie is een godsgeschenk. 
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Max Nieuwdorp was born on May 11th 1977 in Brunssum, the Netherlands. After graduating 
from secondary school at the Rombouts College in 1995, he went to Utrecht to study Medicine 
at Utrecht University. He received his Master of Science in Medicine in 1999, followed by his 
United States Medical Licensing Examination (USMLE) step 1 and 2. Before starting his in-
ternships, he permitted himself a sabbatical leave of a year to travel around the world. Post aut 
propter, part of his medical internships were done abroad with Gynaecology and Obstetrics 
rounds in Pretoria, South Africa (Kalafong Hospital) and Ear, Nose and Throat in Berlin 
(Charite Hospital) before receiving his Medical Degree in July 2002. He started his PhD pro-
gram in Amsterdam at the departments of Internal Medicine and Vascular Medicine, Aca-
demic Medical Center, under supervision of dr. E.S.G. Stroes, Prof dr J.B.L. Hoekstra and 
Prof dr J.J.P. Kastelein in a joint venture with the department of Medical Physics (dr. H. 
Vink). Most research performed during this period is presented in this thesis. This PhD posi-
tion combined research with working as a clinical fellow in the field of vascular medicine 
(thrombosis, hemostasis and lipidology). To gain more knowledge in the field of statistics and 
epidemiology, he followed the Leiden Epidemiology Course at Schiermonnikoog (2003). In 
April 2006, he started his residency in Internal Medicine at the Academic Medical Center in 
Amsterdam (under supervision of Prof dr P. Speelman). In October 2007 he will move to San 
Diego, USA with this family for a post-doc year at the Scripps Institute/UCSD (department of 
Cellular and Molecular Medicine, Prof dr J.D. Esko) to extend his knowledge on the role of 
glycobiology in the development of insulin resistance and type 2 diabetes mellitus.  
Max Nieuwdorp is married to Willemijn Speelman and they are blessed with a wonderful 
daughter, named Hannah Emilie. 

max 
page 158

 
Composite

Tuesday, July 24, 2007 13:29



max 
page 159

 
Composite

Tuesday, July 24, 2007 13:29



max 
page 160

 
Composite

Tuesday, July 24, 2007 13:29


