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general introduction  
and outline oF the thesis

Parts have been previously published in  
“Endothelial glycocalyx as potential diagnostic and therapeutic target in 

cardiovascular disease” Curr Opin Lipidol. 2009 Feb;20(1):57-62 and  
“The metabolism of triglyceride-rich lipoproteins revisited: new players, new insight” 

Atherosclerosis. 2010 Jul;211(1):1-8
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General introduction and thesis outline

1.1 glycocalyx: structure and composition 
The glycocalyx is a glycoprotein-polysaccharide cover that surrounds the cell 

membranes of nearly all cells. This thesis focuses on endothelial cells and more 

specifically, endothelial glycocalyx, although it is important to note that glycobiology 

has a role in whole-body cellular function. The central paradigm of modern molecular 

biology, in which biological information flows from DNA to RNA to protein, shifted in 

recent decades to include lipids and carbohydrates as separate entities, needed as 

intermediates to generate energy, as signaling molecules and as structural components 

for cells throughout the body. All cells and many macromolecules carry a dense and 

complex array of covalently attached sugar chains called glycans. These glycans can 

be either free standing entities or can be attached to nonsugar moiety such as lipids 

or proteins, resulting in so-called glycoconjugates. The major glycoconjugates are 

glycoproteins, glycopeptides, peptidoglycans, glycolipids and lipopolysaccharides. 

In this respect, it is noteworthy that more than 5% of the genome is involved in 

generating tissue-specific glycans for each cell type in humans (1). Biosynthesis of 

these glycan chains occurs mostly in compartments of the endoplasmic reticulum–

Golgi pathway, in stepwise reactions involving specific nucleotide sugar transporters, 

glycosyltransferases, glycosidases and other glycan-modifying enzymes (1,2). During 

this process, glycosaminoglycans (GAGs) are formed. These are linear polysaccharides 

whose building blocks are disaccharides. Depending on the nature of the endothelial 

GAG, specific enzymes elongate and modify sugar chains, as described below. Finally, 

relative amounts and localization of GAG- synthesizing proteins in the Golgi apparatus 

determine the structure of the endothelial glycocalyx (3). 

The composition of the endothelial glycocalyx consists of a number of glycoproteins and 

proteoglycans, including core proteoglycans (i.e. syndecans, glypicans, CD44 and versican) 

with a firm connection to the endothelial cell membrane and soluble proteoglycans, such 

as perlecan, mimecan and biglican. Proteoglycans consist of a core protein and one or 

more covalently attached GAG chains. Important polymerization enzymes are Exostosin-1 

and -2 (EXT-1 and EXT-2). Interestingly, patients with hereditary multiple exostoses (HME) 

have mutations in genes coding for EXT-1 and EXT-2, resulting in decreased heparan 

sulfate production. This patient group is characterized by bone malformations (exostoses). 

Possible metabolic consequences of these mutations have not been studied thus far. 

An important modification of GAG chains is sulfation, resulting in the negatively 

charged GAGs heparan sulfate, chondroitin sulfate and to a lesser extent, keratan sulfate 

and dermatan sulfate. An important uncharged GAG in the glycocalyx is hyaluronan, which 

differs from other GAGs in that it is linked to only one proteoglycan, CD44. Due to its 

water-retaining properties, hyaluronan is crucial for the structure and maintenance of the 

entangled network of GAGs providing stability to the glycocalyx. Together with plasma 

proteins, the proteoglycans form a selectively charged barrier thereby establishing an 

overall hydrodynamically relevant glycocalyx dimension of approximately 0.5–3 µm (4,5). 
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1.2 the endothelial glycocalyx
The endothelial glycocalyx is present in both macro- and microvasculature and its 
thickness progresses with increasing vascular diameter. As more than 95% of the 
endothelium is located within microvascular capillaries, the vast majority of the 
endothelial glycocalyx mass resides within the microvasculature (7). Its dimension 
depends on the balance between biosynthesis versus degradation (‘shedding’) of 
glycocalyx components (8). 

Under physiological conditions, the endothelial glycocalyx has several well-defined 
functions aimed at preserving the integrity of the vessel wall. First, the glycocalyx serves as 
an inert barrier that precludes direct ‘endothelial’ contact with circulating blood cells and 
simultaneously creates a selectively permeable structure contributing to the generation 
of the osmotic pressure gradient across the vessel wall. Second, the glycocalyx serves as 
an active reservoir, containing major enzymatic systems as well as their cofactors, such 
as lipoprotein lipase (LPL), extracellular superoxide dismutase (ec-SOD), antithrombin 
III (AT III), anticoagulant heparan sulfates and thrombomodulin (Figure 2a) (9). These 
enzymes, involved in regulation of lipid homeostasis, oxidation status and (anti)coagulant 
responses, determine in part the capacity of the vessel wall to respond to noxious stimuli 
(10). Third, the glycocalyx has an important role as mechanotransductor, transferring shear 
stress into shear-dependent endothelial responses. One of the major shear-dependent 
reaction products includes the release of nitric oxide (NO), a key determinant of the anti-
atherogenic and vasorelaxant capacity of endothelial lining cells (11). 

Damage to the endothelial glycocalyx is associated with influx of lipoproteins, leakage 
of macromolecules and adhesion of circulating cells to the endothelium. Concomitantly, 
loss of glycocalyx may contribute to an imbalance in enzymatic systems such as coagulation 
and antioxidant defense, as well as an impaired NO release (12-14). In fact, an intimate 
relation between risk factors for atherosclerosis and damage to the endothelial glycocalyx 
appears to exist (13). Since GAG synthesis is negatively regulated by inflammatory and 
oxidative stimuli (15), a pro-atherogenic environment has a direct impact on both GAG 

Figure 1. glycobiology. A. Role of glycans (glycoconjungates) in cellular metabolism (Essentials of 
glycobiology 1999). B. Transmission electron micrograph of a B. subtilis bacterium, with the hair-like 
glycocalyx visible surrounding the cell membrane (scale bar = 200 nm, http://en.wikipedia.org/wiki/
Glycocalyx).

a b
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General introduction and thesis outline

composition and glycocalyx dimension. In turn, both a decreased rate and aberrant GAG 
synthesis may contribute to vascular inflammation and dysfunction (15).

1.3 glycocalyx volume measurements
Systemic glycocalyx volume is measured using a glycocalyx permeable tracer, Dextran 
40, and a glycocalyx impermeable tracer, fluorescein-labeled erythrocytes. The calculated 

a

b

Figure 2. the endothelial glycocalyx. A. Proteoglycans and glycosaminoglycans involved in endothelial 
glycocalyx. Each GAG is anchored to endothelium via different proteoglycans (e.g. Hyaluronan 
via CD-44/RHAMM). EXT, exostosin; GAG, glycosaminoglycan; HAS, hyaluronan synthase; HYAL, 
hyaluronidase; NDST, N-deacetylase/N-sulfotransferase; NO, nitric oxide; OST, O-sulfotransferase; 
TLR, toll-like receptor. B. Electron microscopy image of coronary endothelial glycocalyx (6).
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difference between the two intravascular volumes that these tracers occupy, renders 

a reasonable estimation of whole body glycocalyx volume (Chapter 2, (16)). However, 

the invasive nature and the time-consuming preparations preclude its use in larger 

cohorts. Moreover, concern regarding its reliability has risen, as this method relies on 

the assumption that the endothelial glycocalyx is uniformly distributed throughout the 

vasculature. However, in spite of potential shortcomings, this technique may be of use in 

order to obtain a first indication of systemic glycocalyx dimensions in humans.

In addition, to image the superficial microvasculature and estimate glycocalyx 

thickness non-invasively, semi-automated imaging methods, such as Orthogonal 

Polarization Spectroscopy (OPS) or Sideview Darkfield (SDF) imaging have been 

developed. Based on the observation that the glycocalyx limits the proximity of 

erythrocytes to the capillary endothelial cells, these imaging methods use the 

erythrocyte–endothelium gap of the capillaries in the image to quantify glycocalyx 

thickness. In a pilot study (17), these estimations of glycocalyx thickness were shown 

to be reproducible and to correlate with cardiovascular risk factors. Moreover, in 

this study, systemic glycocalyx volume estimations were significantly associated with 

microvascular glycocalyx thickness measured by OPS, which seems to be reasonable, 

considering that the majority of endothelial surface area is located in the microcirculation. 

Notwithstanding, it remains to be established whether measurements performed within 

the microcirculation accurately reflect macrovascular changes in glycocalyx dimension. 

1.4 shiFting gears From ‘glycocalyx 
volume’ to ‘glycocalyx components’
Use of glycocalyx volume as a measure of vascular health might disregard the 

contribution of its individual components. Alterations in the proteoglycan/

glycosaminoglycan matrix structure of the endothelial glycocalyx affect the charge-

selective repulsion of negatively charged proteins such as albumin, resulting in 

increased transvascular leakage. Hyaluronan on the other hand, contributes largely 

to the glycocalyx volume through its water-binding capacity without having a net 

charge. A difference in hyaluronan content can therefore change glycocalyx volume 

without changing net charge and thus transvascular leakage. In this thesis, we focus 

specifically on the contribution of negatively charged heparan sulfate that comprises 

over 50% of total GAG content of the endothelial glycocalyx (18). 

Heparan sulfate proteoglycans (HPSGs) are thought to be a key component 

in shear-induced endothelial activation. This “mechano-sensing” ability of the 

endothelial glycocalyx is thought to be a central factor in NO bioavailability. Disruption 

of this mechanism has been acknowledged as the earliest stage of vascular damage, 

preceding the manifestation of cardiovascular disease (13). In addition, heparan 

sulfate genes have been linked to the development of diabetes mellitus (19), although 
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the underlying mechanism remains to be elucidated. Also, recent paradigm shifting 
studies have suggested HSPGs as novel transporters through which triglyceride-rich 
lipoproteins (TRLs) are taken up by the liver (20). In earlier studies, the in vivo role 
of endothelial HSPGs in remnant clearance was illustrated by injecting heparinase, 
a heparan sulfate-degrading enzyme, into the murine portal vein. This resulted in 
reduced very-low density lipoprotein (VLDL) and chylomicron remnant clearance (21). 
The highly sulfated hepatic HSPGs provide for the negative charges that are crucial for 
binding of LPL and apoE. Recently, tissue-specific knockout mouse models have been 
used to further investigate the role of hepatic HSPGs in remnant clearance, pointing 
towards specific sulfation patterns as important determinants of hepatic triglyceride-
rich remnant clearance (22). For instance, the desulfation enzyme glucosamine-
6-O-endosulfatase-2 (SULF2) was recently shown to be a key factor in triglyceride 
metabolism (23). However, the majority of these challenging concepts have only been 
validated in other experimental models so far.

1.5 outline oF this thesis
The first part of this thesis (part I) focuses on the relation between various pro-
atherogenic stimuli and the endothelial glycocalyx, as well as the potential to use the 
endothelial glycocalyx as a therapeutic target. In the second part, I shifted focus from 
studying the glycocalyx volume towards the individual components within this layer, 
focusing on heparan sulfate proteoglycans as a principal structural component, and 
their relevance in cardiometabolic disease.

In part one, multiple studies are presented addressing the perturbation and recovery 
of the endothelial glycocalyx, using both systemic glycocalyx measurements and local 
sublingual analyses. chapter 2 describes characteristics of the glycocalyx in type I diabetes 

Figure 3. biosynthesis of the glycosaminoglycan heparan sulfate. Heparan sulfate biosynthesis 
involves a series of modification reactions including sulfation and epimerization of glucoronic acid. 
Chain polymerization and modification are thought to occur simultaneously.
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mellitus versus healthy individuals. chapter 3 encompasses the effort to restore the 
perturbed glycocalyx in type II diabetes using the GAG precursor Sulodexide. The effect 
of a direct pro-inflammatory stimulus (TNF alpha) on endothelial glycocalyx is described 
in chapter 4. Finally, chapter 5 addresses the effect of long-term elevated plasma LDL-
cholesterol concentrations on endothelial glycocalyx volume in patients with heterozygous 
Familial Hypercholesterolemia, before and after cholesterol-lowering (statin) therapy. 

Part two of this thesis encloses studies focusing on functional metabolic consequences 
of genetic heparan sulfate variation, including analyses of endothelial function, glucose 
homeostasis and lipid clearance in patients with HME. chapter 6 describes the role of 
heparan sulfate elongation enzymes EXT-1 and EXT-2 in shear stress-induced nitric oxide 
production, the major anti-atherogenic molecule produced by the healthy endothelium. 
Differences in heparan sulfate expression and their association with insulin-mediated 
glucose disposal are presented in chapter 7. chapters 8-10 comprise the role of 
heparan sulfate in the clearance of TRLs. In chapter 8 we evaluated the effect of hepatic 
Sulf2 inhibition by antisense strategy on diabetic dyslipidemia in mice. Subsequently, we 
investigated possible associations between human SULF2 expression and parameters 
of triglyceride metabolism in a cohort of individuals with diabetes (chapter 9). Since 
both the LDL receptor (LDLR) and HSPGs contribute substantially to TRL clearance, 
we investigated possible correlations between human postprandial TRL clearance and 
genetic variations in HSPG related genes and the LDLR gene (chapter 10).
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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 induces 
endothelial glycocalyx damage. To establish whether glycocalyx 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 (labeled erythrocytes). 
Sublingual capillaries were visualized using orthogonal polarization spectral 
microscopy (OPS) to estimate microvascular glycocalyx thickness. 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 
litres respectively, p< 0.05). Microvascular glycocalyx thickness in sublingual capillaries 
was also decreased in DM1 versus CON (0.5 ± 0.1 vs 0.9 ± 0.1 µm, p< 0.01). Plasma 
hyaluronan, a principal glycocalyx constituent, and hyaluronidase were increased 
in DM1 as compared to controls (p< 0.01 and p<0.05 respectively). In conclusion, 
patients with DM1 are characterized by endothelial glycocalyx damage, the severity 
of which is increased in presence of microalbuminuria. 
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2

EndothElial glycocalyx in t1dM

introduction
Micro- and macrovascular complications of type 1 diabetes (DM1) 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 

dysfunction in DM1 has already been suggested 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 

of the vascular permeability barrier involved in the prevention of 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 support 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 and 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 C-peptide negative, used multiple injections of insulin per 

day and had HbA1c concentrations between 7.0 - 9.0% during 6 months preceding the 

study. The presence of macrovascular disease, defined as ECG abnormalities, abnormal 
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ankle-brachial index or a history of cardiac, cerebral of peripheral vascular events were 
exclusion criteria for the study. Age- and BMI- 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 24 hours 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 
concentrations (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 measurements in the 6 months preceding the study, patients were 
selected as normoalbuminuric or microalbuminuric, respectively. At the beginning of 
the study, morning urine samples were collected to verify albumin/creatinin ratios. 
Blood pressure was measured three 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 labeled autologous erythrocytes, respectively. 

Laboratory methods
After centrifugation, aliquots were snap-frozen and stored at -80 ºC. 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 concentrations were 
measured by enzyme linked immunosorbent assay (ELISA) (Echelon Biosciences, 
Salt Lake City, USA). Plasma hyaluronidase levels were determined 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 limits the proximity of plasma macromolecules and erythrocytes to 
capillary endothelial cells (16,17). Hence, systemic glycocalyx volume can be estimated 
by comparing circulating blood volume with the intravascular distribution volume of a 
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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 %) with a relatively large magnitude in healthy male 
volunteers (14). In short, the intravascular distribution volume of labeled, 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, labeled 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 labeled erythrocytes 
compared to total erythrocyte pool was used to estimate circulating erythrocyte volume. 
Pre-injection unlabeled erythrocytes (t= -1) served as negative controls. Labeled 
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 labeled 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 was 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 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 capillaries per person (n=21; 7 healthy control and 14 DM1) were 
identified for microvascular glycocalyx analyses. 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 
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functional capillary diameter from anatomic capillary diameter {(Dcap_anat - Dcap_

func)/2} provides an estimate of individual capillary glycocalyx thickness (analysis with 

Image Pro Plus®). Measurements and analysis of the images were performed by the 

same person, who was unaware of the clinical details of the participants. 

Statistical analyses
All results are expressed as means ± SE, except those listed in Table 1 (means ± SD). 

Differences between groups were tested by Kruskall-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.

results
Baseline parameters
Clinical characteristics of subjects are listed in Table 1. By definition, DM1 patients 

had higher fasting plasma glucose and glycosylated hemoglobin concentrations as 

compared to healthy controls (Table 1). Between DM1-NA and DM1-MA patients, ACR 

and plasma creatinin concentrations were significantly different (Table 1). 

Systemic glycocalyx volume
All test procedures were well-tolerated and no adverse events occurred during systemic 

glycocalyx volume measurements. Systemic glycocalyx volumes were significantly 

reduced in DM1 patients as compared to controls (CON: 1.5 ± 0.1 versus DM1: 0.5 ± 

0.1 liters, 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). 

Microvascular glycocalyx volume
Glycocalyx thickness in sublingual capillaries was reduced in DM1 patients as compared 

to controls (CON: 0.9 ± 0.1 µm versus DM1: 0.5 ± 0.1 µm, p<0.01) with a non-significant 
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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).

Systemic biochemical markers of glycocalyx perturbation
Plasma hyaluronan concentrations were increased in DM1 (DM1: 118 ± 9 versus 
CON: 65 ± 8 ng/mL, p< 0.01) with an additional increase in DM1-MA (DM1-MA: 136 
± 29 versus DM1-NA: 100 ± 17 ng/mL, p<0.05, Figure 3a). Plasma hyaluronidase 
concentrations 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 as compared to 
DM1-NA (DM1-MA: 240 ± 13 and DM1-NA: 232 ± 10 U/mL, Figure 3b). Systemic 

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
HDL-C, mmol/L

3.0 ± 0.6
1.5 ± 0.3

2.9 ± 0.9
1.6 ± 0.4

2.6 ± 0.8
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 Creatinin, 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 means ± SD. BMI, 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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Figure 1a. systemic glycocalyx volume. 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. estimation of dextran 40 distribution volume. 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 means ± SE.

glycocalyx volume was inversely correlated with 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). Systemic glycocalyx volume showed no correlation with 
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Figure 2a. microvascular glycocalyx measurements using ops imaging. Capillary glycocalyx thickness 
is reduced in DM1 (middle and right bar) compared to age- and BMI-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. systemic glycocalyx volume versus sublingual capillary glycocalyx thickness. Relation 
between systemic glycocalyx volume and sublingual capillary glycocalyx thickness in matched 
control subjects (diamonds), DM1-NA (squares) and DM1-MA (triangles).

fasting plasma glucose concentrations (r = - 0.31, ns), but there was a trend for an 
association with plasma HbA1c concentrations (r = - 0. 41, p=0.06).
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Figure 3a. circulating hyaluronan concentrations increase in a stepwise manner from controls to 
dm1-na and dm1-ma respectively. 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.

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 the largest in DM1 patients with 
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microalbuminuria. Using 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 concentrations 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 for an association between HbA1c concentrations and glycocalyx volume, whereas 
no correlation was found between fasting plasma glucose concentrations and glycocalyx 
volume. 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. This 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).

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 
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hyaluronan is an important component of the endothelial glycocalyx and that 
hyperglycemia is associated with increased synthesis of hyaluronan, both in humans 
and in 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 elevated hyaluronan and hyaluronidase concentrations in both 
plasma and kidney of diabetic animal models is consistent with our present finding 
in patients with DM1, 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, four of which are functionally active. Furthermore, 
the presence of renal hyaluronidase acitivity has long been recognized (35,36). Hence, 
it is tempting to speculate that genetically determined changes in hyaluronan and 
hyaluronidase metabolism may contribute to 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 our observations. Secondly, the accuracy 
of glycocalyx volume measurements 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 prior to vascular leakage or renal clearance at the time 
of injection, 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, it is the macrovasculature that 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 highly unlikely. Capillary density and dimensions 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 supports the generalized nature of 
glycocalyx perturbation in the development of diabetes related microvascular disease. 
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Further studies are needed to address whether glycocalyx perturbation indicates a 
poor vascular outcome and whether restoration of the glycocalyx is a valuable target 
in the prevention of vascular disease progression. 
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abstract
Endothelial glycocalyx perturbation contributes to increased vascular permeability in 
type 1 diabetes mellitus (DM1). In the present study, we set out to evaluate whether 
(i) glycocalyx is also perturbed in patients with type 2 diabetes mellitus (DM2) and 
whether (ii) abundance of glycocalyx precursors may improve glycocalyx properties. 

Male DM2 patients (n=10) and controls (n=10) were evaluated before and after 
2 months of Sulodexide administration (220mg/day). Glycocalyx dimension was 
estimated in 2 different vascular beds using Sidestream Dark Field imaging (SDF) and 
combined fluorescein/ indocyanine green angiography (FAG/ICG) for sublingual and 
retinal vessels, respectively. Albumin transcapillary escape rate (TERalb) was assessed 
as a marker of vascular permeability.

Both sublingual and retinal glycocalyx dimensions were reduced in DM2 patients 
compared to controls (sublingual:0.64 [0.57 – 0.75] µm versus 0.78 [0.71 – 0.85] 
µm, p < 0.05; retinal: 5.38 [4.88 – 6.59] µm versus 8.89 [4.74 – 11.84] µm, p < 0.05, 
respectively). TERalb was increased in DM2 as compared to controls (5.6±2.3 versus 
3.7±1.7 %, p< 0.05), as well as markers of hyaluronan catabolism (hyaluronan: 137±29 
versus 81±8 ng/ml and hyaluronidase: 78±4 versus 67±2 U/mL, both p<0.05). 
Sulodexide increased both sublingual (to 0.93 [0.83 – 0.99] µm) and retinal (to 5.88 
[5.33 – 6.26] µm, p<0.05) glycocalyx dimensions in DM2. In line, a trend towards TER 
normalization (to 4.0±2.3%, ns) and a significant decrease in plasma hyaluronidase (to 
72±2 U/ml, p<0.05) were observed in DM2. 

In conclusion, DM2 is associated with glycocalyx perturbation and increased vascular 
permeability, both of which are partially restored following Sulodexide administration. 
Further studies are warranted to determine whether longterm treatment has beneficial 
effects on cardiovascular risk reduction.
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introduction
Type 2 diabetes mellitus (DM2) is characterized by an increased propensity towards vascular 

complications. Microvascular complications such as retinopathy and nephropathy, as well 

as macrovascular complications are largely responsible for morbidity and mortality in 

patients with DM2 (1-3). An early sign of vascular damage consists of increased vascular 

permeability, which may eventually be associated with microalbuminuria (MA) at a later 

stage. Although the exact pathophysiology leading to increased vascular permeability 

and MA, as well as their link with cardiovascular complications has not been fully 

elucidated, hyperglycemia is likely to be a causal factor (4). 

The endothelial glycocalyx layer, consisting of proteoglycans with their associated 

glycosaminoglycans (GAGs) (5-9), covers the luminal side of each vessel wall. Under 

physiological conditions, the glycocalyx shields the endothelial lining from direct contact 

with circulating blood elements (3). Recently, we observed that acute hyperglycemia 

induced in a profound perturbation of the endothelial glycocalyx, which coincided with 

vascular dysfunction and activation of the coagulation system in healthy volunteers (5). 

In fact, with respect to chronic hyperglycemia, patients with type 1 diabetes mellitus 

(DM1) were characterized by a 50% decrease in glycocalyx volume. Loss of glycocalyx 

volume closely correlated with increased plasma hyaluronidase concentrations, 

indicative of enhanced hyaluronan catabolism (10). Glycocalyx perturbation has been 

associated with a wide spectrum of vascular abnormalities in experimental models, 

including increased vascular permeability, as well as increased adhesion of leukocytes 

and thrombocytes (11,12). In animal models, restoration of the glycocalyx reversed 

these abnormalities (11). This led to the concept that reversal of glycocalyx damage 

may be an attractive therapeutic target capable of preserving vascular integrity. In vitro 

studies have suggested that supplementation of glycocalyx constituents in part restored 

glycocalyx damage through both increased N-AcetylGlucosamine (GlcNAc) driven 

GAG synthesis and decreased GAG catabolism (13,14). Sulodexide is a commercially 

available compound consisting of heparan sulfate (80%) and dermatan sulfate (20%). 

Sulodexide is degraded in the digestive tract into GlcNAc building blocks, leading to 

enhanced precursor abundance for GAG synthesis (14,15).

In the present study, we hypothesized that enhanced precursor abundance for 

GAG-synthesis could improve endothelial glycocalyx properties in patients with DM2. 

To this end, we evaluated glycocalyx dimensions in two different vascular beds in DM2 

before and after oral administration of Sulodexide for 8 weeks. 

materials and methods
Study population
We enrolled ten non-smoking, male patients with DM2 without microalbuminuria 

(based on 24-hour urine microalbuminuria measurement in the 6 months preceding 
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the study), retinopathy or macrovascular disease (defined as a history of myocardial 
infarction, stroke, peripheral vascular disease or signs of macrovascular disease at 
physical examination). All DM2 patients used oral antihyperglycemic medication. 
Those using antihypertensive medication were excluded from participation. Statins 
were discontinued at least four weeks prior to study initiation. Participants were 
asked to refrain from heavy physical exercise during 24 hours prior to the study visit. 
Alcohol, caffeine and metformin were withheld at least 12 hours before the study. Ten 
normoglycemic, non-smoking, age-matched healthy male subjects served as controls. 
All subjects gave written informed consent and approval was obtained from the 
internal review board of the Academic Medical Center. The study was registered in the 
Dutch Trial Register (NTR780/ISRCTN82695186) and was carried out in accordance 
with the principles of the Declaration of Helsinki. 

Study design
In patients with DM2 and age-matched controls we measured 1) local sublingual 
glycocalyx thickness using Sidestream Dark Field imaging (SDF); 2) retinal glycocalyx 
thickness using Fluorescein and Indocyanine green angiography (FAG/ICG); 3) 
transcapillary escape rate of albumin (TERalb) and 4) plasma concentrations of 
hyaluronan and its degrading enzyme hyaluronidase, both at baseline and after 8 
weeks of Sulodexide administration (220mg/day; Vessel® 25mg/capsule, Alfa-
Wasserman, Milan, Italy). Blood pressure was measured three times; the mean of the 
last two measurements was used as systolic and diastolic blood pressure.

Endothelial glycocalyx dimensions 
We assessed endothelial glycocalyx dimensions of both the sublingual and the retinal 
circulation. Determination of the erythrocyte-endothelium gap is the current gold 
standard for glycocalyx measurement in vivo (17), since the endothelial glycocalyx allows 
limited access to erythrocytes. Using this principle, sublingual glycocalyx dimension 
was estimated using SDF imaging (17). Briefly, in each individual, approximately 
1000 measurement sites of 10 µm long were marked in sublingual vessels. At each 
measurement site, multiple estimates of the erythrocyte column width were made by 
measuring both median red cell width (RBCwidth) as well as the 90th percentile of RBC 
width distribution. For vessels with diameter classes ranging from 10 – 20 µm, a functional 
estimate of glycocalyx dimension was estimated by comparing the 50th percentile of 
RBCwidth with the 90th percentile of RBCwidth (Figure 1). Based on these estimates, a 
single median glycocalyx dimension was calculated for each individual person. 

The same principle can be applied to retinal endothelial glycocalyx measurement 
with fluorescence angiography. This method uses the intravascular distribution of two 
different fluorescent tracers: Fluorescein and Indocyanine green (18). Comparable to 
the exclusion of erythrocytes, the endothelial glycocalyx also allows limited access 
to plasma macromolecules, whereas smaller tracers can readily permeate into 
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Figure 1. sublingual glycocalyx dimension as measured by sdF.

the glycocalyx (19). In the retinal capillaries, fluorescein fills up the entire vascular 
compartment while indocyanine green binds to albumin and is therefore excluded by 
the glycocalyx layer. By calculating the difference between the two compartments, 
the dimension of the glycocalyx layer in retinal vessels can be estimated. Retinal 
glycocalyx dimensions, represented by the ICG exclusion zone on retinal angiography, 
were determined in larger retinal vessels (diameter on FAG: 90 µm and above), thereby 
avoiding heterogeneity of glycocalyx dimensions in smaller vessels. 

Transcapillary Escape Rate of albumin
Vascular permeability was determined by the transcapillary escape rate of 125I-albumin 
(TERalb) (20). 125I labeled albumin solution of 100 kBq in 5 ml saline was infused as an 
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intravenous bolus. Blood samples were drawn from the contralateral arm at baseline 

and at 5, 10, 15, 20, 30, 45 and 60 minutes. Plasma radioactivity was measured in 

each sample and in a urine sample, collected at the end of the procedure, using a 

scintillation detector (automatic γ-counter). TERalb was expressed as the percentage 

decline in plasma radioactivity from 10 to 60 minutes after injection. 

Biochemical parameters
Plasma glucose was assessed using the hexokinase method (Gluco-quant, Hitachi 917; 

Hitachi). HbA1C was measured by HPLC (Reagens Bio-Rad Laboratories, Veenendaal, 

the Netherlands) on a Variant II (Bio-Rad Laboratories). Plasma C-reactive protein 

(CRP) concentrations were measured with a commercially available assay (Roche, 

Switzerland). Hematocrit (Ht) was measured after centrifugation of heparinized blood 

at 10,000 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. 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). PT and aPTT coagulation analyses were performed on the Sysmex 

CA7000 (Siemens healthcare diagnostics, Deerfield, USA). For further analyses, 

plasma aliquots were snap-frozen and stored at -80°C. Quantitative total plasma 

hyaluronan concentrations were measured by enzyme-linked immunosorbent assay 

(Echelon Biosciences, Salt Lake City, UT)21. Plasma hyaluronidase concentrations were 

determined with a previously described assay (10).

Statistical analyses 
Results are expressed as means ± SD. Baseline differences between controls and DM2 

patients were tested using an unpaired Mann-Whitney test (two-tailed). Differences 

within groups before and after treatment were tested using a paired Student’s t test 

(two-tailed). CRP and triglycerides were not normally distributed. Therefore, we present 

medians [interquartile range] and used non-parametric tests for these comparisons. 

Analyses were performed with SPSS version 11.5 (Chicago, IL, USA). A p value <0.05 

was defined as statistically significant.

results
Clinical characteristics
Clinical characteristics of the participants are listed in Table 1. As expected, patients 

with DM2 were characterized by increased glycemic indices, diastolic blood 

pressure and CRP concentrations. No significant changes in BMI, HbA1c or glucose 
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concentrations were observed upon Sulodexide administration in patients with DM2 

and controls. Besides an increased incidence of epistaxis in one volunteer, there were 

no other adverse events reported. 

Endothelial glycocalyx thickness measured with SDF and FAG/ICG
Patients with DM2 had reduced sublingual glycocalyx dimensions as compared to the 

controls at baseline: 0.64 [0.57 – 0.75] µm versus 0.78 [0.71 – 0.85] µm ,p<0.05). Upon 

Sulodexide, average sublingual glycocalyx thickness increased in diabetic patients (to 

0.93 [0.83 – 0.99] µm; p <0.05 placebo versus Sulodexide). In controls, Sulodexide had 

no significant effect on glycocalyx dimension (to 0.88 [0.80 – 0.99] µm). In a subset 

of DM2 patients and controls (n=6 in each group), retinal glycocalyx dimensions were 

also determined before and after 8 weeks of Sulodexide administration. The retinal 

glycocalyx dimension was also reduced in DM2 versus controls (5.38µm [4.88 – 6.59] 

versus 8.89µm [4.74 – 11.84], p<0.05). Following 8 weeks of Sulodexide administration 

in DM2, retinal glycocalyx thickness increased significantly versus baseline (5.88 µm 

[5.33 – 6.26]; p=0.05). In controls, Sulodexide reduced sublingual glycocalyx dimension 

(to 4.87 [3.89 – 6.33] µm, p<0.05) especially in those controls with a relatively large 

glycocalyx dimension at baseline.

table 1. Baseline characteristics.

dm2 patients
baseline

n=10

dm2 patients
8 wks sulodexide

n=10

controls
baseline

n=10 p*

controls
8 wks sulodexide

n=10

Age (yrs) 51.9 ± 8.4 51.9 ± 8.4 56.3 ± 8.5 P=ns 56.3 ± 8.5

Duration of DM (years) 5.1 ± 5.6 5.1 ± 5.6

BMI (kg/m2) 29.7 ± 5.5 29.6 ± 5.3 27 ± 2.1 P=ns 26.9 ± 1.8

SBP (mmHg) 141 ± 14 139 ± 18 135 ± 15 P=ns 141 ± 27

DBP (mmHg) 87 ± 8 84 ± 9 82 ± 8 P<0.05 81± 6

Glucose (mmol/L) 7.1 ± 2.0 7.3 ± 2.4 4.9 ± 0.4 P=0.002 5.2 ± 0.6

HbA1c (%) 7.1 ± 1.2 7.1 ± 1.2 5.6 ± 0.3 P<0.001 5.5 ± 0.2

TC (mmol/L) 5.6 ± 1.0 5.3 ± 1.4 6.3 ± 1.3 P=ns 5.5 ± 0.9

LDL-C (mmol/L) 3.4 ± 0.8 3.1 ± 1.3 4.4 ± 1.1 P=ns 3.5 ± 1.0

HDL-C (mmol/L) 1.1 ± 0.3 1.0 ± 0.3 1.4 ± 0.1 P=0.001 1.4 ± 0.3

TG (mmol/L) 2.0 [1.4-3.5] 2.1 [1.1-3.0] 1.0 [0.9-1.3] P=0.001 1.3 [0.8-1.4]

CRP (mg/L) 1.9 [0.5-5.5] 1.5 [0.5-4.4] 1.2 [0.5-1.4] P<0.05 2.6 [0.8-14]

Values expressed as means ± SD. Triacylglycerol and CRP values are presented as median 
[interquartile range] due to skewed distribution. No significant changes were seen in baseline 
characteristics in diabetes patients at before and after 8 weeks of Sulodexide supplementation. 
No significant changes were seen in characteristics of controls before and after Sulodexide 
supplementation. P* Baseline diabetes patients vs baseline controls. DBP, diastolic blood pressure; 
HR, heart rate; SBP, systolic blood pressure; TC, total cholesterol; TG, triacylglycerols.
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Transcapillary Escape Rate of Albumin
In the first hour after infusion, TER was increased in patients with DM2 as compared 
to controls (5.6 ± 2.3 % versus 3.7 ± 1.7 %, p <0.05, Figure 3). Following 2 months of 
Sulodexide administration, a trend towards normalization of TER was observed in DM2 
(to 4.0±2.3%, p=0.08), whereas in controls TER was unaffected (to 3.3 ± 1.6 %, Figure 3). 

Biochemistry 
Baseline plasma hyaluronan and hyaluronidase concentrations were higher in patients 
with DM2 as compared to healthy controls (137±29 versus 81±8 ng/ml, p<0.05 and 
78±4 versus 67±2 U/mL, p< 0.05 respectively). Following Sulodexide administration 
in DM2, plasma hyaluronidase activity decreased (78±4 to 72±2 U/l, p<0.05) whereas 
hyaluronan concentrations were comparable (137±29 to 129±15; n.s.). In controls, 

Figure 2. endothelial sublingual glycocalyx thickness in controls and dm2 patients. (a) Compared 
to controls (circles), median erythrocyte width was significantly increased in participants with type 
2 diabetes (squares), resulting in a significant movement of erythrocytes towards the vessel wall; 
*p<0.05. (b) Glycocalyx dimensions were reduced DM2 patients (dark circles) as compared to 
controls (light circles) *p<0.05. 

42



3

Sulodexide and endothelial glycocalyx in t2dM

 

Figure 3. effects of sulodexide on sublingual endothelial glycocalyx in controls and dm2 patients. 
(a) In the type 2 diabetes group, median erythrocyte width decreased significantly following 
Sulodexide treatment (closed squares) as compared to baseline (open squares), *p<0.05, resulting 
in a significant restoration of the distance of erythrocytes from the vessel wall. (b) In controls, 
median erythrocyte width was not significantly changed following Sulodexide treatment (closed 
circles) as compared to baseline (open circles), resulting in similar distances of erythrocytes from 
the vessel. (c) Sublingual glycocalyx dimensions as measured by SDF imaging, were significantly 
reduced in DM2 patients as compared to controls at baseline (n=10 in each group). Sulodexide 
treatment restored microvascular glycocalyx dimensions to control values in the DM2 group. Data 
are presented as whisker plots with median (interquartile range). *p<0.05.
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hyaluronan (81±8 ng/ml to 107±13 ng/ml, p<0.05) and plasma hyaluronidase activity 
(67±2 to 71±3 U/mL,p<0.05) increased following Sulodexide administration. 

discussion
In the present study, we show that endothelial glycocalyx dimensions of both sublingual 
and retinal microcirculation are decreased in DM2 patients as compared to healthy 
controls. Moreover, following 8 weeks of Sulodexide administration to establish 
enhanced precursor abundance for GAG-synthesis, glycocalyx dimensions improved at 

 

Figure 4. effect of sulodexide on retinal glycocalyx in controls and dm2 patients. Retinal glycocalyx 
dimensions measured by FAG/ICG at baseline and after 8 weeks of treatment with Sulodexide in 
controls and diabetic participants (n=6 in each group). Individual glycocalyx dimensions were estimated 
by subtracting the intravascular distribution of two different fluorescent tracers: indocyanine green 
from fluorescein. Data are presented as whisker plots with median (interquartile range). *p<0.05.

Figure 5. effect of sulodexide on vascular permeability in controls and dm2 patients. Percent 
change in TER-albumin after 8 weeks treatment with Sulodexide as compared to baseline in 
controls and DM2 patients (n=10, in each group). Microvascular permeability was determined by 
the transcapillary escape rate of 125I-albumin (TERalb) between 10 and 60 minutes after infusion. 
Data are presented as means ± SD. *p<0.05, †p=0.08.
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Figure 6. effect of sulodexide on plasma glycosaminoglycans in controls and dm2 patients. 
Circulating plasma hyaluronan (a) and hyaluronidase (b) concentrations at baseline and after 8 
weeks of Sulodexide administration in controls and DM2 patients (n=10 in each group). Data are 
presented as whisker plots with median [interquartile range]. *p<0.05, **p<0.01.

both microvascular sites. This improvement coincided with a trend towards improvement 
of transcapillary albumin escape rate and a reduction in hyaluronan catabolism. These 
novel findings warrant further studies to evaluate whether endothelial glycocalyx 
restoration may be a valuable means for cardiovascular risk reduction in DM2. 

Glycocalyx perturbation in DM2
Following earlier reports in patients with DM1 (10), we presently demonstrate the 
presence of glycocalyx perturbation in two different microvascular beds in patients with 
DM2. The significant reduction in glycocalyx dimensions in both sublingual and retinal 
vessels in DM2 patients underpins the systemic nature of glycocalyx perturbation. The 
former coincided with a significant increase in the transcapillary escape rate of albumin 
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indicative of increased systemic permeability (21-25), lending further support to the 
concept of systemic glycocalyx perturbation in DM2. In this respect, experimental studies 
have implicated that the endothelial glycocalyx may be instrumental in maintaining the 
endothelial barrier function under physiological conditions (11). In DM, alterations in 
the proteoglycan/glycosaminoglycan-composed matrix-structure of the endothelial 
glycocalyx could adversely affect the charge-selective repulsion of negatively charged 
proteins like albumin, thus resulting in increased transvascular leakage in both renal 
(26,27) and systemic vascular barriers (10). However, systemic albumin clearance may not 
be the best method to evaluate changes in systemic vascular permeability, particularly in 
DM, since the impact of impaired reabsorption of albumin in the proximal tubules in DM 
has been suggested to outweigh potential changes in systemic albumin leakage (28). 

Glycocalyx restoration in DM2
Oral Sulodexide supplementation was associated with a significant improvement 
of both sublingual and retinal endothelial glycocalyx dimensions, as well as a trend 
towards normalization of the TER. Mechanistically, the increased plasma hyaluronan and 
hyaluronidase concentrations in DM2 at baseline may reflect increased GAG catabolism 
in chronic hyperglycemia (10). Sulodexide reduced GAG metabolism as attested to 
by a reduction of plasma hyaluronidase activity. Restoration of GAG metabolism has 
been suggested to improve the barrier function of the vasculature. Thus, Duling et 
al previously showed that enhanced abundance of precursors for endothelial GAGs 
(particularly hyaluronan and unfractionated heparin) led to restoration of the vasculo-
protective capacity of the endothelial glycocalyx (12,29). In the present study, oral 
administration of Sulodexide also resulted in enhanced GAG precursor abundance, 
which may have driven the observed correction of the endothelial glycocalyx. In this 
respect, it should be noted, however, that any supplement that delivers comparable 
molar equivalents of glucosamine, galactosamine and glucuronic acid may share the 
beneficial effect of Sulodexide on endothelial glycocalyx. Following this proof of 
concept study, this question should be addressed in a separate study.

A potentially beneficial effect of Sulodexide in patients with DM2 is in apparent 
contradiction to two recently published papers, showing inconclusive data of Sulodexide 
treatment on urinary albumin excretion in DM2 patients with (micro)albuminuria (15). 
Several possibilities should be taken into account when comparing these studies. First, the 
microvascular endothelium may respond differently to therapeutic interventions than the 
glomerular endothelium (as determined by urinary albumin excretion), since each reflects 
different pathogenic pathways (30). In this respect, urinary albumin excretion in DM has been 
attributed predominantly to proximal tubular dysfunction (28,30), which is independent 
from changes in glycocalyx properties. Therefore, the lack of a change in urinary albumin 
excretion in DM2 patients with overt albuminuria following Sulodexide administration does 
not contradict our finding of improved glycocalyx properties in normoalbuminuric DM2 
patients. Second, different time scales may explain the divergent results, since vascular 
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barrier function restoration may follow at a later stage upon restoration of the endothelial 
glycocalyx (12,23). In this respect, prolonged Sulodexide administration might lead to 
further improvement of vascular barrier function, for which longterm studies are warranted. 

Mechanistically, the impact of Sulodexide on glycocalyx dimension and properties 
in health and disease (15) is a challenge (31-33). Endothelial glycocalyx thickness 
depends on the rate of synthesis and shedding, as well as on the circulating levels 
of GAG-degrading enzymes, including hyaluronidase. Since we observed an increase 
in sublingual glycocalyx thickness combined with a decrease in retinal glycocalyx 
following Sulodexide in controls, one could speculate that tight enzymatic regulation of 
endothelial glycocalyx dimensions is maintained, especially in larger vessels in control 
subjects. The driving force behind glycocalyx synthesis is most likely determined by 
enhanced precursor abundance, comprising glucosamine, galactosamine and glucuronic 
acid. Following intestinal degradation of orally administered Sulodexide, the increased 
abundance of GAG-precursors may contribute to the increased plasma hyaluronan 
and hyaluronidase concentrations in controls. However, in DM2, GAG-degradation is 
increased as compared to controls (34) and the reduced plasma hyaluronidase activity 
might be explained by inhibition of enzymatic glycocalyx degradation by this (Sulodex 
derived) enhanced substrate (GAG) bioavailability in the plasma (12).

Study limitations
This study has several limitations. First, the dose of administered Sulodexide was 
not validated by a formal dose-finding study. Previous studies have indicated that a 
treatment period as long as 6 months may be required to establish the maximal effect 
(34,35). This delayed mode of action virtually precludes performing a meaningful 
dose-finding study. Therefore, we selected the 220 mg Sulodexide dose based on 
predominantly in vitro data (16, 36). These data have shown improvement in the 
endothelial barrier function using comparable amounts of Sulodexide (16). Note 
that further dose escalation may also, at some point, be limited by the anticoagulant 
effects of heparan sulfates, potentially leading to bleeding complications. Second, 
the cohort of DM2 patients in the present proof-of-concept study was rather small and 
only patients without cardiovascular and/or proteinuric disease were included. Our 
findings are potentially interesting, although they need further confirmation in a larger 
cohort, including DM2 patients with more severe stages of vascular complications. 

conclusions 
Patients with DM2 are characterized by a clear perturbation of the endothelial glycocalyx 
layer, which is thought to reflect increased vascular vulnerability. Oral Sulodexide 
administration improves endothelial glycocalyx dimension to the same extent in two 
different vascular beds (sublingual and retinal), most likely due to enhanced precursor 
abundance for GAG-synthesis following Sulodexide administration. Improvement of 
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glycocalyx dimension coincided with a trend toward normalized systemic vascular 
permeability and GAG metabolism. Collectively, the present findings imply that 
restoration of endothelial glycocalyx in humans may be a promising target to 
attenuate vascular dysfunction in type 2 diabetes mellitus. Further research is required 
to evaluate which treatment modalities are most useful to accomplish improvement 
in endothelial glycocalyx dimensions. More importantly, prospective studies should 
address the sustainability of the concept that endothelial glycocalyx improvement 
predicts longterm cardiovascular benefit in DM2 patients.
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abstract
Inflammatory stimuli profoundly increase the vulnerability of the vessel wall to atherogenesis. 
The endothelial glycocalyx, a layer of glycosaminoglycans and proteoglycans covering 
the luminal side of the vasculature, has recently emerged as an orchestrator of vascular 
homeostasis. In the present study, we investigated whether endotoxin-induced 
inflammatory reactions lead to a decrease of endothelial glycocalyx thickness in humans 
and whether Tumour Necrosis Factor-α (TNFα) plays a role in this process.

Healthy male volunteers received low-dose endotoxin (1 ng/kg) intravenously, with (n=8) 
or without (n=13) pre-treatment with the soluble TNFα inhibitor etanercept. Endothelial 
glycocalyx thickness and related parameters were determined after endotoxin challenge. 

Endotoxin induced a profound reduction in microvascular glycocalyx thickness 
in subjects without etanercept pre-treatment (0.60±0.1 to 0.30±0.1 µm, p<0.01). 
Concomitantly, plasma concentrations of the principal glycocalyx constituent hyaluronan 
increased in this group (62±18 to 85±24 ng/mL, p<0.05), as well as monocyte activation 
and coagulation activation parameters as compared to baseline (F1+2; 0.3±0.1 to 
2.8±1.5 nmol/L, p<0.05 and D-dimer; 0.2±0.1 to 0.4±0.1 mg/L, p<0.05). Inhibition of 
TNFα by etanercept attenuated loss of microvascular glycocalyx thickness (0.54±0.1 to 
0.35±0.1 µm, p<0.05). Changes in plasma hyaluronan (58±13 to 46±10 ng/mL, p<0.05) 
and coagulation activation parameters were also attenuated as compared to baseline 
(F1+2; 0.3±0.1 to 2.1±0.9 nmol/L and D-dimer; 0.2±0.1 to 0.3±0.1 mg/L, p<0.05 for all). 

These data suggest that inflammatory activity, in part mediated by TNFα, leads to 
perturbation of the endothelial glycocalyx in humans. This disruption of the endothelial 
glycocalyx may contribute to inflammation-induced vascular vulnerability.
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introduction
Patients with chronic inflammatory disorders, such as rheumatoid arthritis and Crohn’s 

disease, often suffer from accelerated atherogenesis (1-3). Besides that, elevated 

endotoxin levels in the human bloodstream have been associated with an increased risk 

of atherosclerosis (4). Moreover, repeated administration of endotoxin has been shown to 

directly stimulate atherosclerotic lesion formation in experimental animal models (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 atherogenic stimuli. 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 

sulfate and hyaluronan, is instrumental for the regulation of vascular permeability 

(11,12). Perturbation of the glycocalyx is 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 pivotal factors that has been shown 

to disrupt endothelial glycocalyx in an experimental model (15). This disruption was 

strongly associated with increased vascular permeability and endothelial dysfunction. 

In humans, we recently showed that hyperglycemia induced 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 endothelial 

glycocalyx thickness, as well as on endothelial function and markers of coagulation and 

inflammation. To specifically address the role of TNFα, experiments were performed 

with or without pre-treatment with the soluble TNFα blocker etanercept.

materials and methods
Study design
Twenty-one healthy Caucasian male volunteers were studied. The study was approved 

by the Institutional Review Board of the Academic Medical Center, Amsterdam and 

written informed consent was obtained from all volunteers. Participants had no history 

of cardiovascular disease, did not smoke or 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 unremarkable. 

All experiments were performed after an overnight fast. A baseline measurement 
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comprising microvascular (sublingual) glycocalyx thickness and biochemistry was 
performed in all subjects. Five days later, subjects were allocated to an intramuscular 
injection of either saline (n=13) or etanercept (n=8; Enbrel® 50 mg, Wyeth, USA). 
After 48 hours, study participants were admitted to the research unit in the morning 
fasting state, and a catheter was inserted in an antecubital vein of each arm. Blood was 
drawn for baseline measurements. Hereafter, subjects received a bolus infusion of 1 
ng/kg body weight of endotoxin (Escherichia coli lipopolysaccharide, catalog number 
1235503, lot G2B274; United States Pharmacopeial Convention Inc, Rockville, Md) in 
the antecubital vein of the contralateral arm. The incidence, time and severity of clinical 
symptoms associated with endotoxemia were recorded as previously published (17). 
Vital signs, including blood pressure, heart rate and body temperature were measured 
at t= 0.5, 1, 3 and 4 hours after the endotoxin challenge. The next morning, 24 hours 
after endotoxin infusion, study participants returned after an overnight fast for a final 
blood withdrawal. Blood was collected in EDTA, citrate, and heparin anticoagulated 
aliquots, as well as serum tubes, which were kept on ice and centrifuged at 1600g for 15 
minutes at 4°C. Plasma and serum were snap-frozen and stored at –80°C until analysis. 

Estimation of microvascular glycocalyx 
Microvascular glycocalyx thickness was measured approximately 4 hours after 
endotoxin infusion, at the same time of day as the baseline measurement. Thickness 
of the endothelial glycocalyx in individual capillaries was estimated using orthogonal 
polarization spectroscopy (OPS) of the sublingual microcirculation (18). The width of 
flowing erythrocytes was measured in individual capillaries before and immediately after 
the passage of a leukocyte through the capillary (19-21). This method is based on the 
linear theory model (22-24). In short, the endothelial glycocalyx limits the proximity of 
erythrocytes to capillary endothelial cells (19). 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 the 
leukocyte passage (23). 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 (20,23). 

Measurements of the central sublingual area were performed with a handheld 
OPS camera (Cytometrics, Philadelphia, PA, USA), which is a non-invasive and painless 
procedure, that takes approximately 15 minutes. Pressure on the tissue was avoided 
to ensure normal flow. Images were collected with a 5× objective providing a 325× 
magnification and were sized 720×576 pixels. 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. The images were analysed by use of 
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. The anatomical capillary diameter and the width of the flowing erythrocyte 
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column were measured using digital calipers prior to and after spontaneous capillary 
leukocyte passage (20). Per participant, glycocalyx dimension was determined in 
at least 5 capillaries. The mean of these results was calculated and used in further 
analyses. In addition, the number of capillaries per field was counted as an indication 
of capillary density as previously described (25). 

Blood sampling and laboratory methods
Leukocyte counts and subfractions were determined in whole blood with standardized 
flow cytometric analysis. Plasma CRP concentrations were measured with a commercially 
available assay (Roche, Switzerland). Plasma soluble TNFα receptor type 2 (sTNFR2) 
concentrations as a marker of effective etanercept administration (26) were measured 
using an enzyme-linked immunosorbent assay (ELISA) (R&D Systems Inc, Minneapolis, 
MN, USA). Plasma IL-6 concentrations, a cytokine induced by TNFα activity, were 
measured using Cytometric Bead Array technique (R&D systems, Minneapolis, MN, USA). 
In order to estimate thrombin generation, prothrombin activation fragments F1+2 were 
measured by ELISA (Dade Behring, Marburg, Germany). Plasma D-dimer concentrations 
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 involves the total amount of hyaluronan (i.e. including low and 
high molecular weight). Heparan sulfate 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 (27). 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 and 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 at OD 492 nm.

Monocyte flow cytometry procedure
Whole blood samples were collected in pyrogen-free lithium-heparin tubes and 
erythrocytes were lysed. For flow cytometric analysis, remaining 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 
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binding. After staining, the cells were washed, fixed in 4% paraformaldehyde and 

analyzed by flow cytometry. At least 100,000 cells were counted per sample. Data 

were analyzed with CellQuest software. 

Statistical analyses
All values are provided as means ± SD. Differences in baseline characteristics 

between the endotoxin-saline and the endotoxin-etanercept group were analyzed by 

two-tailed unpaired Student’s T-test, since data were normally distributed. Changes 

within treatment groups were analyzed by two-tailed paired Student’s T-test. Changes 

between treatment groups were analyzed by two-way analysis of covariance (interaction 

treatment and time). P<0.05 was considered statistically significant.

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 was 

well tolerated and no serious adverse events 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 intensively in the saline group compared to the etanercept group (data not 

shown). sTNFR2 concentrations were significantly increased after etanercept pre-

treatment (1.8±0.2 to 520±34 ng/mL, p<0.0001), indicating effective administration 

of etanercept. Plasma sTNFR2 concentrations remained elevated 4 hours after 

endotoxin infusion in the etanercept group (646±83 ng/mL), whereas sTNFR2 plasma 

concentrations were only slightly increased upon endotoxin administration in the saline 

group (2.1±0.3 to 5.2±0.5 ng/mL, p<0.01). Diastolic blood pressure, heart rate and 

body temperature significantly changed 4 hours after endotoxin infusion in the saline 

group as compared to baseline (systolic blood pressure: 127±11 to 119±5 mmHg, 

ns; diastolic blood pressure: 67±8 to 51±9 mmHg, p<0.01; heart rate: 59±6 to 82±5 

bpm, p<0.01; and body temperature: 36.6±0.5 to 38.3±0.4 ºC, p<0.01). Etanercept 

attenuated these changes as compared to baseline (systolic blood pressure: 125±7 

to 123±10 mmHg, ns; diastolic blood pressure: 69±6 to 67±6 mmHg, ns, heart rate: 

62±4 to 69±3 bpm, ns; and body temperature: 36.6±0.5 to 37.3±0.5ºC, ns). 

Etanercept attenuated endotoxin-induced glycocalyx perturbation
Endotoxin infusion induced a reduction in microvascular glycocalyx thickness in the 

saline group (0.60±0.1 to 0.30±0.1 µm, p<0.01; Figure 1). Loss of glycocalyx resulted 

in increased capillary blood filling, as reflected by an increased width of the capillary 
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erythrocyte column (4.2±0.1 to 4.9±0.1 µm, p<0.05) prior to leukocyte passage. 
No changes were detected in the anatomic capillary diameters (5.4±0.2 to 5.5±0.1 
µm, ns). Etanercept limited decreases in microvascular glycocalyx to 35% (0.54±0.1 
to 0.35±0.1 µm, p<0.05). Capillary density significantly declined upon endotoxin 
challenge (60±18 to 44±16 per field, p<0.01) with similar changes in the etanercept 
pre-treatment group (59±7 to 43±15 per field, p<0.01). 

Changes in glycocalyx components upon endotoxin infusion
Plasma hyaluronan concentrations, a marker of glycocalyx shedding, rose significantly 
within the first hour after endotoxin infusion in the saline group (62±18 to 85±24 
ng/mL, p<0.05), whereas etanercept reduced endotoxin-induced shedding (58±13 
to 46±10 ng/mL, p<0.05;Figure 2a). As compared to baseline, plasma hyaluronidase 
activity was significantly decreased 4 hours after endotoxin infusion in the saline group 
(-56±20%, p<0.01), but not in the etanercept group (-8±14%, ns; Figure 2b). Notably, 

table 1. Baseline characteristics. 

etanercept group saline group

Number of participants 8 13

Sex (m/f) 8/0 13/0

Age, years 24±4 23±3

Weight, kg 78±5 79±7

Height, cm 185±7 186±5

BMI, kg/m2 22±0.7 23±0.5

Systolic blood pressure, mmHg 125±9 127±11

Diastolic blood pressure, mmHg 69±6 67±8

Heart rate, bpm 62±4 59±6

Body temperature, 0C 36.6±0.5 36.6±0.5 

Total cholesterol, mmol/L 4.2±0.5 4.2±0.4

LDL cholesterol, mmol/L 2.4±0.4 2.3±0.4

HDL cholesterol, mmol/L 1.5±0.3 1.6±0.2

Triglycerides, mmol/L 0.6±0.2 0.5±0.2

ASAT, U/L 27±6 25±8

ALAT, U/L 23±5 22±4

Fasting plasma glucose, mmol/L 4.8±0.3 4.9±0.2

HbA1c, % 5.3±0.2 5.4±0.2

Leukocytes, x109 5.3±1.2 5.1±1.0

CRP, mg/L 0.6±0.4 0.5±0.4

Soluble TNFR2, ng/mL 1.8±0.2 2.1 ± 0.3

Data are presented as means ± SD. No significant differences were found between the groups.
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total plasma heparan sulfate concentrations did not significantly change during the 4 
hours after endotoxin challenge in neither of the groups (53±11 to 55±12 ng/mL in the 
saline group versus 54±13 to 51±10 ng/mL in the etanercept group, ns). However, 24 
hours after endotoxin infusion, plasma heparan sulfate concentrations increased, most 
profoundly in the saline group as compared to the etanercept group (112±21 ng/mL) 
versus 74±15 ng/mL, p<0.05).

Etanercept treatment reduced TNFα-induced inflammatory  
and coagulation responses
In the saline group, inflammatory markers rose after endotoxin challenge as compared 
to baseline (IL-6: 4.2±6.3 to 678±427 pg/mL and CRP: 0.5±0.4 to 26.7±7.6 mg/L, 
p<0.01 for both, Figure 3a and b). Etanercept significantly limited this increase (IL-6: 
4.6±3.1 to 127±98 pg/mL, p<0.05 and CRP: 0.6±0.4 to 16.0±3.4 mg/L, p<0.01). In 
parallel, 4 hours after endotoxin, the number of circulating leukocytes doubled in both 
treatment groups as compared to baseline. 

With respect to leukocyte differentiation, a significant drop in monocyte count 
of 76±29% was observed as compared to baseline in the saline group at 4 hours 

Figure 1. endothelial glycocalyx thickness decreases after endotoxin challenge. Endothelial 
glycocalyx thickness was determined before and after endotoxin challenge without (left bars) or 
with etanercept pre-treatment (right bars). Data are presented as means ± SD, * p<0.05, # p<0.01 
LPS= lipopolysaccharide.
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Figure 2. plasma hyaluronan concentrations increase and hyaluronidase activity decreases after 
endotoxin challenge. a. Plasma hyaluronan concentrations in human volunteers challenged with 
endotoxin without (dots) or with (diamonds) etanercept pre-treatment. Data are presented as means 
± SD ( * p<0.05 compared to baseline; # p<0.05 between groups). b. Plasma hyaluronidase activity 
in human volunteers challenged with endotoxin without (dots) or with (diamonds) etanercept pre-
treatment. Data are presented as means ± SD. * p<0.05 versus baseline, # p<0.05 between groups.
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Figure 3. increase in markers of inflammation after endotoxin challenge is suppressed by etanercept. 
Plasma IL-6 concentrations (Figure 3a, without (dots) or with (diamonds) etanercept pre-treatment) and 
plasma CRP plasma concentrations (Figure 3b, without (black bars) and with (white bars) etanercept 
pre-treatment) during endotoxin challenge in human volunteers. Data are presented as means ± SD. 
LPS = lipopolysaccharide. † p<0.01 versus baseline, # p<0.05 between groups.

after endotoxin infusion (p<0.01), whereas a less profound reduction was observed 
in the etanercept group (51±32% (p<0.05). There was no difference between CD14+ 
monocyte counts between the two groups (27±10 versus 26±13%, ns). However, 
the CD11b+/CD18+ monocyte count was higher after saline than after etanercept 
administration respectively (median 0.82±0.2 versus 0.65±0.1, p<0.01). Finally, the 
percentage of CD62L+ (L-selectin) expressing monocytes was decreased maximally 
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4 hours after endotoxin in the saline group, whereas in the etanercept group, an 

increase was observed (-8±37% versus + 66±42%, p<0.05). 

In parallel, markers of endotoxin-induced thrombin generation and subsequent 

fibrinolysis were significantly increased in the saline group as compared to baseline, 

starting 3 hours after endotoxin challenge (F1+2; 0.3±0.1 to 2.8±1.5 nmol/L, p<0.05 

and D-dimer: 0.2±0.1 to 0.4±0.1 mg/L, p<0.05, Figures 4a and b).These increases 

were less strong in the etanercept group (F1+2: 0.3±0.1 to 2.1±0.9 nmol/L, p<0.05 

and D-dimer: 0.2±0.1 to 0.3±0.1 mg/L, p<0.05). 

discussion
In the present study, we show that a low-dose endotoxin challenge leads to reductions 

of endothelial glycocalyx thickness and shedding of the glycocalyx constituent 

hyaluronan into the plasma compartment. These changes were accompanied by a 

reduction in perfused capillary density and increased monocyte activation and thrombin 

generation. Conversely, we show that inhibition of TNFα activity by etanercept 

attenuates the reduction in endothelial glycocalyx perturbation, 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. 

Effect of endotoxin on glycocalyx thickness and capillary density
The role of the endothelial glycocalyx as a potential structure providing protection 

against atherogenic stimuli, is rapidly emerging. Although the techniques to evaluate 

the endothelial glycocalyx in humans are relatively new, and need to be validated, 

our current data are in support of these emerging hypotheses (20). In the present 

study, we observed a profound decrease in microvascular endothelial glycocalyx 

thickness after endotoxin administration. This corroborates previously published 

data showing that TNFα directly damages the glycocalyx in a hamster model (15). 

Moreover, shedding of endothelial glycocalyx upon pro-inflammatory stimuli has been 

repeatedly described (14, 28, 29). Besides loss of endothelial glycocalyx thickness, 

we observed a decrease in capillary density. OPS images revealed a 50% reduction 

in sublingual endothelial glycocalyx thickness in about 70% of the capillaries that 

remained perfused after endotoxin challenge. These findings are in line with a study 

by Cabrales et al. (30). This group elegantly showed that degradation of endothelial 

glycocalyx leads to capillary perfusion impairments, a reduction of functional capillary 

density and increased erythrocyte flux in the remainder of perfused capillaries in a 

hamster model. We speculate that this decrease in glycocalyx thickness could lead to 

reductions in microvascular resistance and might account for the presently observed 

reductions in diastolic blood pressure. 
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Figure 4. coagulation activation after endotoxin challenge is suppressed by etanercept. Plasma 
concentrations of prothrombin fragments 1+2 (a) and D-dimer (b) in human volunteers challenged 
with endotoxin without (dots) or with (diamonds) etanercept pre-treatment. Data are presented as 
means ± SD. * p<0.05 versus baseline, # p<0.05 between groups.
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Effect of endotoxin on glycocalyx components 
Endotoxin challenge induced a large reduction in microvascular glycocalyx thickness. 
The concomitant rapid increase in circulating plasma hyaluronan concentrations implies 
increased shedding as a cause for loss of glycocalyx thickness. In line, previous studies 
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demonstrate shedding of endothelial glycosaminoglycans upon inflammation (31,32). 
However, hyaluronan concentrations rose only modestly, as compared to the large 
reduction in glycocalyx thickness. This may be explained by rapid uptake of excess 
hyaluronan in the liver (33). Hyaluronan contributes to vascular permeability barrier 
properties, as selective removal of hyaluronan by hyaluronidase has been shown to 
be accompanied by a clear increase in vascular permeability for macromolecules 
(11,12). Increased circulating hyaluronan concentrations in conjunction with a dramatic 
increase in vascular permeability are also found in septic patients (32). Of note, in our 
study plasma hyaluronidase activity was decreased, rather than increased. This could 
pertain to the release of endogenous hyaluronidase inhibitors, which are increased 
during inflammatory reactions (34).

Effect of endotoxin on coagulation and inflammatory markers 
Our study confirms previously published data that endotoxin activates the coagulation 
system, as well as monocytes (35,36). This may point towards a role for increased 
reactive oxygen species (ROS) generation in endotoxin-induced glycocalyx damage 
(29,37). Interactions between monocytes and endotoxin involve CD14, a 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 TLR-4 activates both the endothelium and monocytes, resulting 
amongst others in enhanced TNFα and hyaluronan release (36,38). The ensuing loss of 
endothelial glycocalyx could facilitate binding of monocytes to activated endothelium, 
illustrated by increased CD11b+/CD18+ expression in the monocytic fraction. This 
is in line with data from animal studies showing that perturbation of endothelial 
glycocalyx indeed results in increased leukocyte adhesion (13-15, 28). Finally, due to 
our study design, we report increased CRP plasma concentrations only at 24 hours after 
endotoxin challenge. CRP belongs to the second wave of acute phase reactants upon 
an inflammatory challenge, with synthesis directly orchestrated by IL-6, thus resulting 
in increased CRP plasma concentrations around 6 hours after endotoxin challenge (39). 

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 (26). Prior studies have shown an increase in circulating 
TNFα in response to TNFα inhibition with recombinant soluble TNFα receptors (35). 
We also measured an increase in TNFα in the etanercept group (data not shown). 
This likely relates to sequestration of etanercept with TNFα in the circulation, as 
both free TNFα and that bound to sTNFR2 are measured in the TNFα assay. We 
measured sTNFR2 plasma concentrations for treatment efficacy in combination with 
CRP and IL-6 plasma concentrations, as a secondary cytokine following TNFα, since 
bio-assays for TNFα activity are not widely available. As shown, both plasma CRP and 
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IL-6 concentrations were indeed attenuated upon etanercept pre-treatment. Finally, 
the technique to estimate endothelial glycocalyx in humans is indirect and should be 
interpreted with caution, for previously described reasons (20). 

Clinical implications
Activation of coagulation and inflammation are entangled with endothelial dysfunction 
(40). Both atherosclerosis and sepsis are associated with inflammatory activation, 
increased vascular permeability and subsequent vascular damage. Animal studies 
indicate that the endothelial glycocalyx is a crucial intravascular compartment which 
modulates vascular permeability and serves as a barrier for leukocyte and platelet 
adhesion. Our data point towards a potential role of the endothelial glycocalyx in the 
protection of the vessel wall. This study provides the foundation for further studies 
in humans to discern its exact role in the mentioned maladies and to determine 
whether prevention of glycocalyx perturbation can attenuate the adverse effects of 
inflammatory stimuli on the endothelium.
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abstract
The endothelial glycocalyx has been shown to serve as a protective barrier between 
the circulating 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.

We measured systemic glycocalyx volume (VG) in 13 patients with heterozygous 
familial hypercholesterolemia (FH) after cessation of lipid-lowering therapy for a 
minimum of 4 weeks and after 8 weeks of rosuvastatin therapy. Normocholesterolemic 
subjects were used as controls (n=13). VG was estimated by subtracting the 
intravascular distribution volume of a glycocalyx permeable tracer (Dextran 40) from 
that of a glycocalyx impermeable tracer (labeled erythrocytes). VG in untreated FH 
patients (LDL 5.82 ± 1.47 mmol/l was significantly reduced as compared to controls 
(LDL 2.41 ± 0.62 mmol/l) (VG 0.8 ± 0.3 L versus 1.7 ± 0.6 L respectively, p < 0.001). 
After normalization of LDL concentrations (2.46 ± 0.85 mmol/l) upon 8 weeks of statin 
treatment, VG recovered only partially in patients with FH (VG 1.1 ± 0.4 L, p = 0.04).

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.
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introduction
Endothelial cells are shielded from direct exposure to the circulating 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 sulfate, as well as glycoproteins bearing acidic oligosaccharides 
with terminal sialic acids. Recent intravital microscopic studies showed 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 
proatherogenic changes (5). Collectively, there is growing evidence that the endothelial 
glycocalyx plays a central role in vascular homeostasis and that it could be of importance 
in the protection of the vasculature against atherogenic insults.

Recently, our group developed a novel technique to estimate the volume of the 
endothelial glycocalyx in humans. Using this method, Nieuwdorp et al. showed that 
acute hyperglycemia results in a profound perturbation of the glycocalyx, coinciding 
with vascular dysfunction and activation of the coagulation system (9). Glycocalyx loss 
was also shown to be present in patients with type 1 diabetes mellitus. 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 is able to reverse 
these derangements. For this purpose, we selected patients with heterozygous familial 
hypercholesterolemia (FH), characterized by elevated LDL-cholesterol concentrations.

materials and methods
Study population
We enrolled 13 non-smoking, male patients with heterozygous 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. Thirteen normocholesterolemic, non-smoking, healthy male subjects 
served as a control group. 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.
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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 and after 8 weeks of intensive statin treatment (rosuvastatin 40 mg, 
QD). In view of the exploratory nature of the present experiment and the increased 
risk of cardiovascular disease in FH patients, a placebo-controlled trial was deemed 
unethical at this stage. Normocholesterolemic subjects were used as controls. All 
experiments were performed after an overnight fast. Participants were asked to refrain 
from heavy physical exercise during 24 hours prior to the study visit. Blood pressure 
was measured three times; the average of the last two measurements was used as 
systolic and diastolic blood pressure. All data and images were analyzed by lab staff 
and readers unaware of the clinical details and/or stage of the protocol.

Estimation of endothelial glycocalyx volume
The endothelial glycocalyx limits the proximity of plasma macromolecules and 
erythrocytes to capillary endothelial cells, whereas smaller tracers can permeate into 
the glycocalyx (15). We estimated VG 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 labeled, 
autologous erythrocytes was used to quantify circulating blood volume (17). In our 
hands, this method has an intersession coefficient of variation of 15.2 ± 9.8% (18).

In summary, two cannulas were inserted in the antecubital veins of both 
forearms for the collection of blood and infusion of Dextran 40 as well as labeled 
autologous erythrocytes. To quantify circulating plasma volume, 50 ml blood was 
drawn and centrifuged. Subsequently, 250 mg/ml of sodium fluorescein was added 
to the erythrocyte fraction for 5 minutes. After washing, labeled erythrocytes were 
resuspended in saline to the initial volume and reinfused. Blood samples were drawn 
before infusion, as well as 4, 5, 6, and 7 minutes after infusion. The circulating fraction 
of labeled erythrocytes was measured using flowcytometry (FACSCalibur; Becton 
Dickinson, Mountain View, CA) to estimate the total circulating erythrocyte volume 
(Very). Circulating plasma volume was calculated from Very and large vessel hematocrit 
(Ht) by the following formula: ([1 – Ht] x Very)/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 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, correcting for background glucose 
concentrations. Glucose concentration per time point was assessed in duplicate using the 
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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 (τ [min]) 
were used to determine Dextran 40 systemic clearance rates (τ-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) (18). Briefly, the width of flowing 
erythrocytes was measured in 5 individual capillaries before and immediately after 
leukocyte passage. In healthy capillaries, the glycocalyx limits capillary blood filling 
by separating erythrocytes from the luminal endothelial surface. 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 (19). Analysis of the images was performed with ImageJ (National Institutes 
of Health, USA) by a single observer, unaware of the clinical details of the participants. 
In our hands, this method has an intersession coefficient of variation of 15 ± 5 % (18).

Biochemical parameters
Total cholesterol, 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 a commercially 
available 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). HbA1C was measured by HPLC 
(Reagens Bio-Rad Laboratories, Veenendaal, the Netherlands) on a Variant II (Bio-Rad 
Laboratories). Plasma C-reactive protein (CRP) concentrations were measured with a 
commercially available assay (Roche, Switzerland). Hematocrit (Ht) was measured after 
centrifugation of heparinized blood at 10,000 rpm for 5 minutes (Hettich, Tuttlingen, 
Germany). For further analyses, plasma aliquots were snap-frozen and stored at -80 °C. 
Quantitative total plasma hyaluronan concentrations were measured by ELISA (Echelon 
Biosciences, Salt Lake City, UT, USA), as was syndecan-1 (Diaclone, Besançon, France). 
Plasma hyaluronidase activity was determined with a previously described assay (20).

Statistical analyses
Differences between normocholesterolemic and hypercholesterolemic subjects were tested 
using 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). 
Since CRP and triglyceride concentrations are not normally distributed, we present 
medians (interquartile range) and used non parametric tests for comparisons. The relation 
between VG as dependent variable and other parameters was explored using Pearson’s 
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or Spearman’s correlation coefficient. Analyses were performed with SPSS version 11.5 

(Chicago, IL, USA). A p value < 0.05 was considered statistically significant.

results
Clinical characteristics
Clinical characteristics of the participants are listed in Table 1. As expected, FH patients 

who had discontinued statin treatment for a duration of 4 weeks, had substantially 

higher LDL-cholesterol concentrations than the normocholesterolemic controls (5.82 

± 1.47 mmol/lmg/dL versus 2.41 ± 0.62 mmol/l, respectively). Blood pressure and 

plasma HDL-cholesterol, triglyceride and CRP concentrations were all within the 

normal range, but significantly less favorable in FH patients as compared to controls. 

Age, body mass index (BMI) and plasma glucose concentrations were comparable 

between groups. Results are expressed as means ± SD.

Glycocalyx volume and hypercholesterolemia
Systemic glycocalyx volume (VG) in untreated FH patients was substantially lower than 

in the normocholesterolemic control group (0.8 ± 0.3 L versus 1.7 ± 0.6 L respectively, 

p < 0.001, Figure 1). 

table 1. Clinical characteristics of hypercholesterolemic and normocholesterolemic subjects.

Fh patients
no treatment 

(n=13)

Fh patients
rosuvastatin 

(n=13)

controls
no treatment 

(n=13) p* p#

Age (y) 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

Systolic blood pressure (mmHg) 134 ± 12 127 ± 11 124 ± 10 0.04 0.02

Diastolic blood pressure (mmHg) 82 ± 10 80 ± 8 67 ± 9 <0.001 ns

Total cholesterol (mmol/L) 7.45 ± 1.45 4.11 ± 0.91 4.29 ± 0.67 <0.001 <0.001

LDL-cholesterol (mmol/L) 5.82 ± 1.47 2.46 ± 0.85 2.41 ± 0.62 <0.001 <0.001

HDL-cholesterol (mmol/L) 1.16 ± 0.31 1.22 ± 0.47 1.50 ± 0.28 0.005 ns

Triglycerides (mmol/L) 1.00 (0.86-1.35) 0.77 (0.71-1.02) 0.38 (0.37-0.62) 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. * P value FH patients (no treatment) versus Controls 
(unpaired Student’s t test); # P value FH patients (no treatment) versus FH patients (rosuvastatin) 
(paired Student’s t test)
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In normocholesteromic controls, VG was significantly associated with plasma 
hyaluronan concentrationss (r = 0.577, p = 0.039). In FH patients without treatment, VG 
correlated negatively with leukocyte count (r = -0.601, p = 0.03), plasma hyaluronidase 
activity (r = -0.588, p = 0.035) and systolic blood pressure (r = -0.680, p = 0.011). 
Within the groups, there were no significant correlations between VG and age, BMI, 
plasma HDL-cholesterol, LDL-cholesterol, oxLDL, triglycerides, glucose, HbA1c or 
CRP, respectively (data not shown). 

Glycocalyx volume after statin treatment
After 8 weeks of treatment with rosuvastatin 40 mg QD, LDL-cholesterol concentrations 
completely normalized to 2.46 ± 0.85 mmol/l in FH patients (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. Mean glycocalyx thickness 
was 0.4 ± 0.1 μm in FH patients versus 0.5 ± 0.2 μm in normocholesterolemic controls. 
Unfortunately, OPS images could only be analyzed in 8 out of 13 FH patients and 9 out 
of 13 controls, due to technical difficulties. After 8 weeks of rosuvastatin treatment, 
mean glycocalyx thickness increased to 0.5 ± 0.1 μm in the FH group (p = 0.17). 
and tended to be negatively correlated to leukocyte count (r = - 0.523, p = 0.067). 
Moreover, change in VG tended to be inversely correlated with the change in leukocyte 
count (ρ= -0.492, p = 0.087). There was no significant correlation between (change in) 
VG and LDL-cholesterol concentrations. 
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Figure 1. systemic glycocalyx volume in hypercholesterolemic and normocholesterolemic subjects. 
VG is significantly reduced in FH patients compared to normocholesterolemic controls. Statin therapy 
partially restored glycocalyx volume. Mean ± SD. * p < 0.05 FH, rosuvastatin versus FH, no treatment; 
# p < 0.05 FH, no treatment and FH, rosuvastatin versus Controls.
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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), as compared to normocholesterolemic controls (-0.006, p = 0.07, Figure 3). 
Rosuvastatin treatment did not significantly alter the Dextran clearance rate (slope 
-0.012). Plasma concentrations of hyaluronan, the main component of the glycocalyx, 
were significantly higher in FH patients after rosuvastatin treatment, as compared to 
controls (FH, no treatment: 73.5 ± 30.1 ng/ml; FH, rosuvastatin: 80.0 ± 17.1; Controls, 
no treatment: 60.1 ± 10.6 ng/ml, p<0.001). A similar pattern was observed in plasma 
hyaluronidase activity (FH, no treatment: 264±197 U; FH, rosuvastatin: 655 ± 252 U; 
Controls, no treatment: 234 ± 135 U; p < 0.001). There were no significant differences 
in plasma syndecan-1 concentrations (data not shown).

discussion
In the present study we found a substantial reduction of VG in patients with FH compared 
to normocholesterolemic controls. After 8 weeks of intensive statin treatment, LDL-
cholesterol concentrations completely normalized in FH patients, yet VG recovered 

Figure 2. dextran clearance in hypercholesterolemic and normocholesterolemic subjects. 
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 normocholesterolemic controls (FH patients, no treatment versus 
Controls, p=0.07). Means ± SEM. Black squares: FH patients, no treatment; White squares: FH 
patients, rosuvastatin; Black circles: Normocholesterolemic controls, no treatment. Individual 
timepoints: * p < 0.05 FH, rosuvastatin versus FH, no treatment. # p < 0.05 FH, no treatment and 
FH, rosuvastatin versus Controls.
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only partially. VG in FH patients was correlated with leukocyte count. Considering the 
cumulating evidence that glycocalyx perturbation enhances vulnerability of the vessel 
wall, our findings imply that novel strategies aimed at restoring VG may be of interest 
to further optimize vascular resistance towards atherogenic insults. 

Concomitant with the decreased glycocalyx volume, Dextran 40 clearance was 
increased in FH patients, although not reaching statistical significance. The endothelial 
glycocalyx has been shown to be a central modulator of 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 disruption could contribute to this 
process and thus to premature atherosclerosis, which is often is seen in these patients.

In addition, FH is known to be associated with increased oxidant stress (21,22), 
illustrated by increased oxLDL levels in our patients, as well as by increased 
inflammatory mediators, such as CRP (26). Both oxLDL and inflammatory mediators 
have been shown to exert a detrimental impact on glycocalyx in experimental models 
(8,23,27). 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 injury 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). 
Unfortunately, rosuvastatin therapy restored the endothelial glycocalyx only partially, 
despite normalization of LDL and oxLDL concentrations. 

A possible explanation is the relatively short duration of treatment in light of the 
lifelong exposure to high plasma cholesterol concentrations in FH patients. In contrast, 
many studies have shown rapid recovery of endothelial function upon statin treatment 
(28,29). Moreover, (change in) glycocalyx volume did not significantly correlate with 
LDL-cholesterol concentrations, but tended to correlate with leukocyte count. This may 
imply that inflammatory activity, rather than LDL-cholesterol, is the culprit in glycocalyx 
perturbation. On the other hand, recently, the existence of endothelial ‘memory’ has been 
suggested, as it was shown that vascular stress, mediated by oxidants, persisted following 
glucose normalization after a hyperglycemic period (30). This may also be applicable to 
hypercholesterolemia-induced vascular stress. It could imply that hypercholesterolemia 
has longer lasting effects on the endothelium and the endothelial glycocalyx. Short-term 
lowering of cholesterol concentrations may not be sufficient to overcome this 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 to restore the endothelial glycocalyx. 
Notably, we even observed an increase in hyaluronidase activity after rosuvastatin 
therapy. As hyaluronidase breaks down a major component of the glycocalyx, i.e. 
hyaluronan, increased concentrations could attenuate glycocalyx restoration, despite 

77



effective LDL-cholesterol lowering. Whereas the exact cause of statin-associated increase 

in hyaluronidase is unclear, statins are known to upregulate Krüppel-like factor 2 (KLF2), 

a shear stress-inducible transcription factor, which in turn has been shown to increase 

hyaluronidase expression (31,32). If restoration of the glycocalyx is to be reached, 

more direct targeting is likely to be accomplished by modulating glycosaminoglycan 

metabolism, either by supporting glycosaminoglycan production or by preventing 

degradation. Such compounds, exerting more profound effects on the endothelial 

glycocalyx may offer additional protection against atherogenic insults on top of statins.

Study limitations
This study has a relatively small sample size. We chose to include a homogeneous 

group of healthy, non-smoking, male FH patients and normocholesterolemic control 

subjects with an overt difference in plasma LDL-cholesterol concentrations. Whereas 

other baseline clinical characteristics also showed minor differences, these were 

all well within normal range. Secondly, the possible potential of the endothelial 

glycocalyx as a target of damage and, thus, as a structure deserving protection, is just 

starting to emerge. Although the techniques to evaluate the endothelial glycocalyx 

in humans are relatively new, indirect and under constant development, we believe 

that our data provide valuable information to build initial hypotheses. The lack of a 

difference in local glycocalyx estimations after statin treatment can reflect either a 

power problem in this limited series of observations, or relate to the fact that local, 

sublingual glycocalyx thickness may, to some extent, be affected independently from 

systemic glycocalyx volume. This is supported by observations by van den Berg et 

al. who showed large differences in glycocalyx thickness at different locations in the 

vasculature within one animal in both wild type and hypercholesterolemic mice (23). 

However, in our study, improvements following statin use could be observed using 

either method. 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. Finally, we did 

not treat normocholesterolemic subjects with rosuvastatin. Therefore, we are unable 

to evaluate the effect of statin on the glycocalyx in absence of hypercholesterolemia.

Conclusions
Endothelial glycocalyx thickness is profoundly reduced in FH patients, which may 

contribute to increased atherogenic vulnerability. This perturbation is partially restored 

upon short-term statin therapy. Awaiting trials validating the atheroprotective 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
Heparinase is the major enzyme involved in degradation of endothelial heparan sulfates, 
which is associated with impaired endothelial nitric oxide synthesis. However, the relation 
between heparan sulfate chain length and endothelial function and nitric oxide availability 
has never been investigated. We studied the effect of heterozygous mutations in heparan 
sulfate elongation genes EXT1 and EXT2 on endothelial function in vitro as well as in vivo. 

Flow mediated dilation (FMD), a marker of nitric oxide bioavailability, was studied 
in Ext1+/- and Ext2+/- mice versus controls (n=7 per group), as well as in patients with 
hereditary multiple exosostoses (HME), characterized by heterozygous loss of function 
mutations in EXT1 and EXT2 (n=13 HME and n= 13 controls). Endothelial function was 
measured in microvascular endothelial cells under laminar flow with or without siRNA 
targeting EXT1 or EXT2. 

Endothelial glycocalyx and maximal arteriolar dilation were significantly altered in 
Ext1+/- and Ext2+/- mice as compared to wildtype littermates (glycocalyx: WT 0.67±0.1 
μm, Ext1+/- 0.28±0.1 μm and Ext2+/- 0.25±0.1 μm, p<0.01, maximal arteriolar dilation 
during reperfusion: WT 11.3 ± 1.0%, Ext1+/- 15.2 ± 1.4% and Ext2+/- 13.8 ± 1.6% 
p<0.05). In humans, brachial artery FMD was significantly increased in HME patients 
(HME 8.1±0.8% versus controls 5.6±0.7%, p<0.05). In line, silencing of microvascular 
endothelial cell EXT1 and EXT2 under flow led to significant upregulation of eNOS 
and phospho-eNOS protein expression. 

Our data implicate that heparan sulfate elongation genes EXT1 and EXT2 are 
involved in maintaining endothelial homeostasis, presumably via increased nitric 
oxide bioavailability.
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introduction
Cardiovascular disease is still one of the leading causes of mortality in Western countries, 

despite all therapeutic progress achieved in the last decades (1). Endothelial dysfunction, 

an indicator of decreased endothelial nitric oxide (NO) bio-availability, has been 

acknowledged as the earliest stage of vascular damage, preceding the manifestation of 

cardiovascular disease (2,3). The central factor determining basal NO-activity is thought 

to be shear-induced endothelial activation via mechano-sensing of the endothelial 

glycocalyx (4). The latter consists of a mesh of proteoglycans and glycosaminoglycans 

including heparan sulfate proteoglycan (HSPG) and hyaluronan (HA), covering the luminal 

endothelial wall. Damage to the endothelial glycocalyx has been associated with attenuated 

shear-mediated NO-release by the endothelium both in in vitro and in vivo studies (5-9). 

In line, chronic exposure to increased plasma glycocalyx degrading enzymes including 

hyaluronidase and heparinase has been shown to lead to accelerated atherosclerotic 

plaque formation in mice (10,11), as well as to reduced nitric oxide production in vitro 

(12,13). Yet, the precise role of the individual components of the endothelial glycocalyx in 

mediating mechano-transduction remains to be established.

HSPGs contain heparan sulfate (HS) chains on a proteoglycan (PG) backbone. 

The assembly of the chains is catalyzed by members of the exostosin family (EXT), 

involved in initiation and chain elongation, and N-deacetylase/N-sulfotransferase 

(NDST) and O-sulfotransferase (HSST) involved in chain sulfation (14,15). HSPGs play 

a regulatory role in many biological pathways, including fine-tuning developmental 

and physiological processes in lipid metabolism and inflammation. Their alteration can 

underlie pathological changes in these pathways (16). 

In humans, heterozygous loss of function mutations in EXT1 and EXT2 are known to 

be involved in the development of hereditary multiple exostoses (HME) syndrome (17), 

a disorder associated with bony tumour formation (18,19), with a reported prevalence 

of 1/50.000 individuals (20). In these subjects, these loss of function mutations have 

been shown to lead to alterations in the structure of tissue and plasma heparan sulfate 

composition (21, 22). Despite the ubiquitous expression of EXT genes throughout the 

human body (16), endothelial derangements have never been studied in humans with loss 

of function in EXT genes. In the present study, we thus investigated the effect of disrupted 

HSPGs on endothelial function and subsequent NO production both in vivo and in vitro. 

materials and methods
Animal preparation
All animals were housed in barrier conditions in the vivaria of the School of Medicine 

of the University of California San Diego, that were approved by the Association for 

Assessment and Accreditation of Laboratory Animal Care. Standards and procedures 

approved by the local Institutional Animal Care and Use Committee were followed. 
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Mice were weaned at 3 weeks, were maintained on a 12-hour light–dark cycle and were 
fed water and standard rodent chow ad libitum. All animals were fully backcrossed 
on a C57Bl/6 background and the presence of heterozygous state for Ext1 or Ext2 
was established as previously described (18). All investigations were performed in 
overnight fasted male mice, aged 12 to 16 weeks. 

Male Ext1+/- and Ext2+/-, as well as wildtype male littermates (n=7 per group) 
were fitted with a dorsal window chamber as previously described (23). This model 
has been extensively used for investigations of the intact microvasculature of adipose 
and subcutaneous tissue and skeletal muscle in awake animals for extended periods. 
Animals were anesthetized with intraperitoneal ketamine and xylazine (2 mg/kg) for 
window implantation. After hair removal, sutures were used to lift the dorsal skin away 
from the animal, after which one frame of the chamber was positioned on the animal’s 
back. A chamber consisted of two identical titanium frames with a 12 mm circular 
window. One side of the skin fold was removed with the aid of backlighting and a 
stereomicroscope following the outline of the window, until only a thin layer of retractor 
muscle and the intact subcutaneous skin of the opposing side remained. Saline and 
then a cover glass were placed on the exposed skin, that was held in place by the other 
frame of the chamber. The intact skin of the other side was exposed to the ambient 
environment. Following window implantation, a jugular vein catheter was implanted. 
Four days after surgery, the microvasculature was examined and only animals passing 
established systemic and microcirculatory inclusion criteria, which include having tissue 
void of low perfusion, inflammation and edema were entered into the study. 

Experimental Setup
Unanesthetized animals were placed in a restraining tube with a longitudinal slit 
from which the window chamber protruded. The animals were given 60 minutes to 
adjust to the tube environment before measurements started. The conscious animal 
in the tube was then fixed to the microscopic stage of an intravital microscope 
(BX51WI, Olympus, New Hyde Park, NY). Detection of red blood cell (RBC) passage 
was enhanced by increasing contrast between RBCs and tissue using a BG12 (420 
nm) bandpass filter. Arterioles, capillaries and postcapillary venules (n=7 mice per 
group) were randomly selected for observation. Fluorescence images of vessels were 
displayed on a computer screen and recorded for subsequent analyses. The vascular 
images were captured with a charge-coupled device camera (ORCA-285 Hamamatsu, 
Japan) with 1344x1025 pixel resolution. Tissue fields of 175 x 140 µm and visualized 
with a 40X objective (LUMPFL-WIR, NA 0.8; Olympus) and 117 x 94 µm with a 60X 
objective (LUMPFL-WIR, NA 1.2; Olympus). Tissue was illuminated by a mercury burner 
and appropriate fluorescent cube filters were used (XF100–2 and XF02–2; Omega 
Optical, Brattleboro, VT) to capture fluorescence of FITC labelled Dextran 70 kDa and 
Texas Red labelled Dextran 40 kDa (Invitrogen). Epi-illumination of each vessel was 
limited to less than 10s, in order to prevent photobleaching and light-dye injury to 
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microvessels. Brightfield and fluorescence images were analyzed using commercially 
available software (Image pro plus). Dye penetration analysis was completed using 
the inflection points of the fluorescent intensity profiles across the vessel or capillary 
at three locations and the average value was determined. Endothelial glycocalyx 
thickness was calculated by subtracting the width values obtained with FITC Dextran 
(70 kDa) from those obtained using Texas red Dextran (40 kDa) column widths and 
dividing by 2, as previously published (24). 

Arteriolar Occlusions
Detailed mappings of the vasculature were made so that the same vessels were studied 
throughout the experiment. According to their visual clarity, arterioles 45- to 60-μm 
diameter and 0.5- to 1-mm length and devoid of branching were chosen. The arterioles 
were occluded with a glass micropipette of 1-mm-diameter glass tubing whose tip was 
drawn into a long fiber by a pipette puller (P-87 horizontal puller, Sutter Instruments, 
Novato, CA). The fiber was bent over a flame and the knee of the bend was pressed on 
the intact skin of the preparation mounted on an inverted microscope, which allowed 
observation of the opposite side of the window chamber, i.e. the intact microcirculation 
(23, Figure 1). Arterioles were occluded for only 5 seconds, until flow completely 
stopped. Then occlusion was released to prevent tissue hypoxia. Due to technical 
difficulties only 4-6 experiments per mouse group could be analyzed. Additionally, the 
diameter was measured 200 μm from the occlusion point with recording of the occluded 
vessel starting 10 seconds prior to the occlusion, continuing during the occlusion and 
during 90 seconds after reperfusion. The video image shearing technique was used to 
measure vessel diameter off line from video recordings (25). 

Endothelial function in HME subjects and controls
We enrolled Dutch patients with HME (n=13), characterized by established heterozygous 
loss-of-function mutations in either EXT1 or EXT2 (Table 1) and unrelated controls 
(n=13), matched for age and gender (26) since both EXT1 and EXT2 affect heparan 
sulfate biosynthesis. Subjects were excluded from participation if they were smoking, 
had a history of active malignancy with limited lifespan, cardiovascular disease, 
diabetes mellitus or use of concomitant medication. Written informed consent was 
obtained after explanation of the study. The study was approved by the Institutional 
Review Board of the Academic Medical Center of the University of Amsterdam and 
carried out according to the Declaration of Helsinki.

After an overnight fast, subjects visited the AMC Vascular Medicine clinical trial 
unit where anthropometric data, including supine blood pressure measurements and 
blood collection for plasma biochemistry were obtained. Basal fasting glucose and 
lipid profiles, HbA1c, serum creatinin and 24h urinary albumin excretion were assessed 
using standard laboratory procedures. Thereafter, flow-mediated dilation (FMD) of the 
brachial artery was performed as previously described (7). In short, subjects were in 
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the supine position when a 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 two baseline vessel diameter measurements, reactive hyperemia was induced by 
inflating the lower-arm blood pressure cuff to 200 mmHg. Upon release of the cuff after 
4 min, ultrasonography continued for 5 min to allow for lumen diameter measurements 
at 30s intervals. Flow-independent vasodilation was assessed after determination of 
brachial artery diameter before and 4 minutes after the administration of nitroglycerine 
(0.4 mg). Images were stored digitally and analyzed off-line using the Wall Track System 
software analysis package. One person, who was unaware of clinical details and stage 
of the experiment, performed all measurements. At the AMC, intra- and intersession 
coeffcients of variance for baseline diameter assessment using the Wall Track System are 
1.1 and 3.8%, respectively. Intersession variability of the FMD measurement is 13.9% (7). 

In vitro EXT silencing experiment in microvascular endothelial cells 
under laminar flow
Human microvascular endothelial cells (HMVEC; Lonza, Switzerland) were cultured in 
EGM-2MV medium (Lonza, Switzerland) supplemented with 5% FBS (cc-4102B), 0.2 ml 
cortisone (cc-4112B), 2 ml hFGF (cc-4113B), 0.5 ml VEGF (cc-4114B), 0.5 ml rb-IGF1 
(cc-4115B), 0.5 ml ascorbic acid (cc-4116B), 0.5 ml hEDF (cc-4317B), 0.5 ml GA 
(cc.4381B) in a humidified incubator at 37ºC and 5% CO2. The flow experiments were 

table 1. Mutations in EXT1 and EXT2.

exon nucleotide change amino acid change

ext1 (nm_000127.2)

1

2

5

6

7/8

c.138del

c.393C>A

c. 679del

c.864del

c.1019G>A 

c.1031C>T

c.1384del

c.1431dup

del exon7/exon8

p.Leu46Phefs*90

p.Tyr131*

p.Arg227Aspfs*25

p.Asn288lysfs*71

p.Arg340His

p.Ser344Phe

p.Leu462Trpfs*11

p.Ser478Leufs*43

ext2 (nm_000249.3)

2

6

intron 6

intron 7

c.202dup

c.997T>C

c.1039-2A>G

c.1178+1G>A

p.Val68Glyfs*4

p.Cys333Arg
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performed using an IBIDI Unidirectional Laminar Flow pump system (IBIDI, Martinsried, 

Germany). IBIDI slides (0.4 mm) were coated with 75.000 cells per slide and incubated 

for 24h in static condition to allow the cells to attach and grow to confluence. The 

expression of EXT1 and EXT2 was suppressed with siRNA (Invitrogen, USA) using 

25nM Dharmafect4 (Thermo Scientific) according to the manufacturer’s protocol (n=3 

flow experiments per condition). Six hours after transfection of the endothelial cells, 

the medium was replaced and flow was initiated at 30 ml/min (perfusion set selection 

15cm, 1.6 mm; applied pressure: -15 mbar; flow rate: 7.6 ml/min; shear stress: 10 

dyne/cm2, next continuous switching operation 30 sec). After 48 hours, the cells were 

harvested for protein and RNA analysis. The following primers were used to assess the 

level of suppression by siRNA: EXT2: sense 5’-CAG UGU UAG UAC UCG AUA ATT-3’; 

antisense: UUA UCG AGU ACU AAC ACU Gac-3’; EXT1: sense: 5’GAA GUA UGA 

UUA UCG GGA Att-3’; antisense: 5’-UUC CCG AUA AUC AUA CUU Ctc-3’. Primers 

were designed with Primer 3 software and are spanning intron/exon boundaries. As a 

negative control we used validated siRNA for GAPDH (Ambion, 4390843).

Cells were directly lyzed in TriZol (Invitrogen) for 30 minutes at 40ºC. Chloroform 

was added for phase separation, followed by RNA isolation according to the supplier’s 

protocol. RNA samples were then converted to cDNA by reverse transcription reaction 

(BioRad). RT-PCR was performed in a total volume of 10 µl containing Sybr green master 

mix (GE Biotech), cDNA and specific primer pairs. Target cDNA was amplified using the 

CFX 384 system (BioRad) as follows: initial denaturation at 95ºC for 10 min, followed by 42 

cycles of 30s at 95ºC, 1 min at 55ºC for annealing and 40 sec at 72ºC for elongation. The 

amplification was ended with a melting curve starting after 40 cycles. Gene expression 

was calculated using RPLP0 (36B4) as a housekeeping gene with the ΔCt calculation. All 

experiments were performed at least 4 times. Primer sequences are listed in Table 2.

Western blotting
In a parallel experiment, endothelial cells were lyzed in RIPA buffer with the addition of 

protease and phosphatase inhibitor cocktails (Roche). Proteins were fractionated on 4% to 

12% Bis-Tris sodium dodecyl sulfate polyacrylamide gels and transferred to nitrocellulose 

membranes using the Trans Blot turbo System (BioRad). The primary antibody dilutions 

table 2. Human RT-PCR primer sequences.

gene Forward reverse

KLF2 

NRF2

NOS3

EXT1

EXT2

5’-cat ctg aag gcg cat ctg-3’ 

5’-aca cgg tcc aca gct cat c-3’

5’-acc ctc acc gct aca aca tc-3’

5’-gct ctt gtc tcg ccc ttt tgt-3’

5’- gat tga aga aat gca gag aca gg-3’

5’- cgt gtg ctt tcg gta gtg g-3’

5’-tgc ctc caa agt atg tca atc a-3’

5’-att tcc act gct gcc ttg tc-3’ 

5’-tgg tgc aag cca ttc cta cc-3’

5’- tgg ata gat ccg gtc att gat a-3’
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for Western blots were 1:1000 for rabbit anti human phospho-eNOS (ser1177, Cell 

Signalling); 1:1000 for rabbit anti human eNOS; 1:1000 for rabbit (Cell Signalling), 1 : 1000 

for rabbit anti human AKT2 (Cell Signalling CST-4691S); 1 : 2000 for rabbit anti human 

phospho-AKT2 Ser473 (Cell Signalling CST-4060S). The membranes were then incubated 

with swine anti-rabbit horseradish peroxidase-linked IgG antibody (1:3000; Dako, P0399) 

or rabbit anti-goat horseradish peroxidase-linked IgG antibody (1:3000, DAKO, P0160), 

followed by detection of the proteins using femto ECL chemiluminescent HRP substrate 

(Thermo Scientific) and the ChemiDoc XRS system (BioRad). β-actin (rabbit anti human 

actin; Abcam, ab8227; 1:5000) was used as loading control. 

Statistical Analyses
The data are presented as means ± SD or where indicated means ± SEM. Differences 

between EXT heterozygotes and controls were calculated by non-parametric tests 

(Mann-Whitney) or by T-test statistics, depending on the distribution of the data. The 

effect of EXT1SiRNA and EXT2siRNA treatment were compared with control-siRNA by 

non-parametric Kruskal-Wallis statistics. P < 0.05 was considered significant. Statistical 

analyses were performed using SPSS package version 20.

results
Dimensional and functional endothelial changes in genetically 
modified Ext1 and Ext2 mice
We examined hemodynamic features in genetically modified Ext1 and Ext2 mice. 

Endothelial glycocalyx dimensions in arterioles were significantly altered in both 

Ext1+/- and Ext2+/- mice as compared to wild type (WT) mice (Ext1+/-: 0.28±0.1 μm 

and Ext2+/-: 0.25±0.1 μm, WT: 0.67±0.1 μm, p<0.01; n=7 mice per group, Figure 1A). 

Vessel diameter tended to decrease slightly upon short-term single arteriolar vessel 

occlusion in all animals due to reduction of intravascular pressure (data not shown), 

with flow mediated dilation (FMD) taking place in all groups after reperfusion. Selected 

examples of FMD for WT, Ext1+/- and Ext2+/- mice are presented in Figure 1B. Maximal 

arteriolar dilation during reperfusion was significantly greater for both Ext1+/- (15.2 ± 

1.4% vasodilation; 12 arterioles with diameter of 51 ± 6 μm; n = 4, p < 0.05) and Ext2+/- 

(13.8 ± 1.6% vasodilation, 10 arterioles with diameter of 49 ± 8 μm; n = 4, p < 0.05) as 

compared to WT (11.3 ± 1.0% vasodilation, 20 with diameter of 53 ± 4 μm arterioles; 

n = 6). The time at which the maximal dilation was reached, occurred more quickly 

after reperfusion in Ext1+/- (17.4 ± 2.0 sec, p < 0.05) and Ext2+/- (15.8 ± 1.7 sec, p < 

0.05) mice, as compared to WT mice (23.2 ± 2.3 sec). FMD values were also calculated 

as the square of the diameter change, times the dilation time. These calculated FMD 

values also showed a significant increase in Ext1+/- (4.5 ± 0.5 sec, p < 0.05) and Ext2+/- 

(3.9 ± 0.4 sec, p < 0.01) mice as compared their WT littermates (3.3 ± 0.3 sec). 
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Figure 1a. endothelial glycocalyx dimension is decreased in heterozygous Ext1 or -2 deficient 
mice. In vivo glycocalyx measurements in arterioles in WT, Ext1+/-, and Ext2+/- mice (n=7 mice per 
group). Values are presented as means ± SEM. Differences were analyzed using non-parametric 
tests (Mann-Whitney).# p<0.01.

Figure 1b. experimental setup for murine Fmd measurements. Graphic overview of a single 
arteriolar vessel occlusion measurement in mice and example of a post-dilation FMD curve in WT, 
Ext1+/- and Ext2+/- mouse respectively, as described in detail in the materials and methods section 
(n= 4-6 mice per group). 
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Figure 1d. endothelium-independent dilation is not affected in hme patients. Flow-independent 
dilation of the brachial artery before and 4 minutes after administration on 0.4 mg nitroglycerine 
in controls (n=13) and in HME patients (n=13). Values are presented as means ± SEM. Differences 
were analyzed using non-parametric tests (Mann-Whitney). 

Figure 1c. Flow mediated dilation is increased in patients with hme. FMD of the brachial artery in 
controls (n=13) and in HME patients (n=13). * p<0.05.

Dimensional and functional endothelial changes in humans carrying 
heterozygous loss of function mutations in EXT 
Next, we investigated whether the presence of heterozygous loss of function mutations 
in EXT in human subjects lead to aberrant endothelial function as compared to control 
subjects. Age, BMI, family history for diabetes and cardiovascular disease, as well as 
plasma biochemistry and 24 hr urinary albumin excretion were comparable between 
13 HME carriers and 13 control subjects (Table 3). A significant increase in FMD was 
observed in EXT mutation carriers as compared to age- and sex matched controls 
(EXT: 8.1±0.8% versus controls 5.6±0.7%, p<0.05). When patients were challenged 
with a nitric oxide (NO)-donor (sublingual nitroglycerin) as a measure for endothelium-
independent vasodilatation, vasodilation was induced to the same extent in carriers 
and controls (EXT: 23.7±1.4% versus controls 22.8±2.6%, ns; Figures 1C and 1D). 
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table 3. Baseline characteristics of HME (n=13) and control subjects (n=13).

hme patients controls

Age (years)

Male/Female (N)

BMI (kg/m2)

Smoking (N)

Family history CVD

Family history diabetes

Total cholesterol, mmol/l

LDL-C, mmol/l

HDL-C, mmol/l

Triglycerides, mmol/l

Fasting Glucose, mmol/l

Creatinin, μmol/l

Calculated eGFR, ml/min/1.73

CRP, mg/l

24h urinary albumin , mg/l

SBP, mmHg

DBP, mmHg

Mutation in EXT1/EXT2

40 ± 10

4/9

23.8 ± 2.9

1

2

3

4.8 ± 0.5

2.5 ± 0.8

1.5 ± 0.3

0.9 [0.7 – 1.4]

4.8 ± 0.5

71 ± 11

>60

1.7 ± 1.7

4.8 ± 3.5

127 ± 11

80 ± 8

9/4

41 ± 10

4/9

23.9 ± 2.5

1

4

3

4.5 ± 0.6

2.3 ± 0.4

1.4 ± 0.3

0.8 [0.7 – 1.0]

4.9 ± 0.6

67 ± 12

>60

1.2 ± 0.6

4.8 ± 2.5

132 ± 14

78 ± 10

Data are presented as means± SD except for triglycerides, which are presented as median and 
interquartile range. HME: Hereditary Multiple Exostosis; BMI: Bodymass Index; CVD: cardiovascular 
disease; LDL: Low Density Lipoprotein; HDL: High Density Lipoprotein; SBP: systolic blood 
pressure; DBP: diastolic blood pressure.

Effect of EXT-silencing on gene expression in HMVEC under flow 
conditions
To gain more insight into the mechanism underlying the observed changes in patients 
with mutations in EXT, we silenced EXT1 or EXT2 expression in human microvascular 
endothelial cells cultured under laminar flow. Exposure to flow induced a significant 
increase in EXT2 (p<0.005) and a small, but significant reduction in EXT1 expression 
(p<0.05, Figures 2 and 3). Flow exposure also significantly induced NOS3, NRF2 and 
KLF2 expression (n=3 experiments, p<0.05). Silencing of EXT1 and EXT2 was effective, 
resulting in a 60-80% reduction in expression of the targeted gene (Figures 2A and 3A). 
Under these conditions, however, no further increase in flow-induced expression of NOS3, 
NRF2 and KLF2 was found (n=3 experiments, Figures 2: B-D and 3: B-D). We subsequently 
tested whether silencing of EXT1 or EXT2 would change eNOS protein expression and 
phopsphorylation. Induction of flow resulted in a significantly increased protein expression 
(p<0.05) and phosphorylation of eNOS (p<0.05) (n=3 experiments, Figures 4 and 5), but 
the ratio of phospo-eNOS/eNOS was not significantly different. Silencing of EXT1 or 
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Figure 2. EXT1 silencing does not lead to increased expression in nos3 pathway. The effect of 
EXT1 knockdown on RNA expression of EXT1 (A), EXT2 (B), NOS3 (C), NRF2 (D), KLF2 (E) in HMVEC 
under laminar flow analyzed by RT-PCR. EXT1 was silenced using siRNA against EXT1 as described. 
A scrambled siRNA was used as control. Flow induces a significant increase in NOS3, NRF2 and KLF2 
expression, which was not further increased by downregulation of EXT1. Data are derived from four 
independent experiments and presented as means ± SD. All silencing experiments were performed 
under laminar flow conditions. Differences were analyzed using student T-test.* P<0.05; **P<0.01.

EXT2 increased eNOS protein expression and phosphorylation status in both conditions 
as compared to (scrambled) control (p<0.05 for both). The ratio phospho-eNOS/eNOS 
was significantly reduced after EXT2 siRNA treatment, but not after EXT1 siRNA treatment 
(Figures 5: B-D). Additionally, we measured the capacity of these human microvascular 
endothelial cells to phosphorylate AKT2, which may explain the underlying mechanism of 
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Figure 3. EXT2 silencing does not lead to increased expression in nos3 pathway. The effect of 
EXT2 knockdown on RNA expression of EXT2 (A), EXT1 (B), NOS3 (C), NRF2 (D), KLF2 (E) in HMVEC 
under laminar flow analyzed by RT-PCR. EXT1 was silenced using siRNA against EXT2 as described. 
A scrambled siRNA was used as control. Flow induces a significant increase in NOS3, NRF2 and 
KLF2, which was not further increased by downregulation of EXT2. Data are derived from four 
independent experiments and presented as means ± SD. All silencing experiments were performed 
under laminar flow conditions. Differences were analyzed using non-parametric statistical tests 
(Mann-Whitney). Differences were analyzed using student T-test * p<0.05; *** p<0.005.

increased eNOS expression. Induction of flow resulted in a significant decrease in AKT2 
and phospho-AKT2 (n=3 experiments), yet the ratio remained unchanged (Figure 5: B-F). 
In line, silencing of EXT1 and EXT2 did not show significant differences in AKT2 protein 
expression and phosphorylation status (Figures 5: E-H).
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discussion
In the present study, we show that heterozygous loss of function of EXT1 and EXT2, 
in both mice and humans, results in a decreased arteriolar endothelial glycocalyx, 
but improved flow mediated dilation. Moreover, silencing of EXT1 or EXT2 in human 
microvascular endothelial cells cultured under laminar flow conditions revealed 
a similar change in endothelial nitric oxide metabolism, predominantly due to the 
increased NO synthase protein and phosphorylation of NO synthase, whereas AKT2 
protein and phosphorylation status was unchanged. Our findings imply that mutations 
in genes coding for endothelial HSPG chain length adversely affect endothelial 
glycocalyx dimension, but lead to increased NO availability (27). Together these data 
suggest that endothelial HSPGs are involved in cardiovascular homeostasis. 

Differential effects of enzymatic versus genetic HSPG alterations  
in endothelial glycocalyx 
The endothelial glycocalyx consists of a glycosaminoglycan (GAG) layer covering the 
endothelium and constitutes a conductive, gel-like layer between blood flow and 
endothelial cells in both the micro- and macrocirculation (28). Shear stress exerted 
on the endothelium by flowing blood has been widely recognized as the principal 

Figure 4. example of protein expression of enos, pospho-enos, aKt and phospho-aKt2 in 
hmvec under static and laminar flow conditions. eNOS, p-eNOS (left panel), AKT2 and p-AKT2 
protein expression (right panel) in HMVEC cellysates under static and flow conditions with or 
without EXT1siRNA or EXT2siRNA. HMVECs were transfected with EXT1siRNA or EXT2siRNA, after 
which cells were studied under laminar flow. Beta-actin was used as loading control.
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Figure 5. mean protein expression of enos, p-enos, aKt and phospho-aKt2 in hmvec under static 
and laminar flow conditions. A Protein expression of eNOS, p-eNOS and the ratio of p-eNOS/eNOS under 
flow and static conditions. B. Effect of EXT1siRNA or EXT2siRNA on eNOS protein expression. C. Effect 
of EXT1siRNA or EXT2siRNA on p-eNOS protein expression. D. Effect of EXT1siRNA or EXT2siRNA on 
the ratio of p-eNOS/eNOS protein expression. Data are presented as means ± SEM (n=3 experiments). 
Differences between control and treatment groups were analyzed using non-parametric Kruskal-Wallis 
statistics. * p<0.05. E. Effect of flow on AKT2 protein expression and phosphorylation status. F. Effect 
of EXT1siRNA or EXT2siRNA on AKT2 protein expression. G. Effect of EXT1siRNA or EXT2siRNA on 
p-AKT2 protein expression. H. Effect of EXT1siRNA or EXT2siRNA on the ratio of p-AKT2/AKT2 protein 
expression. Data are presented as means ± SEM for n= 3 experiments. Differences between control and 
treatment groups were analyzed using non-parametric Kruskal-Wallis statistics. * p<0.05.
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stimulus for continuous endothelial NO release (28), providing a first-line defence 
against adhering platelets and subsequent atherotrombosis (10). Complete removal of 
the glycocalyx, using either exogenous hyaluronidase or heparinases, has been shown 
to disrupt this mechanotransductor function, leading to impaired shear-mediated NO-
release (5,6,28,29) and accelerated atherosclerosis in mice (11,27). Current evidence 
of changes in endothelial glycocalyx composition and its effects on endothelial barrier 
function is based on studies applying exogenous enzymatic removal in vitro (30). In vivo 
studies showed that removal of endothelial HSPG chains by heparinase is associated 
with the presence of microalbuminuria (29,31). In contrast, kidney conditional Ndst1 
deficient mice did not show any signs of microalbuminuria, underscoring the potential 
difference in pathophysiological effect on endothelial function of acquired (enzymatic) 
and inborn (genetic) HSPG defects (32). 

Altered HSPG in relation to NO-bioavailability in EXT mutants
HSPG synthesis and sulfation is driven by more than 20 different genes, of which the 
enzymes EXT and EXTL are involved in heparan sulfate chain elongation (14,33,34). 
Moreover, it was shown that deficiency of either EXT1 or EXT2 affects expression 
and function of other HSPG synthesizing genes, which subsequently can influence HS 
structure and functionality (35). Of note, as combined homozygote mutations in both 
EXT1 and EXT2 are not compatible with life in humans (14,18), we have not performed 
these siRNA experiments in HMVEC cells, due to lack of clinical relevance. 

Finally, our data imply that decreased glycocalyx dimension in heterozygous 
EXT mutants is associated with improved mechano-transduction of shear stress into 
activation of endothelial NO-release (36), however this does not seem to be mediated 
via AKT2 (9). Shear stress- induced NO-release is mediated by two pathways: increased 
calcium influx mediating NOS-activation in a calmodulin dependent manner (37) and 
increased phosphorylation of eNOS (38). In this respect, it is interesting to note that 
heparan sulfate proteoglycans (e.g. glypican1) cluster with caveolin in endothelial lipid 
rafts upon exposure to shear stress (39). 

In conclusion, our findings underscore the complex interaction between exposed 
shear stress of the endothelium, endothelial glycocalyx HSPG composition and 
subsequent endothelial NO-release. Since our data imply that endothelial EXT1 
and EXT2 are involved in NO bioavailabilty, endothelial heparan sulfates might 
be interesting therapeutic targets for endothelial dysfunction and subsequent 
cardiovascular disease in humans. 
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abstract
Exotosin (EXT) proteins are involved in the chain elongation step of heparan sulfate 
(HS) biosynthesis, which is intricately involved in organ development. Loss of function 
mutations (LOF) in EXT1 and EXT2 result in hereditary multiple exostoses (HME). 
Interestingly, HS plays a role in pancreas development and β-cell function, and 
genetic variations in EXT2 are associated with an increased risk for development of 
type 2 diabetes mellitus. We hypothesized that loss of function of EXT1 or EXT2 in 
patients with HME affects pancreatic insulin secretion capacity and development. We 
performed an oral glucose tolerance test (OGTT) followed by hyperglycemic clamps 
to investigate first-phase glucose-stimulated insulin secretion (GSIS) in HME patients 
and age- and gender- matched non-affected relatives. Pancreas volume was assessed 
with magnetic resonance imaging (MRI). 

OGTT did not reveal significant differences in glucose disposal, but there was a 
markedly lower GSIS in HME patients during hyperglycemic clamp as compared to controls 
(iAUC 0.72 [0.46-1.16] versus 1.53 [0.69-3.36] nmol•l-1•min-1, p<0.05). Maximal insulin 
response following arginine challenge was also significantly attenuated in HME patients 
versus controls (iAUC 7.14 [4.22-10.95] versus 10.32 [7.91-12.70] nmol•l-1•min-1 p=0.05), 
indicative of an impaired β-cell reserve. MRI revealed a significantly smaller pancreatic 
volume in HME patients as compared to controls (72.0±15.8 versus 96.5±26.0 cm3, p=0.04). 

In conclusion, loss of function of EXT proteins may affect β-cell mass and insulin 
secretion capacity in humans, and render subjects at a higher risk of developing type 
2 diabetes when exposed to environmental risk factors.

104



7

ImpaIred pancreatIc β-cell reserve In Ext1 lOF

introduction
Heparan sulfate proteoglycans (HSPGs) are involved in many biological processes 

including fine-tuning most of the physiological and pathological processes related to 

fetal organ development, lipid metabolism and inflammation (1). EXT1 and EXT2 genes 

encode for an endoplasmic reticulum-resident glycosyltransferase complex involved 

in chain elongation and possibly chain initiation of heparan sulfate biosynthesis (2,3). 

The EXT gene family consists of 5 genes, including EXTL1 (EXT-like 1), EXTL2 and 

EXTL3, which encode proteins that catalyze GlcNac transferase reactions. Whereas the 

function of EXT1 and EXT2 has been widely recognized, the precise role of EXTL3 and 

a related protein EXTL2 in heparan sulfate (HS) biosynthesis remains unclear (4–6). Of 

note, Extl3 was reported to be involved in murine pancreatic β-cell development (7–9). 

Heterozygous loss of function (LOF) mutations in EXT1 and EXT2 are known to 

be involved in the development of hereditary multiple exostoses (HME) syndrome 

(10), a disorder with a reported prevalence of 1/50.000 individuals (11), and have 

been shown to lead to both locally (exostosis plate) (12) and systemically (13) altered 

heparan sulfate composition. This leads to growth of multiple bony tumors (i.e. 

exostoses or osteochondromas) after birth and throughout childhood until closure 

of the growth plates, which can result in skeletal deformities and malignancies (14). 

Main complications are a direct result of compression of neighbouring tissue or 

structures and involve pain, disturbance of blood circulation, and in rare cases, 

spinal cord compression (15). 

Interestingly, common single nucleotide polymorphisms (SNPs) in EXT2 were 

associated with increased risk for the development of type 2 diabetes mellitus (DM2) 

(16). Despite conflicting results (17–21), a recent meta-analysis of Liu et al replicated 

the originally observed significant association between common genetic variants in 

EXT2 and the risk of developing DM2 (22). In line, SNPs in EXT2 have also been 

associated with impaired glucose clearance in DM2, as assessed by an oral glucose 

tolerance test (23). Of note, both EXT1 and EXT2 genes are highly expressed in 

human pancreas (https://www.lsbm.org). However, the pathophysiological role of EXT 

in pancreas function remains to be elucidated. In the present study, we designed a 

dedicated series of investigations to unravel the effects of disrupted heparan sulfate 

synthesis on β- cell function and mass, as well as insulin secretion in humans with 

heterozygous loss of function mutations in EXT1 or EXT2. 

materials and methods
We enrolled Dutch patients with HME, with established heterozygous mutations in 

either EXT1 or EXT2, and non-carrier relatives over 18 years of age, without pre-existent 

type 1 or 2 diabetes. We tested for alterations in glucose metabolism and β-cell reserve. 

Written informed consent was obtained after explanation of the study. The study was 
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approved by the Institutional Review Board of the Academic Medical Center of the 
University of Amsterdam and carried out according to the Declaration of Helsinki.

Oral Glucose Tolerance Test (OGTT) and hyperglycemic clamp
After an overnight fast, a standardized OGTT was performed. After baseline venous 
sampling, subjects were asked to ingest 75 g glucose. At t = 30, 60, 90 and 120 
minutes, a 4.5 ml blood sample was obtained for assessment of blood glucose, insulin 
and C-peptide concentations.

On a separate study day, a hyperglycemic clamp was performed after an overnight 
fast. On the day of study, antecubital veins of both arms were cannulated for blood 
sampling and infusion of fluids. All bedside glucose measurements were performed 
using a bedside calibrated glucose sensor (YSI 2300 STAT S; YSI, Yellow Springs, 
OH). Based on fasting plasma glucose concentrations and bodyweight, first phase 
insulin secretion was determined using a 20% glucose bolus (weight/70 x 10 – plasma 
glucose = millilitres required) administered over 1 min, aiming to achieve a plasma 
glucose concentration of 14 mmol/l. Subsequently, blood glucose concentrations 
were maintained at 14 mmol/l by continuous glucose infusion. Pump settings, i.e. 
glucose infusion rates were adapted based on blood glucose concentrations at t= 
0, 2.5, 5, 7.5, 10 and 20 minutes. Simultaneously, blood samples were collected 
for insulin and C-peptide determination. After 120 minutes, an arginine bolus (5 
gram) was administered, followed by measurement of plasma insulin concentrations 
at t= 125, 130, 140 and 150 minutes. Basal plasma fasting glucose, HbA1c, total 
cholesterol, HDL and LDL cholesterol, triglycerides and free fatty acids (FFAs) were 
assessed using standard laboratory procedures. Glucagon like peptide 1 (GLP-1) 
concentrations were determined using a RIALINCO assay (24). Osteocalcin was measured 
using an immunoradiometric assay (Biosource/Medgenix Diagnostics, Fleuris, 
Belgium) as previously published (25). Fecal elastase concentrations were assessed 
using a commercially available ELISA kit for Elastase 1 (ScheBo®). Plasma glucose 
concentrations were determined by the hexokinase method (Hitachi) and insulin 
concentrations were determined using the Immulite 2000 system (Diagnostic Products, 
Los Angeles, CA). C-peptide concentrations were measured by RIA (RIA-coat C-peptide; 
Byk-Sangtec Diagnostica, Dietzenbach, Germany). Using data from the OGTT and 
clamp, homeostasis model assessment (HOMA) indexes were calculated for insulin 
sensitivity (HOMA-ir = insulin (picomoles)/6.945*glucose (millimoles)/22.5) and insulin 
secretion (HOMA-β = 20* fasting insulin (picomoles)/6.954/glucose (millimoles-3.5). 
Under stable conditions of constant hyperglycemia, the amount of glucose infused 
(milligrams per kilogram body weight) equals the amount of metabolized glucose (M). 
M was calculated as the average glucose infusion rate during the last 30 min of the 
clamp (t= 90 through t = 120). The M value divided by the average plasma insulin 
concentration (I) during the same interval, the M/I ratio, provides a measure for tissue 
sensitivity to insulin (micrograms per kilogram per minute per picomole per liter) (26). 
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The disposition index is calculated as the product of the M/I ratio and the first-phase 

insulin response (incremental AUC of insulin levels at t = 0 through t = 10). Insulin 

sensitivity was estimated, using the metabolic clearance rate (MCR) of glucose and the 

insulin sensitivity index (ISI), as previously described (27). Overall glucose-stimulated 

insulin secretion was calculated as AUCinsulin/AUCglucose ratio.

Magnetic resonance imaging 
In a subset of previous participants (both HME-patients and healthy controls) we performed 

abdominal imaging prior to the OGTT, using a 3-T MR scanner (Intera, Philips Healthcare, 

Best, The Netherlands). A T2-weighted two-dimensional transversal half-Fourier single-

shot turbo spin-echo (HASTE) sequence was obtained in a breath hold to determine 

the volume of the pancreas. Scan parameters were: TR/TE 600/70ms; FA 90 degrees; 

number of slices: 20, FOV450mm×315mm, voxel sizes: 1.4mm×1.4mm×4.00mm; slice 

gap 1 mm. Images were analyzed by two independent, blinded investigators (ICC=0.85, 

95% CI 0.61-0.94) using ITK Snap software version 2.4 (University of Pennsylvania). 

Pancreatic area was delineated in each imaging slice, followed by determination ofthe 

number of voxels in this area. Subsequently, this number was transcribed to volume in 

cubic millimetres. The mean area of separate measurements was used.

Power calculation and statistical analyses
Based on our previously performed oral glucose tolerance tests in carriers of a rare 

loss-of function mutation in ABCA1 (28), the difference between the mean incremental 

area under the curve (IAUC) for the carriers (245 [153–353]) and the controls (155 [84–

198]), was 90 mmol • l−1 • min−1. Assuming a two group t-test with a 0,050 two-sided 

significance level and a power of 80%, we needed to include 14 subjects in each group. 

Data are presented as means ± SD or medians with interquartile range [IQR], 

unless stated otherwise. Normally distributed baseline characteristics were compared 

using a Student’s t test. Differences in triglyceride and free fatty acid concentrations 

and continuous outcome variables were compared using the nonparametric Mann-

Whitney U test. All repeated measurements are reported by incremental AUC (area 

above baseline), computed by the trapezoidal rule. A p-value < 0.05 was considered 

statistically significant. All analyses were performed with SPSS software version 19.0.0.1.

results
Beta cell function and glucose metabolism in human EXT mutation 
carriers versus controls
We included 16 EXT1 and 6 EXT2 mutation carriers (for a list of identified mutations 

see Tables S1 and S2), as well as 26 age- and gender matched non carrier controls, 

who participated in the OGTT, clamp of both (for baseline characteristics per study, 
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Supplementary Tables 3 and 4). Age, BMI, family history for diabetes, fasting glucose, 
HbA1C,insulin and basal lipid concentrations, including FFAs only in the OGTT 
group (Supplementary Table 3), were all comparable between carriers and controls 
(Table 1). HME patients are characterized by elevated osteocalcin concentrations 
(Supplementary Table 3), a protein recognized as a marker of bone formation (29). No 
differences were found in exocrine pancreas function, as assessed by fecal elastase 
(30) (Supplementary Table 3). EXT mutation carriers and controls displayed a similar 
response during OGTT with respect to plasma glucose (iAUC: 233 [157-286] versus 
160 [100-281] nmol•l-1•min-1, n.s.) and plasma insulin concentrations (iAUC: 17.4 [6.5-
24.1] versus 18.3 [12.6-23.0] nmol•l-1•min-1, Figures 1A and 1B). Markers of insulin 
resistance and β-cell function were not significantly different between HME patients 
and controls (Table 2). 

Since we noted a trend towards lower plasma insulin concentrations in HME patients, 
we subsequently performed a hyperglycemic normoinsulinemic clamp followed by 
arginine infusion. During the hyperglycemic clamp, first-phase insulin response to an 
intravenous glucose bolus (as determined by incremental AUC) was lower in carriers 
than in controls (0.72 [0.46-1.16] versus 1.53 [0.69-3.36] nmol•l-1•min-1, p=0.017, 
Figure 2A). In addition, C-peptide responses were also significantly lower in carriers 

table 1. Baseline characteristics of participants in oral glucose tolerance test and hyperglycaemic clamp.

noncarriers (N=25) carriers (N=22)

Age (years) 45±14 38±10

Men n (%) 11 (42) 7 (31)

BMI (kg/m2) 25.0±3.3 25.5±4.3

BSA (m2) 1.9±0.21 1.9±0.19

TC (mmol/l) 5.26±1.25 4.87±1.16

LDL-C (mmol/l) 3.23±1.14 3.03±1.06

HDL-C (mmol/l) 1.51±0.41 1.34±0.41

Triglycerides (mmol/l) 0.90[0.67-1.19] 0.87[0.55-1.34]

Fasting glucose (mmol/l) 5.0±0.66 4.8±0.48

Hba1c

mmol/mol

%

36±3.9

5.4±0.34

34±3.6

5.3±0.32

Fasting insulin (pmol/l) 49±34 39±28

Family history

Diabetes n (%)

CVD n (%)

4 (15)

3 (12)

3 (14)

4 (29)

Data are means ± SD, n (%), or median [IQR]. Abbreviations: BMI = Body Mass Index; BSA = Body 
Surface Area; TC= Total Cholesterol LDL-C = Low Density Lipoprotein cholesterol. HDL-C = High 
Density Lipoprotein cholesterol. CVD = Cardiovascular Disease.
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table 2. Beta-cell function and insulin sensitivity parameters. 

noncarriers carriers

Baseline HOMA index

HOMA-ir

HOMA-β
1.23[0.80-1.80]

79[48-128]

0.95[0.56-1.47]

78[49-147]

Insulinogenic index (ogtt) (pmol/mmol) 50.7[37.8-176.5] 60.3[31.1-71.4]

AUCinsulin/AUCglucose ratio (ogtt) (pmol/mmol) 87.8[73.6-261.4] 79.8[50.6-105.2]

 ISIcomp (ogtt) (μmol/(kg min pmol L)) 23.9[20.9-41.5]  33.5[18.5-46.9]

Disposition index (clamp) 22.1[15.2-41.9] 25.6[10.0-33.1]

MCR (ogtt) (ml/(min kg)) 9.8[9.1-10.4] 10.1[9.2-10.6]

Values are presented as median [interquartile range]. Abbreviations: HOMA = homeostatis model 
assessment; AUC = area under the curve; ISIcomp = index of composite whole-body insulin 
sensitivity; MCR = metabolic clearance rate; ogtt = oral glucose tolerance test.

table 3. Baseline characteristics of participants in pancreas volume measurements.

noncarriers (N=8) carriers (N=8)

Age (years) 40±13 39±9

Men n(%) 3 (37) 3 (37)

Length (m) 1.72±0.10 1.72±0.10

Weight (kg) 74±9 78±13

BMI (kg/m2) 24.6±1.4 25.6±4.4

BSA (m2) 1.8±0.15 1.9±0.18

Data are means ± SD, n (%), or median [IQR]. Abbreviations: BMI = body mass index; BSA = body 
surface area.

versus controls (3.57 [2.26-5.00] versus 6.62 [4.48-9.84] nmol•l-1•min-1 p<0.008, Figure 
2B). In line with the HOMA data, glucose infusion rates were comparable between 
groups (iAUC carriers: 11.1 [8.88-19.00] versus controls: 14.5 [11.98-23.98] mg•kg-

1•min-1, n.s., Figure 2C). This also applies to disposition indices (Table 2), suggesting 
that differences observed in insulin and C-peptide secretion cannot be attributed to 
differences in insulin tolerance. Following an intravenous arginine bolus to assess 
maximal insulin reserve, the peak response was significantly impaired in EXT mutation 
carriers as compared to controls (iAUC from t=120: 7.14 [4.22-10.95] versus 10.32 
[7.91-12.70] nmol•l-1•min-1, p=0.028, Figures 2D and E). 

To further investigate the decreased β-cell insulin secretory capacity found in 
HME patients, we set out to detect potential differences in anatomical pancreatic 
volume in 8 EXT mutation carriers and 8 non-carrier controls (Table 3). Abdominal MRI 
imaging revealed a significantly smaller pancreatic volume in EXT mutation carriers as 
compared to controls (72.0 ± 15.8 versus 96.5 ± 26.0 cm3, p=0.04, Figure 3).
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discussion
Here we provide the first evidence that carriers of loss-of-function mutations in EXT exhibit 
a distinct perturbation in glucose-insulin homeostasis, characterized by an impaired 
glucose stimulated insulin secretion response, as well as a diminished peak-insulin 
secretory capacity. The latter is accompanied by a significant reduction in total pancreas 
volume, implying a structural β -cell defect in carriers of loss-of-function mutations in EXT. 

EXT mutation carriers displayed normal insulin sensitivity during OGTT, although 
a trend towards a reduction in plasma insulin response during OGTT was observed in 
these subjects. Using hyperglycemic clamps, we observed that EXT mutation carriers 
were characterized by a reduced first-phase insulin response to hyperglycemia (GSIS), 
compared to non-carriers matched for age and gender. Interestingly, in a cohort of 
Pima Indians, known with a high prevalence of insulin resistance and obesity, SNPs 
in EXT2 were found to be associated with the incidence of DM2 (23). Together these 
findings suggest that HMEpatients, as carriers of heterozygous EXT mutations, might 
be at increased risk of developing DM2 when becoming obese, caused by their 
underlying β -cell defect. 

Figure 1. oral glucose tolerance test. Plasma glucose (A) and insulin (B) curves after OGTT in HME 
patients (closed squares) and controls (open circles).
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Functional β-cell defects in heterozygous carriers of EXT mutations
Our findings elute to either a functional, signaling defect of the β-cell or a structural 
reduction in β-cell mass. It has been recognized that GSIS reflects the available 
previously synthesized and stored insulin, that can be secreted upon glucose 
stimulation (31). After entering the β-cell via GLUT transporters, glucose is modified 
by glucokinase, the rate-limiting step in glucose sensing. Glycolysis results in ATP 
production and subsequently closure of ATP-sensitive potassium channels, followed 
by membrane depolarization, increased calcium influx via the L-type calcium channels 
and finally, exocytosis of insulin-containing granules. This first-phase secretory 
response is augmented by a potassium channel-independent pathway, which is largely 
responsible for the second-phase insulin response (32). 

It has been previously shown that specific inhibition of heparan sulfate synthesis 
in a mouse model by Extl3 knock-down results in impaired GSIS (7). In line, Takahashi 
et al showed that treatment of isolated islets with heparinase decreased both insulin 
secretion upon glucose stimulation and expression of Glut2, Sur1 and Stx1A. These 
data underline the important role for intact heparan sulfate expression in GSIS (7). 
However, the expression of GLUT2 in human β-cells is very low, as compared to that 
in mice (33). Therefore, the proposed explanation for the reduction in insulin secretory 
capacity in these models through reduced GLUT2 expression with subsequent 
attenuated FGF signaling (34) can’t be directly translated to the human situation. 

Beta-cell function may also be affected by impaired Hedgehog (Hh) signaling, 
which has been proposed to play a role in insulin production (35,36) and β-cell function 
(37) throughout life. It was shown that tout-velu (ttv), an EXT1 analog in Drosophila, is 
required for Hh diffusion (38), thus linking disturbances in heparan sulfates to β -cell 
dysfunction. In this regard, it has also been reported that Wnt proteins are involved in 
GSIS in adult mouse islets (39). 

Figure 3. pancreas volume assessed with 3t mri, was smaller in hme patients than in controls. (A) 
Example of axial (top left), sagital (top right) and coronal (bottom left) view and 3D visualization (bottom 
right) of delineated pancreas. (B) Pancreatic volumes (cm3) in HME patients and controls. # p=0.04.
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Structural β- cell defects in heterozygous carriers of EXT mutations 
Both the first-phase insulin responses, as well as the secretory responses to arginine 

were significantly impaired in EXT mutation carriers. These findings contrast our 

previous results in subjects carrying a heterozygous mutation in ABCA1, showing 

decreased GSIS with an intact maximal insulin release capacity following arginine (28). 

Arginine stimulates insulin secretion by directly inducing membrane depolarization, 

independent of potassium channels and thus largely independent of glucose-sensing 

and glucose metabolism pathways (40,41). Our findings suggest that in HME, a 

structural rather than functional defect may lead to decreased GSIS and arginine-

insulin responses. MRI-based pancreatic volume measurements in our HME patients 

indeed lend further support to a structural defect in EXT mutation carriers. 

Beta- cell survival
In a recent study, HSPG involvement in β -cell survival was implicated by providing a buffer 

mechanism against reactive oxygen species (ROS) in the murine pancreas (42). Indeed, 

it has been previously noted that β-cell failure precedes the development of impaired 

glucose tolerance (IGT) in insulin resistant subjects (43) due to ROS- induced exhaustion 

of the normal β- cell capacity to adjust for increased insulin demand (44). Thus, HSPGs 

may have several roles in β -cell homeostasis, either via regulation of postnatal islet and 

pancreas development (7) or protection of the β -cell against destruction later in life (45). 

The inadvertent depletion of pancreas heparan sulfates in EXT mutation carriers might 

render the already decreased amount of β-cells vulnerable for exogenous pathogenic 

stimuli, including obesity and older age. Unfortunately however, at present, data on 

development of DM2 in older HME patients are not available, as increased morbidity 

and mortality due to malignant bonetumors resulted in loss of follow up. 

Insulin signaling in HME patients
The development of type 2 diabetes is a complex interplay of declining β -cell function 

and subsequent development of insulin resistance, influenced by both genetic and 

environmental factors. In this respect, the elevated plasma osteocalcin concentrations 

in our patients might be of interest. These elevated concentrations of osteocalcin may 

reflect altered boneformation in HME patients, who are characterized by the formation 

of bony tumors (29). Although in mouse models, osteocalcin improves insulin sensitivity 

(46) and β-cell proliferation (47), translation of these data to HME patients should be 

done with caution. For example, most epidemiological studies (reviewed in (29)) show 

an inverse correlation between plasma osteocalcin concentrations and the presence 

of insulin resistance. Murine studies have suggested that one of the mechanisms by 

which osteocalcin improves β -cell function is through increased GLP-1 secretion 

(48,49). As we did not find differences in fasting GLP-1 concentrations in our subjects, 

this mechanism does not seem to be responsible for the observed increase in β -cell 
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function in our study. Nevertheless, further study on the relation between altered bone 
and glucose metabolism in HME patients is warranted.

Study limitations
Several issues in our study deserve closer attention. First, the small number of available 
mutation carriers in the Netherlands precludes analyses of individual effects of EXT1 
or EXT2 mutations on β -cell function and size. However, although mutations in either 
EXT1 or EXT2 can result in development of HME, mutations in EXT1 are associated with 
a higher disease burden (50,51). This is most likely due to a more pronounced biological 
functionality of EXT1, albeit that EXT2 is required to allow the proper function of EXT1 (52). 

Finally, as large clinical cohorts of well-genotyped HME patients are currently not 
available, further studies are needed to address the question whether a decreased 
pancreas volume might partially underly the genetic association between EXT and 
defective insulin secretion in HME patients with differences in BMI. 

Notwithstanding, we now provide the first evidence of an association between genetic 
defects in heparan sulfate synthesis and decreased pancreas anatomic volume with 
ensuing impaired β -cell reserve capacity in carriers of loss-of-function mutations in EXT. 
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supplementary table 1. Mutations in the EXT1 gene in our cohort.

exon cdna change protein

1 c.864del. Asn288fs

1 c.1384del, Leu462fs

10 c.1884-1G>C

1 c.393C>A, Tyr131x

2 c.1031C>T, Ser344Phe

6 c.1431dup Ser478fs

1 c.138del Leu46fs

7, 8 Deletion exon 7 and 8

1 c.1019G>A Arg340His

1 c. 679del Arg227fs

1 c.766_773del p.Ile256Serfs*30

supplementary table 2. Mutations in the EXT2 gene in our cohort.

exon cdna change protein change

2 dup Val68fs

2 1000T>C Cys334Arg

7 1173+1G>A

7 1080-2A>G
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supplementary table 3. Baseline characteristics of study subjects in OGTT.

noncarriers (N=9) carriers  (N=11) p-value

Age (years) 44±13 40±10 0.35

Men n (%) 4 (44) 4 (36)

BMI (kg/m2) 25.6±3.4 25.8±4.9 0.89

BSA (m2) 1.9±0.20 1.9±0.18 0.56

Cholesterol (mmol/l)

Total 5.43±1.40 5.07±0.97 0.51

LDL 3.31±1.43 3.13±0.87 0.72

HDL 1.41±0.42 1.51±0.47 0.62

Triglycerides (mmol/l) 0.92[0.68-1.38] 0.87[0.56-1.32] 1.00

Fasting glucose (mmol/l) 5.0±0.45 4.8±0.57 0.50

Hba1c

mmol/mol 35±4.5 36±3.9 0.70

% 5.4±0.40 5.4±0.35 0.75

Fasting insulin (pmol/l) 51±44 48±35 0.83

GLP-1 (pmol/l) 5.2[5.2-5.2] 5.2[5.2-5.6] 0.65

Fasting FFA (mmol/l) 0.46[0.32-0.88] 0.64[0.53-0.77] 0.29

Osteocalcin (mmol/L) 1,6±0,8 2,9±0,9 0.008

Fecal Elastase (ug/g) >500 >500

Data are means ± SD, n (%), or median [IQR]. BMI = Body Mass Index; BSA = Body Surface Area; 
LDL = Low Density Lipoprotein. HDL = High Density Lipoprotein.



supplementary table 4. Baseline characteristics of study subjects in clamp.

noncarriers (N=12) carriers (N=14) p-value

Age (years) 50±11 38±10 0.005

Men n(%) 8 (40) 7 (30)

BMI (kg/m2) 25.5±3.8 25.5±4.4 0.97

BSA (m2) 1.9±0.23 1.9±0.19 0.36

Cholesterol (mmol/l)

Total 5.04±1.24 4.89±1.32 0.77

LDL 3.13±0.98 3.13±1.22 0.99

HDL 1.55±0.45 1.17±0.25 0.01

Triglycerides (mmol/l) 0.92[0.68-1.38] 0.87[0.56-1.32] 0.96

Fasting glucose (mmol/l) 4.8±0.64 4.7±0.40 0.91

Hba1c

mmol/mol 37±3.2 34±3.2 0.13

% 5.5±0.28 5.3±0.28 0.14

Fasting insulin (pmol/l) 44±21 30±18 0.08

Data are means ± SD, n (%), or median [IQR]. Abbreviations: BMI = Body Mass Index; BSA = Body 
Surface Area; LDL = Low Density Lipoprotein. HDL = High Density Lipoprotein.
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abstract
Type 2 diabetes mellitus (DM2) impairs hepatic clearance of atherogenic postprandial 
triglyceride-rich lipoproteins (TRL). We recently reported that livers of DM2 db/db 
mice markedly overexpress glucosamine-6-O-endosulfatase-2 (Sulf2), an enzyme that 
removes 6-O sulfate groups from heparan sulfate proteoglycans (HSPGs) and suppresses 
uptake of TRLs by cultured hepatocytes. In the present study, we evaluated whether 
Sulf2 inhibition in DM2 mice in vivo could correct their postprandial dyslipidemia.

Selective second-generation antisense oligonucleotides (ASOs) targeting Sulf2 were 
identified. Db/db mice were treated for 5 weeks with Sulf2 ASO (20 or 50 mg/kg per week), 
non-target ASO, or phosphate buffered saline (PBS). Administration of Sulf2 ASO to db/db 
mice suppressed hepatic Sulf2 mRNA expression by 70-80%, i.e., down to levels in non-
diabetic db/m mice, and increased the ratio of tri- to di-sulfated disaccharides in hepatic 
HSPGs (p<0.05). Hepatocytes isolated from db/db mice on non-target ASO exhibited a 
significant impairment in VLDL binding that was entirely corrected in db/db mice on Sulf2 
ASO. Sulf2 ASO lowered random, non-fasting plasma triglyceride (TG) concentrations 
by 50%, thereby achieving non-diabetic values. Most importantly, Sulf2 ASO treatment 
flattened the plasma TG excursions in db/db mice after corn-oil gavage (iAUC 1500±470 
(mg/dL)•h for non-target ASO versus 160±40 (mg/dL)•h for Sulf2 ASO (p<0.01).

Despite extensive metabolic derangements in DM2 mice, inhibition of a single 
dysregulated molecule, Sulf2, normalizes the VLDL-binding capacity of their 
hepatocytes and abolishes postprandial hypertriglyceridemia. These findings provide 
a key in vivo proof-of-concept to support Sulf2 inhibition as an attractive strategy to 
improve metabolic dyslipidemia.
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introduction
The prevalence of type 2 diabetes mellitus (DM2) and related syndromes is rising at an 

alarming pace worldwide and the overwhelming majority of affected individuals die from 

accelerated atherosclerotic cardiovascular disease (1,2). Atherosclerosis is exacerbated in 

these patients in large part by their characteristic dyslipidemia, which includes increased 

fasting concentrations of very low density lipoprotein (VLDL) and its major component 

triglyceride (TG), as well as impaired clearance of postprandial triglyceride-rich lipoprotein 

(TRL) remnants (3-5). Atherosclerosis arises from the subendothelial retention of these 

lipoproteins. Increased plasma concentrations of VLDL and particularly postprandial TRL-

remnants have been linked to atherosclerotic cardiovascular events in human cohorts (6-9).

Unfortunately, current therapeutic strategies have shown limited success in lowering 

fasting or postprandial TRL concentrations as a way to reduce cardiovascular morbidity 

or mortality. A major step forward in atherosclerotic cardiovascular risk reduction in DM2 

has been achieved by the introduction of statins, a class of medicines that lowers plasma 

LDL cholesterol concentrations (10,11). Nonetheless, DM2 subjects treated with optimal 

statin therapy exhibit considerable residual risk for cardiovascular disease, which may 

occur in part because statins lower plasma TRL concentrations by only 10-25% (12). 

Although fibrates are widely used in the treatment of hypertriglyceridemia, there is no 

definitive evidence that fenofibrate, when added to statin therapy, reduces the risk of 

coronary events in subjects with DM2 (13,14). In addition, we lack therapeutic strategies 

that specifically restore postprandial remnant lipoprotein clearance in DM2.

Healthy metabolism of TRLs involves a series of steps that culminate in uptake 

of TRL-remnants by hepatocytes (8,15,16). During the past decades, we (17) and 

others (18,19) have implicated hepatic heparan sulfate proteoglycans (HSPGs) in TRL 

removal, specifically, the syndecan-1 HSPG (20-22). Syndecan-1 comprises a single-

span transmembrane core protein that has three extracellular covalent attachment 

sites for heparan sulfate (HS) (23), which is an unbranched polysaccharide that captures 

lipoproteins. Roughly fifty genes are involved in HSPG assembly and disassembly, affecting 

core protein expression, HS side-chain length, epimerization of glucuronyl residues, as 

well as sites and extent of sulfation (24). To molecularly characterize HSPG defects in 

DM2 liver, we recently used a highly annotated glycomic microarray to compare hepatic 

expression profiles in obese, DM2 db/db (Leprdb/db) mice versus lean, non-diabetic db/m 

controls (25). Despite the complexity of HSPG biology, just one gene was identified 

whose dysregulation could impair syndecan-1 structure or function: the HS glucosamine-

6-O-endosulfatase-2 (Sulf2) (25). This gene encodes an enzyme, Sulf2, that removes 6-O 

sulfate groups from HSPGs (26,27). Livers of obese DM2 mice were found to markedly 

overexpress Sulf2 and Sulf2 was shown to inhibit the catabolism of TRLs by cultured liver 

cells (25). Moreover, hepatic Sulf2 mRNA expression was positively related to plasma TG 

concentrations (25). These experimental findings imply that Sulf2-mediated disruption of 

hepatic HSPGs may contribute to impaired TRL clearance in DM2.
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In the present study, we evaluated whether inhibition of this single overexpressed 

target, Sulf2, could correct the characteristic postprandial dyslipidemia of DM2 mice in 

vivo. To address this question, second-generation antisense oligonucleotides (ASOs) 

were identified that selectively inhibit hepatic Sulf2 mRNA expression. We studied the 

effects of Sulf2 inhibition in vivo on hepatic HSPG sulfation, binding of TRLs to isolated 

primary hepatocytes and most importantly, plasma TG excursions following corn-oil 

gavage under diabetic conditions. 

materials and methods
Antisense Oligonucleotides
Antisense therapy relies on base-pair hybridization through which ASOs selectively 

bind to their complementary mRNA target (28). This binding typically results in 

selective, catalytic degradation of the target mRNA by RNase H (29) and thereby 

reduces levels of the encoded protein. All ASOs used in these studies were 20 

nucleotides in length and chemically modified with phosphorothioate in the backbone 

and 2’-O-methoxyethyl on the wings with a central deoxy gap (5-10-5 gapmer) (28). 

Oligonucleotides were synthesized using an Applied Biosystems 380B automated 

DNA synthesizer (PerkinElmer Life and Analytical Sciences-Applied Biosystems) and 

purified as previously described (29). To identify a potent Sulf2 ASO for experiments 

in mice, a series of ASOs was designed and tested in primary mouse hepatocytes 

for their relative abilities to suppress Sulf2 mRNA levels. From these experiments, 

the optimal Sulf2 ASO was selected and its efficacy was then verified by its ability to 

suppress hepatic Sulf2 mRNA levels in wild-type C57BL6 mice. An oligonucleotide 

that is not complementary to any known murine RNA sequence was used as non-

target ASO. In C57BL6 mice (Jackson Laboratory, Bar Harbor, ME, USA), Sulf2 ASO 

treatment for four weeks (described below) resulted in an 80% ± 3% reduction of 

hepatic Sulf2 mRNA levels compared to levels after administration of the non-target 

ASO (two-sided, unpaired Student’s t test, p<0.0001, n=4/group).

Animals and oligonucleotide dosing
Seven-week-old male DM2 db/db (Leprdb/db) mice and lean non-diabetic control db/m 

mice from the same colony on the C57BL6 background were used (Jackson Laboratory, 

Bar Harbor, ME, USA). Animals were injected intraperitoneally twice weekly with Sulf2 

ASO (10 or 25 mg/kg per dose, i.e., 20 or 50 mg/kg per week), non-target ASO (50 

mg/kg per week), or PBS for 5 weeks. The animals were housed in micro-isolator cages 

on a constant 12-hour light-dark cycle with controlled temperature and humidity and 

were given access to food and water ad libitum (Purina LabDiet #5008). Two days after 

the final dose, mice were weighed and plasma samples were taken for in-house assays 

of plasma concentrations of glucose, insulin and markers of liver function, as well as 
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plasma lipids (Olympus Analyser). Plasma insulin concentrations were analyzed using 

a commercially available ELISA (Crystal Chem Inc, 90080). HOMA-IR was defined as 

[fasting plasma insulin (μU/mL) * fasting plasma glucose (mmol/L)] /22.5]. All animal 

procedures were approved by the Institutional Animal Care and Use Committee.

Measurements of hepatic mRNA levels
Mouse livers were homogenized in guanidine isothiocyanate solution (Invitrogen) 

supplemented with 8% 2-mercaptoethanol (Sigma). Total RNA was prepared using 

RNeasy mini kits (Qiagen) and reversed transcribed with cDNA synthesis kit (Bio-Rad). 

Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) 

assays for Sulfs were performed using an ABI Prism 7700 sequence detector 

(Applied Biosystems). The sequences of primers and probe for mouse Sulf2 were: 

5’-TGGACGGTGAGATATACCACGTA-3’ (forward), 5’-CAGTGCGGCTTGCTAAGGTT-3’ 

(reverse), and F-5’-CTTGGATACTGTGCCTCAGCCCCG-3’-Q (probe) (Integrated DNA 

Technologies). The primers for mouse Sulf1 were: 5’-TCATTCGTGGTCCAAGCATAGA-3’ 

(forward), 5’-TGGTAGGAGCTAGGTCGATGTTC-3’ (reverse) and F-5’-CCAGGGTCGATA 

GTCCCACAGATTGTTC-3’ (probe). 18S RNA was used to normalize gene expression, 

primers: 5’-Gcaattattccccatgaacg-3’ (forward) and 5’GGGACTTAATCAACGCAAGC-3’ 

(reverse) AND 5’-TTCCCAGT-3’ (probe). 

Purification and analysis of heparan disaccharides from liver
Heparan sulfate (HS) disaccharides from murine liver tissue were prepared and measured 

as previously described (30). Briefly, 50 mg of liver tissue was homogenized in 300 µl 

NH4Ac/Ca(Ac)2, pH 7, and digested by a mixture of recombinant heparinases I, II and 

III (5 IU each; kind gifts from Dr. Jian Liu, University of North Carolina, Chapel Hill, 

USA) for two hours at 37°C. Samples were heat inactivated and centrifuged (16,000 

g for 5 min). The supernatant was transferred to an Amicon ultracentrifugal filter 

(Millipore) with a 5-kDa cut-off. The filtered samples containing heparan disaccharides 

were applied to an LC/MS/MS (Acquity UPLC®, Waters Inc.) and Quattro Premiere 

XE (Micromass) using multiple reactions monitoring in negative ion mode. Separation 

of HS disaccharides by LC was performed using a Hypercarb column (2.1 mm i.d. 

×100 mm, 5 μm, Thermo Scientific) with a gradient elution (10 mM NH4HCO3, 

pH10, to 100% acetonitrile). HS disaccharides standards were purchased from Iduron 

(Manchester, UK). Sulf2 activity in vivo was analyzed as the ratio of trisulfated (D2S6) 

versus disulfated (D0S6 and D2S0) heparan disaccharides (see (31) for nomenclature). 

The two disulfated disaccharides could not be separated. 

Isolation and DyLight labelling of TRL fraction
Human TRLs (d < 1.006 g/ml) were isolated by density gradient ultracentrifugation 

(SW41 rotor; 19 h, 36,000 rpm, 10ºC) from serum obtained from fasting healthy 
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volunteers. The TRL fraction was labelled with Dy-Light fluorophore (Amine-Reactive 

Fluors 488, Thermo-Scientific), which allows a high dye-to-protein ratio. The labelling 

was performed according to the manufacturer’s protocol. 

Primary hepatocyte isolation and lipoprotein binding
Following administration of ASO or PBS to db/db and db/m mice, primary hepatocytes 

were isolated using collagenase perfusion as previously described (32). Isolated 

hepatocytes were plated on Primaria multiwell plates (Becton Dickinson) using Williams’ 

Medium E 1x (GIBCO ® Invitrogen). After 3 hours, the original culture medium was 

replaced by serum-free Williams’ Medium E containing 1% BSA, followed by 6-hrs 

incubation at 37ºC. Several minutes before the binding experiments, cells were pre-

chilled on ice followed by a wash with Medium E/1% BSA at 4ºC. Cells were incubated 

with a combination of DyLight-TRL (50 µg/ml) and bovine lipoprotein lipase (LPL 5 ug/

ml; L2254, Sigma) for 30 minutes at 4°C. Cells were rinsed once with cold PBS and lyzed 

in 200 µl RIPA buffer supplemented with protease inhibitors (Roche, Basel Switzerland). 

Cell lysates were collected and transferred into a black 384-well plate and fluorescence 

was measured using the Cytofluor Multiwell plate Reader 4000 (Biosystems, USA). 

Postprandial fat tolerance testing
A stock preparation of 1 ml corn oil (Sigma #C8267) was supplemented with 27 μCi 

of [11.12-3H]retinol (44.4 Ci/mmol; Perkin Elmer Life Sciences) in ethanol. Mice were 

fasted for 4 hours, after which each mouse received 10 μl of the corn oil/[3H]retinol 

mixture per gram of body weight by gastric gavage. Blood was sampled at the indicated 

timepoints by submandibular bleeding. Triglycerides were measured on an Olympus 

Clinical Analyzer (Beckman Coulter) and [3H] was quantified by scintillation counting.

Statistical Analyses
Normally distributed data are presented as means ± SEM unless otherwise stated. For 

comparisons between a single treatment and control group, the unpaired, two-tailed 

Student’s t test was used. For comparisons amongst several groups, analysis of variance 

(ANOVA) was initially used, followed by pairwise comparisons using the Student-

Newman-Keuls q statistics. P-values less than 0.05 were considered significant. Data and 

graphics were analyzed and constructed by GraphPad Prism, Version 5 for Windows.

results
Treatment of db/db mice with Sulf2 ASO specifically restores 
hepatic expression of Sulf2 
By the end of the five-week treatment period, body weights, random non-fasting 

plasma glucose and insulin concentrations and HOMA-IR values were significantly 
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higher in PBS-treated db/db mice compared to PBS-treated db/m mice (Table 1). 
These parameters were not corrected by the non-target ASO, nor by either dose of 
the Sulf2 ASO in db/db mice. Markers of liver function were mildly elevated following 
non-target and Sulf2 ASO (Table 1). Liver, kidney and spleen histology did not show 
remarkable differences between saline and oligo-treated animals (data not shown). 

Hepatic Sulf2 mRNA expression was strongly induced in PBS-treated db/db mice, 
to five times the levels observed in db/m mice (Figure 1A, PBS-treated db/db versus 
PBS-treated db/m, p<0.0001), consistent with our prior report (25). Importantly, 
administration of Sulf2 ASO to db/db mice suppressed hepatic Sulf2 mRNA levels by 
70-80%, and the higher dose restored hepatic Sulf2 mRNA to levels indistinguishable 
from db/m (Figure 1A). The Sulf2 ASO had no effect on hepatic Sulf1 mRNA levels 
(Figure 1B), indicating specificity. These data show that Sulf2 ASO effectively and 
selectively normalizes hepatic Sulf2 mRNA expression in db/db mice. 

In vivo administration of Sulf2 ASO to db/db mice increases  
trisulfated heparan disaccharides in liver and completely restores  
the ability of primary hepatocytes to bind triglyceride-rich lipoproteins
To assess the effects of Sulf2 inhibition in vivo, we began by analyzing heparan sulfation 
in liver homogenates from db/db mice treated with Sulf2 ASO versus non-target ASO. 
Consistent with the pattern of hepatic Sulf2 expression in Figure 1, administration 
of low and high dose Sulf2 ASO to db/db mice significantly raised the ratio of tri- 
to di-sulfated heparan disaccharides in their livers, whereas the non-target ASO had 
no effect over PBS (0.73 ± 0.04 and 0.72 ± 0.06 versus 0.56 ± 0.08 respectively; 
p<0.05, Figure 2A). Next, we analyzed the binding of DyLight-labeled VLDL to primary 
hepatocytes isolated from db/db mice following treatment with Sulf2 ASO or non-

table 1. Characteristics of db/db mice following treatment with Sulf2 ASO.

db/db db/m

pbs
nt aso

(50 mg/kg)
sulf2 aso 
(20mg/kg)

sulf2 aso
(50 mg/kg) pbs p-value

Body weight (g) 43.9±1.0a 43.6±1.0a 47.9±1.0b 47.0±0.8b 28.6±0.5c <0.0001

Glucose (mM) 36.8±2.4a 32.6±1.8a 32.9±2.0a 29.1±2.4a 11.4±0.3b <0.0001

Insulin (μIU/ml) 172±46a,b 179±14a,b 253±63b 215±30b 56±5a <0.05

HOMA-IR 267±59a 259±28a 345±63a 249±39a 28±3b <0.0001

ALT (IU/L) 49±4a 56±2a 53±2a 75±9b 20±1c <0.0001

AST (IU/L) 127±12a 83±4b 65±3b 81±5b 58±4c <0.0001

Seven-week-old male db/db and db/m mice were given PBS, Sulf2 ASO, or non-target (NT) ASO 
for five weeks at indicated weekly doses. Two days after the final dose, body weight and random 
plasma levels of glucose, insulin, ALT and AST were measured. Displayed are means ± SEM, n=5-8 
animals/group. * P-value as assessed by ANOVA; columns labelled with different lowercase letters 
(a,b,c) are significantly different as assessed by the Student-Newman-Keuls test (p< 0.05).
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target ASO and from db/m mice following treatment with PBS. Compared to db/m 
hepatocytes, hepatocytes isolated from db/db mice, after administration of the non-
target ASO exhibited a significant impairment in VLDL binding, that was completely 
corrected in hepatocytes from db/db mice following treatment with Sulf2 ASO (Figure 
2B). These data collectively show that in vivo Sulf2 inhibition in db/db mice increases 
hepatic HSPG sulfation and restores hepatocyte binding of TRLs. 

Treatment of db/db mice with Sulf2 ASO corrects their random non-
fasting hypertriglyceridemia
Consistent with previous reports (25), PBS-treated db/db mice exhibited significant 
non-fasting hypertriglyceridemia (Figure 3A, PBS-treated db/db versus PBS-treated 
db/m, p<0.05). Administration of the non-target ASO to db/db mice had no detectable 
effect on their non-fasting TG concentrations. In contrast, the Sulf2 ASO caused a dose-
dependent improvement in non-fasting hypertriglyceridemia in these mice, reaching 
a 50% reduction in non-fasting TG concentrations at the higher dose (Figure 3A, 102 
± 8 mg/dl in db/db Sulf2 ASO 50 mg/kg versus 171 ± 23 mg/dl in db/db non-target 
ASO and 212 ± 18 mg/dl in db/db PBS, p<0.05), thereby restoring this parameter to 
a level indistinguishable from PBS-treated db/m mice (125 ± 7 mg/dl). Fasting plasma 
TG (not shown) and non-fasting plasma total cholesterol concentrations (Figure 3B) 
were significantly higher in PBS-treated db/db mice compared to db/m mice and were 
not corrected by any dose of Sulf2 ASO. 

Figure 1. treatment of db/db mice with Sulf2 aso specifically restores hepatic expression of 
Sulf2 to normal. Seven-week-old male db/m and db/db mice were given PBS, non-target (NT) 
ASO, or Sulf2 ASO for five weeks at indicated weekly doses (n=5-8 animals per group). Two days 
after the final dose, we harvested livers for RNA isolation. Levels of Sulf2 (A) and Sulf1 (B) mRNA 
were assessed by way of qRT-PCR, normalized to 18S RNA, and were expressed relative to PBS-
treated db/m mice. In panel A p < 0.0001 as assessed by ANOVA; columns labelled with different 
lowercase letters (a,b,c) are significantly different as assessed by the Student-Newman-Keuls test 
(p< 0.05). In panel B, the p-value was not significant as assessed by ANOVA.
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Figure 2. administration of Sulf2 aso in vivo to db/db mice increases hepatic trisulfated heparan 
disaccharides and restores the ability of primary hepatocytes to bind triglyceride-rich lipoproteins. 
A: db/db mice were given PBS or ASO as indicated for five weeks (n=4 per group). Sulfation of 
heparan disaccharides in liver homogenates was measured and expressed as the ratio of tri- to 
di-sulfated disaccharides (D2S6 vs D2S0 and D0S6 combined). P < 0.0001 as assessed by ANOVA; 
columns labelled with different lowercase letters (a,b) are significantly different as assessed by the 
Student-Newman-Keuls test (p< 0.05). B: Mice were given PBS or ASO as indicated for five weeks. 
Primary hepatocytes were isolated two days after the final dose (n=4 animals per group). Hepatocytes 
were cultured overnight at 37ºC and then incubated for 30 minutes at 4°C with DyLight-labelled 
VLDL (50 µg/ml) plus LPL (5 µg/ml). VLDL binding was determined by measuring cell-associated 
fluorescence (RFU: relative fluorescence units). * p < 0.05 compared to PBS-treated db/m.

Treatment of db/db mice with Sulf2 ASO completely abolishes their 
postprandial dyslipidemia
After five weeks of treatment, db/db animals were fasted for 4 hours, followed by 

a gavage of corn oil enriched with [³H]retinol. As shown in Figure 4A-B, Sulf2 ASO 

administration to db/db mice flattened their postprandial TG excursions. The iAUC was 

1500 ± 470 (mg/dL)•h in db/db mice given the non-target ASO, which fell to 160 ± 40 

(mg/dL)•h in mice treated with the higher dose of Sulf2 ASO (Figure 4A-B). Likewise, 

Sulf2 ASO lowered plasma [3H]retinol excursions by >50%, indicating a profound 

improvement in the clearance of chylomicron remnant particles (Figure 4C-D). 

discussion
In the present study, we show that Sulf2 inhibition in DM2 db/db mice increases heparan 

sulfation, normalizes the ability of their hepatocytes to bind TRLs, substantially decreases 

non-fasting plasma TG concentrations and abolishes postprandial hypertriglyceridemia. 

Thus, despite extensive, persistent metabolic derangements in these animals (Table 1), 

inhibition of a single overexpressed molecule, Sulf2, down to control levels normalizes 

the hepatic metabolism of atherogenic remnant lipoproteins. These findings provide 

the first in vivo proof-of-concept to support Sulf2 inhibition as an attractive strategy to 

improve metabolic dyslipoproteinemia. Moreover, our current results bolster the concept 
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that diabetes dysregulates a surprisingly small number of key molecules involved in the 
function of hepatic syndecan-1 as a receptor for TRL remnants (15,25,33). 

Following Sulf2 ASO administration, non-fasting plasma TG concentrations 
were decreased by 50%. Non-fasting TG concentrations closely reflect persistent 
postprandial TRL particles (8). Likewise, by examining plasma TG excursions following 
corn-oil gavage, we found robust improvement of metabolic dyslipidemia following 
Sulf2 ASO administration to db/db mice (>90% reduction in iAUC). The magnitude 
of this improvement vastly exceeds the effects on postprandial TG excursions of 
conventional lipid-lowering interventions, such as statins (10-15% reduction in iAUC) 
and fibrates (10-20% reduction in iAUC) (34-38). Unlike Sulf2 ASO, these conventional 
interventions fail to specifically target the key molecular derangement in DM2 liver. 
Although NT-ASO produced a mild, non-specific effect, the effects of Sulf2 ASO are 
very consistent, greater in magnitude and clearly a result of Sulf2 inhibition.

Clinical implications
Residual atherosclerotic cardiovascular risk in patients with DM2 remains substantial, 
even during maximal conventional treatment with currently available therapies. Recent 
work has implicated non-fasting TG concentrations, a marker of persistent remnant 
lipoproteins, as an independent risk factor for atherosclerotic cardiovascular disease 
(7,9), but there are no therapeutic strategies that selectively target these persistent 
postprandial TRL-remnants. Our present findings demonstrate that in vivo hepatic 
Sulf2 inhibition corrects postprandial dyslipidemia in DM2 mice. Translation of these 
findings to the clinic will benefit from the relative maturity of ASO technology. In other 
circumstances, ASO administration has been selective and effective against hepatic 

Figure 3. treatment of db/db mice with Sulf2 aso corrects their random non-fasting 
hypertriglyceridemia. Plasma lipids were measured in the same mice as in Figure 1, two days 
after the final dose of PBS or ASO (n=5-8 per group). A. Random, non-fasting plasma triglyceride 
concentratios. B. Random, non-fasting plasma total cholesterol concentrations. * P < 0.0001 as 
assessed by ANOVA; columns labelled with different lowercase letters (a,b) are significantly different 
as assessed by the Student-Newman-Keuls test (p< 0.05).

0.0

0.2

0.4

0.6

0.8

PBS Sulf2 ASO
(20 mg/kg)

Sulf2 ASO
(50 mg/kg)

NT ASO
(50mg/kg)

db/db

a
b b

a

R
at

io
 T

riS
/ D

iS

A B

80

90

100

110

120

PBSNT ASO
(50 mg/kg)

Sulf2 ASO
(50 mg/kg)

db/mdb/db

*RF
U 

(%
)

130



8

InhIbItIon of hepatIc Sulf2 In vIvo

targets (39,40). Importantly, ASOs have been reported to be safe and effective during 
short-term administration to humans (41). In our experiments, the Sulf2 ASO reduced 
abnormally high levels of Sulf2 mRNA in DM2 mouse livers to normal, but not below 
normal, which is highly desirable from the standpoint of safety. In conclusion, our work 
provides an in vivo key proof-of-concept for a novel therapeutic approach to improve 
metabolic dyslipidemia in diabetes through restoration of hepatic HSPG function.
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Figure 4. treatment of db/db mice with Sulf2 aso completely abolishes their postprandial 
dyslipidemia. Db/db mice were given PBS or ASO as indicated for five weeks (n=4-6 animals per 
group). Two days after the final dose, mice were fasted for 4h, followed by a gastric corn-oil gavage 
enriched with [³H]retinol (10 µl corn oil per gram of body weight). ▼ = PBS; ○ = Non-target ASO; 
♦ = Sulf2 ASO (20 mg/kg);  = Sulf2 ASO 50 (mg/kg). Postprandial excursions (A) and incremental 
Area Under the Curves (iAUC) (B) of plasma triglycerides. Postprandial excursions (C) and iAUC (D) 
of plasma [³H]retinol concentrations. * p<0.05 compared to Sulf2 ASO (50mg/kg).
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abstract
Hepatic glucosamine-6-O-endosulfatase-2 (Sulf2), a HSPG remodelling enzyme, is 
strongly associated with triglyceride (TG) concentrations in db/db mice, however 
data in humans are lacking. We aim to investigate the association of hepatic SULF2 
expression and SULF2 gene variants with TRL metabolism in patients with obesity or 
with type 2 diabetes mellitus (DM2).

Liver biopsies from obese subjects were analyzed for relations between hepatic SULF2 
mRNA levels and fasting plasma TG concentrations. Associations between seven SULF2 
tagging single nucleotide polymorphisms (SNPs) and TG concentrations were assessed 
in a cohort of DM2 patients (n=210) with diabetic dyslipidemia, followed by replication 
in a larger cohort of DM2 patients (n=1316). Postprandial TRL clearance was evaluated 
following an oral fat tolerance test in DM2 patients (n=29) stratified by SULF2 genotype.

Liver SULF2 expression was significantly associated with fasting plasma TG 
concentrations (r = 0.271; p=0.003) in obese subjects. SULF2 rs2281279(A>G) was 
associated with fasting plasma TG concentrations in DM2 patients with metabolic 
dyslipidemia (p<0.05). Carriership of the minor G allele was substantially associated with 
reduced postprandial plasma TG and retinyl esters (RE) concentrations in a stepwise 
manner (TG-AUC: AA: 29±10, AG: 21±7 and GG: 17±8 [mmol/L]*h respectively, p<0.05; 
RE-AUC AA:101±43, AG: 63±40 and GG: 15± 6 [mg/l]*h respectively, p<0.001). 

SULF2 is associated with fasting and particularly postprandial TRL concentrations in 
patients with obesity or DM2. These findings implicate SULF2 as potential therapeutic 
target for the atherogenic dyslipidemia in obesity, DM2 and related syndromes.
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SULF2 and triglyceride handling in obesity and t2dM

introduction
The prevalence of obesity, metabolic syndrome and type 2 diabetes mellitus (DM2) 
and their cardiovascular sequelaeis increasing worldwide (1,2). The accelerated 
risk for atherosclerosis in these subjects results in large part from their atherogenic 
dyslipidemia, which includes increased fasting levels of very low density lipoprotein 
(VLDL) and its major component triglyceride (TG), in combination with impaired 
clearance of postprandial triglyceride-rich lipoprotein (TRL) remnants (3–7). In particular, 
subendothelial retention of VLDL and particularly postprandial TRL-remnants have 
been linked to cardiovascular events in these individuals (8–11). 

TRL metabolism involves a series of steps that culminate in the uptake of TRL-
remnants by hepatocytes (10,12,13). During the past decades, hepatic heparan sulfate 
proteoglycans (HSPGs) (14–17) and in particular the syndecan-1 HSPG, have been 
implicated in TRL removal (18–21). Syndecan-1 consists of a single-pass transmembrane 
core protein onto which three heparan sulfate (HS) side-chains are covalently attached. 
These side-chains bind several important ligands, including TRLs, resulting in hepatic 
uptake and clearance of these particles. About fifty genes are involved in HSPG 
assembly and disassembly, affecting core protein expression, HS side-chain length, 
epimerization of glucuronyl residues and sulfation patterns (22,23). It was recently shown 
that expression of glucosamine-6-O-endosulfatase-2 (Sulf2 encoding for sulfatase 2; an 
HSPG degrading enzyme) is substantially increased in livers of obese, DM2 db/db mice, 
as compared to lean controls (24). In these mice, hepatic Sulf2 mRNA expression was 
strongly and positively related to plasma TG concentrations. In addition, Sulf2 inhibited 
the ability of syndecan-1 to clear model remnants by cultured liver cells. Recently, 
we showed that suppression of hepatic Sulf2 expression by targeted allele-specific 
antisense oligonucleotide administration normalized fasting plasma TG concentrations 
and, most strikingly, reduced postprandial hypertriglyceridemia in obese, DM2 db/db 
mice (25). In addition, genome-wide association studies (GWAS) have associated the 
SULF2 locus (20q13.1) with DM2 (26). However, human data on the biology of hepatic 
SULF2 and its role in triglyceride metabolism are lacking thus far. 

In the present study, we sought to answer three questions. First, is there evidence 
in humans for dysregulation of hepatic SULF2 mRNA levels as part of the metabolic 
disturbances of obesity, dyslipidemia in particular? Second, are there SULF2 SNPs that 
associate with fasting dyslipidemia in human DM2 cohorts? Third, are these SULF2 
SNPs associated with changes in postprandial lipoprotein metabolism, as assessed 
by oral fat tolerance studies? To address the first two questions, we used pre-existing 
cohorts, which have the advantage of large numbers of subjects, but the disadvantage 
that fasting - not postprandial - lipoprotein values are available. In order to answer 
the third question, we performed oral fat tolerance studies in a subset of individuals, 
as the laborious nature of such experiments precludes their use in a population-wide 
cohort. Our results implicate human SULF2 as an important participant in deranged 
TRL metabolism in obesity and DM2. 
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materials and methods
The local Institutional Review Board of the Academic Medical Center, University of 
Amsterdam approved the studies in accordance with the Declaration of Helsinki. Written 
informed consent was obtained from all subjects. The study was registered at the Dutch 
Trial Register (NTR 2641). Written informed consent was obtained from all participants.

SULF2 expression in human liver specimens from the Antwerp 
Obesity Cohort
The Antwerp Obesity Cohort includes patients that were presented at the Obesity 
clinic for bariatric surgery, as a treatment for their weight problem (BMI> 25 – 29.9kg/
m2) or obesity (BMI> 30 kg/m2). They underwent a series of examinations, including 
fasting plasma lipoprotein, glucose and insulin measurements. Human liver biopsies 
of 121 obese subjects were obtained as recently described (27,28). Insulin resistance 
was estimated using homeostasis model assessment (HOMA). SULF2 expression 
was analyzed in liver biopsy specimens. Hepatic material was immediately snap-
frozen and stored at -80oC for RNA isolation. RNA was isolated from human liver by 
guanidinium thiocyanate/phenol/chloroform extraction (29). Reverse transcription was 
performed using the High Capacity Reverse Transcription kit (Applied Biosystems, Life 
Technologies, Carlsbad, USA). PCR was performed with Brilliant II SYBR Green QPCR 
Master Mix (Agilent Technologies, Santa Clara, USA) on a Stratagene Mx3005P system 
(Agilent Technologies) using specific primers. SULF2 RT-PCR primers were designed 
using Primer3 software (5’-CCT TTG CCG TGT ACC TCA AT-3’ and 5’-GCA CGT AGG 
AGC CGT TGT AT-3’). mRNA levels were normalized to those of transcription factor IIb 
(TFIIb) by calculating the difference in cycle threshold (ΔCt ) (30).

SULF2 SNPs and fasting plasma triglycerides in DM2 patients 
Associations between SULF2 SNPs and plasma triglyceride concentrations were 
assessed in participants in the Diabetes Atorvastatin Lipid Intervention (DALI) study and 
subsequently validated in the Diabetes Care System cohort, both described below.

Diabetes Atorvastatin Lipid Intervention (DALI) study
This double-blind randomized placebo-controlled multicenter study evaluated the effect 
of atorvastatin 10 mg versus 80 mg on lipid metabolism in 217 unrelated Dutch men and 
women with DM2 and diabetic dyslipidemia (fasting TG concentrations between 1.5 and 
6.0 mmol/l) (31). Male or post-menopausal female patients with type 2 diabetes mellitus, 
aged 45 to 75 years, without a history of manifest coronary artery disease and HbA1c 
<10% (<86 mmol/mol) were included. The lipid inclusion criteria were: total cholesterol 
(TC) between 4.0 and 8.0 mmol/L (155 – 309 mg/dL) and fasting TG < 6.0 mmol/L (<532 
mg/dL). All patients refrained from lipid lowering therapy 4 weeks prior to the start of the 
study. Buffy coats were used to isolate DNA according to standard procedures.
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Diabetes Care System Cohort
Patients were included from this prospective dynamic cohort of patients with DM2 

followed since 1998 in the Netherlands (32). For the present study, we selected 1,323 

DM2 patients who had agreed to genetic analyses, with elevated fasting plasma TG 

concentrations (≥1.7 mmol/l or ≥ 150 mg/dL) and the availability of a DNA sample. 

Buffy coats were used to isolate DNA according to standard procedures.

Genotyping
Tagging SNPs for SULF2 were selected with the HapMap database (33) and the 

TAGGER algorithm using a pairwise tagging approach (34). Briefly, from HapMap we 

selected all common genetic variants (minor allele frequency >0.1) in the SULF2 locus 

in a population of European ancestry. A tagging SNP approach uses the knowledge 

of associations between genetic variants (linkage disequilibrium [LD] structure) to limit 

the number of SNPs that need to be genotyped. TagSNPs are those SNPs that most 

effectively represent (or “tag”) all the SNPs in a particular locus. We selected tagSNPs 

using an r2 cutoff level >0.8 (for the genomic context of SULF2 see Supplementary 

Figure 1). Primers were obtained from Applied Biosystems (Life Technology, 

Rotterdam, The Netherlands). Genotyping was performed using allelic discrimination 

with FAM and VIC as fluorophores. PCR conditions were denaturation for 10 min at 

95ºC, followed by 40 cycles (30 sec 92ºC, 45 sec 60ºC) and were run on a CFX PCR 

system (BioRad). Tagman PCR assay mix was obtained from Applied Biosystems.

Oral fat tolerance tests
To study postprandial TRL metabolism, we performed an oral fat tolerance test in a 

subset of 29 DM2 patients, derived from the abovementioned cohorts and stratified 

by SULF2 genotype (rs2281279 c.2494+267 A>G). Exclusion criteria were a history 

of manifest coronary artery disease, the use of any lipid-lowering medication in the 8 

weeks preceding the fat tolerance test, clinical signs of malabsorption (eg diarrhea) 

or exogenous insulin treatment. Participants were asked to refrain from alcohol intake 

the day before. Participants fasted overnight and were then admitted at 7:30 am at 

the metabolic ward. Subsequently, a cream drink, consisting of 40% fat (wt/vol) with 

a polyunsaturated fat to saturated fat ratio of 0.06, 0.001% cholesterol (wt/vol), and 

carbohydrates was administered in a dose of 35 gram fat and 50 gram sugar per m2 

body surface. This mixture was supplemented with 150 ml water and 100,000 IU of 

vitamin A (Retinyl palmitate, AMC Clinical Pharmacy). The cream drink was consumed 

within 10 minutes. Postprandial blood samples were drawn at 0, 1, 2, 3, 4, 5 and 7 

hours from a peripheral vein into EDTA-containing tubes, which were placed on ice 

and protected from light. Plasma was separated within 30 minutes by centrifugation at 

3000 rpm for 20 min. at 4°C. Aliquots of plasma were frozen at -80ºC for subsequent 

analysis of TG and retinyl esters (RE). 
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Biochemical analyses
Total cholesterol, HDL-cholesterol, LDL-cholesterol and triglyceride concentrations 
were measured by standard enzymatic methods on a Cobas Mira system (Roche 
Diagnostics, Basel, Switzerland). Glucose concentrations were assessed using the 
hexokinase method (Gluco-quant, Hitachi 917; Hitachi). Plasma insulin concentrations 
were measured by an immunoluminimetric assay (Immulite insuline) on Immulite 2000 
(Diagnostic Products). HbA1C was measured by HPLC (Reagens Bio-Rad Laboratories, 
Veenendaal, the Netherlands) on a Variant II (Bio-Rad Laboratories). Homeostatic 
model assessment for insulin resistance (HOMA-IR) was calculated by the widely-used 
formula: [glucose (mmol/L) * insulin (mU/L)]/22.5] (35). Retinyl esters (RE) were analyzed 
in 200 μl plasma after extraction of retinyl esters using chloroform/methanol/water as 
previously described (36,37). In short, retinyl propionate (Sigma Chemicals; St Louis, 
USA), a form that does not occur in humans, was used as internal standard; methanol 
was used as mobile phase at a flow rate of 1 ml/min and the effluent was monitored at 
330 nm. A standard curve of retinyl palmitate in pooled plasma was used as reference. 
Peak heights were measured and used for calculations of the absolute RE values. 

Statistical analyses
Clinical parameters are expressed as means ± SD unless stated otherwise. Associations 
between single SNPs and triglyceride concentrations were examined using one way 
analysis of variances (ANOVA). Linear regression analysis was used to correct for co-
variables. Variables with skewed distribution were log-transformed prior to testing. 
Associations between SNPs and baseline characteristics were analyzed by ANOVA 
for continuous variables and with Chi-square for categorical variables. Plasma 
occurrence of postprandial TG and RE were determined as total area under the curve 
(AUC) calculated by the trapezoid rule. Incremental area under the curve (iAUC) was 
obtained by subtracting the fasting plasma level from each postprandial time point. 
Comparisons between groups were analyzed using one-way ANOVA. Two-sided 
probability values of less than 0.05 were considered statistical significant. Statistical 
analyses were performed using SPSS version 18.0. 

results
Metabolic abnormalities in obese subjects are associated with hepatic 
SULF2 expression 
Subjects’ characteristics are presented in Table 1. Liver SULF2 expression was significantly 
associated with fasting plasma triglyceride concentrations (r = 0.271; p=0.003), fasting 
glucose (r = 0.252; p=0.005) and HOMA-IR (r = 0.186; p=0.043; Figure 1)
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Common genetic variants in SULF2 and fasting plasma  
TG concentrations in two independent DM2 cohorts 
To investigate whether genetic variation in SULF2 is associated with fasting plasma TG 
concentrations, we selected seven tagSNPs (rs2281279 [c.2494+267A>G), rs6090717  
[c.416-3507T>C], rs6090714 [c.567+4691G>A], rs6094818 [-100-7141T>C], rs130 
44051 [c.416-8793G>C], rs6122615 [c.101+1307T>C] and rs2235734 [2227+48T>G];  
Supplementary Figure 1). All paired r2 values were below 0.8, confirming their non-

Figure 1. hepatic SULF2 expression in 
obese subjects was significantly associated 
with plasma tg, glucose and homa-ir. 
Correlations were tested for significance 
using Spearman Rank Test.
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redundant status as tagSNPs (Supplementary Figure 2). Each SNP was in Hardy-
Weinberg equilibrium in each cohort. 

Associations between SULF2 tagSNPs and plasma TG concentrations in the DALI 
study are shown in Table 1. A significant association was found between fasting 
plasma TG concentrations and rs2281279 (AA 2.63 mmol/l, AG: 2.55 mmol/l, GG: 2.20 
mmol/l; p=0.031 for trend; Table 2). In Supplementary Table 1 we display the clinical 
characteristics of the DALI study patients stratified by genotype.

We replicated our findings in 1319 patients with defined type 2 diabetes mellitus 
from the Diabetes Care System Cohort. The clinical characteristics are presented in 
Supplementary Table 2. We were able to replicate the observed significant association 
between rs2281279 and fasting plasma TG concentrations in the Diabetes care System 
cohort: AA; 2.30 mmol/l [IQR 1.90-2.83], AG; 2.40 mmol/l [IQR 2.00-3.03 mmol/l], GG 
2.19 mmol/l [IQR 1.90-3.00 mmol/l], (p=0.049)). 

The minor SULF2 rs2281279 allele predisposes to lower postprandial 
triglyceride-rich lipoprotein concentrations in patients with DM2
Finally, we sought to determine if rs2281279 identified from our cohort studies was 
associated with postprandial lipoprotein metabolism, as assessed by oral fat tolerance 
studies. We selected 29 patients with DM2, who agreed to participate in an oral 

table 1. Characteristics of the Antwerp Obesity Cohort.

parameters

N

Female/male

Age (years)

BMI kg/m2

Cholesterol mmol/L

HDL cholesterol mmol/L

LDL cholesterol mmol/L

Triglycerides mmol/L

Glucose mmol/L

Insulin mIU/L

HOMA-IR

HbA1C %

AST U/L

ALT U/L

121

83/38

45 ± 12

38.7 ± 6.7

5.25 ± 0.96

1.29 ± 0.36

3.16 ± 0.88

1.69 ± 0.95

4.6 (4.3 – 5.05)

14 (10 – 21.5)

2.94 (2.04 – 4.40)

5.6 (5.3 – 5.8)

28 (24 – 36)

40 (32 – 53)

Data are presented as means ± SD for normally distributed variables or as median (interquartile 
range) when distribution is skewed. LDL cholesterol was calculated by the Friedewald formula 
(cholesterol – HDL cholesterol-(triglycerides*0.45). BMI = Body mass Index, HOMA-IR = homeostatic 
model assessment of insulin resistance (calculated as (glucose (mmol/l) x insulin (mIU/L))/22.5).
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fat tolerance test, and who met the in- and exclusion criteria listed in the Methods. 
Baseline characteristics of these participants are listed in Table 3. We then stratified 
them according to their rs2281279 genotype (AA; n=11, AG; n=11 and GG; n=7). 
Patients who were heterozygous for this allele (AG) were generally younger, with 
higher fasting glucose and HbA1C concentrations. Homozygotes for the minor allele 
(GG) had the lowest fasting TG concentrations. HOMA-IR values, a measure for insulin 
resistance, were statistically indistinguishable amongst the three genotype groups. 

Following the oral fat tolerance test, postprandial TG concentrations were lower 
in AG and GG carriers, as compared to AA carriers (Figure 2A). The AUC of plasma 
TG was 29±10 (mmol/l)*h in AA carriers, 21±7 (mmol/l)*h in AG carriers and 17±8 
(mmol/l)*h in GG carriers (Figure 2B, p <0.05). After adjustment for baseline TG 
concentrations, the iAUC remained significantly smaller for both AG and GG carriers 

table 2. Associations between SULF2 tagSNPs and fasting plasma triglyceride concentrations in 
the DALI study.

snp wild type
heterozygous 

mutant
homozygous 

mutant p-value p-value*

rs2281279

N

TG (mmol/L)

rs6090717

N

TG (mmol/L)

rs6090714

N

TG (mmol/L)

rs6094818

N

TG (mmol/L)

rs13044051

N

TG (mmol/L)

rs6122615

N

TG (mmol/L)

rs2235734

N

TG (mmol/L)

aa

90

2.63 [2.00-3.51]

tt

71

2.60 [2.03-3.57]

gg

57

2.72 [2.10-3.68]

tt

122

2.57 [2.06-3.43]

gg

131

2.50 [2.06-3.40]

tt

141

2.60 [2.01-3.41]

tt

81

2.60 [1.92-3.58]

ag

95

2.55 [2.09-3.52]

tc

94

2.37 [2.00-2.95

ga

102

2.40 [1.90-3.13]

tc

56

2.29 [1.90-3.35]

gc

65

2.55 [2.00-3.62]

tc

60

2.35 [1.99-3.58]

tg

97

2.61 [2.09-3.50]

gg

25

2.20 [1.89-2.83]

cc

28

3.09 [2.19-4.24]

aa

46

2.60 [2.03-3.63]

cc

16

2.66 [2.23-3.67]

cc

13

2.86 [2.24-3.64]

cc

7

3.20 [2.30-4.25]

gg

27

2.29 [1.70-2.83]

0.031

0.138

0.933

0.428

0.465

0.373

0.071

0.048

0.087

0.781

0.412

0.547

0.379

0.052

Values are given as median [inter quartile range]. * P-value corrected for age, gender, BMI, glucose 
and HbA1C.
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as compared to AA carriers [6.4±3.8 (mmol/l)*h in AA, 2.9±2.9 (mmol/l)*h in AG and 
4.1±1.9 (mmol/l)*h in GG, p <0.05, Figure 2C]. With respect to postprandial plasma 
RE excursions, RE-AUCs were significantly decreased in both AG and GG carriers 
as compared to AA carriers [101±43 (mg/l)*h in AA, 63±40 (mg/l)*h in AG and 15± 
6 (mg/l)*h in GG, p<0.001, Figure 2D-E], again eluting to improved TG clearance 
capacity in G allele carriers. 

discussion
In the present study we found significant dysregulation of hepatic SULF2 mRNA levels 
as part of the metabolic disturbances of obesity in humans. Moreover, a single SULF2 
SNP that associated with fasting dyslipidemia in two human DM2 cohorts, was found 
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Figure 2. the minor SULF2 rs2281279 allele predisposes to lower postprandial triglyceride-rich 
lipoprotein levels in patients with dm2. A. Postprandial triglyceride curves during an oral fat load. 
DM2 patients were selected according the SULF2 rs2281279 genotype (means ± SE). AA=common 
variant (circles); AG=heterozygous mutant (squares), GG= homozygous mutant (triangles). B. AUC 
of plasma triglycerides during the oral fat tolerance test. C. iAUC of plasma triglycerides during 
the oral fat tolerance test. D. postprandial RE excursion during the oral fat tolerance test. E. AUC 
of RE according to rs2281279 genotypes AA, AG and GG. Data were analyzed using ANOVA and 
analyses for trend. * p<0.05; ** p<0.01;***p<0.001
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to be significantly associated with postprandial lipoprotein metabolism in patients 

with DM2. These are the first data to implicate SULF2 in postprandial TRL handling in 

humans with obesity or type 2 diabetes and are in line with previously published data 

in livers of db/db mice (24,25).

Potential biological mechanism and clinical implications
The SULF2 gene encodes for the heparan sulfate glucosamine-6-O-endosulfatase 

(SULF2), an enzyme that removes 6-O sulfate groups from HSPGs (33). Syndecan-

1 HSPGs are important mediators of hepatic uptake of TG-rich lipoproteins (16–

19,38). Previously, we showed that db/db mice have highly increased hepatic Sulf2 

expression leading to increased plasma TG concentrations and abnormal hepatic 

TRL clearance (25). Inhibition of hepatic Sulf2 expression by targeted allele-specific 

oligonucleotide antisense (ASO) treatment resulted in normalization of postprandial 

plasma TG concentrations, which coincided with increased binding of TRLs to 

isolated hepatocytes from Sulf2-ASO treated animals. These interesting observations 

underscore the important role of Sulf2 in the regulation of proteoglycan mediated 

hepatic remnant clearance capacity in mice. Our current study is the first to address 

the question whether SULF2 has a comparable function in human TRL metabolism. 

In the present study, a functional role of SULF2 in postprandial clearance of TG-rich 

lipoproteins in humans is supported by the observed association between a genetic 

alteration in SULF2 and postprandial triglyceride concentrations in patients with DM2. 

table 3. Baseline characteristics of DM2 patients participating in the oral fat tolerance test 
according to rs2281279 genotype.

rs2281279 genotypes

p-valueaa (n=11) ag (n=11) gg (n=7)

Female/Male 6/5 5/6 4/3 0.870

Age, years 60.6±6.9 57.1±7.6 67.6±5.0 0.014

BMI, kg/m2 30.4±4.7 32.2±4.6 29.7±4.8 0.486

Glucose, mmol/L 9.2±1.6 11.2±3.4 7.5±1.3 0.012

HbA1C mmol/mol 64±8 71±12 52±11 0.003

HOMA-IR 7.7±5.2 8.0±6.3 7.3±12.8 0.986

Total cholesterol, mmol/L 6.1±0.7 6.0±0.9 5.8±0.9 0.716

LDL cholesterol, mmol/L 3.4±0.9 3.6±0.9 3.7±0.6 0.860

HDL cholesterol, mmol/L 0.96±0.20 1.05±0.17 1.20±0.36 0.133

Triglycerides, mmol/L 3.5 (3.1-5.2) 2.7 (2.4-3.9) 1.5 (1.3-3.7) 0.039

Data are presented as means ±SD, number (%) or median (IQR). P-value for gender was calculated by 
Pearson chi-square. P-value for triglycerides was calculated using Kruskal-Wallis test. Other p-values 
are calculated by one-way ANOVA. Abbreviations: BMI = body mass index ; HOMA-IR = homeostasis 
model assessment of insulin resistance; LDL = low-density lipoprotein; HDL = high-density lipoprotein.
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SULF2 preferentially modifies the sulfation grade of the HSPG chain and affects its affinity 
for binding TRLs (25). Increased hepatic Sulf2 expression, found in DM2 mouse models, is 
significantly associated with increased plasma TG concentrations. Interestingly, advanced 
glycation endproducts (AGEs) and adiponectin are strong effectors regulating Sulf2 mRNA 
expression. Furthermore, insulin affects SULF2 protein expression (24,39). These findings 
provide a compelling pathophysiologic model in which AGEs, hypoadiponectinemia and 
pathway-selective insulin resistance in DM2 induce abnormal up-regulation of SULF2 in 
the liver, thereby impairing syndecan-1 HSPG function in remnant clearance. 

Interestingly, hepatic SULF2 expression was significantly associated with fasting 
plasma glucose concentrations and HOMA-IR in the Antwerp Obesity Cohort, implicating 
that SULF2 might play a role in glycaemic regulation. This is in line with our previous 
findings in mice, where the highest dose of Sulf2 antisense in db/db mice was associated 
with an improvement in fasting glucose concentrations and subsequent HOMA-IR (21). 
Further evaluation on the pathophysiology of this intriguing finding is warranted.

Study limitations
First, hepatic SULF2 gene expression was only determined in specimens from obese 
subjects. Second, we used common tagSNPs, located in intronic regions to ascertain 
the relation between SULF2 and plasma TG concentrations. We were not able to draw 
conclusions on hepatic expression or circulating levels of SULF2 protein. There is a 
commercially available ELISA of unclear quality, however, plasma SULF2 concentrations 
are unlikely to reflect functionality of hepatic SULF2. 

In the present study, we evaluated the association between genetic variations in 
SULF2 and plasma TG concentrations in slightly obese patients with DM2 and diabetic 
dyslipidemia. We expected that an environment of elevated plasma TG concentrations 
and insulin resistance resulting in aberrantTG homeostasis, are essentialfor the 
observed association between common genetic variation in SULF2 and hepatic 
remnant clearance pathways. However, these results therefore cannot be extrapolated 
to normolipidemic or non-diabetic individuals. 

Finally, we measured plasma RE and TG excursions as surrogate markers for 
postprandial lipid handling and not plasma apoB48 concentrations. In this respect, plasma 
apoB48 measurements only concern the number of intestinal-derived TRL particles during 
the postprandial phase, but not their lipid composition. Plasma RE measurements, on the 
other hand, are a better reflection of the lipid excursions during the postprandial phase, 
although it can be disputed that in the later timepoints, exchange of RE will also occur from 
apoB48- containing lipoprotein particles towards apoB-100 containing lipoproteins (40). 

In conclusion, our results provide the first human evidence for a novel mechanism, 
in which SULF2 is involved in postprandial dyslipidemia of obesity and DM2. In 
conjunction with our data on Sulf2 antisense treatment in diabetic mice, these findings 
indicate that SULF2 inhibition may be an attractive target to normalize dyslipidemia in 
obese individuals and/or patients with DM2.
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supplementary Figure 1. genomic context of SULF2. SULF2 is located on chromosome 20q12-
q13.2 and contains 21 exons. The location of the seven selected tag SNPs is depicted in the figure.

supplementary Figure 2. linkage disequilibrium plot of selected tagsnps. The relationship 
between the seven selected tagSNPs is shown in LD plot. The values in the plot represent r2 
between the appropriate SNPs (x10-2) and were calculated using Haploview. All are below 0.8, 
confirming their non-redundancy.
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supplementary table 2. Baseline characteristics by SULF2 rs2281279 genotype in Diabetes Care 
System Cohort.

rs2281279 genotypes

p-valueaa n=633 ag n=561 gg n=122

Male sex, n (%) 364 (58%) 273 (49%) 71 (58%) <0.001

Age, years 59.6±10.1 58.9±9.9 58.9±10.3 0.659

BMI, kg/m2 31.0±5.4 31.3±5.3 30.9±4.7 0.440

Fasting glucose, mmol/L 8.6±2.3 8.9±4.5 8.7±2.5 0.231

Hba1C mmol/mol 7.3±1.6 7.5±1.7 7.2±1.6 0.038

Total cholesterol, mmol/L 5.40±1.17 5.49±1.15 5.42±1.21 0.044

LDL cholesterol, mmol/L 3.12±1.13 3.17±1.03 3.13±1.12 0.644

HDL cholesterol, mmol/L 1.11±0.24 1.11±0.44 1.09±0.26 0.729

Data are presented as means ±SD or number (%). Abbreviations: BMI = body mass index; LDL = 
low-density lipoprotein; HDL = high-density lipoprotein.

supplementary table 1. Baseline characteristics by SULF2 rs2281279 genotype in DALI Study.

rs2281279 

aa n=90 ag n=95 gg n=25

Female/Male 49/41 51/44 9/16

Age, years 59±7 60±8 60±8

BMI, kg/m2 30.9±5.1 31.2±4.9 29.9±4.9

Fasting glucose, mmol/L 10.4±3.6 10.9±2.9 9.9±2.8

HbA1C % 8.7±1.3 8.8±1.2 9.1±1.7

Total cholesterol, mmol/L 6.0±0.9 6.0±0.9 5.8±0.9

LDL cholesterol, mmol/L 3.7±1.0 3.7±0.9 3.6±0.8

HDL cholesterol, mmol/L 1.05±0.27 1.03±0.19 1.10±0.26

Data are presented as means ±SD. Abbreviations: BMI = body mass index; LDL = low-density 
lipoprotein; HDL = high-density lipoprotein. No significant differences were seen between groups.
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abstract
Elevated non-fasting triglyceride-rich lipoprotein (TRL) concentrations are a risk factor 
for cardiovascular disease (CVD). Hepatic clearance of TRLs is largely mediated by the 
LDL-receptor (LDLr) although involvement of heparan sulfate proteoglycans (HSPGs) 
has also been suggested. To further evaluate the relevance of the LDLr pathway 
and HSPGs in triglyceride (TG) homeostasis, we analyzed fasting and postprandial 
TG concentrations in mice bearing combined heterozygous mutations in both Ext1 
and Ldlr, in subjects with hereditary multiple exostosis (HME) due to a heterozygous 
loss-of-function (LOF) mutation in EXT1 or EXT2 (N=13) and in patients with familial 
hypercholesterolemia (FH), characterized by heterozygous mutations in LDLR , who are 
also carriers of SNPs in major HSPG-related genes (n=22). Mice bearing a homozygous 
mutation in hepatic Ext1 exhibited elevated plasma TGs similar to mice lacking other key 
enzymes involved in HSPG assembly. Compound heterozygous mice lacking Ldlr and 
Ext1 showed synergy regarding plasma TG accumulation and postprandial clearance. 
In HME patients, a trend was observed towards reduced postprandial TG clearance 
with a concomitant reduction in chylomicron clearance as measured by dietary retinyl 
esters (RE) (AUC-RE HME: 844 ± 127 vs controls: 646 ± 119 nM/h, p=0.09). Moreover, 
in FH patients with a high HSPG gene score, RE excursions were higher as compared to 
FH patients with a low HSPG gene score (AUC-RE 2377 ± 293 versus 1565 ± 181 nM/h 
respectively, p<0.05). iAUC-apoB48 was similar between the groups. 

In conclusion, the data are at best supportive for a minor, yet additive role of 
HSPGs in human postprandial TG clearance. 
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introduction
The presence of hypertriglyceridemia, defined as plasma triglyceride (TG) 

concentrations > 1.7 mmol/L (150 mg/dl) occurs in 10–20% of the population in Western 

countries and is associated with increased risk of coronary vascular disease (CVD) (1). 

The etiology of hypertriglyceridemia is complex and the efficacy of currently available 

therapeutic strategies to effectively lower TG concentrations, including fibrates, poly 

unsaturated fatty acids (PUFA) and statins with respect to CVD risk reduction is not 

fully elucidated. Hence, the search for identification and characterization of additional 

pathways controlling synthesis and clearance of triglyceride-rich lipoproteins (TRLs) is 

ongoing, aiming to identify selective and potent targets for therapeutic interventions. 

Although TG concentrations are routinely measured in a fasting state, observational 

studies have substantiated that non-fasting TG concentrations are in fact superior in 

predicting CVD risk (1-6). In this regard, the most important players involved in hepatic 

removal of TRLs are the LDL receptor (LDLr), the LDL Receptor Related Protein 1 

(LRP1) and heparan sulfate proteoglycans (HSPG) (7-9). Of note, both heterozygous 

and homozygous familial hypercholesteromia (FH) patients with deleterious mutations 

in the LDLRexhibit modest elevations in plasma TRL concentrations at best (10-13). 

HSPGs were identified as a class of receptors, which in animal models mediate the 

hepatic clearance of TRLs in conjunction with LDL- and LRP1- receptors (14). The in vivo 

role of HSPGs in TRL clearance in mice was initially illustrated by injecting heparinase, 

a heparan sulfate degrading enzyme, into the portal vein, which resulted in hampered 

TRL clearance in these mice (15). Subsequent genetic studies showed that syndecan-

1 (Sdc1), a type of transmembrane HSPG that resides on the basal membrane of 

hepatocytes exposed to the Space of Disse, binds to apolipoproteins (apo) E and AV 

on the TRLs through its sulfated heparan sulfate chains (16,17). Mutations affecting the 

biosynthesis of the heparan sulfate chains or the expression of Sdc1 in murine models 

were invariably associated with delayed postprandial TRL clearance and thereby 

validated the concept that Sdc1 and specific HSPG-sulfation patterns are critical 

determinants for murine hepatic TRL clearance (18,19). Hodoglugil et al. showed that 

single nucleotide polymorphisms (SNPs) in glucuronic acid epimerase (GLCE), a heparan 

sulfate biosynthetic enzyme, were associated with TG concentrations in Turkish families 

and that associations were stronger in APOE 2/3 subjects (apoE2 reduces binding 

to HSPGs) (20). In line, these authors demonstrated a causal role for the enzyme in 

TRL metabolism of Glce+/- mice. In patients with Hereditary Multiple Exostosis (HME), 

HS synthesis is disrupted, leading to shortened chains and growth of multiple bony 

tumors ,i.e. exostoses or osteochondromas (21). The HME phenotype is caused by 

heterozygous loss of function (LOF) mutations in EXT1 and EXT2, which encode the 

copolymerase involved in the formation of the backbone of heparan sulfate (22,23). 

In the present study, we set out to evaluate the role of HSPGs in postprandial 

TRL clearance in subjects with a single LOF mutation in EXT1 or EXT2. To further 

155



address a potential additive effect of HSPG and LDLr on postprandial TRL clearance, 

we examined postprandial TRL metabolism in compound heterozygous mice lacking 

Ext1 and Ldlr and in heterozygous FH patients with multiple tagSNPs in HSPG genes.

materials and methods
Mice and animal husbandry 
Ext1+/- mice were described previously and were fully backcrossed into C57Bl/6 

background (24). Ext1f/f mice were described previously (25). AlbCre mice and 

Ldlr-/- mice were purchased from Jackson Labs. All animals were housed and bred in 

vivaria approved by the Association for Assessment and Accreditation of Laboratory 

Animal Care located in the School of Medicine at the University of California, 

following standards and procedures approved by the Institutional Animal Care and 

Use Committee. Mice were weaned at 3 weeks, maintained on a 12-hour light cycle 

and fed ad libitum with water and standard rodent chow (Harlan Teklad) during the 

experimental period.

Study population 
We enrolled subjects with clinically established diagnosis of HME (23) who were 

recruited via the website of the Dutch HME foundation (www.hme-mo.nl), as well as 

unaffected, age- and gender matched controls (26). Exclusion criteria were current 

pregnancy, malignancy with limited lifespan and/or overt cardiovascular disease. 

Subjects were asked to stop any cardiovascular medication before the oral lipid load 

test (ATII/ACE inhibitors 5 days and statins 4 weeks prior to the clinical investigations). 

For the selection of FH patients we used a previously described cohort (GiRaFH) (27), 

including DNA samples of 2,345 FH patients with heterozygous LOF mutations in LDLR 

(heFH) from 27 lipid clinics throughout the Netherlands. The FH diagnostic criteria 

were based on internationally established criteria (28). We retrieved complete plasma 

lipid profiles and DNA for SNP genotyping of 1,600 FH patients. Exclusion criteria for 

participation in the postprandial sub-study were use of any lipid lowering medication in 

4 weeks preceding the fat tolerance test, clinical signs of malabsorption (e.g. diarrhea) 

or exogenous insulin treatment. Both studies were approved by the Institutional Review 

Board and conducted at the Academic Medical Center Amsterdam in accordance with 

the Declaration of Helsinki. Each patient provided written informed consent.

Selection of tagSNPs in HSPG-related genes and gene score calculation
We selected tagSNPs in genes involved in HSPG biosynthesis such as NDST1, EXT1, 

EXT2, SDC1, HS2ST1 (Table 2). Tagging SNPs were selected using the HAPMAP 

database and the TAGGER algorithm as presented earlier (29). We limited our search 

to SNPs with a minor allele frequency > 5% using a pairwise tagging approach with an 
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r2 cutoff level > 0.8. Genotyping of SNPs was carried out on an ABI 7900 system, using 

Assay by DesignTM (Applied Biosystems, Foster City, CA, USA). Allelic discrimination 

was performed using either FAM (6-carboxyfluorescein) or VIC as fluorophore 

(Lifetechnologies Inc). PCR conditions were denaturation for 10 min at 95°C, followed 

by 40 cycles (30 sec 92°C, 45 sec 60°C). PCR assay mix was obtained from Applied 

Biosystems. All SNPs were in Hardy Weinberg equilibrium.

We then calculated a gene score including all analyzed tagSNPs. For each individual 

the TG-specific gene score was calculated using the weighted sum of TG-raising alleles. 

The weights used were the corresponding calculated per-allele-β coefficients from a 

multiple regression model with (log-transformed) TG concentrations as outcome and 

the tagSNP as predictor variables. The average predicted plasma TG concentrations, 

calculated with the weighted gene risk score in the low and high HSPG gene score 

groups were 1.23 [0.96 – 1.75] mmol/l (n=146) and 1.75 [1.26 – 2.42] mmol/l (n=148) 

respectively, p< 0.001. Patients from the upper and lower 10th percentile of these 

predicted TG concentrations (i.e. low or high HSPG gene score) were selected to 

participate in the fat load test. 

Vitamin A fat tolerance testing in mice 
Vitamin A fat tolerance testing was done essentially as previously described (16). 

Briefly, 27 μCi [11,12-3H]retinol (44.4 Ci/mmol; PerkinElmer) in ethanol was mixed with 

1 ml of corn oil (Sigma-Aldrich). Each mouse received 200 μl of the mixture by oral 

gavage. Blood was sampled at the times indicated by tail vein bleed, and radioactivity 

was measured in triplicate (10 μl serum) by liquid scintillation counting.

Vitamin A fat tolerance testing in humans 
Participants were admitted at 7:30 am after an overnight fast and after refraining 

from alcohol intake the day before. Cream, consisting of 40% fat (wt/vol) with a 

polyunsaturated fat to saturated fat ratio of 0.06, 0.001% cholesterol (wt/vol), and 

supplemented with 60,000 IU/m2 body surface of retinyl palmitate (RP) (Department 

of Clinical Pharmacy, AMC) for specific monitoring of dietary derived lipids, was 

administered in a dose of 35 gram fat per m2 body surface as previously described 

(30). Pre- and postprandial blood samples were drawn at 0, 2, 3, 4, 5, 6 and 8 hours by 

an antecubital vein catheter. Venous blood was collected into EDTA containing tubes, 

which were placed on ice and protected from light. Plasma was separated within 30 

minutes by centrifugation at 3000 rpm for 20 min. at 4°C. Aliquots of plasma were 

protected from light and frozen at -80ºC for subsequent analysis of TG and RP.

Biochemical analyses
Plasma total cholesterol, HDL-cholesterol, LDL-cholesterol, and TG concentrations 

were measured by standard enzymatic methods (Roche Diagnostics, Basel, Switzerland) 
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on a COBAS MIRA automated spectrophotometric analyzer (Roche Diagnostica, Basel, 
Switzerland). ApoB was analyzed by a turbidimetric assay (Randox) on a Cobas Mira 
autoanalyzer. Glucose concentrations were assessed using the hexokinase method 
(Gluco-quant, Hitachi 917; Hitachi). Plasma insulin concentrations were measured by an 
immunoluminimetric assay (Immulite insuline) on Immulite 2000 (Diagnostic Products). 
HbA1C was measured by HPLC (Reagens Bio-Rad Laboratories, Veenendaal, the 
Netherlands) on a Variant II (Bio-Rad Laboratories). Plasma RP concentrations were 
analyzed using reversed phase HPLC in 200 μl plasma after extraction of retinyl esters 
using chloroform, methanol and water as described (31,32). RP was separated by HPLC 
on an Inertsil ODS-3 reversed phase column (GL Sciences, Tokyo, Japan). All samples 
were protected against light during the analysis. Retinyl propionate (Sigma Chemicals; 
St Louis, USA) was used as internal standard; methanol/ethylacetate (70/30% v/v, 
HPLC-grade; Biosolve, Valkenswaard, the Netherlands) was used as isocratic mobile 
phase at a flow rate of 0.425 ml/min and the effluent is monitored at 332/484 nm 
(ex/emm). Peak heights were measured and used for calculations of the absolute RP 
values. Plasma apoB48 concentrations were analyzed using a commercially available 
ELISA from Shibayagi (Japan; AKJB48).

Power calculation and statistical analyses
Based on our previous experience assessing postprandial TRL clearance in subjects 
stratified by SULF2 genotype (a heparan sulfate modifying enzyme) (30), the difference 
between the mean incremental area under the curve for triglycerides (iAUC-TG) for 
the homozygous carriers of the major allele (6.4±3.8 mmol/l/h) and the homozygous 
carriers of the minor allele (2.9±2.9 mmol/l/h) was 3.5 mmol/l/h. Based on a standard 
deviation of 3.35 and assuming a two group t-test with a 0.05 two-sided significance 
level and a power of 80%, we aimed to include at least 11 subjects in each genetic 
group for the lipid-load tests. 

Data are presented as means ± SD or medians with interquartile range [IQR] unless 
stated otherwise. All postprandial data are presented as means ± SEM. Normally 
distributed continuous variables at baseline were compared using a Student’s t-test. 
Differences in TG concentrations were assessed using the nonparametric Mann-Whitney 
U test. Postprandial TG and RP excursions were calculated as total area under the curve 
(AUC) by the trapezoid rule. Incremental area under the curve (iAUC) was determined 
by subtracting the fasting plasma level from each postprandial time point. Differences 
were assessed using non-parametric Mann-Whitney U statistical analysis. Data in 
mice were tested using 2-tailed t-Test statistics or Kruskal Wallis tests, as specified in 
the Figure legends. Two-sided probability values of less than 0.05 were considered 
statistically significant. Statistical analyses were performed using SPSS version 21.0. 
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results
Mice with hepatic Ext1 deficiency 
Hepatic deletion of HSPG associated genes such as Ndst1 and Sdc1 induced delayed 
postprandial TRL clearance in murine models (16,18). To examine if reduction of HSPG 
chain length affects lipid metabolism in mice, we analyzed fasting plasma lipid levels in Ext 
f/fAlbCre+ and wild-type control mice (Ext f/fAlbCre-). Hepatic inactivation of Ext1 induced 
significantly elevated plasma TG concentrations (p<0.01; Figure 1A) without affecting total 
plasma cholesterol concentrations (Figure 1B). Crossbreeding of Ext f/fAlbCre+ mice to 
Ldlr+/- mice exacerbated the effect and revealed enhanced TG concentrations as compared 
to Ldlr+/- (p<0.001; Figures 1C and 1D), but not as compared to the Ext f/fAlbCre+ mice. 
As expected, the heterozygous deletion of Ldlr resulted in a significant increase in total 
plasma cholesterol concentrations in all conditions (Figure 1D; p<0.01). In contrast, 
heterozygous loss of either Ext1 or Ldlr had no effect on plasma cholesterol concentrations 
in mice. However, combining the mutations resulted in a mild elevation of fasting plasma 
TG concentrations (Figure 2A, p<0.05), but no effect on plasma cholesterol levels (Figure 
2B) and postprandial TRL clearance (Figures 2C and D) was observed. For comparison, 
complete loss of hepatic Ndst1 (Ndst1f/fAlbCre+) caused elevations in fasting plasma TG 
concentrations and postprandial TRL clearance was dramatically reduced (18). 

Patients with hereditary multiple exostoses 
HME was established by identification of the LOF mutations in EXT1 or EXT2 
(Supplementary Table 1). Anthropometric data, as well as plasma biochemistry were not 
different between HME patients (n=13) and controls (n=11) (Table 1). Fasting plasma 
TG concentrations were not significantly different between patients and controls (1.1 
[0.8-1.4] mmol/l versus 0.9 [0.7-1.3] mmol/l; ns). Compared to controls, postprandial 
TG curves in HME patients showed a trend towards delayed clearance (iAUC-TG HME: 
4.85 ± 0.88 mmol/l/h versus controls 3.80 ± 1.04 mmol/l/h; Figures 3A and 3B) and 
delayed postprandial RE excursions (AUC-RE HME: 844 ± 127 nM/h versus controls: 
646 ± 119 nM/h, p=0.09; Figures 3C and 3D). No difference was found in postprandial 
plasma apoB48 excursions between groups (Figures 3E and 3F).

Patients with heterozygous Familial Hypercholesterolemia 
Baseline characteristics of the patients in the GiRaFH cohort are presented in 
Supplementary Table 2. TagSNPs in HSPG genes EXT1, EXT2, NDST1, SDC1 and HS2ST1 
(Supplementary Table 3) were analyzed in the GiraFH cohort and tested for associations 
with plasma TG concentrations (Supplementary Table 4). Anthropometric data, as well 
as plasma lipids, glucose and insulin were similar amongst the two groups (Table 2). We 
observed a significantly impaired postprandial remnant clearance in patients with FH 
as compared to controls, reflected by an increased iAUC-TG (6.90 ± 0.98 mmol/l/h in 
FH versus 3.80 ± 1.04 mmol/l/h in controls, p=0.026, Figure 4B), as well as increased 
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Figure 1. Fasting plasma lipids in mice with mutations affecting hspg chain length. Triglyceride (A) 
and Cholesterol (B) concentrations in Ext f/fAlbCre+ (black bar) and wild-type control mice (Ext f/fAlbCre-; 
white bar; n=4/group). Triglyceride (C) and Cholesterol (D) concentrations in Ext f/fAlbCre+ (white bar), 
Ldlr+/- (gray bar) and Ldlr+/- Ext f/fAlbCre- (black bar) (n=14-26/group). Triglyceride (E) and Cholesterol 
(F) concentrations in Ldlr+/- (white bar) and Ldlr+/-Ext1+/- (black bar) mice (n=5-6 mice/group). Data are 
presented as means ± SEM. Blood was drawn after an overnight fasting period. Data were tested using 
2-tailed t-test statistics (Figure 1A and 1E) and Kruskal-Wallis test statistics (Figure 1C and 1D) whereas 
post-hoc analyses were performed using Dunn’s multiple comparison test. *p<0.01 and **p<0.001.

AUC-RE (1971 ± 190 nM/h in FH versus 646 ± 119 nM/h in controls, p<0.0001, Figure 
4D). The iAUC-apoB48 was also higher in FH patients as compared to controls, although 
this did not reach statistical significance (Figures 4E and 4F). Although postprandial 
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table 1. Baseline characteristics of HME patients and matched controls.

controls hme p-value

N

Age (years)

Gender (% male)

BMI kg/m2

TC mmol/l

HDL-C mmol/l

LDL-C mmol/l

TG mmol/l

Glucose mmol/l

HbA1C mmol/l

Insulin pmol/l

HOMA-IR

11

43 ± 15

4 (40%)

24.9 ± 3.4

4.8 ± 0.8

1.42 ± 0.26

2.5 ± 0.5

0.9 [0.7-1.1]

4.9 ± 0.7

36 ± 4

49 ± 33

1.5 ± 1.1

13

41 ± 14

5 (40%)

25.9 ± 4.3

4.9 ± 1.4

1.37 ± 0.27

2.6 ± 0.9

1.1 [0.8 – 1.4]

4.8 ± 0.5

39 ± 4

39 ± 28

1.2 ± 1.0

0.79

0.67

0.75

0.13

0.63

0.70

0.40

0.33

Data are means ± SD or median [IQR] BMI = body mass index; TC= total cholesterol; LDL = low-
density lipoprotein; HDL = high-density lipoprotein; TG = triglycerides. Differences were tested 
using T-test statistics and for plasma TG a Mann-Whitney test.
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Figure 2. Fasting lipids and postprandial lipid clearance in mice with compound heterozygous 
loss of Ext1 and Ldlr. Postprandial retinyl ester excursions (A) and postprandial triglyceride 
concentrations 2 and 4 hours after oral corn-oil gavage (B) in wild-type (Ndst f/fAlbCre-, ¢), Ndst f/

fAlbCre+(n), Ldlr+/- (¢) and Ldlr+/-Ext1+/- (n) mice (n=3-5 mice/group). Mice were fasted for 4hr prior 
to the start of the study. Data are presented as means ± SEM. Data in Figure 2C were analyzed with 
a 2-way ANOVA with post hoc t-testing against the wild-type of the iAUC data. The data in Figure 
2D were tested with a 2-way ANOVA with post-hoc Bonferroni correction. *p<0.05 and **p<0.01.

plasma TG excursions between the two HSPG gene score groups were similar (iAUC-TG: 
7.0 ± 1.2 mmol/l/h in the low gene score group versus 6.9 ± 1.7 mmol/l/h in the high 
gene score group; ns, Figures 4A and B), postprandial RE excursions were significantly 
increased in FH patients with a high gene score as compared to the low gene score 
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group (iAUC- RE: 2377 ± 294 nM/h in the high gene score group versus 1565 ± 181 
nM/h in the low gene score group, p<0.05, Figures 4C and 4D), and as compared to 
controls (p<0.05, Figure 4D), suggesting a delay in TRL clearance. Postprandial plasma 
apoB48 levels were not different between both FH groups (data not shown).

discussion
A loss of function mutation in EXT1 or EXT2 was associated with a trend towards impaired 
postprandial TRL clearance, as reflected by increased postprandial RE excursions in HME 
patients. Furthermore, in untreated FH patients, the presence of an LDLR mutation was 
associated with significantly increased postprandial remnant excursions as compared 
to healthy controls. Stratification for the presence of multiple SNPs in pivotal HSPG 
genes had no additional effect on postprandial plasma TG concentrations, whereas a 
significant increase in postprandial plasma RE concentrations was observed in untreated 
FH patients with high HSPG gene score. Our translational data suggest that HSPGs only 
modestly contribute to hepatic TRL clearance in humans. 

TRL clearance in FH
Hepatic uptake of TRL involves the participation of three different receptors (33). LDL 
receptors play a role in hepatic remnant clearance, yet they are not very abundantly 
expressed at the hepatocyte surface (34). Heterozygous FH patients are characterized 

table 2. Baseline characteristics of the FH patients participating in the fat load study.

low gene score high gene score p-value

N

Gender (% male)

Age (y)

BMI (kg/m2)

HbA1C (mmol/mol)

TC (mmol/l)

LDL-C(mmol/l)

HDL-C(mmol/l)

TG (mmol/l)

Glucose (mmol/l)

Insulin (pmol/l)

HOMA-IR 

11

5 (50 %)

26 ± 2

25.8 ± 3.6

37 ± 2.6

8.1 ± 1.4

5.8 ± 1.0

1.46 ± 0.45

1.3 [1.0 -1.9]

5.1 ± 0.5

35 ± 32

1.20 ± 1.26

11

5 (50%)

26 ± 2

26.4 ± 4.0

38 ± 3.5

8.6 ± 1.4

6.2 ± 1.4

1.45 ± 0.45

1.1 [0.79 – 2.2]

5.3 ± 0.7

40 ± 32

1.46 ± 1.30

0.55

0.39

0.19

0.06

0.39

0.66

0.15

0.51

0.63

Data are presented as mean ± SD. TG are presented as median [interquartile range]. Differences 
were tested using T-test statistics and for plasma TG a Mann-Whitney test. BMI = body mass 
index; TC= total cholesterol; LDL-C = low-density lipoprotein cholesterol; HDL-C = high-density 
lipoprotein cholesterol; TG = triglycerides.
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Figure 3. postprandial lipid clearance in patients with hme and healthy controls. Postprandial 
triglyceride (A), retinyl ester (C) and apoB48 (E) excursionsafter an oral fat load in HME patients (n) and 
controls ().Postprandial iAUC-TG (B), iAUC-RE (D) and iAUC-apoB48 (F) in HME patients and controls. 
Data are presented as means ± SEM. Data were tested using a non-parametric Kruskal-Wallis test. 

by a partial loss of function of the LDL R protein, which is expected to lead to increased 
circulating plasma triglyceride concentrations and impaired postprandial handling 
of dietary fat. In line with previous publications (13,35,36), we found that plasma TG 
concentrations and postprandial TG clearance are indeed impaired in heterozygous FH 
patients, as compared to controls, illustrating the role for the LDLR in remnant clearance 
(37). However, this increase in plasma TG concentrations is only modest, which is strongly 
suggestive for the participation of other receptors in hepatic uptake of TRLs (38,39). 
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Figure 4. postprandial lipids after an oral fat load in selected Fh patients with low and high HSPG 
gene score. A-B: Postprandial plasma triglyceride (A), retinyl ester (C) and apoB48 (E) excursions 
in controls (dots),the low gene score group (squares) and the high gene score group (triangles). 
Postprandial iAUC-TG (B); iAUC-RE (D) and iAUC-apoB48 (F) in controls, the low gene score group 
and the high gene score group. Data are presented as means ± SEM. Data were tested using non-
parametric Kruskal Wallis statistics. * p<0.05; ** p<0.001.

TRL clearance in HME
Based on genetic studies in mice, involvement of syndecan1 HSPGs has been 
implicated in TRL clearance (40). These proteoglycan receptors work in parallel to, but 
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independently of the LDL receptor. The two families of receptors clear distinct particles 
and can compensate to limited extent for each other (9). Thus, we wondered if partial 
deficiency of the LDL receptor might sensitize mice to partial loss of function of HSPGs. 
Indeed, mice bearing compound heterozygous loss of Ldlr and Ext1, fed a normal 
chow diet, demonstrate mild hypertriglyceridemia both under fasting and postprandial 
conditions, yet postprandial lipid excursions were not different. This is in contrast to our 
earlier findings in the hepatic conditional Ndst1-/- mice (18). It may thus be that sulfation 
grade of HSPG rather than HSPG chain length determines HSPG-mediated remnant 
clearance. Data on the role of HSPGs in human lipoprotein metabolism are scarce. 
Patients with Knobloch Syndrome, caused by a heterozygous loss of function mutation 
in vascular collagen XVIII (COL18A1) were reported to exhibit increased fasting 
TG concentrations (41). In line, SNPs in GLCE, which encodes an enzyme involved 
in heparan sulfate assembly, correlated with plasma TG concentrations in a Turkish 
population (20). Our previous findings in hypertriglyceridemic diabetic mice showed 
that inhibition of glucosamine-6-O-endosulfatase 2 (Sulf2), an enzyme that removes the 
6-O sulfate groups from HSPG, normalized the impaired TG clearance in these mice, 
implicating that sulfation of HSPGs is essential for proper postprandial TRL clearance 
(42). Moreover, it was recently shown that in humans, a genetic variant in SULF2 
predisposes to lower fasting TG and postprandial TRL concentrations, both in DM2 
patients (30) and in healthy controls (43). HME patients have a diagnosed heterozygous 
loss-of-function mutation in either EXT1 or EXT2 gene resulting in altered HSPGs with 
reduced length of the heparan sulfate chain albeit with normal sulfation pattern (35). 
Mutations in EXT1 are associated with a higher disease burden of HME (44,45) due to a 
more pronounced biological function for EXT1. EXT2, however, is required to allow the 
proper function of EXT1 (23). This allowed us to combine both mutation carrier groups. 
Based on the results obtained in our study it can be concluded that HSPG chain length 
differences, as seen in the presence of loss of function mutations in EXT1 or EXT2 do 
not have a large impact on postprandial lipid metabolism in humans. 

TRL clearance in FH according to HSPG gene score
To test if FH patients with elevated plasma TGs might harbor SNPs in genes involved in 
HSPG formation, we genotyped tagSNPs reflecting the total genetic variation in each 
HSPG gene and tested for associations with plasma TG concentrations (29). However, 
we found only minor associations in this limited dataset. We also calculated a weighted 
HSPG gene score, in order to predict plasma TG concentrations, by which FH patients 
with a low burden in genetic variation in HSPG genes could be distinguished from those 
with a high number of genetic variants in HSPG genes. Although predicted plasma TG 
concentrations were significantly higher in the high HSPG gene score group, subsequent 
functional testing showed no significant differences in postprandial plasma TG and 
apoB48 plasma concentrations between the high and low genescore groups. However, 
we did find a significantly altered postprandial remnant (RE) clearance, reflecting TRL 
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clearance, in FH subjects with a high number of HSPG SNPs, which is in line with 
the previously published murine data (18,19). Further (stable) isotope based studies 
investigating chylomicron clearance in these FH subjects are warranted. 

Study limitations
The lack of available plasma HPLC profiles in our murine studies precluded more 
detailed studies of LDL and/or HDL changes in the different models. Moreover, the 
relatively small number of participants in our human postprandial lipid loading studies 
might have affected the outcomes of our study. This was predominantly due to the 
low number of HME patients with a proven mutation in the Netherlands and the 
limited number of FH patients with a high HSPG gene score. However, based on the 
robustness of our functional tests, we feel that these translational data still provide an 
interesting insight into the human relevance of HSPGs in postprandial lipid metabolism 
(18,19). In addition, although RE are widely used in postprandial studies as a marker 
for chylomicron clearance, it has been suggested that RE may exchange between 
chylomicrons and VLDL, resulting in a less specific determination of postprandial TG 
handling (46). However, since this exchange is estimated to be approximately 5% in 5 
hours, it is not very likely that RE exchange between lipoprotein particles contributed 
significantly to the differences in the 8 h postprandial curves of our subjects.

In conclusion, our studies in mice and humans support the concept that HSPGs 
contribute to hepatic TRL clearance, although only modest effects were observed. 
Further studies on the role of hepatic HSPGs in postprandial TRL clearance are 
currently being performed. 
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Supplementary Table 2. Baseline characteristics of the FH cohort.

Parameter

N

Age 

BMI

Cholesterol (mmol/l)

HDLC (mmol/l)

LDLC (mmol/L)

Triglycerides (mmol/l)

2344

45 ± 12

25 ± 3.5

8.6 ± 1.9

1.24 ± 0.35

6.4 ± 1.8

1.70 [1.03-2.04] 

Data are presented as means ± SD. Triglycerides are given as median [IQR]. LDL-C = low-density 
lipoprotein cholesterol; HDL-C = high-density lipoprotein cholesterol

Supplementary table 1. LOF mutations in EXT1 (A) and EXT2 (B).

Exon cDNA change Protein

1 c.864del. Asn288fs

1 c.1384del, Leu462fs

10 c.1884-1G>C

1 c.393C>A, Tyr131x

2 c.1031C>T, Ser344Phe

6 c.1431dup Ser478fs

1 c.138del Leu46fs

7, 8 Deletion exon 7 and 8

1 c.1019G>A Arg340His

1 c. 679del Arg227fs

B

Exon cDNA change Protein change

2 dup Val68fs,

2 1000T>C, Cys334Arg

7 1173+1G>A

7 1080-2A>G
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supplementary table 3. Selected Tag SNPs in HSPG related genes.

gene rs number genetic variation genotype counts

NDST1

NM_001543.3

rs10074650

rs1290147

rs12516924

rs3846709

c.-387-3139T>G

c.1662G>T;p.
T554T

c.513+505A>G

c.513+2530G>T

TT: 750

CC: 649

AA: 546

GG: 508

GT: 598

CG: 630

AG: 682

GT: 702

GG: 100

GG: 169

GG: 220

TT: 238

SDC1

NM_002997.4

rs11096648

rs11805809

rs3732165

rs3771240

rs4666298

g.4099116T>C

g.4069330G>A

c.148+63G>C

c.67-7501A>G

c.66+3831T>G

TT: 586

GG: 473

GG: 1167

AA: 580

TT: 901

TC: 655

GA: 731

GC: 265

AG: 658

TG: 474

CC: 207

AA: 244

CC: 16

GG: 210

GG: 73

EXT1

NM_000127.2

rs11562695

rs7010382

rs5001657

rs17479145

rs17429936

rs921957

c.962+6329A>G

c.962+14119C>T

c.2055+780T>C

c.1723-103C>G

c.1723-755A>C

c.962+14890T>C

AA: 952

CC: 587

TT: 515

CC: 1205

AA: 839

TT: 867

AG: 449

CT: 678

TC: 690

CG: 234

AC: 520

TC: 503

GG: 47

TT: 183

CC: 243

GG: 9

CC: 89

CC: 78

EXT2

NM_000401.3

rs4447163

rs4551754

rs12280077

rs4755230

c.1273-8083C>A

c.1272+19768T>C

c.1595-3583G>C

c.1273-8817A>G

CC: 1212

TT: 672

GG: 523

AA: 787

CA: 223

TC: 616

GC: 671

AG: 562

AA: 13

CC: 160

CC: 254

GG: 99

HS2ST1

NM_012262.3

rs6702601

rs2764427

rs4610985

rs4655920

c.125-25059G>A

c.363+3463G>A

c.125-17647G>A

c.124+51630A>G

GG: 900

GG: 879

GG: 1237

AA: 1055

GA: 491

GA: 504

GA: 203

AG: 360

AA: 57

AA: 65

AA: 8

GG: 33
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supplementary table 4. Frequencies of the SNPs and Association of tagSNPs in HSPG associated 
genes and fasting plasma TG levels.

snp
homozygous 
major allele heterozygous

homozygous 
minor allele p-value

NDST1 rs10074650 T>G

NDST1 rs1290147 C>G

NDST1 rs12516921 A>G

NDST1 rs3846709 G>T

SDC1 rs11805809 T>C

SDC1 rs11096648 G>A

SDC1 rs3732165 G>C

SDC1 rs3771240 A>G

SDC1 rs4666298 A>C

HS2ST1 rs4655920 A>G

HS2ST1 rs6702601 G>A

HS2ST1 rs2764427 G>A

HS2ST1 rs4610985 G>A

EXT1 rs11562695 A>G

EXT1 rs7010382 C>T

EXT1 rs5001657 T>C

EXT1 rs17479145 C>G

EXT1 rs17429936 A>C

EXT1 rs921957 T>C

EXT2 rs4447163 C>A

EXT2 rs4551754 T>C

EXT2  rs12280077 G>C

EXT2 rs475200 A>G

1.38 [1.02 – 2.09]

1.70 [1.13 – 2.20]

1.71 [1.12 – 2.29]

1.70 [1.12 – 2.26]

1.56 [1.12 – 2.12]

1.74 [1.14 – 2.17]

1.15 [0.87 – 2.52]

1.64 [1.16 – 2.17]

1.64 [1.10 – 2.20]

1.66 [1.12 – 2.16]

1.88 [1.08 – 2.54]

1.63 [1.01 – 2.53]

1.14 [0.79 - 1.87]

1.54 [1.21 – 2.33]

1.65 [1.10 – 2.11]

1.70 [1.12 – 2.23]

1.29  [0.99 – 1.94]

1.65 [1.10 – 2.20]

1.67 [1.11 – 2.15]

1.67 [1.10 – 2.16]

1.73 [1.13 – 2.18]

1.73 [1.16 – 2.16]

1.63 [1.08 – 2.19]

1.70  [1.10 – 2.11]

1.65 [1.09 – 2.16]

1.71 [1.12 – 2.13]

1.71 [1.10 – 2.14]

1.71 [1.07 – 2.17]

1.62 [1.10 – 2.14]

1.57 [1.11 – 2.19]

1.63 [1.10 – 2.15]

1.74 [1.12 – 2.11]

1.70 [1.07 – 2.20]

1.69 [1.09 – 2.10]

1.70 [1.10 – 2.10]

1.60 [1.12 – 2.11]

1.66 [1.09 – 2.19]

1.68 [1.13 – 2.20]

1.66 [1.10 – 2.11]

1.64 [1.15 – 2.28]

1.71 [1.13 – 2.18]

1.69 [1.08 – 2.20]

1.75 [1.12 – 2.20]

1.65 [1.09 – 2.22]

1.64 [1.08 – 2.23]

1.71 [1.12 – 2.20]

1.70 [1.12 – 2.26]

1.70 [1.06 – 2.16]

1.51 [1.06 – 2.04]

1.59 [1.10 – 2.09]

1.66 [1.13 – 2.20]

1.73 [1.12 – 2.23]

1.70 [1.10 – 2.18]

1.73 [1.12 – 2.22]

1.79 [1.16 – 2.37]

1.79 [1.10 – 2.25]

1.68 [1.12 – 2.20]

1.68 [1.12 – 2.20]

1.70 [1.10 – 2.19]

1.70 [1.10 – 2.16]

1.75 [1.05 – 2.24]

1.71 [1.09 – 2.15]

1.69 [1.10 – 2.17]

1.85 [1.01 – 1.99]

1.75 [1.12 – 2.21]

1.80 [1.09 – 2.59]

1.65 [1.08 – 2.05]

1.66 [1.09 – 2.11]

1.77 [1.22 – 2.09]

0.01

0.589

0.088

0.418

0.857

0.476

0.289

0.862

0.583

0.434

0.468

0.703

0.579

0.176

0.507

0.590

0.003

0.537

0.854

0.477

0.929

0.902

0.759

Data are expressed as median [IQR]. Differences between the genotype groups were tested using 
ANOVA (log transformed TG).
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summary
This thesis focuses on the relevance of endothelial glycocalyx in cardiometabolic 

disease. chapter 1 provides an introduction to this thesis, by presenting an overview 

of the endothelial glycocalyx and its individual components. This is followed by a 

brief introduction on the functional consequences of glycocalyx destruction and a 

review of various methods to measure glycocalyx volume. Subsequently, heparan 

sulfate proteoglycans (HSPGs) are highlighted and several functional consequences of 

variations in HSPG expression are discussed.

Part I Endothelial glycocalx in health and disease 
In part I, we describe the effects of various pro-atherogenic stimuli on the endothelial 

glycocalyx, as well as the potential to use the endothelial glycocalyx as a therapeutic 

target in the prevention of cardiovascular disease progression. In chapter 2, we 

compared systemic glycocalyx volume in patients with long-standing type 1 diabetes 

mellitus (DM1) and normoglycemic control subjects. We found that endothelial 

glycocalyx volume is reduced in DM1. In fact, the magnitude of systemic glycocalyx 

reduction was the largest in patients with DM1 and microalbuminuria. Furthermore, 

since there is much debate about these volume estimations of endothelial glycocalyx, 

we used a second technique (OPS imaging of the sublingual microcirculation), which 

confirmed the observed reduction of glycocalyx volume in patients with DM1. Moreover, 

loss of glycocalyx volume closely correlated with increased plasma hyaluronidase 

activity and hyaluronan concentrations, indicative of enhanced hyaluronan catabolism. 

Patients with DM1 suffer from both microvascular and macrovascular disease 

burden (1-3), without being characterized by classical risk factors such as excess 

rates of obesity, hypercholesterolemia or hypertension, as are patients with DM2. 

The excessive risk of death from cardiovascular causes among patients with DM1 

might be partly explained by loss of (both micro- and macrovascular) endothelial 

glycocalyx, as its perturbation has been associated with a wide spectrum of vascular 

abnormalities in experimental models, including increased vascular permeability 

and increased adhesion of leucocytes and thrombocytes (4,5). Moreover, in animal 

models, restoration of the glycocalyx reversed these abnormalities (4) and therefore, 

reversal of glycocalyx damage may be an attractive therapeutic target capable of 

preserving vascular integrity. In vitro studies have suggested that supplementation of 

glycocalyx constituents partially restored glycocalyx damage through both increased 

Nacetyl- glucosamine (GlcNAc)-driven glycosaminoglycan (GAG) synthesis and 

decreased GAG catabolism (6,7). In the study performed in chapter 3, we therefore 

hypothesized that increasing the precursors available for GAG synthesis could improve 

endothelial glycocalyx properties in patients with type 2 diabetes mellitus. Glycocalyx 

dimensions were reduced in DM2 patients, as compared to healthy controls. Following 

supplementation with GAG precursors for 8 weeks, glycocalyx dimensions improved 
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and a trend was found towards decreased vascular permeability as measured 
with labelled albumin. Increased plasma hyaluronan activity and hyaluronidase 
concentrations in type 2 diabetes were seen at baseline, as a reflection of increased 
GAG catabolism during chronic hyperglycemia. Sulodexide supplementation reduced 
GAG metabolism, as reflected by a reduction of plasma hyaluronidase activity. 

We subsequently hypothesized that acute inflammatory stimuli might adversely 
affect the endothelial glycocalyx in humans. Inflammatory pathways are considered 
important drivers of the initiation of atherogenesis and vascular dysfunction. Therefore, 
we evaluated the effect of a standardized inflammatory challenge (endotoxin 1 ng/
kg) on endothelial glycocalyx thickness, as well as on coagulation and inflammatory 
markers in chapter 4. To specifically address the role of TNFα, experiments were 
performed with or without administration of the soluble TNFα blocker etanercept. We 
showed that a low-dose endotoxin challenge lead to loss of endothelial glycocalyx and 
shedding of the glycocalyx constituent hyaluronan into the plasma compartment. These 
changes were accompanied by a reduction in perfused capillary density, increased 
monocyte activation and thrombin generation. Conversely, we showed that inhibition 
of TNFα activity with etanercept attenuated the reduction in endothelial glycocalyx 
thickness, abolished shedding of glycocalyx constituents and reduced coagulation 
activation. These findings imply a profound effect of inflammatory activation on the 
endothelial glycocalyx, which may contribute to loss of vascular protection. 

In chapter 5 we assessed glycocalyx dimensions in patients with Familial 
Hypercholesterolemia (FH) before and after statin treatment. Patients with FH are subjected 
to increased oxidant stress (8,9), as well as increased inflammatory mediators such as CRP 
(10). Both oxidized low-density lipoproteins (oxLDL) and inflammatory mediators have 
been shown to exert a detrimental impact on glycocalyx function in experimental models 
(11-13). In fact, increased oxygen radical stress has been suggested to be one of the 
principal drivers of endothelial glycocalyx perturbation. This is illustrated by observations 
that glycocalyx damage upon oxLDL exposure in hamsters could be prevented by radical 
scavengers (11). Similarly, we previously found that glycocalyx damage by hyperglycemia 
in humans could be restored by infusion of the antioxidant N-acetylcysteine (14). In the 
present study, patients with FH expressed normalized LDL-cholesterol concentrations 
after 8 weeks of intensive statin treatment, yet glycocalyx volume recovered only partially. 
This is in contrast to other studies, which have shown rapid recovery of endothelial 
function upon statin treatment (15,16). Moreover, (change in) glycocalyx dimension did 
not significantly correlate with LDL-cholesterol concentrations. This may indicate that 
inflammatory activity, rather than LDL-cholesterol is an important mediator in glycocalyx 
perturbation. Furthermore, both factors could also change endothelial gene expression 
epigenetically in FH patients. This mechanism was recently highlighted in the context 
of the ‘‘metabolic memory’’ of endothelial cells exposed to repetitive hyperglycemia in 
vitro and in vivo. Sustained endothelial dysfunction was seen after glycemic normalization, 
which could be attributed to histone methylation (17).
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In the studies presented in part one of this thesis, endothelial glycocalyx was 
measured using different approaches, each of which has its own limitations. Systemic 
glycocalyx volume is estimated by comparing the distribution volume of a glycocalyx 
permeable tracer versus a glycocalyx impermeable tracer. Due to the invasive nature 
and the time-consuming preparations, these analyses preclude widespread use in cohort 
studies. In addition, differences in distribution of glycocalyx throughout the vasculature 
cannot be assessed and the contribution of vascular leakage is unknown. These caveats 
complicate future studies in which systemic glycocalyx measurements are used. 

We also estimated glycocalyx thickness by Orthogonal Polarization Spectroscopy 
(OPS) or Sideview Darkfield (SDF) imaging of the sublingual microvasculature. Based on 
the observation that the glycocalyx limits the proximity of erythrocytes to the capillary 
endothelial cells, these imaging methods use the erythrocyte–endothelium gap of the 
capillaries in the image as an indirect measure to quantify glycocalyx thickness. Since 
the endothelium cannot be visualized using either method, the anatomic capillary 
diameter is calculated. For this purpose, we first used the change in capillary red cell 
column width following capillary leukocyte passage. Recently, this method has been 
used in children with DM1, showing similar glycocalyx dimensions as in our studies (18). 
However, these investigators also found considerable variance in diameter distribution 
of the sublingual microvasculature. This did not only involve variance in diameters of 
analyzed capillaries, but also substantial differences induced by flow velocity and the 
frequency of leukocyte passage. We therefore semi-automated our measurements 
and used erythrocyte distribution widths to estimate the endothelial border. Whether 
these estimates are a fully correct representation of the capillary anatomy remains to 
be determined. Many studies have now used this method as a measure of endothelial 
glycocalyx thickness, all reporting comparable dimensions, but a structural approach 
to validate this methodology is still lacking (18,19). Moreover, it remains to be proven 
whether endothelial glycocalyx perturbation is a true cardiovascular risk factor or merely 
a reflection of micro- and macrovascular damage inherent to atherosclerosis progression.

Another assessment of endothelial glycocalyx is measurement of plasma GAGs. 
Previous animal studies have demonstrated that ischemia/reperfusion damages the 
endothelial glycocalyx (20). In addition, major vascular surgery in humans increased 
plasma concentrations of ‘shedded’ syndecan-1 and GAG heparan sulfates as the 
result of ischemia/reperfusion injury (21). These findings are in line with experimental 
data showing ischemia/reperfusion-induced oxygen-radical stress damaging the 
glycocalyx (22) and inducing vascular dysfunction. Furthermore, plasma concentrations 
of hyaluronan and hyaluronidase are associated with carotid intima media thickness, 
an established marker of CVD (23). These findings support the concept that 
glycocalyx perturbation leads to changes in plasma GAG products, however, the 
relative contribution of each of the endothelial glycocalyx components might be of 
more interest, since enzymatic removal of specific glycocalyx components did not 
necessarily translate into decreased glycocalyx thickness (24). This either indicates 
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that individual components do not interact as closely as previously assumed or that 
common measures of glycocalyx thickness are less helpful indicators of its function. 

Part II Inborn hspg synthesis defects and cardiometabolic disease
To address the function of individual components of the glycocalyx in more detail, part 
two of this thesis presents a series of studies focusing on the consequences of inborn 
and acquired changes is heparan sulfate expression in cell culture experiments, animal 
models and in human studies. Endothelial dysfunction, an indicator of decreased 
endothelial nitric oxide (NO) bio-availability, has been acknowledged as the earliest 
stage of vascular damage, preceding the manifestation of cardiovascular disease 
(25-27). The central factor determining basal NO-activity is thought to be shear-induced 
endothelial activation via mechano-sensing of the endothelial glycocalyx (28-30). 
Damage to the endothelial glycocalyx has been associated with attenuated shear-
mediated NO-release by the endothelium both in in vitro and in vivo studies (29-31). 
In line, chronic exposure to increased concentrations of plasma glycocalyx-degrading 
enzymes, including hyaluronidase and heparinase was shown to induce accelerated 
atherosclerotic plaque formation in mice (32,33). Heparan sulfate side chains on 
proteoglycans (HSPGs) are therefore thought to be involved in mechanotransduction 
in endothelial cells, although the precise mechanism remains to be elucidated. The 
assembly of heparan sulfate chains is amongst others, catalyzed by members of the 
exostosin family (EXT), enzymes involved in initiation and elongation of the HS chain. 
Patients with hereditary multiple exostoses (HME) syndrome are characterized by a 
heterozygous loss of function mutation either in EXT1 or EXT2. We investigated the 
effect of disrupted HSPGs on endothelial function and subsequent NO production 
both in vivo and in vitro (chapter 6). Silencing of EXT1 or EXT2 in human microvascular 
endothelial cells cultured under laminar flow conditions revealed changes in endothelial 
NO metabolism. Interestingly, we observed decreased arteriolar endothelial glycocalyx 
dimensions, but increased flow mediated dilation in heterozygous Ext deficient 
mice. The latter finding was reproduced in HME patients, who are characterized by 
heterozygous EXT mutations. Subsequent in vitro experiments showed that silencing 
of EXT genes in microvascular cells cultured under laminar flow upregulated NO 
synthase protein and phosphorylation, whereas AKT2 protein and phosphorylation 
status was unchanged. Both our in vitro and in vivo findings imply that mutations in 
genes encoding endothelial HSPG chain length, adversely affect endothelial glycocalyx 
dimension, but lead to increased NO availability. These data are in contrast with earlier 
experiments using enzyme based degradation (eg hyaluronidase or heparinase) and 
suggest that endothelial glycocalyx dimension can be altered easily, but depending on 
the underlying pathophysiological defect, differential effects on endothelial glycocalyx 
function are seen. This is in line with previous reports on the transmembrane core 
protein syndecan-1 (an HSPG), which interacts with the actin cytoskeleton and the 
caveolar structural protein caveolin-1 in reaction to shear stress (34). It is tempting 
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to speculate that these proteins are involved in the intracellular signaling pathways 
resulting in increased NO bio-availability. Further cell culture experiments under 
physiological shear stress are needed to unravel the molecular mechanisms underlying 
these pathways and to clarify the role of EXT in mechanotransduction. For example, a 
possible next step would be to image the individual components known to be involved 
in mechanotransduction. Recent investigations showed that enzymatic removal of 
heparan sulfate from both syndecan-1 and glypican-1 blocked shear-induced eNOS 
activation. Genetic inhibition of glypican-1 blocked eNOS activation, whereas that of 
syndecan-1 did not (35). Our findings that Ext silencing increases NO bioavailability 
raises the question which HSPG core proteins are crucial in this process. 

Next to endothelial dysfunction, genetic variation in HSPGs has been associated 
with disregulations in glucose metabolism and insulin resistance. Common single 
nucleotide polymorphisms (SNPs) in EXT2 were found to be associated with increased 
risk for the development of DM2 (36). Despite conflicting results in later reports 
(37-41), a recent meta-analysis by Liu et al established the originally observed 
significant association between common genetic variants in EXT2 and the risk of 
developing DM2 (42). In line, SNPs in EXT2 have also been associated with impaired 
glucose clearance in DM2, as assessed by oral glucose tolerance tests (43). To unravel 
possible mechanisms through which genetically disrupted heparan sulfate synthesis 
can result in impaired glucose homeostasis, we performed a series of investigations in 
humans with heterozygous loss of function mutations in EXT1 or EXT2 (chapter 7). We 
found that loss-of-function mutations in EXT induce a distinct perturbation in glucose-
insulin homeostasis, characterized by an impaired glucose stimulated insulin secretion 
response, as well as an impaired (arginine stimulated) peak-insulin secretory capacity. 
The latter is most likely induced by a significant reduction in total pancreas volume, 
implying a structural β-cell volume reduction in carriers of loss-of-function mutations 
in EXT. We found a relation between genetic defects in heparan sulfate synthesis 
and reduced pancreas anatomic volume with ensuing impaired β-cell reserve capacity. 
Most likely, this reflects a developmental aberration, rather than a clinical link between 
EXT expression and DM2. However, patients with a decreased β-cell reserve might be 
more vulnerable to future pathogenic stimuli such as obesity and ageing. Expanding 
our clinical cohort of HME patients in the Netherlands will probably not yield sufficient 
patients to correlate this syndrome to the development of diabetes, so international 
consortia will have to be addressed to validate our findings. 

Finally, the last three chapters of this thesis focus on modifications of HSPGs in 
hepatic sinusoidal endothelial cells and subsequent hepatic lipoprotein clearance. 
The accelerated risk of atherosclerosis in subjects with obesity, the metabolic 
syndrome and DM2 is largely caused by their atherogenic dyslipidemia (44,45), 
which encompasses increased fasting levels of very low density lipoprotein (VLDL) 
and its major component triglyceride (TG), in combination with impaired clearance 
of postprandial triglyceride-rich lipoprotein (TRL) remnants (46-48). Recent studies 
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have implicated HSPGs as receptors for hepatic clearance of TRLs (49-51). In fact, 
binding of TRLs to heparan sulfate was recently shown to depend on specific sulfation 
patterns on HSPGs (52). Accordingly, in chapter 8, we show that inhibition of the 
sulfatase enzyme Sulf2 in DM2 db/db mice increases heparan sulfation, normalizes 
the ability of hepatocytes to bind TRLs, substantially decreases non-fasting plasma 
TG concentrations and abolishes postprandial hypertriglyceridemia. In chapter 9 
we aimed to translate these findings to the human situation, by investigating the 
expression of hepatic SULF2 mRNA as part of the metabolic disturbances of obesity in 
humans. In a cohort of obese individuals undergoing bariatric surgery, we showed that 
SULF2 expression was significantly associated with plasma triglyceride and glucose 
concentrations, as well as with HOMA-IR, a measure of insulin resistance. Moreover, 
a single SULF2 variant was found to be associated with fasting hypetriglyceridemia in 
two human DM2 cohorts. In addition, we observed a strong association between this 
SULF2 variant and parameters of postprandial lipoprotein metabolism in patients with 
DM2. These are the first data to implicate SULF2 as a mediator in postprandial TRL 
handling in humans with obesity or type 2 diabetes. Interestingly, mutations affecting 
the biosynthesis of heparan sulfate chains or the expression of Syndecan-1 (SDC1) 
were invariably associated with delayed postprandial TRL clearance. This validated the 
concept that SDC1 and specific HSPG-sulfation patterns are critical determinants for 
hepatic TRL clearance (52) and corroborates our present observations.

Besides HSPGs, important players involved in hepatic removal of TRLs are the 
low-density lipoprotein receptor (LDLR) and the LDL Receptor Related Protein 1 (LRP1) 
(53). However, several pathways are likely to be involved in TRL internalization, since 
both heterozygous and homozygous familial hypercholesterolemia (FH) patients with 
deleterious mutations in the LDLR express modest plasma TRL elevations at best. To 
address a potential additive effect of alterations in HSPGs in the presence of impaired 
LDLR function on postprandial TRL clearance, we examined compound heterozygous 
mice deficient for one allele of both Ext1 and Ldlr in chapter 10. These mice are 
characterized by mild hypertriglyceridemia under both fasting and postprandial 
conditions, but show no signs of disrupted postprandial lipid handling. Subsequently, 
we studied postprandial TRL clearance in patients with mutations in EXT1 or EXT2 after 
oral fat loading. Loss of function mutations in EXT1 or EXT2 were associated with a trend 
towards reduced postprandial TRL clearance, as reflected by impaired postprandial 
retinyl palmitate (RP) excursions. Additionally, we examined associations between 
multiple tagSNPs in HSPG genes and parameters of postprandial lipid metabolism in 
subjects with heterozygous FH. The presence of an LDLR mutation led to significantly 
increased postprandial TG excursions, as compared to healthy controls. Stratification 
of FH patients by the presence of multiple SNPs in pivotal HSPG genes showed no 
additional effect on the association with postprandial TG concentrations. However, a 
significant increase in TRL clearance, as reflected by reduced RP concentrations was 
observed in untreated FH patients with a high HSPG gene score, thereby suggesting a 
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role for hepatic HSPGs in TRL clearance. Altogether, we provide the first evidence for 
the involvement of HSPGs in human postprandial triglyceride clearance. 

Future perspectives
There is an immense unmet medical need for approaches to unravel the complex 
pathophysiology of cardiometabolic disease, in order to identify novel therapeutic 
targets to reduce morbidity and mortality rates. Efficacy studies of various drugs for 
the treatment of hypertriglyceridemia in diabetes, including fibrates combined with 
statins have been largely negative (54,55). Even the newer antibody-based therapies 
including evolocumab, a monoclonal antibody that inhibits proprotein convertase 
subtilisin/kexin type 9 (PCSK9) and thereby significantly reduces LDL-cholesterol 
concentrations, reduces triglyceride concentrations by only approximately 10% in 
patients with hyperlipidemia (56). The data presented in this thesis impel to pursue 
this new field of research focused on the role of HSPGs in human cardio metabolism 
and aimed at development of novel therapeutic strategies to correct the atherogenic 
dyslipidemia in obesity and diabetes. We have, for instance, shown that targeted 
(antisense based) inhibition of hepatic SULF2 might serve as a promising means for 
this purpose. Further functional studies on SULF2 and other HSPGs should elucidate 
whether changes and therapeutic interventions in HSPG core proteins display similar, 
or even more vigorous results and whether these can be translated to clinical effectivity 
in the repression of cardio metabolic disease.
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SUMMARY IN DUTCH / NEDERLANDSE SAMENVATTING

nederlandse samenvatting
Aan de oppervlakte van nagenoeg alle lichaamscellen zit een laag (calyx) van suikerstructuren 

(glyco), genaamd de glycocalyx. In dit proefschrift beschrijf ik het onderzoek dat we gedaan 

hebben naar deze laag op de binnenbekleding van bloedvaten, het endotheel. 

Het proefschrift begint met een korte inleiding over het belang van een laag die 

de endotheelcellen beschermt tegen de stromende bloedcellen en hoe deze laag 

gemeten kan worden. Daarnaast komt ook de opbouw van deze laag door verschillende 

componenten aan bod. Een belangrijke groep van suikerstructuren genaamd heparan 

sulfaat proteoglycanen (HSPGs) wordt wat uitgebreider besproken. De sulfaat 

groepen die aan HSPGs gebonden zijn zorgen voor een negatieve lading, waardoor zij 

kunnen dienen als receptor voor eiwitten. We hebben onderzoek gedaan in cellen, in 

muizen en in mensen. Bij de humane studies zijn gezonde vrijwilligers onderzocht en 

patiënten met type 1 diabetes (DM1), type 2 diabetes (‘ouderdomssuikerziekte’, DM2), 

Familiaire Hypercholesterolemie (FH, ‘erfelijk verhoogd cholesterol’) en patiënten met 

het syndroom Hereditaire Multipele Exostosen (HME), die gekenmerkt worden door 

een veranderde aanmaak in heparan sulfaat. 

In deel 1 richt ik mij op het meten van het volume van de endotheliale glycocalyx in 

deze verschillende patiëntengroepen en gezonde vrijwilligers. In hoofdstuk 2 hebben 

we het glycocalyx volume in gezonde vrijwilligers gemeten en vergeleken met dat van 

patiënten met DM1. Deze patiënten hebben een verhoogd risico op hart- en vaatziekten, 

ondanks de beste behandelingen die momenteel beschikbaar zijn. Verlies van endotheliale 

glycocalyx dikte zou een verklaring hiervoor kunnen zijn. In hoofdstuk 3 toonden we aan 

dat ook patiënten met type 2 diabetes een verminderde glycocalyx dikte hebben en 

dat door bouwstenen aan te bieden (Sulodexide), de glycocalyx weer enigszins hersteld 

kon worden. Omdat ontsteking ook directe vaatschade geeft en op de lange termijn 

vaatverkalking (atherosclerose) kan veroorzaken, hebben we in hoofdstuk 4 gekeken 

naar het effect van een nagebootste bacteriële infectie (endotoxine) op het volume van 

de glycocalyx. Hieruit bleek dat het glycocalyx volume afnam en dat de bouwstenen 

van de glycocalyx terug te vinden waren in het circulerende bloed. Acute ontsteking 

heeft dus een direct effect op de glycocalyx. In hoofdstuk 5 hebben we het glycocalyx 

volume bij patiënten met een erfelijk verhoogd cholesterol (heterozygote Familiaire 

Hypercholesterolemie) vergeleken met dat van gezonde vrijwilligers. Bij patiënten met FH 

is sprake van chronische ontsteking van de vaatwand door een te hoog ‘slecht’ cholesterol 

(LDL en geoxideerd LDL). Het glycocalyx volume was bij patienten met FH beduidend 

lager dan bij gezonde vrijwilligers. Na 8 weken behandeling met cholesterolverlagers 

(statines) hertelde dit volume enigszins. Echter, het glycocalyx volume na behandeling 

met statines bleek nog altijd lager dan in de controle groep, hetgeen mogelijk wijst op 

een chronische verandering in het endotheel bij deze patiënten.

In deel 2 richt ik mij op het effect van aangeboren en verworven afwijkingen in 

de opbouw van heparan sulfaat proteoglycanen. Deze suiker-eiwit structuren leveren 
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een belangrijke bijdrage aan de structuur van de endotheliale glycocalyx. Daarnaast 
beinvloeden en/of reguleren zij veel meer processen in het lichaam. Zo wordt de 
zogenaamde schuifspanning, die optreedt als het bloed langs de vaatwand stroomt, 
doorgegeven door heparan sulfaat. Als reactie hierop produceert het endotheel 
stikstofmono-oxide (NO). In hoofdstuk 6 hebben we in muizen onderzocht wat het 
effect is van kortere ketens van heparan sulfaat op de productie van NO. Het blijkt dat 
NO in hogere concentraties aanwezig is in cellen waarvan de heparan sulfaat keten-
aanmaak wordt gehinderd en dat deze muizen een kleinere glycocalyx hebben, maar 
meer productie van NO. Bij mensen met een afwijking in de aanmaak van heparan 
sulfaat (HME) worden ook aanwijzingen gevonden dat er meer NO wordt geproduceerd. 
Omdat er een verband lijkt te bestaan tussen veranderingen in heparan sulfaat en 
de ontwikkeling van suikerziekte, hebben we getest of mensen met HME anders 
reageerden op een hoog suikergehalte in het bloed met betrekking tot de glucose 
(suiker) stofwisseling. Hierbij toonden we aan dat patiënten met HME minder insuline 
produceren in reactie op acute glucoseverhoging, maar dat zij even gevoelig zijn voor 
insuline als de controle groep. Waarschijnlijk komt dit door een kleinere alvleesklier bij 
deze patiënten, hetgeen we door een MRI-scan van de buik hebben kunnen aantonen. 

De laatste drie hoofdstukken staan in het teken van de rol van heparan sulfaat in het 
opnemen van een speciaal soort vetten, genaamd triglyceriden. Deze vetten worden 
na een maaltijd (postprandiaal) in de darm opgenomen en komen als bolletjes in de 
bloedsomloop terecht om als energiebron in het lichaam te dienen. Zij geven vetzuren 
af waardoor ze steeds kleiner worden en uiteindelijk door speciaal endotheel in de lever 
weer uit de bloedbaan worden opgenomen en verwerkt. Deze deeltjes (triglyceride-
rijke lipoproteinen of TRLs) kunnen vaatverkalking veroorzaken. Vooral patiënten 
met overgewicht en DM2 nemen deze deeltjes minder goed op. Recent onderzoek 
in muizen heeft aangetoond dat dit mogelijk komt door een kleinere hoeveelheid 
sulfaat op specifieke plaatsen van het heparan sulfaat. In hoofdstuk 8 hebben we 
in een muizenmodel aangetoond dat door een specifiek enzym dat sulfaatgroepen 
afknipt (SULF2) te remmen, men de opname van de TRL deeltjes weer kan doen laten 
toenemen, hetgeen resulteert in minder schadelijke TRL deeltjes in de bloedsomloop. 
In hoofdstuk 9 hebben we deze bevindingen proberen te vertalen naar de menselijke 
situatie, door te meten of dit enzym ook meer tot expressie komt en daarmee mogelijk 
actiever is, bij mensen met overgewicht en DM2. De hoeveelheid eiwit bleek samen te 
hangen met de gevoeligheid voor insuline, een maat voor het risico op het krijgen van 
DM2. Een genetische variant (Single Nucleotide Polymorphism, SNP) van het enzym 
bleek geassocieerd met plasma triglyceride en glucose waarden in twee afzonderlijke 
groepen mensen met DM2, waardoor we voor het eerst hebben kunnen laten zien dat 
SULF2 ook een belangrijk enzym is in de regulatie van postprandiale vetten bij mensen. 
Er zijn echter meer receptoren in de lever die de TRLs opnemen uit het bloed, zoals de 
LDL receptor. Daarom hebben we in hoofdstuk 10 allereerst in een muizenmodel, waarin 
zowel heparan sulfaat als de LDL receptor uitgeschakeld waren, onderzocht wat er zou 
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gebeuren met de opname van de TRLs uit het bloed. Hieruit is gebleken dat deze dieren 
een verhoogde concentratie triglyceriden in het bloed hebben, duidend op een afname 
van de opname van de TRLs uit het bloed. Daarnaast toonden we aan dat mensen met 
HME na de maaltijd hun triglyceriden minder goed op kunnen nemen uit het bloed in 
vergelijking met gezonde controlepersonen, ook al was dit echter een klein verschil. 
Tot slot werd een verminderde opname van TRLs uit bloed ook gezien bij mensen die 
naast een genetisch defect in de LDL receptor, ook dragers waren van variaties in genen 
betrokken bij de aanmaak van heparan sulfaat. Alles bijeen genomen hebben we voor 
het eerst in mensen een relatie kunnen aantonen tussen genetische variatie in heparan 
sulfaat proteoglycanen en hun postprandiale triglyceride metabolisme.
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LIST OF ABBREVIATIONS

list oF abbreviations

ABCA1 ATP Binding Cassette A1 transporter
Akt2 Gene encoding RAC-β serine/threonine-protein kinase
ALAT Alanine aminotransferase
AlbCre  Transgene with Cre recombinase driven by the serum albumin gene 

promoter
ANOVA Analysis of variance
APC Allophycocyanin
ARB Angiotensin receptor blocker
ASAT Aspartate Aminotransferase
ASO Antisense oligonucleotide
AT-III Antithrombin III
ATP Adenosine triphosphate
BMI Body mass index
BSA Bovine serum albumin or Body surface area
cDNA Copy desoxyribonucleic acid
CON Controls
CRP C-reactive protein
CVD Cardiovascular disease
DBP Diastolic blood pressure
Dcap_anat Anatomic capillary diameter
Dcap_func Functionally perfused capillary diameter
DM-1 Diabetes mellitus type 1
DM-2 Diabetes mellitus type 2
ECL Enhanced chemiluminescent
EC-SOD Extracellular superoxide dismutase
EGM-2MV Microvascular Endothelial Cell Growth Medium-2
ELISA Enzyme-linked immunosorbent assay
eNOS Endothelial nitric oxide synthase
EXT-1  Exostosin -1
EXT-2 Exostosin- 2
EXTL-1 Exostosin-like 1
FACS Fluorescence-activated cell sorting
FBS Fetal bovine serum
FAG Fluorescein angiography
FFA Free fatty acid
FGF Fibroblast growth factor
FH Familial hypercholesterolemia
FITC Fluorescein isothiocyanate
FMD Flow mediated dilation
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GA Glutamic Acid
GAG Glycosaminoglycan
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GIR Glucose infusion rate
GLCE Glucuronic acid epimerase
GlcNAc N-acetyl-glucosamine
GLP-1 Glucagon-like peptide 1
Glut2 Glucose transporter 2
GSIS Glucose-stimulated insulin secretion
GWAS Genome-wide association studies
HA Hyaluronan
HDL High-density lipoprotein
hEDF Human Endothelial Differentiation-related Factor
heFH Heterozygous familial hypercholesterolemia
hFGF Human fibroblast growth factor
HME Hereditary multiple exostoses
HMVEC Human microvascular endothelial cells
HOMA-IR Homeostasis model assessment-estimated insulin resistance
HPLC High-performance liquid chromatography
HPSGs Heparan sulfate proteoglycans
HRP Horseradish peroxidase
HS Heparan sulfate
HSST O-sulfotransferase
HSYS Hematocrit systemic
Ht Hematocrit
HYAL Hyaluronan synthase
iAUC Incremental area under the curve
ICG Indocyanine green angiography
IGT Impaired glucose tolerance
IL Interleukine
IQR Interquartile range
ISI Insulin sensitivity index
KLF-2 Krüppel-like factor 2
LC Liquid chromatography
LD Linkage disequilibrium
LDL Low-density lipoprotein
LDL-R LDL receptor
LOF Loss of function
LPL Lipoprotein lipase
LRP1 LDL Receptor Related Protein 1
MA Microalbuminuria
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LIST OF ABBREVIATIONS

MCR metabolic clearance rate
MRI Magnetic resonance imaging
mRNA Messenger ribonucleic acid
NA No albuminuria
NDST N-deacetylase/N-sulphotransferase
NO Nitric oxide
NOS-3 Nitric oxide synthase 3
NRF-2 Nuclear Factor-E2-related factor 2
NT Non target 
OGTT Oral glucose tolerance test
OPS Orthogonal polarization spectroscopy
OST O-sulfotransferase
oxLDL Oxidized low-density lipoprotein
PBS Phosphate-buffered saline
PE Phycoerythrin
PG Proteoglycan
RBC Red blood cell
rb-IGF1 Rabbit insulin-like growth factor 1
RE Retinyl esters
RIPA Radioimmunoprecipitation assay buffer
RP Retinyl palmitate
RT-PCR Reverse transcriptase polymerase chain reaction
ROS Reactive oxygen species
SBP Systolic blood pressure
SD Standard deviation
Sdc1 Syndecan-1
SDF Sidestream dark field
SEM Standard error of the mean
siRNA Small interfering ribonucleic acid
SNP Single nucleotide polymorphism
sTNFR2 Soluble tumor necrosis alfa receptor type 2 
SULF-2 Glucosamine-6-O-endosulfatase-2
SUR1 Sulfonylurea receptor 1
Sx Sulodexide
tagSNP Tagging single nucleotide polymorphism
TC Total cholesterol
TERalb Transcapillary escape rate of albumin
TFIIb Transcription factor IIb
TG Triglyceride or triacylglycerols
TLR Toll-like receptor
TNFα Tumor necrosis factor alfa
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TRL Triglyceride-rich lipoprotein
VEGF Vascular Endothelial Growth factor
Very Distribution volume of erythrocytes
VG Glycocalyx volume
VLDL Very-low density lipoprotein
VRBC Volume of red blood cell
WT Wildtype
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