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INTRODUCTION

Cardiovascular disease is the leading cause of death globally

Cardiovascular disease (CVD) is the leading cause of death in the world. With an estimated 

number of 18 million per year, it represents 30% of all global deaths (1). In the Netherlands 

alone, cardiovascular disease accounts for almost 47.000 of 142.000 deaths and over 300.000 

hospital admissions annually, adding up to a healthcare expenditure of € 5.3 billion (2, 3). 

Cardiovascular disease is not only a problem in developed countries, but also increasingly in 

developing countries (4, 5). This is illustrated by the fact that over 80% of all CVD deaths take 

place in low- and middle-income countries. Especially in places with quick urbanization, CVD 

spreads almost epidemically. Moreover, whereas cardiovascular mortality in Europe is slowly 

declining, a rise is expected in less prosperous regions.

The process of atherosclerosis underlies most cases of cardiovascular disease

Over 80% of cases of CVD represent clinical manifestations of atherosclerosis, such as coronary 

artery disease, cerebrovascular disease, aortic aneurysms, and peripheral artery disease (1). 

Besides those, atherosclerosis may also contribute to the development of dementia, which 

substantially adds to the disease burden in aging populations (6). Atherosclerosis is the life-

long process of gradually clogging of arteries. This process is already apparent in adolescence 

(7). The development of clinical manifest atherosclerosis depends on the combination of 

genetic predisposition, lifestyle and environment. Well known risk factors are male gender, a 

positive family history, smoking, diabetes, hypertension, dyslipidemia, psychosocial factors, 

abdominal obesity and a sedentary lifestyle (5). More recently, infl ammatory activity was 

added to this list (8). Research eff orts are mainly focused on those risk factors that can be 

modifi ed, preferentially by medication, as bad habits seem hard to break.

The vessel wall is central in the pathogenesis of atherosclerosis

If we zoom in on the vessel wall, the current hypothesis describes atherosclerosis as interplay 

of the endothelium, cholesterol and the immune system (9). The earliest changes that pre-

cede the formation of atherosclerotic lesions take place in the endothelium. These changes 

include increased endothelial permeability to low density lipoprotein (LDL)-cholesterol and 

other plasma constituents as well as upregulation of adhesion molecules, which facilitate 

transendothelial migration of immune cells (e.g. monocytes, macrofages and T lymphocytes). 

Subsequently, monocytes and macrophages oxidize and scavenge LDL-cholesterol particles 

in the vessel wall (10). This facilitates the intracellular accumulation of cholesterol esters and 

results in the formation of so called foam cells. These cells together with T lymphocytes form 

fatty streaks in the arteries. As autopsy studies have shown, fatty streaks are already present 

in adolescence (7). Later in the atherosclerotic process smooth muscle cells also migrate 

to the lesion. As the lesion progresses, a fi brous cap is formed to fence the lesion from the 
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lumen. This cap covers the mixture of lipid, infl ammatory cells and debris. Clinical manifes-

tations often result from rupture of the fi brous cap, subsequent thrombus formation and 

occlusion of the artery. Although the entire vasculature is exposed to systemic risk factors, 

such as dyslipidemia and infl ammation, atherosclerotic lesions only form at specifi c regions 

of the arterial tree. These are mainly branching points with disturbed blood fl ow and low 

endothelial shear stress (11).

Key challenges are to identify individuals at high risk of cardiovascular disease and to 

lower it

The two major challenges in the prevention of the occurrence (primary prevention) and re-

occurrence (secondary prevention) of CVD are fi rst of all, to identify individuals at high risk 

and subsequently, to reduce risk. By gaining further inside in the pathogenesis of atheroscle-

rosis, researchers hope to identify new risk markers as well as novel targets for therapy.

Predicting who is and who is not likely to suff er from a myocardial infarction or stroke, 

would open the way for more targeted preventive treatment. Current risk markers, such as 

cholesterol levels, predict risk at a population level, but have limited predictive value on an 

individual level. This is illustrated by the fact that the vast majority of cardiovascular events 

occur in people with normal cholesterol levels and/or low risk estimates (12). However, in 

current clinical practice, risk estimations such as the Framingham Risk Score and SCORE, 

although relatively insensitive, largely determine the decision to prescribe preventive drug 

treatment (13-15).

Current treatment modalities to prevent cardiovascular disease include cholesterol lowering 

drugs (e.g. statins), antihypertensives (e.g. thiazides, beta-blockers, ACE-inhibitors) and 

anti-platelet aggregation drugs to prevent thrombus formation (e.g. aspirin) (15). Statins, in 

particular, have been hugely successful (16). They are the single most eff ective, cost eff ective 

and safest method to reduce CVD risk and have become the cornerstone of prevention of CVD. 

Unfortunately, the majority of cardiovascular events is not prevented. Therefore, research 

eff orts are directed at fi nding additional targets for treatment. Lately, this quest has been 

characterized by many disappointing results. Novel compounds, such as the MTP inhibitor 

BMS-201038 (16), the cholesterol absorption inhibitor ezetimibe (17) and the CETP inhibitor 

torcetrapib (18), showed serious side eff ects, no benefi cial or even detrimental eff ects.

The long period before atherosclerosis becomes manifest complicates research

The fact that atherosclerosis is a lifelong, complex process, which at some point may or may 

not lead to a clinical event, complicates research. It is diffi  cult to mimic this entire process in 

a laboratory. However, aspects can be studied in for example cell cultures. Furthermore, vari-

ous animal models of atherosclerosis have been developed. Especially in mice, this requires 
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knocking out genes often combined with feeding a high-fat, ‘Western type’ diet to overcome 

the natural protection against atherosclerosis (20). Still, the most relevant study object 

remains man. Small, observational studies in humans and studies of so-called accidents of 

natures, such as spontaneous genetic defects, often generate interesting hypotheses. For ex-

ample, the study of familial hypercholesterolemia (FH) has underlined the role of cholesterol 

in CVD. Familial hypercholesterolemia is characterized by high LDL-cholesterol levels, caused 

by a defect in the LDL-receptor gene, predisposing patients to myocardial infarctions at a 

young age (21). Furthermore, large scale, decades long, prospective population studies, such 

as the Framingham Heart Study, have elucidated many risk factors for CVD (22). 

New drugs travel a long way from lab bench to bedside. After initial laboratory studies and 

safety assessments in healthy volunteers, studies of the eff ect on surrogate markers of CVD, 

such as intima-media thickness (IMT) of the carotid artery wall, are used to get a quicker 

peek at drug effi  cacy. Finally, large randomized placebo-controlled trials, often including 

thousands of patients for several years, are performed to test their eff ect on cardiovascular 

morbidity and mortality.

OUTLINE OF THESIS

It is time to move beyond cholesterol lowering to further prevent CVD. This thesis consists of 

three parts. Although the subjects of each part may seem divergent, they are united in the 

fact that they all focus on processes in the vessel wall that may contribute to the develop-

ment of atherosclerosis and overt CVD. Interestingly, the three parts also represent diff erent 

stages of development in research; from hypothesis to clinical application.

Part 1 deals with the endothelial glycocalyx. The glycocalyx is a gel-like layer covering the 

vessel wall. It infl uences for instance vascular permeability and the adhesion of infl ammatory 

cells. The idea that the endothelial glycocalyx is an important barrier against atherosclerosis 

is a promising and exciting concept. Our research contains mainly of small, exploratory stud-

ies in cells, mice and man that form part of the initial steps toward possible use as biomarker 

and potential target for therapy.

Part 2 explores the possible usefulness of myeloperoxidase (MPO) as risk marker in diff erent 

study populations. Myeloperoxidase is an enzyme of the immune system, which activity is 

helpful in the elimination of microorganisms, but at the same time can damage the vessel 

wall and oxidize lipoproteins. Our research suggests that the use of MPO as a biomarker in 

risk assessment in primary prevention and in a non-acute setting is limited.
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Finally, in part 3, I describe one of last stages of research before application in the clinic, a 

randomized controlled trial. On the one hand it shows the failure of the novel class of drugs 

intended for cardiovascular prevention, i.e. acyl coenzyme A:cholesterol acyl transferase 

(ACAT) inhibitors. These compounds were aimed at reducing foam cell formation in the ves-

sel wall. On the other hand it shows the power of surrogate markers, such as carotid IMT 

measurements, in assessing the eff ect of therapy on cardiovascular risk. 

REFERENCES

 1. World Health Organization. Projections of mortality and burden of disease to 2030. http://www.who.int/healthinfo/
statistics/bodprojections2030/en/index.html.

 2. Poos MJJC. Wat zijn de belangrijkste doodsoorzaken? Volksgezondheid Toekomst Verkenning, Nationaal Kompas 
Volksgezondheid. RIVM 2006. http://www.nationaalkompas.nl.

 3. Slobbe LCJ, Kommer GJ, Smit JM, Groen J, Meerding WJ, Polder JJ. Kosten van ziekten in Nederland 2003. RIVM 2006. 
http://www.kostenvanziekten.nl.

 4. Reddy KS, Yusuf S. Emerging epidemic of cardiovascular disease in developing countries. Circulation 1998; 97: 596-601.
 5. Yusuf S, Hawken S, Ounpuu S, Dans T, Avezum A, Lanas F, McQueen M, Budaj A, Pais P, Varigos J, Lisheng L; INTERHEART 

Study Investigators. Eff ect of potentially modifi able risk factors associated with myocardial infarction in 52 countries 
(the INTERHEART study): case-control study. Lancet 2004; 364: 937-52.

 6. van Oijen M, de Jong FJ, Witteman JC, Hofman A, Koudstaal PJ, Breteler MM. Atherosclerosis and risk for dementia. Ann 
Neurol 2007; 61: 403-10.

 7. Strong JP, Malcom GT, McMahan CA, et al. Prevalence and extent of atherosclerosis in adolescents and young adults: im-
plications for prevention from the Pathobiological Determinants of Atherosclerosis in Youth Study. JAMA 1999;281:727-
35.

 8. Ridker PM, Glynn RJ, Hennekens CH. C-reactive protein adds to the predictive value of total and HDL cholesterol in 
determining risk of fi rst myocardial infarction. Circulation 1998;97:2007-11.

 9. Libby P. Infl ammation in atherosclerosis. Nature 2002; 420: 868-74.
 10. Ross R. Atherosclerosis - an infl ammatory disease. N Engl J Med 1999;340:115-26.
 11. Chatzizisis YS, Coskun AU, Jonas M, Edelman ER, Feldman CL, Stone PH. Role of endothelial shear stress in the natural 

history of coronary atherosclerosis and vascular remodeling: molecular, cellular, and vascular behavior. J Am Coll Cardiol 
2007;49:2379-93.

 12. Brindle P, Emberson J, Lampe F, et al. Predictive accuracy of the Framingham coronary risk score in British men: prospec-
tive cohort study. BMJ 2003;327:1267.

 13. Wilson PW, D’Agostino RB, Levy D et al. Prediction of coronary heart disease using risk factor categories. Circulation 
1998;97:1837-47.

 14. Conroy RM, Pyörälä K, Fitzgerald AP, et al; for the SCORE project group. Estimation of ten-year risk of fatal cardiovascular 
disease in Europe: the SCORE project. Eur Heart J 2003;24:987-1003.

 15. Multidisciplinaire richtlijn: Cardiovasculair risicomanagement 2006. Kwaliteitsinstituut voor de Gezondheidszorg CBO en 
Nederlands Huisartsen Genootschap. http://www.cbo.nl/product/richtlijnen/folder20021023121843/rl_cvrm_2006.pdf

 16. Baigent C, Keech A, Kearney PM, et al; Cholesterol Treatment Trialists’ (CTT) Collaborators. Effi  cacy and safety of 
cholesterol-lowering treatment: prospective meta-analysis of data from 90,056 participants in 14 randomised trials of 
statins. Lancet 2005;366:1267-78. 

 17. Cuchel M, Bloedon LT, Szapary PO, et al. Inhibition of microsomal triglyceride transfer protein in familial hypercholester-
olemia. N Engl J Med 2007;356:148-56.

 18. Kastelein JJ, Akdim F, Stroes ES, Zwinderman AH, Bots ML, Stalenhoef AF, Visseren FL, Sijbrands EJ, Trip MD, Stein EA, 
Gaudet D, Duivenvoorden R, Veltri EP, Marais AD, de Groot E; ENHANCE Investigators. Simvastatin with or without 
ezetimibe in familial hypercholesterolemia. N Engl J Med 2008;358:1431-43. 

 19. Barter PJ, Caulfi eld M, Eriksson M, et al; ILLUMINATE Investigators. Eff ects of torcetrapib in patients at high risk for 
coronary events. N Engl J Med 2007;357:2109-22.

 20. Smith JD, Breslow JL. The emergence of mouse models of atherosclerosis and their relevance to clinical research. J Int 
Med 1997;242:99-109.

 21. Van Aalst-Cohen ES, Jansen AC, de Jongh S, de Sauvage Nolting PR, Kastelein JJ. Clinical, diagnostic, and therapeutic 
aspects of familial hypercholesterolemia. Semin Vasc Med 2004;4:31-41.

 22. Dawber TR, Kannel WB. The Framingham study. An epidemiological approach to coronary heart disease. 
Circulation;34:553-5. Also see: http://www.nhlbi.nih.gov/about/framingham/



Part 1
The endothelial glycocalyx 

Initial steps in testing a 

promising concept 

Nothing will ever be attempted if all possible objections must be fi rst overcome. (Samuel 

Johnson) 

Part 1 deals with the endothelial glycocalyx. The glycocalyx is a gel-like layer covering the 

inside of the vessel wall. The idea that the endothelial glycocalyx is an important barrier 

against cardiovascular disease is a promising and exciting concept. Our research consists 

mainly of small, exploratory studies that form part of the initial steps toward possible use of 

the glycocalyx as biomarker and potential target for therapy.
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INTRODUCTION

An aspect of the vessel wall that is often unknown, denied or simply forgotten is the en-

dothelial glycocalyx. However, the term glycocalyx, together with an invitation prompting 

further research, was already introduced in 1963 by Bennett with the following words:

‘By now we have established the point that many plant and animal cells possess an extracellular 

coating rich in polysaccharides. … I deem it desirable to assign a single, general, inclusive term 

to this extracellular, sugary coating, wherever it may be found. The ancient Greeks had no word 

for sugar, but they had one for sweet - a taste which we often associate with sugars. I propose … 

that we choose to speak generally of this polysaccharide-rich coating of cells as the ‘glycocalyx’. 

This word means ‘sweet husk’. We know of very many kinds of plant, animal, bacterial and other 

cells which possess a glycocalyx. Do all cells possess one? Is a glycocalyx a general feature of cells, 

as is the plasma membrane? We do not know. … I hope my speculations and suggestions may 

stimulate new research and new experiments.’ (1)

Since then many research eff orts followed, often complicated by technical hurdles. Standard 

histological techniques, using dead tissue and aggressive fi xation, did not adequately pre-

serve the glycocalyx. Eventually, especially intravital microscopy, imaging the microcircula-

tion of living animals, enhanced our knowledge of this layer.

The endothelial glycocalyx is a complex, highly hydrated mesh of proteoglycans, glycosamin-

oglycans and plasma proteins that is anchored to the endothelial plasma membrane (2). It 

separates endothelial cells from the fl owing blood, enabling blood cells to gently ‘snowboard’ 

along the surface (3). Its size of approximately 0.5 μm exceeds that of an endothelial cell and 

that of adhesion molecules on its surface. The endothelial glycocalyx exerts a wide array of 

anti-atherogenic eff ects. These include limiting of transendothelial leakage of lipids, mediat-

ing nitric oxide (NO) release, and modulating coagulation as well as leukocyte and platelet 

adhesion (4).

Just recently, our group developed new methodologies to study glycocalyx synthesis in 

cultured cells, glycocalyx dimension and function in mouse models, as well as glycocalyx 

dimension in humans. Although these techniques are still not infallible, initial results have 

already demonstrated accelerated degradation of glycocalyx in cultured endothelium ex-

posed to risk factors, smaller glycocalyx size at specifi c arterial sites in mice (5) and a dramatic 

reduction of systemic glycocalyx volume in humans with induced hyperglycemia and type 1 

diabetes mellitus (6, 7).
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HYPOTHESIS

We hypothesize that an intact endothelial glycocalyx contributes to endothelial barrier 

function and protects against the development of atherosclerosis, whereas disruption of 

the glycocalyx promotes vascular permeability an atherogenesis. Moreover, we propose 

that restoration of the endothelial glycocalyx is an attractive novel target for prevention of 

cardiovascular disease. 

OUTLINE

In chapter 1, we review the cumulating evidence underlying our hypothesis that the endothe-

lial glycocalyx protects the vessel wall, whereas damage increases vascular vulnerability. 

Chapter 2 introduces two novel techniques to estimate glycocalyx dimension in humans. We 

applied these methods in chapter 4 to 6, in which we studied the eff ect of diff erent athero-

genic stimuli, i.e. diabetes mellitus, infl ammation and hypercholesterolemia, on glycocalyx 

dimension in humans. Subsequently, we explored the possibilities of glycocalyx restoration. 

The eff ect of sulodexide, a drug consisting of glycocalyx components, was also studied in cell 

cultures (chapter 3). To provide additional, more direct proof of our hypothesis, we studied 

the eff ect of chronic degradation of the glycocalyx component hyaluronan by hyaluronidase 

infusion on permeability and atherosclerosis progression in mice (chapter 7). 
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ABSTRACT

Purpose of review: Although cardiovascular prevention has improved substantially, we still 

face the challenge of fi nding new targets to reduce the sequelae of atherosclerosis further. In 

this regard, optimizing the vasculoprotective eff ects of the vessel wall itself warrants intensive 

research. In particular, the endothelial glycocalyx, consisting of proteoglycans, glycoproteins 

and adsorbed plasma proteins, may play an essential role in protecting the vessel wall from 

atherosclerosis.

Recent developments: In this review, we will discuss the diff erent vasculoprotective eff ects 

exerted by the endothelial glycocalyx, the factors that damage it, and the fi rst preliminary data 

on the glycocalyx dimension in humans. Whereas most glycocalyx research has traditionally 

focused on the microvasculature, more recent data have underscored the importance of the 

glycocalyx in protecting the macrovasculature against pro-atherogenic insults. It has been 

shown that glycocalyx loss is accompanied by a wide array of unfavorable changes in both 

small and larger vessels. Pro-atherogenic stimuli increase the shedding of glycocalyx con-

stituents into the circulation, contributing to the progressive loss of the vasculoprotective 

properties of the vessel wall. Novel techniques have facilitated reproducible measurements 

of systemic glycocalyx volume in humans. Consistent with experimental data, the volume of 

the human glycocalyx is also severely perturbed by exposure to atherogenic risk factors.

Summary: Cumulating evidence suggests that an intact glycocalyx protects the vessel wall, 

whereas disruption of the glycocalyx upon atherogenic stimuli increases vascular vulner-

ability for atherogenesis.

Keywords: atherosclerosis, endothelial glycocalyx, hyaluronan, thrombosis

Abbreviations: NO, nitric oxide; SOD, superoxide dismutase
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INTRODUCTION

Cardiovascular disease is the major worldwide cause of mortality. Although a plethora of inter-

ventions has attempted to reduce the burden of cardiovascular disease, current strategies aimed 

at lowering systemic risk factors have only achieved a 20-30% reduction in the cardiovascular 

event rate (1). Therefore, novel strategies to improve cardiovascular outcomes are overdue.

Attention has recently shifted from treating systemic risk factors, such as hypercholester-

olemia and hypertension, towards increasing the vasculoprotective properties of the vessel 

wall itself. As the endothelium constitutes the fi rst-line defense against atherosclerosis, re-

search has focused predominantly on strategies to improve endothelial function. Up to now, 

it has proved to be a major challenge to unravel the components of the anti-atherogenic 

arsenal of the vessel wall.

In recent years, it has been recognized that the endothelial glycocalyx may contribute to the 

vasculoprotective eff ects of the vessel wall. The glycocalyx is a negatively charged, organized 

mesh of membranous glycoproteins, proteoglycans (e.g. syndecan-1), glycosaminoglycans 

and associated plasma proteins. Hyaluronic acid and the negatively charged heparan sulphate 

proteoglycans are its major constituents. The glycocalyx is situated at the luminal side of all 

blood vessels (2). The volume of the glycocalyx depends on the balance between biosynthesis 

and the enzymatic or shear-dependent shedding of its components (3). Historically, this layer 

was thought to be confi ned to a thickness of only several nanometers. More recently, it has been 

demonstrated to reach up to 0.5-3 μm intraluminally (4). This dimension of the glycocalyx by 

far exceeds the size of the endothelium and adhering leukocyte adhesion molecules (Figure 1) 

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

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

The bush-like structure covering the endothelial cell is the glycocalyx.
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In the present review, we will discuss the vasculoprotective eff ects exerted by the endothelial 

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

calyx measurements in humans.

Vascular permeability, nitric oxide release and the redox state

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

glycocalyx contributes to the vasculoprotective eff ects of the vessel wall. Numerous studies 

in both the micro and macrovasculature have demonstrated that constituents of the glyco-

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

mechano-shear sensor (6-8, 9••). This layer has also been shown to be involved in maintaining 

vascular permeability (10). In addition, the glycocalyx harbors a wide array of enzymes that 

might contribute to its vasculoprotective eff ect. Extracellular superoxide dismutase (SOD), 

an enzyme that converts oxygen radicals to hydrogen peroxide, is bound to heparan sul-

phate proteoglycans within the glycocalyx (11). Damage to the glycocalyx is accompanied 

by the increased shedding of extracellular SOD, which is probably related to the decreased 

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

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

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

characteristics of atherogenesis (13).

Endothelial glycocalyx disruption and coagulation

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

thrombin generation and the inhibition of fi brinolysis (14, 15•). Under physiological condi-

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

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

inhibitor, all located within the endothelial glycocalyx layer (16). It has recently been shown 

that specifi c disruption of the glycocalyx results in thrombin generation as well as platelet 

adhesion within a few minutes (17). Furthermore, various procoagulant stimulants such as 

pro-infl ammatory cytokines have profound eff ects on glycocalyx compound synthesis (e.g. 

heparan sulphates and hyaluronan) and are thus likely to contribute to the impaired avail-

ability of the main anticoagulatory systems (18, 19).

Glycocalyx as a barrier for leukocyte adhesion

Exposure of adhesion molecules on endothelial cells and subsequent leukocyte rolling, 

tethering and transmigration are critical events in the course of atherogenesis (13). As the 

dimension of the glycocalyx by far exceeds that of adhesion molecules (i.e. intercellular adhe-

sion molecule 1, P and L-selectin), the glycocalyx is likely to serve as a barrier for leukocyte 

adhesion (20). Infl ammation and ischemia-induced shedding of the endothelial glycocalyx 

has been suggested to be an essential component in the infl ammatory response of the 
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vasculature (21•). In line with this, restoration of the glycocalyx upon infusion of glycocalyx 

constituents has been shown to attenuate leukocyte rolling on the endothelial surface during 

pro-atherogenic/infl ammatory stimuli (22). Collectively, these data underscore the relevance 

of an intact glycocalyx in preventing leukocyte adhesion to the vessel wall.

Glycocalyx in micro- versus macrovasculature

In spite of these observations, it has proved diffi  cult to show the direct relevance of the 

glycocalyx as a vasculoprotective barrier in larger vessels. Whereas glycocalyx research has 

traditionally focused on the microvasculature, atherosclerosis does not occur within microve-

ssels. Several studies have, however, emphasized that the relevance of the glycocalyx is not 

confi ned to smaller vessels (23). The glycocalyx has thus recently been visualized in large 

arteries in diff erent animal models (5, 24, 25). The glycocalyx in larger vessels (i.e. arterioles) 

has also been shown to decrease the extravasation of LDL particles into the subendothelial 

space (26, 27). These data therefore imply that the glycocalyx could add to the vasculoprotec-

tive properties of the vessel wall in the microvasculature as well as the macrovasculature 

(Figure 2).

Figure 2. Schematic representation of the glycocalyx

Figure 2a. Physiological role of the glycocalyx

Endothelial glycocalyx regulates nitric oxide synthase activity, harbors superoxide dismutase, serves 
as a physical barrier for macromolecules, including plasma proteins and lipoproteins. In addition, the 
glycocalyx attenuates platelet as well as leukocyte adhesion.
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Glycocalyx disrupted by atherogenic stimuli

Many experimental fi ndings underline the importance of an intact endothelial glycocalyx. 

Disruption of the glycocalyx can be caused by numerous factors. For example, infl ammation 

and ischemia can induce shedding of the glycocalyx (19, 21•). Interestingly, the thickness of 

the glycocalyx is decreased at high compared with low-risk regions of the murine carotid ar-

tery supporting a potential role of glycocalyx disruption in rendering disturbed fl ows regions 

more susceptible to atherogenesis (25). In addition, exposure of endothelial cells to oxidized 

LDL in vitro decreases the amount of heparan sulphate proteoglycans associated with the 

luminal cell surface (28). Similarly, the infusion of oxidized LDL reduced the endothelial 

glycocalyx thickness in an animal model (17).

Glycocalyx volume assessment in humans

To date, direct visualization of endothelial glycocalyx in humans has been unsuccessful, 

mainly because the endothelial glycocalyx is a very delicate structure depending critically on 

the presence of fl owing plasma (2). As a consequence, the best way to measure the endothe-

lial glycocalyx in humans is to compare intravascular volumes using a glycocalyx permeable 

versus a glycocalyx impermeable tracer, thus providing an estimate of the glycocalyx volume 

NO availability   
oxidative stress  

leukocyte adhesion
and diapedesis  

platelet adherence 
thrombin generation  

leakage of  
macromolecules  

Figure 2b. Consequences of glycocalyx perturbation

Glycocalyx perturbation results in a pro-atherogenic state, characterized by endothelial dysfunction, 
increased vascular permeability, as well as the activation of coagulation and cellular adhesion/migration.
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upon subtraction of these two volumes (29). At present, we found that in patients with type 1 

diabetes, who are characterized by disturbances in proteoglycan synthesis (30, 31), systemic 

glycocalyx was profoundly reduced compared with healthy age and sex-matched controls 

(32). Other risk groups are currently being evaluated.

CONCLUSION

Evidence in experimental models has revealed that the glycocalyx exerts a wide array of 

anti-atherogenic eff ects, which include acting as a vascular permeability barrier, mediating 

NO release, and inhibiting coagulation as well as leukocyte and platelet adhesion. In line 

with this, glycocalyx disruption is accompanied by enhanced sensitivity of the vasculature 

towards atherogenic stimuli, and glycocalyx restoration can (at least partly) reverse this in-

creased vulnerability. Data on glycocalyx changes in humans and its potential consequences 

for atherogenesis are, as yet, scarce. Novel options to estimate glycocalyx volume in vivo will 

allow us to address these issues in patient groups. It will be a challenge to determine the 

validity of systemic glycocalyx measurement as a marker of cardiovascular disease, as well as 

to assess whether and to what extent interventions aimed at glycocalyx restoration have the 

capacity to modulate the atherogenic vulnerability of the vasculature.
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ABSTRACT

Introduction: The endothelial glycocalyx is increasingly considered as an intravascular com-

partment that protects the vessel wall against pathogenic insults.

Objective: The purpose of this study was to translate an established experimental method 

of estimating capillary glycocalyx dimension into a clinically useful tool and to assess its 

reproducibility in humans.

Methods: We fi rst evaluated by intravital microscopy the relation between the distance 

between the endothelium and erythrocytes, as measure of glycocalyx thickness, and the 

transient widening of the erythrocyte column upon glycocalyx compression by passing 

leukocytes in hamster cremaster muscle capillaries. We subsequently assessed sublingual mi-

crovascular glycocalyx thickness in 24 healthy males using orthogonal polarization spectral 

imaging. In parallel, systemic glycocalyx volume (using a previously published tracer dilution 

technique) as well as cardiovascular risk profi les were assessed.

Results: Estimates of microvascular glycocalyx dimension from the transient erythrocyte 

widening correlated well with the size of the erythrocyte-endothelium gap (r = 0.63). 

Measurements in humans were reproducible (0.58 ± 0.16 and 0.53 ± 0.15 μm, coeffi  cient 

of variance 15 ± 5%). In univariate analysis, microvascular glycocalyx thickness signifi cantly 

correlated with systemic glycocalyx volume (r = 0.45), fasting plasma glucose (r = 0.43) and 

HDL-cholesterol (r = 0.40) and correlated negatively with LDL-cholesterol (r = -0.41) as well as 

body mass index (r = -0.45) (all p < 0.05).

Conclusion: The dimension of the endothelial glycocalyx can be measured reproducibly in 

humans and is related to cardiovascular risk factors. It remains to be tested whether glyco-

calyx dimension can be used as an early marker of vascular damage and whether therapies 

aimed at glycocalyx repair can protect the vasculature against pathogenic challenges.

Key words: endothelium, orthogonal polarization spectroscopy, glycobiology, glycocalyx

Abbreviations: CV, cardiovascular; EEC gap, erythrocyte - endothelial cell gap; LDL, low-

density lipoprotein; OPS, orthogonal polarization spectroscopy
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INTRODUCTION

Until now, cardiovascular (CV) preventive strategies have mainly focused at lowering systemic 

risk factors, such as dyslipidemia and increased blood pressure. Despite the success of these 

strategies, more than 60% of CV events cannot be prevented (1). Hence, attention has shifted 

towards approaches that are primarily focused at increasing the resistance of the vessel wall 

itself against atherogenic insults (2). In search for novel targets at the level of the vessel wall, 

reports on the potential role of the endothelial glycocalyx in mediating vascular protection 

have off ered novel and exciting opportunities (3, 4).

The endothelial glycocalyx is an intraluminal layer, mainly consisting of heparan sulphate, 

syndecan and hyaluronan. It has emerged as a central orchestrator of vascular permeability, 

leukocyte and thrombocyte adhesion as well as endothelial function (5, 6). Indeed, acute dam-

age to endothelial glycocalyx in experimental models was closely correlated to the induction 

of a pro-atherogenic state, such as increased infl ux of lipoproteins (7), increased leukocyte 

and thrombocyte adhesion (8, 9), as well as the induction of endothelial dysfunction (10-12). 

Conversely, reconstitution of glycocalyx restored protective abilities of the vessel wall (8, 13). 

Based on these fi ndings, it has been put forward that an intact glycocalyx may contribute to 

the anti-atherogenic capacity of the vessel wall (2-4).

To demonstrate a potential role for the glycocalyx in human pathophysiology, it is imperative 

to develop techniques that can reliably quantify or visualize the glycocalyx in vivo in humans. 

Early studies of more than 40 years ago have already revealed that most of the glycocalyx 

is severely impaired following even gentle handling of vascular material (14). However, en-

dothelial glycocalyx visualization has been successfully achieved using experimental in vivo 

and fl ow-cultured in vitro settings, using e.g. the cremaster muscle preparation in animal 

models or human umbilical vein endothelial cells (HUVEC) under fl ow (13, 15, 16). During the 

last two years, we have focused on the assessment of systemic glycocalyx volume in humans, 

using a tracer dilution technique comprising labeled erythrocytes and dextran 40 (3, 17, 18). 

Here we evaluate the relation between the gap between the endothelium and erythrocytes 

and the change in erythrocyte width as a measure of glycocalyx thickness in hamster cre-

master muscle capillaries using intravital microscopy. We subsequently assessed sublingual 

microvascular glycocalyx thickness as well as systemic glycocalyx volume in healthy male 

volunteers. Furthermore, we determined the relation between microvascular glycocalyx 

thickness and cardiovascular risk factors.
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MATERIALS AND METHODS

Estimation of local microvascular glycocalyx thickness in hamsters

The width of fl owing erythrocytes was measured in individual capillaries before and imme-

diately after the passage of a leukocyte through the capillary. This method is based on the 

linear theory model (19, 20). In short, endothelial glycocalyx limits the proximity of erythro-

cytes to capillary endothelial cells (16, 21). In contrast, leukocytes, which are much more rigid, 

compress the capillary endothelial glycocalyx during their passage through the capillary lu-

men, thus allowing a transient ‘widening’ of the erythrocytes following the leukocyte passage 

(Figure 1a). 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).

* 

Before leukocyte passage 

*: Passing leukocyte, arrow: flow direction 

* 

After leukocyte passage 

*: Passing leukocyte, arrow: flow direction 

Before leukocyte passage

After leukocyte passage

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

On screen image of microvascular glycocalyx thickness measurement with Image-Pro Plus

A capillary between 3 and 7 μm is selected for analysis. Erythrocyte width is determined as line profi le 
diameter in an image just before and after leukocyte passage at the same location. Leukocytes appear 
as moving blank areas in the capillary. The change in erythrocyte width divided by two provides the 
microvascular glycocalyx thickness. Green lines represent the calipers. On the Y-axis light intensity is 
plotted, on the X-axis the pixel number.
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In six Syrian golden hamsters, the capillaries of the cremaster muscle were investigated 

under physiological conditions. Moreover, the eff ect of degradation of the endothelial 

glycocalyx by a single bolus of oxidized low-density lipoprotein (LDL)-cholesterol (dose 0.4 

mg/100 g of body weight) on leukocyte passage and transient erythrocyte widening was 

investigated. The protocol was approved by the Institutional Review Board. Hamsters were 

anesthetized with intraperitoneal pentobarbital sodium (70 mg/kg body weight), and the 

trachea was cannulated to ensure a patent airway. The cremaster muscle was prepared as 

described by Vink et al. and observed with an intravital microscope (Olympus BHM) and a 

cooled ICCD video camera (GenIV ICCD, Princeton Instruments) (16). The tissue was transil-

luminated with a mercury lamp (100 W) equipped with a 435 nm band pass interference 

fi lter (blue light) using an aplanat (lens free from spherical aberration), achromatic condenser 

set at numerical aperture (NA) 1.2 (U-AAC, Olympus). All preparations were examined with 

a ×60 water immersion objective lens (Olympus, UPlanApo NA 1.2 W or LUMPlanFL NA 0.9 

W) and a telescopic tube to give a fi nal object-to-camera magnifi cation of ×200. Images 

were displayed on a Philips CM 8833-II video monitor and recorded using a SVHS video tape 

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

Measurements were performed with a handheld OPS camera with participants in the supine position. 
The region chosen for measurement was the central sublingual area. The OPS procedure is non-invasive, 
painless and takes approximately 15 minutes. Images of the microvasculature are directly projected on 
screen.
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recorder (JVC BRS611E) and a time coding interface unit (JVC SA-F911E) for further off -line 

image analysis. Video images were digitized using a frame grabber (DT3152, PCI Local Bus) 

and Image-Pro Plus software (Image-Pro Plus version 3.0, Media Cybernetics, Silver Spring, 

PA, USA). An onscreen caliper using a 1 mm/0.01 mm stage micrometer was used for all 

calibrated dimensional measurements. The anatomical capillary diameter and the width of 

the fl owing erythrocyte column were measured using digital calipers at the inside of the 

capillary wall to determine the dimension of the erythrocyte – endothelial cell (EEC) gap prior 

to, during and after spontaneous capillary leukocyte passage. Of note, the EEC gap is the gold 

standard to measure glycocalyx dimension in vivo (16). Finally, capillary erythrocyte velocity 

(μm/s) was calculated from the time required for a cell to travel a measured segment length 

of vessel between two fi xed points as described previously (22).

Measurements in humans

Study population

24 healthy Caucasian male volunteers, aged 18-40 years, were studied. The study was ap-

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

Netherlands and written informed consent was obtained from all volunteers. Participants did 

not smoke, did not use any medication and were free from any illness, including specifi cally 

cardiovascular disease. Medical history, physical examination, routine laboratory examination 

and electrocardiogram were normal. All experiments were performed after an overnight fast. 

Measurements comprised microvascular glycocalyx thickness, systemic glycocalyx volume, 

endothelial function as well as biochemistry. In a subgroup of 12 volunteers, reproducibility 

of microvascular glycocalyx thickness (selecting new set of fi ve capillaries) and systemic gly-

cocalyx volume was assessed by performing two measurements at separate occasions.

Estimation of local microvascular glycocalyx thickness in humans

Thickness of the endothelial glycocalyx in individual capillary blood vessels was estimated 

using OPS imaging of the sublingual microcirculation based on the same principles as the 

previously described method in hamster capillaries (20, 23). The OPS procedure is noninva-

sive, painless and takes approximately 15 minutes (24). Measurements were performed with 

a handheld OPS camera (Cytometrics, Philadelphia, PA, USA) with participants in the supine 

position (Figure 1b). Pressure on the tissue was avoided to ensure normal fl ow. The region 

chosen for measurement was the central sublingual area. Images were collected with a 5× 

objective with a 0.2 numerical aperture providing a 325× magnifi cation and were sized 720 × 

576 pixels. The frame rate was 25 per second. All frames were recorded on Sony DSR- 20P digi-

tal video recorder and transferred to a computer using Windows Movie Maker. Analysis of the 

images was performed with Image-Pro Plus by a single image analyst, who was blinded for 

the clinical details of the participants. Capillaries with a diameter between 3 and 7 μm were 
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selected for analysis. The width of the fl owing erythrocyte column was measured before and 

after spontaneous capillary leukocyte passage. An on-screen caliper using a 1 mm/0.01mm 

stage micrometer was used for all calibrated dimensional measurements. The anatomical 

capillary diameter and the width of the fl owing erythrocyte column were measured using 

digital calipers prior to and after spontaneous capillary leukocyte passage. Per participant, 

glycocalyx dimension was determined in at least 5 individual capillaries. The mean of these 

results was calculated and used in further analyses. In addition as indication of capillary 

density, the number of capillaries per fi eld was counted as previously described (25, 26).

Estimation of systemic glycocalyx volume

The endothelial glycocalyx limits access to plasma macromolecules and erythrocytes (17, 23, 

25). Hence, the systemic glycocalyx volume can be estimated by subtracting the circulat-

ing plasma volume from the total intravascular distribution volume, which comprises both 

plasma volume and the (intravascular) glycocalyx.

In detail, we added 40 mg sodium fl uorescein (fl uorescein-di-Na 25%, 250 mg/mL, AMC 

Pharmacy, Amsterdam, the Netherlands) to 20 mL of autologous erythrocytes for 5 minutes. 

After careful washing, labeled erythrocytes were resuspended in saline to the initial volume 

(60 mL) and re-infused. Subsequently, blood was drawn at 4, 5, 6, and 7 minutes after infu-

sion. The fraction of labeled erythrocytes in the total erythrocyte pool was used to estimate 

the circulating erythrocyte volume (V
ERY

) (27). Pre-injection unlabeled erythrocytes served as 

negative control. The fraction of labeled erythrocytes in the blood was measured using a FAC-

Scan analyzer (FACS Calibur®, Becton Dickinson, Mountain View, USA). At least 100,000 cells 

were counted. Data were analyzed by Cellquest (Becton Dickinson, San Jose, CA, USA). Hema-

tocrit (Ht) was measured after centrifugation of heparinized blood in a Hettich-Haematokrit 

centrifuge at 10,000 rpm during 5 minutes (Hettich, Tuttlingen, Germany). Circulating plasma 

volume was calculated from V
ERY

 and large vessel Ht by the following formula: circulating 

plasma volume = ([1 – Ht] x V
ERY

)/Ht (28).

Concomitantly, total intravascular volume was calculated using the glycocalyx permeable 

tracer dextran 40 (Rheomacrodex, NPBI, Emmercompascuum, the Netherlands) (16, 29, 30). 

100 mL of dextran 40 was injected intravenously, after which repeated blood sampling at 3, 5, 

7, 10, 15, 20 and 30 minutes was performed. The dextran 40 plasma concentration was calcu-

lated by measuring the increase in glucose concentration in the post infusion samples after 

hydrolyzation of the dextran glucose polymers, correcting for the individual plasma glucose 

levels. The glucose concentration was assessed in duplicate using the hexokinase method 

(Gluco-quant on Roche/Hitachi modular analyzer, Roche Diagnostics, Mannheim, Germany) 

and corrected for endogenous glucose concentration. The procedure was calibrated with 

known amounts of dextran 40 added to plasma in vitro. In order to estimate the initial in-
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travascular distribution volume of dextran 40, the concentration at the time of injection was 

calculated by exponential fi tting of the measured dextran 40 concentrations at t = 0 min.

Blood sampling and biochemistry

Blood samples were drawn after an overnight fast from all subjects at the baseline measure-

ment. All measurements were performed at the Laboratory of Experimental Vascular Medi-

cine and the Clinical Chemistry Laboratory of the Academic Medical Center. Baseline fasting 

plasma glucose was assessed in duplicate using the hexokinase method. Total cholesterol, 

HDL-cholesterol and triglycerides were measured by standard enzymatic methods (Roche 

Diagnostics, Basel, Switzerland). LDL-cholesterol was calculated using the Friedewald for-

mula. Leukocyte counts and subfractions were measured by fl ow cytometric analysis under 

standardized conditions and absolute counts were calculated.

Statistical analysis

All values are provided as means ± standard deviation (SD). To compare the two sets of 

microvascular and systemic glycocalyx measurements the paired two-tailed Student’s t-test 

was used. To determine the coeffi  cient of variation (CV) the SD was divided by the mean. The 

agreement between successive measurements was evaluated by comparison of the measure-

ments with the line of identity and by a Bland-Altman plot (31). Univariate correlations be-

tween microvascular glycocalyx and other parameters were calculated using linear regression 

analysis. Backward multivariate linear regression analysis was used to explore the relation be-

tween microvascular glycocalyx thickness and the parameters, which correlated signifi cantly 

in univariate analysis. Sample size calculation was performed using the nomogram described 

by Altman. P < 0.05 was considered to represent a statistically signifi cant diff erence.

RESULTS

Endothelial glycocalyx thickness in hamster cremaster muscle capillaries

In six separate experiments, we performed paired measurements of the anatomic capillary 

diameter, erythrocyte-endothelial cell gap and the maximal erythrocyte widening after 

leukocyte passage in cremaster capillaries with intravital microscopy. The gap between the 

membranes of fl owing erythrocytes and endothelial cells, the gold standard of glycocalyx 

measurement, could be clearly identifi ed (16). The anatomic capillary diameter did not 

change during the transient erythrocyte widening following leukocyte passage (data not 

shown). As reported previously, the EEC gap as well as the change in erythrocyte width 

were proportional to the anatomical capillary diameter in the range from 4 to circa 8 μm 

(Figure 2b) (32). Furthermore, the measurement of erythrocyte column widening always 

provides an underestimation of the glycocalyx thickness, defi ned as EEC gap (Figure 2a). This 
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Figure 2a. Erythrocyte-endothelial cell gap 
versus delta erythrocyte width/2 in hamster 
capillaries

The EEC gap is the gold standard of glycocalyx 
measurement. Delta erythrocyte width/2 
correlates with this standard, but always 
underestimates glycocalyx thickness.

Figure 2b. Erythrocyte-endothelial cell gap 
and delta erythrocyte width/2 as function of 
anatomic capillary diameter

The size of the EEC gap and the delta erythrocyte 
width/2 were determined in capillaries of six 
hamsters. Both are related to the anatomic 
capillary diameter, i.e. larger glycocalyx 
dimensions are related to capillaries with larger 
diameters.

underestimation is proportional to the EEC gap (Delta erythrocyte width/2 = 62% EEC gap), 

which in turn is related to the anatomic diameter of the capillary. Erythrocyte fl ow velocity 

before leukocyte passage was 92 ± 0 μm/s, in line with previously published data (16). After 

leukocyte passage, it varied between 83 and 104 μm/s (Figure 2c). After degradation of the 

endothelial glycocalyx by oxLDL injection, no transient erythrocyte widening was observed 

upon leukocyte passage (0.72 ± 0.01 to 0.75 ± 0.014 μm, ns, Figure 2d).

Reproducibility of measurement of microvascular sublingual glycocalyx thickness

In contrast to intravital microscopy, OPS imaging is easily applicable in humans. Unfortu-

nately, its use is limited to measuring the change in erythrocyte column width. Endothelial 

cells, lacking hemoglobin, cannot be visualized. However, comparable to the EEC gap mea-

surements, measuring the delta erythrocyte width/2 using OPS in vivo has been proposed to 

provide an estimate for glycocalyx thickness (19, 20).
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Figure 2c. Erythrocyte fl ow velocity before and 
after leukocyte passage
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Baseline characteristics of volunteers are listed in Table 1. All study procedures were well tol-

erated and no serious adverse events occurred. The mean width of the capillary erythrocyte 

columns prior to leukocyte passage was almost identical on both study days (day 1; 4.22 ± 

0.27 day 2; 4.44 ± 0.46 μm), as was the maximal erythrocyte diameter (day 1; 5.37 ± 0.45 and 

day 2; 5.50 ± 0.35 μm. Thus, the mean microvascular glycocalyx thickness was 0.58 ± 0.16 

and 0.53 ± 0.15 μm respectively, which was not signifi cantly diff erent from each other (mean 

diff erence 0.05 μm, ns, n = 12). The intersession CV was 15 ± 5%. Agreement between the two 

measurements was acceptable, as shown by the approximation of the values to the line of 

identity and the limits of the Bland-Altman plot (Figure 3). Finally, sublingual capillary density 

was fairly identical in all volunteers (59.2 ± 12 capillaries per fi eld) and did not correlate with 

determined microvascular glycocalyx thickness in univariate analysis (r = 0.05, p = 0.4).

Reproducibility of measurement of systemic glycocalyx volume

Throughout all infusion protocols, blood pressure and heart rate remained unaff ected (data 

not shown). Infusion of the dextran 40 solution had no signifi cant eff ect on hematocrit 

values. Circulating plasma volumes were (3.1 ± 0.4 versus 3.0 ± 0.4 liters, ns) and systemic 

dextran 40 distribution volumes (4.7 ± 0.8 versus 4.6 ± 0.5 liters, ns) during the baseline study 

visits. Accordingly, systemic glycocalyx volumes were reproducible between visits (day 1; 1.6 

± 0.8 versus day 2; 1.6 ± 0.6 liters, ns) resulting in an inter-session coeffi  cient of variance of 

15.8 ± 11.9%. Again, agreement between the two measurements was good as shown by the 

Bland- Altman plot (Figure 4).
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Figure 2d. Eff ect of leukocyte passage on the erythrocyte-
endothelial cell gap before and after degradation of the 
endothelial glycocalyx layer by oxLDL Before oxLDL

Before oxLDL                                                                                        After glycocalyx degradation by oxLDL
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Table 1. Baseline characteristics

Characteristic Mean ± SD

Age, years 25.6 ± 6.4

BMI, kg/m2 22.9 ± 1.6

Systolic blood pressure, mmHg 125.0 ± 10.2

Diastolic blood pressure, mmHg 70.4 ± 8.4

Heart rate, bpm 57.7 ± 9.1

Total cholesterol, mmol/L 4.1 ± 0.6

LDL-cholesterol, mmol/L 2.2 ± 0.7

HDL-cholesterol, mmol/L 1.5 ± 0.3

Triglycerides, mmol/L 0.5 ± 0.2

Fasting plasma glucose, mmol/L 4.9 ± 0.4

C-reactive protein, mg/L 0.5 ± 0.3

Leukocytes, x109/L 5.1 ± 1.3

Neutrophils, x109/L 2.9 ± 0.9

Eosinophils, x109/L 0.12 ± 0.1

Basophils, x109/L 0.03 ± 0.02

Lymfocytes, x109/L 1.7 ± 0.4

Monocytes, x109/L 0.4 ± 0.1

Thrombocytes, x109/L 224.5 ± 30

Microvascular glycocalyx, μm 0.7 ± 0.2

Systemic glycocalyx volume, L 1.6 ± 0.5

Table 2. Univariate and multivariate analyses of microvascular glycocalyx thickness

Parameters Univariate
β coeffi  cient

P Multivariate β 
coeffi  cient

P

Age, years 0.17 ns

BMI, kg/m2 -0.45 0.03 -0.44 0.018

Systolic blood pressure, mmHg 0.37 ns

Diastolic blood pressure, mmHg 0.18 ns

Heart rate, bpm -0.16 ns

Total cholesterol, mmol/L -0.10 ns

LDL-cholesterol, mmol/L -0.41 0.05

HDL-cholesterol, mmol/L 0.40 0.05

Triglycerides, mmol/L -0.17 ns

Fasting plasma glucose, mmol/L 0.43 0.04

CRP, mg/L -0.16 ns

Leukocytes, x109/L -0.34 ns

Neutrophils, x109/L -0.10 ns

Eosinophils, x109/L -0.15 ns

Basophils, x109/L 0.21 ns

Lymfocytes, x109/L 0.17 ns

Monocytes, x109/L -0.19 ns

Thrombocytes, x109/L -0.21 ns

Systemic glycocalyx volume, L 0.45 0.026 0.44 0.018
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Correlation between microvascular sublingual glycocalyx and cardiovascular risk factors

In univariate analysis OPS measured microvascular glycocalyx was positively correlated with 

systemic glycocalyx volume (r = 0.45, p < 0.05). Furthermore, glycocalyx thickness correlated 

with fasting plasma glucose (r = 0.43, p < 0.05) and HDL-cholesterol (r = 0.40, p < 0.05). In 

contrast, it was negatively correlated with LDL-cholesterol (r = -0.41, p < 0.05) and body mass 

index (BMI) (r = -0.45, p < 0.05). After multivariate analysis, only systemic glycocalyx volume 
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Figure 4a. Comparison of two successive systemic 
glycocalyx measurements per individual

Comparison of results between two successive 
systemic glycocalyx volume measurements. 
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Figure 4b. Bland-Altman plot of the means of the 2 
measurements of systemic glycocalyx volume 
against their diff erence Bland-Altman plot of the 
means of the 2 measurements of systemic 
glycocalyx volume against their diff erence. The 
mean diff erence and limits of 2 standard 
deviations are indicated..
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Figure 3a. Comparison of two successive microvascular 
glycocalyx measurements per individual

Comparison of results between two successive 
microvascular glycocalyx measurements.
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Figure 3b. Bland-Altman plot of the means of the 
2 measurements of microvascular glycocalyx 
thickness against their diff erence 

Bland-Altman plot of the means of the 2 
measurements of microvascular glycocalyx 
thickness against their diff erence. The mean 
diff erence and limits of 2 standard deviations are 
indicated.
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(r = 0.44, p < 0.02) and BMI (r = -0.44, p < 0.02) retained signifi cance (Table 2). It should be 

noted only 21% (r2) of the variation in systemic glycocalyx volume is refl ected by the variance 

of the microvascular glycocalyx.

Sample size calculation

Based on these results, we calculated that for future evaluation of glycocalyx dimensions 

in a disease state versus healthy controls, 17 subjects per group would enable detection of 

a diff erence of 0.2 μm in microvascular glycocalyx thickness or 0.5 L in systemic glycocalyx 

volume with a signifi cance level of 5% and 80% power. 10 participants would be necessary 

in a paired design.

DISCUSSION

In the present study we demonstrate that change in erythrocyte width correlates with the 

size of the erythrocyte-endothelium gap, which is the gold standard of glycocalyx measure-

ment. Using OPS imaging, we are able to visualize erythrocyte width in the sublingual micro-

vasculature in humans, refl ecting microvascular glycocalyx thickness. Both this microvascular 

glycocalyx thickness as well as systemic glycocalyx volume can be quantifi ed reproducibly. 

Furthermore, we confi rm the correlation between these two techniques (27). Interestingly, 

also in the present cohort, we observed an inverse relation between the presence of cardio-

vascular risk factors and microvascular glycocalyx thickness.

Microvascular glycocalyx thickness measurement

It has now been widely acknowledged that erythrocytes are separated from the endothelial 

surface by a gap that is about an order of magnitude larger than the dimension of the fl uid 

fi lm that is minimally required for lubrication. The width of the erythrocyte column was shown 

to increase following local disruption of the glycocalyx in the absence of changes in the ana-

tomical capillary diameter. Markedly, the gap between erythrocytes and the endothelium 

has usually been found to be larger in vivo than predicted from theoretical considerations 

and in vitro observations (32-34), yet tends to be similar in size compared to previous reports 

by Pries et al. (32).

Under physiological conditions in vivo, fl uid shear stress and leukocytes have a profound 

eff ect on endothelial glycocalyx morphology, structure and function (35, 36). The fi ndings 

that erythrocytes are not able to compress endothelial glycocalyx, whereas leukocytes can 

compress endothelial glycocalyx, provided the basis for the linear theory model, the theoreti-

cal background of the microvascular glycocalyx thickness measurements (16, 20). According 

to this model, there are two phases in endothelial glycocalyx recoil upon leukocyte passage. 
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At the initial phase of leukocyte compression, the endothelial surface layer thickness is < 

0.36 of its undisturbed thickness (glycocalyx fi bers parallel to the capillary wall). During the 

second phase the glycocalyx recoils after passage of leukocyte (19, 20). It is expected that 

the force restoring glycocalyx thickness after leukocyte passage is generated by plasma 

proteins adsorbed to the glycocalyx (32, 37, 38) most likely via tension in membrane-bound 

glycoprotein chains (33, 39). Recently, Han et al. were able to actually measure the time de-

pendent restoration of the endothelial glycocalyx after compression following the passage of 

a leukocyte, thus further underscoring the validity of this theory (20).

Concerns may arise that transient widening of erythrocytes following capillary leukocyte 

passage may not be related to the presence of a compressible glycocalyx per se, since 

erythrocyte widening is also observed when erythrocyte velocity is reduced in glass tubes 

without glycocalyx (40, 41). However, our experiments and those reported by Vink (7) on 

the leukocyte-induced erythrocyte widening in capillaries with intact vs. disrupted glyco-

calyx clearly demonstrate that the eff ect of capillary leukocyte passage is dependent on the 

presence of an intact glycocalyx. Leukocyte passage did not result in erythrocyte widening 

when glycocalyx dimension was signifi cantly reduced, despite unaltered anatomical capil-

lary dimensions and leukocyte induced changes in erythrocyte hemodynamics. Similarly, we 

previously demonstrated that, in fact, erythrocyte velocity cannot account for erythrocyte 

widening. Thus, the relation between erythrocyte velocity and the gap between erythrocytes 

and the endothelial surface (16) was predominantly explained by that fact that the average 

erythrocyte velocity is higher in capillaries with a larger anatomical diameter. By grouping 

capillaries of similar anatomical diameter or collecting erythrocyte width data from an in-

dividual capillary, we could no longer fi nd a relationship between erythrocyte velocity and 

erythrocyte width. Apparently, larger gaps are found in capillaries with greater diameters 

(42).

It must be noted that measuring the transient widening of the erythrocyte column after 

leukocyte passage underestimates the glycocalyx thickness, since compression of the glyco-

calyx by passing leukocytes is incomplete. Furthermore, it is smaller than the EEC gap, since 

this gap also includes the lubricating plasma layer between the erythrocyte membrane and 

the glycocalyx surface (16, 19, 33). Our data confi rm that erythrocyte widening measured us-

ing intravital microscopy and/or OPS underestimates glycocalyx thickness by approximately 

30%.

Both the OPS method and the tracer dilution method provide estimations of the dimension 

and volume of the endothelial glycocalyx in humans, each with its own limitations and 

technical challenges. The systemic glycocalyx volume does not inform about heterogeneity 

of glycocalyx properties between organs. The sublingual glycocalyx measurement only gives 
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information on capillary blood vessels. Despite these limitations, these independent tech-

niques are able to detect diff erences between the healthy and diseased state, e.g. diabetes 

mellitus (17, 27) and are correlated. Interestingly, when applying this method to measure 

glycocalyx dimension in various species (i.e. mouse, dog, goat and human), we fi nd a fairly 

consistent glycocalyx volume between 15 and 20 mL/kg body weight (data not shown).

Correlations between glycocalyx dimension and cardiovascular risk factors

With respect to cholesterol levels, it is known that degradation of the glycocalyx, resulting in 

shedding of its main constituent hyaluronan, is increased after exposure to oxidized LDL cho-

lesterol (7). Oxidized LDL-cholesterol plasma levels are known to be inversely associated with 

HDL-cholesterol and positively correlated with LDL-cholesterol plasma levels (41). Thus, it is 

expected that cholesterol metabolism (and indirectly BMI) is closely associated with glycoca-

lyx dimensions in humans. This conclusion is underscored by the fact that glycocalyx harbors 

LDL- as well as HDL-cholesterol, probably via binding to endothelial heparan sulphates (43).

Less understood, but even more intriguing is our fi nding of a positive correlation between 

fasting normoglycemic plasma glucose levels and glycocalyx dimension. In contrast, we have 

previously reported that hyperglycemia was associated with loss of endothelial glycocalyx 

in healthy volunteers. This loss is probably mediated by the generation of reactive oxygen 

species (27). However, glycolysis renders important compounds for synthesis of hyaluronan 

and other proteoglycans (44). Moreover, none of the healthy volunteers had fasting glucose 

plasma levels over 5.6 mmol/L. Therefore, it is tempting to speculate that in the physiological 

range glucose provides substrate for glycocalyx synthesis, while pathogenic hyperglycemia 

results in glycocalyx degradation due to generation of reactive oxygen species.

Endothelial glycocalyx as a biomarker: future in patient related research

The investigation of novel circulating plasma biomarkers in relation to endothelial glycocalyx 

in patients with cardiovascular disease has been accelerating at fast pace (45). Therefore, 

criteria for appraisal of novel biomarkers need to be structured around three fundamental 

questions involving reproducible measurement, consistent association between biomarkers 

and early detection of otherwise subclinical disease. If these three criteria are fulfi lled, long 

term studies will have to be performed in order to study modifi cation of these biomarkers 

upon specifi c therapy (46). With the current study, we have made the fi rst steps in fulfi lling 

two of the three criteria to establish the endothelial glycocalyx as a biomarker. Furthermore, 

it has shown us that relatively small sample sizes are suffi  cient to perform exploratory studies. 

This opens the way for further research in vivo in humans.
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CONCLUSIONS

The dimension of the endothelial glycocalyx can be measured reproducibly in humans and 

is related to cardiovascular risk factors. Together with the advent of glycobiomics, these 

techniques will enable further research in human endothelial glycobiology. They will help 

us assess whether and to what extent interventions aimed at normalizing glycan enzymatic 

regulation systems will have the capacity to modulate the endothelial glycocalyx and thereby 

the atherogenic vulnerability of the vessel wall, which is to become an important area in the 

search for novel therapeutic targets to reverse atherogenesis (47).
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ABSTRACT

Introduction: Microalbuminuria is a clinical parameter of vascular dysfunction in patients 

with diabetes. The endothelial glycocalyx plays a role in regulation of vascular permeability. 

Therapeutic interventions using a mixture of glycosaminoglycans (GAGs) containing 80% 

heparin and 20% dermatan sulphate (sulodexide) have been shown to improve vascular 

barrier function by reducing microalbuminuria. Therefore we hypothesized that exogenous 

GAGs attenuate hyperglycemia-induced increases in endothelial permeability for albumin by 

restoring barrier properties of the endothelial glycocalyx. 

Methods: Human umbilical vein endothelial cells (HUVECs) were cultured on semi-permeable 

inserts and exposed to normo- (5 mM) or hyperglycemia (25 mM) for 4 days, last 24 h in pres-

ence of the GAG mixture. Endothelial permeability was assessed by determining FITC-labeled 

albumin transfer over the monolayer (3 hours). Additionally, the glycocalyx glucosamine 

sugar residues on the endothelial cells were visualized with LEA-lectin staining. 

Results: Albumin permeability of endothelial cells under hyperglycemia was increased to 

122 ± 8% (p < 0.01) compared to normoglycemia. Changes in albumin permeability under 

hyperglycemia normalized to normoglycemic control condition was -4 ± 3% (p < 0.05) in 

the presence of 0.06μg/mL sulodexide. Additionally, LEA-lectin revealed a 28 ± 1% (p < 0.05) 

increase in glucosamine staining in hyperglycemic cells in the presence of the GAG mix. 

Conclusion: GAG supplementation reverses the increased trans-endothelial albumin leak-

age under hyperglycemic conditions by restoring the barrier properties of the endothelial 

glycocalyx layer in vitro.

Keywords: Diabetes mellitus, HUVEC, endothelial cell, permeability, sulodexide

Abbreviations: DM, diabetes mellitus; GAG, glycosaminoglycans; HUVEC, human umbilical 

vein endothelial cells
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INTRODUCTION

Patients with diabetes mellitus (DM) are characterized by both microvascular complications, 

comprising neuropathy, nephropathy and retinopathy, as well as macrovascular complica-

tions, mainly myocardial infarction and cerebrovascular events. Whereas traditional risk 

factors for atherosclerosis contribute to the increased propensity towards vascular damage, 

correlation studies have suggested that in diabetes the vessel wall appears to be more vulner-

able towards these risk factors as compared to non-diabetics (1). Whereas the exact cause for 

this increased vulnerability has been a matter for intensive research, it is clear that somehow 

the impact of hyperglycemia on the vessel wall lining is involved in this process (2). 

The endothelial glycocalyx, a layer of proteoglycans covering the endothelium, forms a barrier 

against atherosclerotic stimuli and regulates vascular permeability (3). This barrier is easily 

weakened by high levels of circulating glucose (4). In fact, progressive glycocalyx perturbation 

is associated with microalbuminuria in patient with type 1 diabetes (5). Moreover, therapeu-

tic interventions using a mixture of glycosaminoglycans (GAGs) containing 80% heparin and 

20% dermatan sulphate (sulodexide) have been shown to decrease microalbuminuria in both 

type 1 and type 2 diabetic patients (6-8). The mechanism responsible for this benefi cial eff ect, 

however, remains to be established. Since GAGs are essential constituents of the endothelial 

glycocalyx and diabetic microalbuminuria is characterized by severe perturbation of the gly-

cocalyx in diabetic patients, it is tempting to speculate that glycocalyx restoration may be the 

missing link between sulodexide and attenuation of microalbuminuria. We hypothesize that 

these exogenously administered GAGs function as new construction tools for the restora-

tion of the damaged endothelial glycocalyx and therefore attenuate hyperglycemia-induced 

increases in endothelial permeability by restoring barrier properties of the glycocalyx. 

MATERIALS AND METHODS

Chemicals

M199 media, L-glutamine, antibiotic-antimycotic and trypsin were obtained from Gibco-

BRL, PBS pH 7.4 from Fresenius Kabi and Fetal Bovine Serum (FBS) from Biowhittaker. The 

following chemicals were obtained from Sigma; heparin, endothelial cell growth supplement 

(ECGS), sodium chlorate and 4-methylumbelliferone. D(+)glucose was obtained from Merck. 

Fibronectin was a kind gift from Central Laboratory for Blood transfusion (CLB), Amsterdam, 

The Netherlands. Semi-permeable inserts 12 wells 3 μm pores were purchased from Greiner. 

Sulodexide® was kindly provided by Alfa Wassermann.
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Cell cultures

HUVEC cells were isolated from human umbilical cords from the department of obstetrics of 

the AMC in Amsterdam. Briefl y, umbilical veins were canulated and rinsed with PBS before 

applying trypsin solution. The trypsin solution was incubated for 37 oC to detach the en-

dothelial cells from the venous vessel wall. The trysin solution was collected and the vein was 

rinsed with PBS. The cell solution was centrifuged for 10 min at 1100 rpm, supernatant was 

removed and the cell pellet was resuspended in 5 mL M199 medium. The cells were grown on 

10 μg/mL fi bronectin-coated cell culture fl asks in M199 media supplemented with 20% heat-

inactivated fetal bovine serum, 50 μg/mL heparin and 12.5 μg/mL endothelial cell growth 

supplement, 0.2 mmol/L L-glutamine and 100 U/mL penicillin-G, 100 U/mL Streptomycin 

sulphate, 25 μg/mL amphotericin-B at 37oC in 5% CO
2
.

Glycocalyx inhibitors

Sodium sulphate inhibits sulphate donor PAPS and decreases sulphation of glycosaminogly-

cans and 4-methylumbelliferone acts as substrate analogue in hyaluronan synthesis, and to 

lesser extent heparan and keratan sulphate (9, 10). Cells were incubated for 24 hours in the 

presence of inhibitors at concentration 50 mM sodium chlorate and 200 μM 4-methylumbel-

liferone and endothelial permeability was assessed.

Permeability assay

Human umbilical vein endothelial cells (HUVECs) were cultured on semi-permeable inserts 

and exposed to normo- (5 mM) or hyperglycemia (25 mM) for 5 days, the last 24 hours in the 

presence of the GAG mixture at concentrations ranging up to 60 μg/mL. Endothelial perme-

ability was assessed by determining FITC-labeled albumin transfer over the monolayer. Top 

compartment with HUVEC cells was incubated with 400 μg/mL FITC-labeled albumin in 1% 

BSA/RPMI 1640 media without phenol red. After 3 hours the media from the bottom well was 

removed and FITC-albumin content was measured by fl uorescent spectrometry in Fluostar.

Lectin staining

After 5 day incubation, HUVEC cells were washed two times with ice cold RPMI 1640 and fi xed 

in 4% paraformaldehyde for 30 min at room temperature. The cells were rinsed three times 

in lectin buff er (0.1% BSA in HBSS) and incubated with 67 μg/mL FITC-LEA, which is directed 

against glucosamine residues and 69 μg/mL TRITC-BSI, which is directed against galactosamine 

residues and 10 μg/mL HOECHST, which stains cell nuclei, for 30 min at room temperature. Af-

ter 30 min the cells are washed with lectin buff er and imaged with fl uorescence microscope.

Statistical analysis

For statistical analysis, two-way unpaired t tests were used. A value of p < 0.05 was considered 

statistically signifi cant. Values are means ± SE.
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RESULTS

The isolated HUVECs were cultured for 5 days under normoglycemic (5 mM) or hyperglyce-

mic (25 mM) conditions on a semi-permeable membrane.  After 5 days, the formation of the 

monolayer was assessed by measuring endothelial transfer of FITC-labeled albumin over the 

layer. Data are presented as percentage change in permeability. 

Permeability of the endothelial monolayer after glycocalyx inhibitors: Choice of tracer

To determine the barrier function of the glycocalyx in albumin permeability, we incubated 

HUVECs grown under normoglycemic conditions for the last 24 hours with the glycocalyx 

inhibitors sodium chlorate and 4-methylumbelliferone.  Fluorescent spectrometry showed a 

4-fold increase of albumin permeability in the presence of glycocalyx inhibitors compared to 

baseline conditions after 3 hours of incubation with FITC-albumin. As the inhibitors prevent 

the degree of synthesis of GAGs these fi ndings demonstrate the importance of the glycocalyx 

barrier function in albumin permeability.

Permeability of the monolayer after normo- and hyperglycemia

The HUVECs were cultured for 5 days under hyperglycemic (25 mM) conditions to investigate 

whether or not this condition would aff ect endothelial permeability. Figure 2 shows the 

permeability of the HUVECs grown under normo- and hyperglycemia. The albumin transfer 

rate of the HUVECs grown under normoglycemic conditions was set to 100%. Hyperglycemia 

increased permeability of albumin by 22% (p < 0.01), indicating a impairment of the barrier.

Permeability of the monolayer after supplementation of the compound sulodexide 

In an attempt to restore the hyperglycemia induced increase in permeability, increasing 

amounts of sulodexide were added to the model to determine the optimal dose, which 
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Figure 1. Endothelial albumin permeability in presence of inhibitors

Albumin permeability is 4-fold increase in the presence of glycocalyx synthesis inhibitors 4-methylum 
belliferone and sodium chlorate in cultured HUVECs
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could restore endothelial barrier properties. The cultured cells were incubated in the last 24 

hours with sulodexide at a dose of 0.06, 0.6 and 6 μg/mL. The dose-range in Figure 3 shows 

that the lowest concentration sulodexide of 0.06 μg/mL has the most benefi cial eff ect on 

the restoration of hyperglycemic-induced increase in permeability. GAG incubation restored 

permeability in hyperglycemic cells. Changes in albumin permeability normalized to normo-

glycemic control condition was 122 ± 8% when no sulodexide was present and -4 ± 3%; (p < 

0.05) in the presence of 0.06 μg/mL sulodexide.

Lectin-staining of the endothelial cells after compound supplementation in normo- and 

hyperglycemic condition 

FITC-LEA lectin staining was used to determine the heparan sulphate/hyaluronan content 

of the glycocalyx layer of the HUVECs. Supplementation of 0.06 μg/mL sulodexide increases 
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Figure 2. Endothelial albumin permeability under normo- and hyperglycemia

High glucose condition increases the endothelial albumin permeability by 22% (p < 0.01)

 

-10

-5

0

5

10

15

20

25

0 0.06 0.6 6

Sulodexide (μg/ml)

%
 C

ha
ng

e 
in

 a
lb

u
m

in
 p

er
m

ea
b

ili
ty

 c
om

pa
re

d
to

 n
or

m
og

ly
ce

m
ic

co
nt

ro
l

P < 0.05

-10

-5

0

5

10

15

20

25

0 0.06 0.6 6

Sulodexide (μg/ml)

%
 C

ha
ng

e 
in

 a
lb

u
m

in
 p

er
m

ea
b

ili
ty

 c
om

pa
re

d
to

 n
or

m
og

ly
ce

m
ic

co
nt

ro
l

P < 0.05

Figure 3. Endothelial albumin permeability with sulodexide

Compound supplementation (heparin/DS) at a concentration of 0.06 μg/ml  attenuates glucose induced 
albumin leakage (p < 0.05). Normoglycemic condition showed no diff erences (data not shown)
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glycocalyx staining in hyperglycemic cells by 28 ± 1% (p < 0.05), indicating partial restoration 

of the glycocalyx perturbation by compound supplementation. Staining of the cells with 

TRITC-BSI, a lectin directed against galactosamine residues showed no diff erence between 

the normo and hyperglycemic cultured cells in the presence of sulodexide.

DISCUSSION

In the present study, we show that hyperglycemic conditions increase albumin permeability 

through a cultured monolayer of HUVECs, which can be restored by incubation with a mix-

ture of 80% heparin and 20% dermatan sulphate (sulodexide). Endothelial permeability for 

albumin after incubation with sulodexide decreased to values lower than baseline albumin 

leakage. Increased staining of the HUVECs with a GAG specifi c glucosamine-binding lectin 

after incubation with sulodexide supported the restoration by showing increased incorpora-

tion of glucosamine containing GAGs on the endothelial surface. These fi ndings implicate 

that the glycocalyx has an important barrier function for negatively charged proteins. Accord-

ing to these results, amelioration of the vascular function through restoration of glycocalyx 

damage caused by hyperglycemia could be a promising new strategy in the prevention of 

cardiovascular disease in patients with diabetes.

Protective properties of the glycocalyx 

The glycocalyx serves as a fi rst defense against pro-atherogenic stimuli and shields vascular 

endothelial cells from direct exposure to fl owing blood by forming a highly hydrated mesh 
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Figure 4. Glucosamine and galactosamine staining of endothelial cells

Compound supplementation shows increase in glucosamine staining in hyperglycemic cells at 
concentration of 0.06 μg/ml sulodexide (p < 0.05)
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of negatively charged membrane-associated proteoglycans, glycosaminoglycans, glycopro-

teins and glycolipids on top of the endothelial lining. Experimental models have confi rmed 

that the glycocalyx indeed exerts a wide array of anti-atherogenic eff ects such as inhibition 

of the coagulation cascade, nitric oxide production and activation of leukocytes (11). In these 

models, damage to the glycocalyx has been shown to play a key role in the development 

of atherosclerosis, characterized by increased vascular permeability and adhesiveness and 

a deteriorated endothelial function (12-15). Also, the charge restriction imposed by the gly-

cocalyx may determine accessibility of selected proteins, such as the anion protein albumin. 

Damage to the glycocalyx breaks down this barrier and could contribute to development 

of diabetic micro- and macro vascular angiopathy. A review of Mehta and Malik describes 

evidence that supports the key contribution of the glycocalyx in maintaining the endothelial 

barrier function. In several animal experiments in which the glycocalyx was disrupted or 

the negative charge was neutralized by enzymes, photolysis or TNF, it was shown that this 

degradation caused an increase in endothelial permeability for macromolecules (16). 

Hyperglycemia and glycocalyx perturbation

The increase in endothelial albumin permeability in this in vitro model supports previous stud-

ies which show acute and chronic hyperglycemia induced reduction of glycocalyx volume in 

humans (4, 5). Nieuwdorp et al found a reduction in glycocalyx volume in patients with type 1 

DM with and without microalbuminuria compared to healthy controls. Additionally, reduced 

glycocalyx volume in patients with chronic hyperglycemia due to type 1 DM was associated 

with an increase in microvascular complications (4). In hyperglycemia, several mechanisms 

could be involved in the loss of glycocalyx volume. A plausible explanation might be that 

oxygen radicals have a direct eff ect on the synthesis of GAGs as hyperglycemia is a potent 

pro-oxidant and pro-infl ammatory stimulus. However, injury to the vascular injury may cause 

increased shedding of GAGs, resulting in an up-regulation of GAG synthesis to compensate 

for increased degradation (17, 18). Additionally, high glucose condition has been shown to 

increase heparanase activity and heparin compounds were able to inhibit this activity (19).

GAGs are formed from amino-sugars or hexosamines to form large complexes of repeating 

disaccharide units. It has been suggested that activation of the hexosamine pathway might 

be partially responsible for the adverse eff ects of chronic hyperglycemia by shunting of 

excess intracellular glucose into the hexosamine pathway. This may contribute to increased 

oxidative stress which will eventually lead to B-cell dysfunction and insulin resistance (20). 

There is evidence that activation of the pathway infl uences expression of certain genes 

and protein function, for instance eNOS, which might interfere with a healthy functioning 

glycocalyx. (17) 
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GAGs and albuminuria

We investigated the ability of a mixture with heparin and dermatan sulphate to restore the 

glycocalyx and found that hyperglycemia induced damage to the glycocalyx and increased 

albumin permeability could be reversed by GAG incubation. GAGs are long, unbranched, 

negatively charged polysaccharides present on cell surfaces and within the extracellular ma-

trix (21). Throughout the body, they form an impermeable border on top of the endothelial 

lining but GAGs are also present in the kidney’s glomerulus where they have an important 

function in maintaining the negatively charged fi ltration barrier (22). Interruption of this bar-

rier allows larger molecules like albumin to pass through the membrane and be excreted in 

urine. Proteinuria in patients with DM is a marker of kidney dysfunction and is also associated 

with an increased risk of vascular complications. A mixture of GAGs (sulodexide) is used in 

diabetic patients worldwide to diminish microalbuminuria. Experimental data did already 

suggest that supplementation of glycocalyx constituents may have the capacity to restore 

glycocalyx damage to some extent (6, 7). In the present study, we found that GAG supple-

mentation reverses the increased trans-endothelial albumin leakage under hyperglycemic 

conditions by restoring the barrier properties of the endothelial glycocalyx layer in vitro. 

Clinical implications

In conclusion, glycocalyx damage is involved in the deterioration of the vascular barrier 

function, which can ultimately lead to cardiovascular disease. Treatment strategies aiming to 

restore and protect the endothelial glycocalyx by exogenous administration of GAG compo-

nents are of important value in the cause to reduce complications in DM patients. Reversal 

of permeability by GAG mixture may imply restoration of not only vascular permeability, but 

also of other glycocalyx protective eff ects. Further studies in patients with diabetes appear 

necessary to investigate the eff ects of sulodexide or other glycocalyx restoring strategies on 

the subsequent development of cardiovascular disease.
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ABSTRACT

Background: Vascular complications are the major cause of morbidity and mortality in 

patients with type 2 diabetes (DM2). Loss of the endothelial glycocalyx, a protective layer 

covering the vessel wall, has been suggested to contribute to increased vascular permeability 

as well as the increased propensity to vascular complications in DM2. In the present study, 

we set out to evaluate (i) whether DM2 is associated with loss of endothelial glycocalyx and 

if so, (ii) whether supplementation of glycocalyx constituents (with sulodexide, a mixture of 

heparan sulphate/dermatan sulphate) can restore glycocalyx volume and vascular barrier 

function.

Methods: We determined glycocalyx volume, transcapillary escape rate of albumin (TERalb) 

and urine albumin content in 21 male DM2 patients and 14 normoglycemic controls. Mea-

surements were repeated in diabetics after 8 weeks treatment with 200 mg sulodexide. 

Results: Glycocalyx volume in DM2 patients tended to be reduced compared to controls (9.7 

± 5.2 vs. 14.0 ± 5.8 mL/kg in DM2 and controls respectively; p = 0.04). This was accompanied 

by higher TERalb values in DM2 than controls (5.1 ± 2.3% vs. 3.5 ± 1.7 %, respectively; p = 

0.05). After 8 weeks of sulodexide, glycocalyx volume in DM2 patients was 11.3 ± 6.2 mL/kg 

(ns vs. controls), whereas TERalb decreased (4.6 ± 3.0%; ns vs. controls). Sulodexide did not 

signifi cantly alter urine albumin excretion.

Conclusion: DM2 was associated with a loss of glycocalyx volume and increased vascular 

permeability compared to controls. Sulodexide partially normalized glycocalyx volume and 

TERalb. The present fi ndings imply that restoration of the glycocalyx may be a promising 

target to restore the increase in vascular permeability associated with hyperglycemia. 

Keywords: sulodexide, endothelial glycocalyx, diabetes mellitus type 2, microalbuminuria, 

vascular permeability 

Abbreviations: DM1, diabetes mellitus type 1; DM2, diabetes mellitus type 2; TERalb, trans-

capillary escape rate of albumin
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INTRODUCTION

Diabetes mellitus is characterized by an increased propensity to vascular complications. 

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

complications, such as coronary artery disease, are largely responsible for morbidity and 

mortality in type 2 diabetic (DM2) patients (1). An early sign of vascular damage is increased 

vascular permeability as well as increased renal leakage of albumin, i.e. microalbuminuria. 

According to the Steno-hypothesis, albuminuria refl ects widespread vascular damage (2). In-

deed, microalbuminuria is associated with an almost twofold increased risk of cardiovascular 

disease (3). Although the underlying mechanisms responsible for microalbuminuria as well 

as its link with cardiovascular complications are multicausal, hyperglycemia is likely to be a 

causal factor (4). 

We recently showed that acute hyperglycemia results in a profound perturbation of the 

endothelial glycocalyx, coinciding with vascular dysfunction and activation of the coagula-

tion system (5). Moreover, we found that patients with type 1 diabetes mellitus (DM1) are 

characterized by a reduction of glycocalyx volume of almost 50%. Damage was most severe 

in patients with concomitant microalbuminuria (6). 

The endothelial glycocalyx is a 0.5 to 3 μm thick layer, comprising proteoglycans with their 

associated glycosaminoglycans such as hyaluronan, heparan sulphate and dermatan sul-

phate (7, 8). It shields the endothelium from direct exposure to the fl owing blood (9). Loss 

of glycocalyx leads to a wide spectrum of vascular abnormalities in experimental models. 

These include increased vascular permeability as well as increased adhesion of leukocytes 

and thrombocytes to the vessel wall (10-13). Restoration of the glycocalyx is associated with 

reversal of these pro-atherogenic changes (10). These fi ndings have led to the hypothesis 

that reversal of glycocalyx damage may provide an attractive therapeutic target to prevent 

vascular complications. 

However, to date no drugs are available with the capacity to specifi cally improve glycocalyx 

volume and/or function. In vitro studies have suggested that supplementation of glycocalyx 

constituents may have the capacity to restore damage (10, 11). In this respect, sulodexide 

is an interesting compound. Sulodexide consist of a mixture of 80% heparan sulphate and 

20% dermatan sulphate, both constituents of the glycocalyx. In fact, we recently showed 

that sulodexide, a mixture of 80% heparan sulphate and 20% dermatan sulphate, was able to 

attenuate hyperglycemia-associated endothelial permeability for albumin in vitro (14). This 

was accompanied by partial restoration of the glycocalyx layer. In parallel, preliminary trials 

have shown that sulodexide decreases urinary albumin leakage a in diabetic patients, the 

mechanism of which remains to be elucidated (15-17). 
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Based on these results, we hypothesized that oral administration of sulodexide could reduce 

vascular permeability in DM2 patients, in part due to restoration of the glycocalyx layer. 

Therefore, we set out to evaluate (i) whether DM2 is associated with loss of endothelial glyco-

calyx and if so, (ii) whether supplementation with sulodexide can restore and vascular barrier 

function, as assessed by the transcapillary escape rate of albumin (TERalb). 

METHODS

Study population

We enrolled 21 non-smoking, male patients with diabetes mellitus type 2 without overt signs 

of macrovascular disease (defi ned as a history of myocardial infarction, stroke, peripheral 

vascular disease or signs of macrovascular disease at physical examination). Fourteen normo-

glycemic, 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. 

Study design

We measured glycocalyx volume, transcapillary escape rate (TER) of albumin and urinary albu-

min excretion in all participants. In diabetic patients, all measurements were repeated after 8 

weeks supplementation with sulodexide (KRX-101, 200 mg). Sulodexide is a natural abstract 

from bowel mucosa, which contains a mixture of 80% low-molecular mass heparan sulphate 

and 20% dermatan sulphate. All experiments were performed after an overnight fast. Partici-

pants were asked to refrain from heavy physical exercise 24 h prior to the study visit. Statin 

therapy was discontinued temporarily. Blood pressure was measured three times, from which 

the mean of the last two measurements was used as systolic and diastolic blood pressure.

Estimation of endothelial glycocalyx volume 

The endothelial glycocalyx allows limited access to plasma macromolecules and erythrocytes, 

whereas smaller tracers can permeate into the glycocalyx (18, 19). We estimated systemic en-

dothelial glycocalyx volume by subtracting circulating plasma volume from the intravascular 

distribution volume of a glycocalyx permeable tracer, i.e. neutral dextran 40, as previously 

published (5, 6). The intravascular distribution volume of labeled, autologous erythrocytes 

was used to quantify circulating blood volume (20). 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 fl uorescein was added to 



Eff ect of sulodexide in diabetes mellitus type 2 59

the erythrocyte fraction for 5 minutes. After washing, labeled erythrocytes were resuspended 

in saline to the initial volume and re-infused. 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 fl owcytometry (FACSCalibur; Becton Dickinson, Mountain View, CA) to 

estimate the total circulating erythrocyte volume (V
ERY

). Circulating plasma volume was calcu-

lated from V
ERY

 and large vessel hematocrit (Ht) by the following formula: ([1 – Ht] x V
ERY

)/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, Emmercompas-

cuum, the Netherlands) was injected to attenuate the risk of anaphylactic reactions. Subse-

quently, 100 mL dextran 40 kDa (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 levels. Glucose concentration per 

time point was assessed in duplicate using the hexokinase method. To determine the initial 

intravascular distribution volume of dextran 40, the concentration of dextran 40 at the time 

of injection was estimated by exponential fi tting of the measured dextran 40 concentrations. 

Exponential time constants (τ [min]) were used to determine dextran 40 systemic clearance 

rates (τ-1 [min-1]). This method has an intersession coeffi  cient of variation of 16% (21).

Transcapillary Escape Rate of albumin

Microvascular permeability was determined by the transcapillary escape rate of I125-albumin 

(TERalb). I125 labeled albumin solution of 100 kBq in 5 ml saline was infused as an intravenous 

bolus. Blood samples were drawn from the contralateral arm at baseline, and at 10, 15, 20, 

30, 45 and 60 minutes. Plasma radioactivity was measured in each sample and a urine sample 

using a scintillation detector (automatic γ-counter). TER-alb was expressed as the percentage 

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

Biochemical parameters

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). Albumin content in urine was determined after 24 

hours collection. Plasma C-reactive protein (CRP) levels were measured with a commercially 

available assay (Roche, Switzerland). Hematocrit (Ht) was measured after centrifugation of 

heparinized blood at 10,000 rpm for 5 minutes (Hettich, Tuttlingen, Germany). Total choles-

terol, 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 
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pyridoxalphosphate activation assay (Roche Diagnostics). Creatinin was measured by Jaff e´ 

kinetic colorimetric test (Roche Diagnostics) on Modular P800 (Roche Diagnostics). For fur-

ther analysis, plasma aliquots were snap-frozen and stored at -80°C. 

Statistical analysis 

Results are expressed as means ± SD. Diff erences between normoglycemic and diabetic 

subjects were tested using an unpaired Student’s t test (two-tailed). Diff erences within 

the diabetic group with and without treatment were tested using a paired Student’s t test 

(two-tailed). Urine albumin levels, CRP and triglyceride levels are generally not normally dis-

tributed. Therefore, we present medians [interquartile range] and used non parametric tests 

for these values. The relation between glycocalyx volume and TERalb and other parameters 

was explored using Spearman’s correlation coeffi  cient. Analyses were performed with SPSS 

version 11.5 (Chicago, IL, USA). A p value < 0.05 was considered statistically signifi cant.

RESULTS

Clinical characteristics

Clinical characteristics of the participants are listed in Table 1. Eight out of 21 DM2 patients 

presented with increased urinary albumin excretion (> 30 mg/day). The median level of albu-

min in all diabetics was 11 [0 - 72] mg/24 hr, with 0 [0 - 11] mg/d in normoalbuminuric patients 

and 118 [46 - 353] mg/d in patients with increased urinary albumin, compared to 0 [0 - 10] 

mg/d in controls (p = 0.09). Treatment of DM2 patients with sulodexide had no signifi cant 

eff ect on albuminuria. After treatment, the median urine albumin excretion was 16 [0 - 60] 

mg/d (p = 0.5 compared to baseline), with 0 [0 - 15] mg/d in normoalbuminuric patients (p = 

1.0 compared to baseline) and 85 [60 - 245] mg/24 hr in those with increased urinary albumin 
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Figure 1. Endothelial glycocalyx volume in type 2 diabetic patients and normoglycemic subjects
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(p = 0.4 compared to baseline). Furthermore, no signifi cant changes in HbA1c, glucose levels, 

PT or aPTT were observed upon sulodexide treatment.

Endothelial glycocalyx volume at baseline

Plasma volume was comparable between diabetic patients and normoglycemic controls 

(DM2: 2.7 ± 0.7 L vs. controls 2.7 ± 0.5 ml, p = 0.9), as was plasma hematocrit (0.42 ± 0.03 vs. 

0.42 ± 0.03, respectively, p = 0.9). The distribution volume of dextran 40 kDa was 3.6 ± 0.6 L in 

diabetics compared to 3.8 ± 0.8 L in controls (p = 0.4). This resulted in an average glycocalyx 

volume of 0.9 ± 0.5 L in DM2 patients and 1.2 ± 0.5 L in controls (p = 0.05). Normalized per kg 

bodyweight, we observed a glycocalyx volume 9.7 ± 5.2 mL/kg in DM2 patients, compared 

to 14.0 ± 5.8 mL/kg in controls (p = 0.04). This diff erence was more pronounced in diabetics 

with (micro)albuminuria (7.8 ± 2.4 mL/kg, p = 0.02 compared to controls), than in diabetics 

without microalbuminuria (10.8 ± 6.1 mg/kg, p = 0.2) (Figure 1). 

Table 1. Clinical characteristics of type 2 diabetic patients and normoglycemic subjects

DM2 patients DM2 patients P* Controls P**

Baseline
n=21

8 wks sulodexide
n=19

Baseline
n=14

Age, yrs 54.7 ± 6.2 54.7 ± 6.2 57.2 ± 7.2 0.30

BMI, kg/m2 29.2 ± 4.4 29.2 ± 4.4 26.9  ± 2.2 0.09

Systolic blood pressure, 
mmHg

147 ± 19 144 ± 26 0.29 134 ± 18 0.05

Diastolic blood pressure, 
mmHg

89 ± 9 84 ± 13 0.05 81 ± 8 0.04

Glucose, mmol/L 7.6 ± 3.3 7.4 ± 2.4 0.56 4.9 ± 0.7 0.01

HbA1c, % 6.7 ± 1.7 7.0 ± 1.1 0.59 5.5 ± 0.3 0.01

Urine albumin excretion, 
mg/d

11 [0-72] 16 [0-60] 0.48 0 [0-10] 0.09

Total cholesterol, mmol/L 5.4 ± 1.1 5.2 ± 1.2 0.46 5.7 ± 1.1 0.41

LDL-cholesterol, mmol/L 3.4 ± 0.9 3.2 ± 1.0 0.15 3.9 ± 1.0 0.14

HDL-cholesterol, mmol/L 1.0 ± 0.3 1.0 ± 0.3 0.54 1.3 ± 0.3 <0.01

Triglycerides, mmol/L 1.7 [1.1-3.1] 1.8 [0.9-3.2] 0.76 1.0 [0.9-1.4] 0.01

CRP, mg/L 2.0 [0.6-3.9] 1.3 [0.5-3.2] 0.17 1.1 [0.5-1.4] 0.03

Values are presented as means ± SD. Urine albumin excretion, triglycerides and CRP are presented 
as median [interquartile range] and tested non-parametrically, as they are generally not normally 
distributed.

P*: Baseline values of DM2 patients vs. values after 8 weeks sulodexide (paired Student’s t test or Wilcoxon, 
when appropriate)

P**: Baseline values of DM2 patients vs. controls (unpaired Student’s t test or Mann Whitney, when 
appropriate)
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Endothelial glycocalyx volume upon sulodexide administration

After 8 weeks treatment with sulodexide, average plasma volume tended to increase in 

diabetic patients to 2.9 ± 0.8 L (p = 0.07 compared to baseline). This was accompanied by 

a decrease in hematocrit from 0.42 ± 0.03 to 0.40 ± 0.02 (p = 0.002). Dextran distribution 

volume tended to increase to 3.8 ± 1.1 L (p = 0.07). This resulted in an average glycocalyx 

volume of 1.0 ± 0.5 L (p = 0.2 compared to controls). Normalized per kg bodyweight, we 

observed values comparable to our controls in diabetics without microalbuminuria (14.5 ± 

4.8 mL/kg, p = 0.9 compared to controls), but low values in diabetics with microalbuminuria 

(4.9 ± 2.8, p = 0.002 compared to control) (Figure 1). Overall, mean glycocalyx volume in 

diabetics was 11.3 ± 6.2 mL/kg (p = 0.2).

Transcapillary Escape Rate of Albumin

The transcapillary escape rate of albumin (TERalb) was 5.1 ± 2.3% in the fi rst hour in DM2 

patients vs. 3.5 ± 1.7 % in controls (p = 0.05). After treatment with sulodexide, this diff erence 

was no longer signifi cant (TERalb 4.6 ± 3.0%, p = 0.3 compared to controls) (Figure 2). Glyco-

calyx volume in controls was inversely correlated with TERalb (ρ = - 0.60, p = 0.05). Following 

sulodexide, glycocalyx volume was negatively correlated with urine albumin excretion (ρ 

= - 0.47, p =0.05). TERalb did not correlate with urine albumin content in diabetic patients (ρ 

= - 0.148, p = 0.52) or controls (ρ = - 0.016, p = 0.96). It was inversely correlate with HbA1c in 

DM2 patients after sulodexide treatment (ρ = - 0.61, p = 0.005).

DISCUSSION

In patients with DM2 endothelial glycocalyx volume was decreased compared to controls 

with a concomitant increase in transcapillary escape rate of albumin. Following 8 weeks of 
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Figure 2. Transcapillary escape rate of albumin in type 2 diabetic patients and normoglycemic subjects
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sulodexide, glycocalyx volume in diabetic patients was no longer diff erent from non-diabetic 

controls. Markedly, improvement was absent in patients with (micro)albuminuria. Further-

more, sulodexide reduced the transcapillary escape rate of albumin. However, this was not 

accompanied by a reduction of urinary albumin excretion. The present fi ndings imply that 

restoration of glycocalyx in DM2 patients may lead to a decreased vascular permeability in 

DM2. Further studies are warranted to evaluate whether glycocalyx restoration also has the 

capacity to reduce the propensity towards vascular complications in diabetic patients.  

Glycocalyx perturbation in DM2

In the present study, we corroborate our previous fi ndings of loss of glycocalyx volume in 

patients with DM1, particularly in those with microalbuminuria (5). We observed similar 

trends in DM2. Interestingly, the diff erence in glycocalyx volume in DM2 patients appeared 

to be less pronounced compared to patients with DM1. This could be due to the fact that 

DM1 patients have endured longer exposure to hyperglycemia. Alternatively, it should be 

taken into account that DM2 patients as well as their controls were older and more obese 

compared to the previously reported DM1 patients and controls. We previously reported that 

BMI is inversely related to glycocalyx volume, which could result in less marked diff erences 

between groups (19). 

Glycocalyx and sulodexide 

Duling and coworkers have previously shown that supplementation of constituents of the 

glycocalyx, particularly hyaluronan, has the ability to protect the vessel wall from insults by 

restoring the protective capacities of the endothelial glycocalyx (10, 22). Recently, we were 

able to show that supplementation of endothelial cells with sulodexide in vitro reversed 

the increased transendothelial albumin leakage under hyperglycemic conditions. Mark-

edly, barrier restoration was accompanied by increased glucosamine staining of the cultured 

endothelial cells, indicating recovery of the endothelial glycocalyx layer (14). Our present 

fi ndings confi rm these results. However, sulodexide did not improve glycocalyx volume and 

vascular permeability in all patients. Especially, in patients with microalbuminuria restoration 

of systemic glycocalyx volume was absent. These fi ndings imply that, perhaps, at a certain 

level of damage, restoration with sulodexide may prove to be unrealistic. In contrast, at 

earlier stages, prevention is promising.

Glycocalyx and vascular permeability 

Mehta and Malik provided experimental evidence to show that the glycocalyx is instrumental 

in determining the endothelial barrier function under physiological conditions (23). The 

abundant presence of negatively charged glycosaminoglycans, such as heparan sulphate, in 

the endothelial glycocalyx has been shown to contribute profoundly to the charge-selective 

repulsion of negatively charged proteins, such as albumin. In fact, alteration in either the pro-
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duction or sulphation degree of heparan sulphate is thought to contribute to the increased 

permeability of both the kidney (24-26) as well as the systemic vascular barrier in diabetic 

patients (2). The latter is supported by the increased vascular leakage of albumin that we 

observed in patients compared to controls. 

Urine albumin excretion and sulodexide

After a relatively short period of treatment of 8 weeks of a small number of patients, we did 

not observe a reduction of urinary albumin excretion. Although our study can be criticized for 

its limited duration and size, recently two clinical trials were terminated due to disappointing 

results following six to twelve months of sulodexide administration (27). Both in DM2 patients 

with persistent microalbuminuria as well as patients with overt diabetic nephropathy sulo-

dexide failed to show signifi cant reduction in urinary protein excretion. However, it should 

be kept in mind that systemic transcapillary escape rate in diabetes may respond diff erently 

towards drug intervention than urinary albumin excretion as they refl ect diff erent patho-

genetic mechanisms (28). Changes in urinary albumin excretion have been suggested to 

refl ect predominantly hemodynamic changes and thus glomerular capillary pressure, rather 

than true restoration of structural damage to the glomeruli and/or the glomerular basement 

membrane (29). Therefore, lack of reversal of (micro)albuminuria does not exclude an impact 

on systemic permeability of the vessel wall. Moreover a possible eff ect of sulodexide may not 

be confi ned to microalbuminuric patients alone. Finally it must be kept in mind that urinary 

albumin excretion naturally fl uctuates as much as 40% (29).

Study limitations

This study has several limitations. First, we cannot exclude that the 200 mg dose of sulo-

dexide was suboptimal. We chose this dose based on dose-response curves in vitro (14). 

Improvements in the endothelial barrier already occurred at relatively low concentration 

of sulodexide of 0.06 μg/mL, which is lower than the plasma concentrations following oral 

dosing of 200 mg (30). Moreover, further dose escalation will, at some point, be limited by the 

anticoagulant eff ects of heparan sulphates, resulting in aPTT prolongation (30). Second, sulo-

dexide only contains two constituents of the glycocalyx, i.e. heparan sulphate and dermatan 

sulphate. Other constituents, such as hyaluronan, have been shown to be pivotal in restoring 

glycocalyx properties (10, 22). In addition, there are indications that shedding of hyaluronan 

is increased in diabetic patients (31). Therefore, future studies need to address whether diff er-

ent mixtures of glycocalyx constituents have a larger impact on glycocalyx perturbation. 

Conclusion 

DM2 is associated with a decrease in endothelial glycocalyx volume and increased vascular 

permeability, which may contribute to vascular complications. Sulodexide moderately im-

proved glycocalyx volume and vascular leakage of albumin, but not urine albumin excretion. 
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The present fi ndings imply that restoration of the glycocalyx may be a promising target to 

restore the increase in vascular permeability associated with hyperglycemia. This calls for 

the search of novel therapeutics aimed at glycocalyx barrier function to improve vascular 

protection.
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ABSTRACT

Objective: Infl ammatory stimuli profoundly increase the vulnerability of the vessel wall to 

atherogenesis. The glycocalyx, a layer of glycosaminoglycans and proteoglycans covering 

the endothelium, has recently emerged as an orchestrator of vascular homeostasis. In the 

present study, we investigated whether endotoxin-induced infl ammatory reactions lead 

to a decrease of endothelial glycocalyx thickness in humans and whether Tumour Necrosis 

Factor-α (TNFα) plays a role in this process.

Design, subjects and intervention: Healthy male volunteers received low-dose endotoxin 

(1 ng/kg) intravenously, with (n = 8) or without (n = 13) pre-treatment with the soluble TNFα 

receptor etanercept. Endothelial glycocalyx thickness and related parameters were deter-

mined after endotoxin challenge. 

Results: Endotoxin resulted in a profound reduction in microvascular glycocalyx thickness 

(from 0.60 ± 0.1 to 0.30 ± 0.1 μm, p < 0.01). Concomitantly, plasma levels of the principal 

glycocalyx constituent hyaluronan (62 ± 18 to 85 ± 24 ng/mL, p < 0.05), monocyte activation 

and coagulation activation (F1+2; 0.3 ± 0.1 to 2.8 ± 1.5 nmol/L, p < 0.05) increased. 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 hyaluronan (58 ± 13 to 46 ± 10 ng/mL, p < 0.05) and 

coagulation activation (F1+2: 0.3 ± 0.1 to 2.1 ± 0.9 nmol/L, p < 0.05) were also attenuated. 

Conclusions: These data suggest that infl ammatory activity, in part mediated by TNFα, leads 

to perturbation of the endothelial glycocalyx in humans. This may contribute to the vascular 

vulnerability induced by infl ammation. 

Keywords: endothelial glycocalyx, endotoxin, TNFα, hyaluronan

Abbreviations: CRP, C-reactive protein; OPS, orthogonal polarization spectroscopy; TNFα, 

tumor necrosis factor-α
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INTRODUCTION

Patients with chronic infl ammatory disorders, such as rheumatoid arthritis and Crohn’s disease, 

often suff er from accelerated atherogenesis (1-3). Besides that, elevated levels of endotoxin 

in the human bloodstream have been associated with an increased risk for atherosclerosis 

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

atherosclerotic lesion formation in experimental animal models (5). Even single infl ammatory 

challenges, such as vaccination, infusion of C-reactive protein (CRP) or endotoxin administra-

tion have been associated with endothelial dysfunction in humans (6-8). Collectively, these 

data suggest that infl ammatory stimuli increase the vulnerability of the vessel wall to athero-

genic 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 ho-

meostasis (10). This intraluminal layer, mainly consisting of heparan sulphate and hyaluronan, 

is instrumental for regulating vascular permeability (11, 12). Perturbation of the glycocalyx 

is also accompanied by increased leukocyte and platelet adhesion in experimental models 

(13, 14). Reconstitution of the glycocalyx, on the other hand, fully restores the protective 

properties of the vessel wall (11, 13). Tumour Necrosis Factor-α (TNFα) is one of the pivotal 

factors that have been shown to disrupt endothelial glycocalyx in an experimental model 

(15). This was closely correlated with increased vascular permeability as well as endothelial 

dysfunction. In humans, we recently showed that hyperglycaemia is characterized by glyco-

calyx perturbation, coinciding with endothelial dysfunction and coagulation activation (16). 

We hypothesized that acute infl ammatory stimuli adversely aff ect the endothelial glycocalyx 

in humans, thus augmenting vascular vulnerability. Therefore, we evaluated the eff ect of a 

standardized infl ammatory challenge (endotoxin 1 ng/kg) on endothelial glycocalyx thick-

ness, as well as on endothelial function, coagulation and infl ammatory markers. To specifi -

cally address the role of TNFα, experiments were performed with or without pre-treatment 

with the soluble TNFα receptor etanercept.

MATERIALS AND METHODS

Study design

Twentyone healthy Caucasian male volunteers were studied (Table 1). The study was ap-

proved by the Institutional Review Board of the Academic Medical Centre, Amsterdam and 

written informed consent was obtained from all volunteers. Participants had no history of 
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cardiovascular disease, did not smoke, did not use any medication and were free from any fe-

brile illness in the month preceding the study. Medical history, physical examination, routine 

laboratory examination, electrocardiogram and chest X-ray were normal. All experiments 

were performed after an overnight fast. A baseline measurement comprising microvascular 

(sublingual) glycocalyx thickness and biochemistry was performed in all subjects. Five days 

later, subjects were allocated to intramuscular injection of either saline (n = 13) or etanercept 

(n = 8; Enbrel® 50 mg, Wyeth, USA). After 48 hours, after an overnight fast, study participants 

were admitted to the research unit and a catheter was inserted in an antecubital vein of each 

arm. Blood was drawn for baseline measurements and 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 regular 

intervals at t = 0.5, 1, 3 and 4 hours after endotoxin challenge. The next morning, 24 hours 

after endotoxin infusion, study participants returned after an overnight fast for fi nal blood 

withdrawal. Blood was collected in EDTA, citrate, and heparin anticoagulated aliquots, as 

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 mean ± SD.
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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) imaging of the sublingual microcirculation (18). The width of fl owing erythrocytes was 

measured in individual capillaries before and immediately after the passage of a leukocyte 

through the capillary (19, 20, 21). This method is based on the linear theory model (22, 23, 24). 

In short, endothelial glycocalyx limits the proximity of erythrocytes to capillary endothelial 

cells (19). In contrast, leukocytes, which are much more rigid, compress the capillary endothe-

lial 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). 

The OPS procedure is non-invasive, painless and takes approximately 15 minutes. Measure-

ments of the central sublingual area were performed with a handheld OPS camera (Cytomet-

rics, Philadelphia, PA, USA). Pressure on the tissue was avoided to ensure normal fl ow. Images 

were collected with a 5× objective providing a 325× magnifi cation 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. Analysis of 

the images was performed with Image-Pro Plus by a single image analyst, who was blinded 

for the clinical details of the participants. Capillaries with a diameter between 3 and 7 μm 

were selected for analysis. The anatomical capillary diameter and the width of the fl owing 

erythrocyte column were measured using digital callipers 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 fi eld was counted as indication of capillary density as 

previously described (25). 

Blood sampling and laboratory methods

Leukocyte counts as well as subfractions were determined in whole blood with standardized 

fl ow cytometric analysis. Plasma CRP levels were measured with a commercially available as-

say (Roche, Switzerland). Plasma soluble TNFα receptor type 2 (sTNFR2) levels were measured 

using an enzyme-linked immunosorbent assay (ELISA) (R&D Systems Inc, Minneapolis, MN, 

USA), as a marker of eff ective etanercept administration (26). Plasma IL-6 levels, a cytokine 
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induced by TNFα activity, were measured using Cytometric Bead Array technique (R&D sys-

tems, Minneapolis, MN, USA). Prothrombin activation fragment F1+2 (Dade Behring, Marburg, 

Germany) was measured by ELISA to estimate thrombin generation. D-dimer levels were 

measured as a refl ection of fi brin formation and subsequent endogenous fi brinolysis with an 

automated quantitative latex-particle immunoassay (Biomerieux, Durham, NC, USA). Quan-

titative plasma hyaluronan was measured by ELISA (Echelon Biosciences, Salt Lake City, UT, 

USA), which measures total amount (including low and high molecular weight) hyaluronan. 

Heparan sulphate was measured after serum pre-treatment with Actinase E (Sigma, St. Louis, 

MO, USA) by ELISA (Seikagaku Corporation, Tokyo, Japan). Total plasma hyaluronidase activity 

was determined with a previously published assay with minor modifi cations (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 at pH 3.7. 

Bovine hyaluronidase (Sigma, St. Louis, MO, USA) was used for the standard curve. The remain-

ing 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% H
2
O

2
. Plates were measured at OD 492 nm.

Monocyte fl ow cytometry procedure

Whole blood samples were collected in pyrogen-free lithium-heparin tubes and erythrocytes 

were lysed. For fl ow cytometric analysis, remaining cells were incubated in FACS buff er 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-specifi c antibody binding. After staining, the cells were washed, fi xed in 4% paraformal-

dehyde, and analyzed by fl ow cytometry and at least 100,000 cells were counted per sample. 

Data were analyzed with CellQuest software. 

Statistical analysis

All values are provided as means ± SD. Diff erences in baseline characteristics between the 

endotoxin-saline and the endotoxin-etanercept group were analyzed by two-tailed unpaired 

Student’s t test, since there were no indications for abnormal distribution of the data. Changes 

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

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

ment and time). P < 0.05 was considered to represent a statistically signifi cant diff erence.
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RESULTS

Clinical responses to endotoxin infusion with or without etanercept pre-treatment

Prior to endotoxin infusion, no diff erences in clinical characteristics were observed between 

the saline and the etanercept group (Table 1). Infusion of endotoxin was well tolerated and 

no serious adverse eff ects were encountered. Endotoxin infusion caused characteristic clini-

cal symptoms, such as chills, headache, myalgia and nausea. These symptoms were transient 

in both groups, but occurred more frequently and more intensive in the saline group com-

pared to the etanercept group (data not shown). sTNFR2 levels were signifi cantly increased 

after etanercept pre-treatment (from 1.8 ± 0.2 to 520 ± 34 ng/mL, p < 0.0001), indicating 

that etanercept was eff ectively administered. Plasma levels remained elevated 4 hours after 

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

were only slightly aff ected in the saline group (from 2.1 ± 0.3 to 5.2 ± 0.5 ng/mL 4 hours after 

endotoxin, p < 0.01). Blood pressure, heart rate and body temperature signifi cantly changed 

4 hours after endotoxin infusion in the saline group (systolic blood pressure: from 127 ± 11 

to 119 ± 5 mmHg, ns; diastolic blood pressure: from 67 ± 8 to 51 ± 9 mmHg, p < 0.01; heart 

rate: from 59 ± 6 to 82 ± 5, p < 0.01; and body temperature: from 36.6 ± 0.5 to 38.3 ± 0.4 ºC,

 p < 0.01 compared to baseline for all parameters). Etanercept attenuated these changes 

(systolic blood pressure: from 125 ± 7 to 123 ± 10 mmHg, ns; diastolic blood pressure: from 

69 ± 6 to 67 ± 6 mm Hg, ns, heart rate: from 62 ± 4 to 69 ± 3, ns; and body temperature: from 

36.6 ± 0.5 to 37.3 ± 0.5 ºC, ns compared to baseline for all parameters). 

Etanercept attenuated endotoxin-induced glycocalyx perturbation

Endotoxin infusion led to a reduction in microvascular glycocalyx thickness in the saline 

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

increased capillary blood fi lling as refl ected by an increased width of the capillary erythrocyte 

column (from 4.2 ± 0.1 to 4.9 ± 0.1 μm, p < 0.05) prior to leukocyte passage. No apparent 

changes were detected in the anatomic capillary diameters (from 5.4 ± 0.2 to 5.5 ± 0.1 μm, 

ns). Etanercept limited decreases in microvascular glycocalyx to 35% (from 0.54 ± 0.1 to 0.35 

± 0.1 μm, p < 0.05).  Capillary density signifi cantly decreased upon endotoxin challenge (from 

60 ± 18 to 44 ± 16 per fi eld, p < 0.01) with similar changes in the etanercept pre-treatment 

group (from 59 ± 7 to 43 ± 15 per fi eld, p < 0.01). 

Changes in glycocalyx components upon endotoxin infusion

Plasma hyaluronan levels, a marker of glycocalyx shedding, rose signifi cantly within fi rst 

hour after endotoxin infusion in the saline group (from 62 ± 18 to 85 ± 24 ng/mL, p < 0.05), 

whereas etanercept reduced endotoxin-induced shedding (from 58 ± 13 to 46 ± 10 ng/mL, 

p < 0.05) (Figure 2a). Plasma hyaluronidase activity was signifi cantly decreased 4 hours after 

endotoxin infusion in the saline group (-56 ± 20% compared to baseline, p < 0.01), whereas 
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hyaluronidase activity was not aff ected in the etanercept group (-8 ± 14% compared to 

baseline, ns; Figure 2b). Notably, heparan sulphate plasma levels did not signifi cantly change 

during the 4 hours after endotoxin challenge with either pre-treatment (saline group: from 

5.3 ± 1.1 to 5.5 ± 1.2 μg/mL versus etanercept group: from 5.4 ± 1.3 to 5.1 ± 1.0 μg/mL, ns 

compared to baseline). However, 24 hours after endotoxin infusion plasma heparan sulphate 

levels increased, especially in the saline group (11.2 ± 2.1 μg/mL versus etanercept group 7.4 

± 1.5 μg/mL, p < 0.01).

Etanercept treatment reduced TNFα-induced infl ammatory and coagulation responses

Infl ammatory markers rose in the saline group after endotoxin challenge (IL-6: from 4.2 ± 6.3 

to 678 ± 427 pg/mL and CRP: from 0.5 ± 0.4 to 26.7 ± 7.6 mg/L, p < 0.01 compared to baseline, 

see Figure 3a and b). Etanercept signifi cantly reduced this increase (IL-6: from 4.6 ± 3.1 to 

127 ± 98 pg/mL, p < 0.05 compared to baseline and CRP: from 0.6 ± 0.4 to 16.0 ± 3.4 mg/L,

p < 0.01 compared to baseline). In parallel, 4 hours after endotoxin, the number of circulating 

leukocytes was doubled in both treatment groups compared to baseline. 
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Figure 1. Endothelial glycocalyx thickness

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).
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Figure 2a. Plasma hyaluronan levels

Plasma hyaluronan levels in human volunteers challenged with endotoxin without (black bars) or 
with etanercept pre-treatment (open bars). Data are presented as means ± SD (* p < 0.05 compared to 
baseline; # p < 0.05 between groups).
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Figure 2b. Plasma hyaluronidase activity

Plasma hyaluronidase activity in human volunteers challenged with endotoxin without (dots) or with 
etanercept pre-treatment (diamonds). Data are presented as means ± SD (* p < 0.05 vs. baseline, # 
p < 0.05 between groups).
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Figure 3a. Plasma IL-6 levels
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Figure 3b. Plasma CRP levels

Markers of infl ammation were assessed by plasma IL-6 levels (Figure 3a, without (dots) or with (diamonds) 
etanercept pre-treatment) and plasma CRP plasma levels (Figure 3b, without (black bars) and with (white 
bars) etanercept pre-treatment) during endotoxin challenge in human volunteers. Data are presented as 
means ± SD (* p < 0.05 vs. baseline, † p < 0.01 vs. baseline, # p < 0.05 between groups).
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With respect to leukocyte diff erentiation after endotoxin infusion, a signifi cant drop in mono-

cyte count of 76 ± 29% was observed in the saline group at 4 hours (p < 0.01 compared to 

baseline), whereas  etanercept was associated with a less profound reduction of 51 ± 32% 

(p < 0.05 compared to baseline). There was no diff erence between CD14+ monocyte counts 
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Figure 4a. Prothrombin fragments 1+2
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Figure 4b. D-dimer levels

Activation of coagulation (Figure 4a, as assessed by prothrombin fragments 1+2) and fi brinolysis (Figure 
4b, determined by D-dimer levels) parameters are depicted. Data are presented as mean ± SD (* p < 0.05 
vs. baseline, # p < 0.05 between groups).
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between the two groups (27 ± 10 vs. 26 ± 13%, ns). However, the CD11b+/CD18+ monocyte 

count was higher after saline compared to etanercept (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 4 hours after endotoxin in the saline group whereas in the etanercept group an 

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

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

saline group were signifi cantly increased, starting 3 hours after endotoxin challenge (F1+2; from 

0.3 ± 0.1 to 2.8 ± 1.5 nmol/L and D-dimer: from 0.2 ± 0.1 to 0.4 ± 0.1 mg/L, p < 0.05 compared to 

baseline; Figure 4a and b), whereas etanercept signifi cantly reduced this increase (F1+2: from 

0.3 ± 0.1 to 2.1 ± 0.9 nmol/L, and D-dimer: from 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 loss of endothelial 

glycocalyx and shedding of the glycocalyx constituent hyaluronan into the plasma compart-

ment. These changes were accompanied by reduction in perfused capillary density, increased 

monocyte activation and thrombin generation. Conversely, we show that inhibition of TNFα 

activity with etanercept attenuates the reduction in endothelial glycocalyx perturbation, 

abolishes shedding of glycocalyx constituents, and reduces coagulation activation. These 

fi ndings imply a profound eff ect of infl ammatory activation on endothelial glycocalyx, which 

may contribute to loss of vascular protection. 

Eff ect of endotoxin on glycocalyx thickness and capillary density

The role of the endothelial glycocalyx as a target of damage and, conversely, as a potential 

structure providing protection against atherogenic stimuli, is emerging rapidly. Although 

the techniques to evaluate the endothelial glycocalyx in humans are relatively new, our data 

provide solid information to extend these emerging hypotheses (20). In the present study, we 

observed a large decrease in endothelial glycocalyx thickness. This corroborates with previ-

ously published data showing that TNFα directly damages the glycocalyx in a hamster model 

(15). Moreover, shedding of endothelial glycocalyx upon pro-infl ammatory stimuli has been 

described several times (14, 28, 29). 

Besides loss of endothelial glycocalyx, we found a decrease in capillary density. OPS images 

revealed that there was a 50% reduction in sublingual endothelial glycocalyx thickness in 

about 70% of the capillaries that remained perfused after endotoxin challenge. These fi nd-

ings are in line with a study by Cabrales et al. (30). This group showed that degradation of the 

glycocalyx leads to capillary perfusion impairments, a reduction functional capillary density 
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and an increased erythrocyte fl ux in the remainder of perfused capillaries in a hamster model. 

We speculate that this decrease in glycocalyx thickness could lead to reduction in microvas-

cular resistance and account for the observed reduction in diastolic blood pressure. 

Eff ect of endotoxin on glycocalyx components 

Endotoxin challenge results in a large reduction in microvascular glycocalyx thickness. The 

concomitant rapid increase in circulating plasma hyaluronan levels implies increased shedding 

as a cause for loss of glycocalyx. In line, previous studies demonstrate shedding of endothelial 

glycosaminoglycans upon infl ammation (31, 32). However, hyaluronan concentrations only 

rose modestly compared to the large reduction in glycocalyx. 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 with hyaluronidase has been shown to 

be accompanied by a clear increase in vascular permeability for macromolecules (11, 12). 

Increased circulating hyaluronan levels in conjunction with a dramatic increase in vascular 

permeability are also found in septic patients (32). Of note, plasma hyaluronidase activity was 

decreased, rather than increased. This could pertain to the release of endogenous hyaluroni-

dase inhibitors, which are increased during infl ammatory reactions (34).

Eff ect on coagulation and infl ammatory markers 

Our study confi rms previously published data that endotoxin activates the coagulation sys-

tem 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-affi  nity receptor for complexes of 

endotoxin and endotoxin-binding protein. Endotoxin binding to CD14 and TLR-4 activates 

both endothelium as well as monocytes, resulting amongst others in increased TNFα and hy-

aluronan 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 line with data from animal studies showing that perturbation 

of endothelial glycocalyx indeed results in increased leukocyte adhesion (13, 14, 15, 28). 

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 in-

crease 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 the sTNFR2 

are measured in the TNFα assay. We measured sTNFR2 plasma levels for treatment effi  cacy in 
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combination with CRP and IL-6 plasma levels as a secondary cytokine following TNFα, as bio-

assays for TNFα activity are not widely available. As shown, both CRP and IL-6 were indeed 

attenuated upon etanercept pre-treatment. Second, the technique to estimate endothelial 

glycocalyx in humans is indirect and should be interpreted with caution.

Clinical implications

Coagulation and infl ammation are entangled with endothelial dysfunction (39). Both 

atherosclerosis and sepsis are associated with infl ammatory 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 attenuating leukocyte and platelet adhesion. Our data point towards 

a potential role of endothelial glycocalyx in the protection of the vessel wall. This study pro-

vides the foundation for further studies of the endothelial glycocalyx in humans to discern 

its exact role in the mentioned maladies and to determine whether preventing glycocalyx 

perturbation can attenuate the adverse eff ects of infl ammatory stimuli on the endothelium. 

ACKNOWLEDGEMENTS

The authors would like to acknowledge H. Levels, PhD, L.J. Splint, BSc and A. Schimmel, BSc 

(Department of Vascular Medicine, AMC) for excellent laboratory assistance. 

DISCLOSURES

This study was funded by a research grant from the Netherlands Heart Foundation to E.S.G. 

Stroes (2006B088). H. Vink is an established investigator of the Netherlands Heart Foundation 

(2005T037). 



Endotoxin and glycocalyx damage 81

REFERENCES 

 1. Solomon DH, Karlson EW, Rimm EB, et al. Cardiovascular morbidity and mortality in women diagnosed with rheumatoid 
arthritis. Circulation 2003;107:1303-7.

 2. Roman MJ, Shanker BA, Davis A, et al. Prevalence and correlates of accelerated  atherosclerosis in systemic lupus erythe-
matosus. N Engl J Med 2003;349:2399-406.

 3. Van Leuven SI, Hezemans R, Levels JH et al. Enhanced atherogenesis and altered high density lipoprotein in patients 
with Crohn’s disease. J Lipid Res 2007;48:2640-6.

 4. Stoll LL, Denning GM, Weintraub NL. Potential role of endotoxin as a proinfl ammatory mediator of atherosclerosis. 
Arterioscler Thromb Vasc Biol 2004;24:2227-36.

 5. Westerterp M, Berbée JFP, Pires NMM, et al. Apolipoprotein CI is crucially involved in lipopolysaccharide-induced 
atherosclerosis development in ApoE-knockout mice. Circulation 2007;116:2173-81. 

 6. Hingorani AD, Cross J, Kharbanda RK, et al. Acute systemic infl ammation impairs endothelium-dependent dilatation in 
humans. Circulation 2000;102:994-9.

 7. Bisoendial RJ, Kastelein JJ, Peters SL, et al. Eff ects of CRP infusion on endothelial function and coagulation in normocho-
lesterolemic and hypercholesterolemic subjects. J Lipid Res 2007;48:952-60.

 8. Pleiner J, Mittermayer F, Schaller G, et al. High doses of vitamin C reverse Escherichia coli endotoxin-induced hyporeac-
tivity to acetylcholine in the human forearm. Circulation 2002;106:1460-4.

 9. Libby P. Infl ammation in atherosclerosis. Nature 2002;420:868-74.
 10. Nieuwdorp M, Meuwese MC, Vink H, et al. The endothelial glycocalyx: a potential barrier between health and vascular 

disease. Curr Opin Lipidol 2005;16:507-11.
 11. Henry CB, Duling BR. Permeation of the luminal capillary glycocalyx is determined by hyaluronan. Am J Physiol 

1999;277:H508-14.
 12. Van den Berg BM, Vink H, Spaan JA. The endothelial glycocalyx protects against myocardial edema. Circ Res 

2003;92:592-4.
 13. Constantinescu AA, Vink H, Spaan JA. Endothelial cell glycocalyx modulates immobilization of leucocytes at the en-

dothelial surface. Arterioscler Thromb Vasc Biol 2003;23:1541-7.
 14. Mulivor AW, Lipowsky HH. Role of glycocalyx in leukocyte-endothelial cell adhesion. Am J Physiol Heart Circ Physiol 

2002;283:H1282-91.
 15. Henry CB, Duling BR.TNF-alpha increases entry of macromolecules into luminal endothelial cell glycocalyx. Am J Physiol 

Heart Circ Physiol 2000;279:H2815-23.
 16. Nieuwdorp M, van Haeften TW, Gouverneur MCLG, et al. Loss of endothelial glycocalyx during acute hyperglycaemia 

coincides with endothelial dysfunction and coagulation activation in vivo. Diabetes 2006;55:480-6. 
 17. Suff redini AF, Hochstein HD, McMahon FG. Dose-related infl ammatory eff ects of intravenous endotoxin in humans: 

evaluation of a new clinical lot of Escherichia coli O:113 endotoxin. J Infect Dis 1999;172:1278-82.
 18. Groner W, Winkelman JW, Harris AG, Ince C, et al. Orthogonal polarization spectral imaging: a new method for study of 

the microcirculation. Nature Med 1999;5:1209-12.
 19. Vink H, Duling BR. Identifi cation of distinct luminal domains for macromolecules, erythrocytes, and leukocytes within 

mammalian capillaries. Circ Res 1996;79:581-9.
 20. Nieuwdorp M, Meuwese MC, Mooij HL, et al. Measuring endothelial glycocalyx dimensions in humans: a potential novel 

tool to monitor vascular vulnerability. J Appl Phys 2007; in press.
 21. Nieuwdorp M, Mooij HL, Kroon J, et al. Endothelial glycocalyx damage coincides with microalbuminuria in type 1 

diabetes. Diabetes 2006;55:1127-32
 22. Weinbaum S, Zhang X, Han Y, Vink H, Cowin SC. Mechanotransduction and fl ow across the endothelial glycocalyx. Proc 

Natl Acad Sci 2003;100:7988-95.
 23. Han Y, Weinbaum S, Spaan JAE, Vink H. Large deformation analysis of the elastic  recoil of fi ber layers in a Brinkman 

medium with application to the endothelial glycocalyx. Journal of Fluid Mechanics 2006;554:217-35.
 24. Thi MM, Tarbell JM, Weinbaum S, Spray DC. The role of the glycocalyx in reorganization of the actin cytoskeleton under 

fl uid shear stress: A “bumper-car” model. Proc Natl Acad Sci 2004;101:16483-8.
 25. Sakr Y, Chierego M, Piagnerelli M, et al. Microvascular response to red blood cell transfusion in patients with severe 

sepsis. Crit Care Med 2007;35:1639-44.
 26. Bernstein LE, Berry J, Kim S, Canavan B, Grinspoon SK. Eff ects of etanercept in patients with the metabolic syndrome. 

Arch Intern Med 2006;166:902-8.
 27. Frost GI, Stern R. A microtiter-based assay for hyaluronidase activity not requiring specialized reagents. Anal Biochem 

1997;251:263-9.
 28. Mulivor AW, Lipowsky HH. Infl ammation- and ischemia-induced shedding of venular glycocalyx. Am J Physiol Heart Circ 

Physiol 2004;286:H1672-80.
 29. Rubio-Gayosso I, Platts SH, Duling BR. Reactive oxygen species mediate modifi cation of glycocalyx during ischemia-

reperfusion injury. Am J Physiol Heart Circ Physiol 2006;290:H2247-56.
 30. Cabrales P, Vázquez BY, Tsai AG, Intaglietta M. Microvascular and capillary perfusion following glycocalyx degradation. J 

Appl Physiol 2007;102:2251-9.



82 Chapter 5

 31. Klein NJ, Shennan GI, Heyderman RS, Levin M. Alteration in glycosaminoglycan metabolism and surface charge on 
human umbilical vein endothelial cells induced by cytokines, endotoxin, and neutrophils. J Cell Sci 1992;102:821-32.

 32. Berg S. Hyaluronan turnover in relation to infection and sepsis. J Intern Med 1997;242:73-7. 
 33. Lindqvist U, Westerberg G, Bergström M, et al. [11C]Hyaluronan uptake with positron emission tomography in liver 

disease. Eur J Clin Invest 2000;30:600-7.
 34. Mio K, Stern R. Inhibitors of the hyaluronidases. Matrix Biol 2002;21:31-7.
 35. Van der Poll T, Koele SM, Levi M, et al. Eff ect of a recombinant dimeric tumor necrosis factor receptor on infl ammatory 

responses to intravenous endotoxin in normal humans. Blood 1997;89:3727-35. 
 36. Steiner S, Speidl WS, Pleiner J, et al. Simvastatin blunts endotoxin-induced tissue factor in vivo. Circulation 

2005;111:1841-6.
 37. Kurzelewski M, Czarnowska E, Beresewicz A. Superoxide- and nitric oxide-derived species mediate endothelial dysfunc-

tion, endothelial glycocalyx disruption, and enhanced neutrophil adhesion in the post-ischemic guinea-pig heart. J 
Physiol Pharmacol 2005;56:163-78. 

 38. Mohamadzadeh M, DeGrendele H, Arizpe H, Estess P, Siegelman M. Proinfl ammatory stimuli regulate endothelial 
hyaluronan expression and CD44/HA-dependent primary adhesion. J Clin Invest 1998;101:97-108.

 39. Esmon CT. The interactions between infl ammation and coagulation. Br J Haematol 2005;131:417-30.



Chapter 6
Partial recovery of the 

endothelial glycocalyx upon 

rosuvastatin therapy in patients 

with heterozygous familial 

hypercholesterolemia

Marijn C Meuwese, Hans L Mooij, Max Nieuwdorp, Bart van Lith, Roos Marck, Hans Vink, John 

JP Kastelein, Erik SG Stroes

In revision, original research



84 Chapter 6

ABSTRACT

Objective: The endothelial glycocalyx has been shown to serve as a protective barrier be-

tween the fl owing blood and the vessel wall in experimental models. The aim of this study 

was to evaluate whether hypercholesterolemia is associated with glycocalyx perturbation in 

humans, and if so, whether statin treatment can restore this.

Methods/Results: We measured systemic glycocalyx volume (V
G
) in 13 patients with 

heterozygous familial hypercholesterolemia (FH) after cessation of lipid-lowering therapy 

for a minimum of 4 weeks and 8 weeks after initiating rosuvastatin therapy. Normocholes-

terolemic subjects were used as controls. V
G
 was estimated by subtracting the intravascular 

distribution volume of a glycocalyx permeable tracer (dextran 40) from that of a glycocalyx 

impermeable tracer (labeled erythrocytes). V
G
 in untreated FH patients (LDL 225 ± 57 mg/dL 

(mean±SD)) was signifi cantly reduced compared to controls (LDL 93 ± 24 mg/dL) (V
G
 0.8 ± 

0.3 L vs. 1.7 ± 0.6 L respectively, p < 0.001). After normalization of LDL levels (95 ± 33 mg/dL) 

upon 8 weeks of statin treatment, V
G
 recovered only partially (V

G
 1.1 ± 0.4 L, p = 0.04).

Conclusions: 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.

Key words: Endothelial glycocalyx, hypercholesterolemia, LDL-cholesterol, permeability

Abbreviations: CRP, C-reactive protein; FH, familial hypercholesterolemia; Ht, hematocrit;

OPS, orthogonal polarization spectroscopy; oxLDL, oxidized LDL; V
G,

 systemic glycocalyx

volume 
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INTRODUCTION

Endothelial cells are shielded from direct exposure to the fl owing blood by a highly hydrated 

mesh of macromolecules, named the endothelial glycocalyx (1). Its major components 

include proteoglycans with their associated glycosaminoglycans, such as hyaluronan and 

heparan sulphate, as well as glycoproteins bearing acidic oligosaccharides with terminal sialic 

acids. Recent intravital microscopic studies 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 fi ndings 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 glyco-

calyx is associated with reversal of these pro-atherogenic changes (5). Collectively, there is 

growing evidence that the endothelial glycocalyx plays a central role in vascular homeostasis 

and could be of importance in protecting 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 microal-

buminuria (10, 11). In experimental models, other risk factors such as oxygen radical stress, 

infl ammation and exposure to oxidized low-density lipoprotein (oxLDL) have also been 

shown to disrupt the glycocalyx (12-14, 8).

In the present study we evaluated whether hypercholesterolemia is associated with glyco-

calyx perturbation in humans, and if so, whether statin treatment is able to reverse these 

derangements. For this purpose we selected patients with heterozygous familial hypercho-

lesterolemia (FH), characterized by elevated LDL-cholesterol levels.

METHODS

Study population

We enrolled 13 non-smoking, male patients with heterozygous FH (DNA diagnosis and/or 

strong clinical suspicion based on lipid profi le, 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 
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the internal review board of the Academic Medical Center. The study was carried out in ac-

cordance with the principles of the Declaration of Helsinki.

Study design

We measured systemic glycocalyx volume (V
G
), safety and lipid profi les, and glycocalyx 

related parameters in FH patients after cessation of statin therapy for a minimum period of 

4 weeks and 8 weeks after initiating intensive statin treatment (rosuvastatin 40 mg, QD). In 

view of the exploratory nature of the present experiment and the increased risk of cardiovas-

cular 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 24 h prior 

to the study visit. Blood pressure was measured three times, from which the mean 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 allows limited access to plasma macromolecules and erythrocytes, 

whereas smaller tracers can permeate into the glycocalyx (15). We estimated V
G
 by subtract-

ing 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 coeffi  cient of variation of 

16 ± 12 % (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 fl uorescein 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 fl owcytometry (FACSCalibur; 

Becton Dickinson, Mountain View, CA) to estimate the total circulating erythrocyte volume 

(V
ERY

). Circulating plasma volume was calculated from V
ERY

 and large vessel hematocrit (Ht) by 

the following formula: ([1 – Ht] x V
ERY

)/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, 
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100 ml dextran 40 kD (Rheomacrodex; NPBI International, Emmercompascuum, the Neth-

erlands) 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 levels. Glucose concentration per time point 

was assessed in duplicate using the hexokinase method. To determine the initial intravascular 

distribution volume of dextran 40, the concentration of dextran 40 at the time of injection 

was estimated by exponential fi tting of the measured dextran 40 concentrations. Exponen-

tial 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 (Cytomet-

rics, Philadelphia, PA, USA) (18). Briefl y, the width of fl owing erythrocytes was measured in 5 

individual capillaries before and immediately after leukocyte passage. In healthy capillaries, 

the glycocalyx limits capillary blood fi lling by separating erythrocytes from the luminal en-

dothelial 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 Im-

ageJ (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 coeffi  cient 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 

Jaff e´ kinetic colorimetric test (Roche Diagnostics) on Modular P800 (Roche Diagnostics). Glu-

cose 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) levels were measured with a 

commercially available assay (Roche, Switzerland). Hematocrit (Ht) was measured after cen-

trifugation of heparinized blood at 10,000 rpm for 5 minutes (Hettich, Tuttlingen, Germany). 

For further analysis, plasma aliquots were snap-frozen and stored at -80 °C. Quantitative total 

plasma hyaluronan levels were measured by ELISA (Echelon Biosciences, Salt Lake City, UT, 

USA) as was syndecan-1 (Diaclone, Besançon, France). Plasma hyaluronidase activity was 

determined with a previously described assay (20).
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Statistical analysis

Results are expressed as means ± SD. Diff erences between normocholesterolemic and hyper-

cholesterolemic subjects were tested using an unpaired Student’s t test (two-tailed). Diff er-

ences within the hypercholesterolemic group with and without treatment were tested using 

a paired Student’s t test (two-tailed). CRP and triglyceride levels are generally not normally 

distributed. Therefore, we present medians (interquartile range) and used non parametric 

tests for these values. The relation between V
G
 as dependent variable and other parameters 

was explored using Pearson’s or Spearman’s correlation coeffi  cient. Analyses were performed 

with SPSS version 11.5 (Chicago, IL, USA). A p value < 0.05 was considered statistically signifi -

cant.

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 levels than the normocholesterolemic controls (LDL-cholesterol mean ± SD: 225 

± 57 mg/dL vs. 93 ± 24 mg/dL respectively). HDL-cholesterol levels, triglyceride levels, blood 

pressure as well as CRP were all within the normal range, but signifi cantly less favorable in FH 

patients compared to controls. Age, body mass index (BMI) as well as plasma glucose levels 

were comparable between groups.

Glycocalyx volume and hypercholesterolemia

Systemic glycocalyx volume (V
G
) in untreated FH patients was substantially lower than in 

the normocholesterolemic control group (0.8 ± 0.3 L vs. 1.7 ± 0.6 L respectively, p < 0.001) 

(Figure 1). In normocholesteromic controls V
G
 was correlated with plasma hyaluronan levels 

(r = 0.577, p =  0.039). In FH patients without treatment V
G
 negatively correlated with leuko-

cyte count (r = -0.601, p = 0.03), plasma hyaluronidase activity (r = -0.588, p = 0.035) as well as 

systolic blood pressure (r = -0.680, p = 0.011). Within the groups, there were no sigvwnifi cant 

correlations between V
G
 and age, BMI, HDL-cholesterol, LDL-cholesterol, oxLDL, triglycerides, 

plasma glucose, HbA1c or CRP. 

Glycocalyx volume after statin treatment

After 8 weeks treatment with rosuvastatin 40 mg QD LDL-cholesterol levels completely nor-

malized to 95 ± 33 mg/dL (Table 1). V
G
 recovered partially (V

G
 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 patients without treatment and increased to 

0.5 ± 0.1 μm after treatment (p = 0.17). Unfortunately, OPS images could only be analyzed in 
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8 out of 13 patients and 9 out of 13 controls due to technical diffi  culties. After treatment, V
G
 

tended to be negatively correlated to leukocyte count (r = - 0.523, p = 0.067). Besides that, the 

change in V
G
 tended to be inversely correlated with the change in leukocyte count (ρ= -0.492, 

p = 0.087). There was no signifi cant correlation between (change in) V
G
 and LDL-cholesterol. 

In normocholesterolemic controls mean glycocalyx thickness was 0.5 ± 0.2 μm.
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Figure 1. Systemic glycocalyx volume in hypercholesterolemic and normocholesterolemic subjects

V
G
 is signifi cantly reduced in FH patients compared to normocholesterolemic controls. Statin therapy 

partially restored glycocalyx volume. Mean ± SD (* p < 0.05 FH, rosuvastatin vs. FH, no treatment, # 
p < 0.05 FH, no treatment and FH, rosuvastatin vs. Control).

Table 1: Clinical characteristics of hypercholesterolemic and normocholesterolemic subjects

FH patients FH patients Controls P* P#

No treatment
n=13

Rosuvastatin
n=13

No treatment
n=13

Age, yrs 38.5 ± 9.2 33.2 ± 13.5 ns

BMI, kg/m2 24.4 ± 1.6 24.4 ± 1.6 22.9  ± 1.8 ns ns

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, mg/dL 288 ± 56 159 ± 35 166 ± 26 <0.001 <0.001

LDL-cholesterol, mg/dL 225 ± 57 95 ± 33 93 ± 24 <0.001 <0.001

HDL-cholesterol, mg/dL 45 ± 12 47 ± 18 58 ± 11 0.005 ns

Triglycerides, mg/dL 89 [76-120] 68 [63-90] 34 [33-50] 0.001 ns

OxLDL, U/L 122 ± 37 61 ± 17 80 ± 17 <0.001 <0.001

Glucose, mmol/L 4.9 ± 0.3 4.8 ± 0.5 5.1 ± 0.4 ns ns

CRP, mg/L 0.7 [0.5-1.6] 1.0 [0.4-5.6] 0.3 [0.3-0.8] 0.03 ns

Leukocyte count, x109/L 5.3 ± 1.4 5.2 ± 1.2 5.3 ± 0.9 ns ns

Values are presented as means ± SD. Triglycerides and CRP are presented as median [interquartile range] 
and tested non parametrically, as they are generally not normally distributed.

* P value FH patients (no treatment) vs. Controls (unpaired Student’s t test)

# P value FH patients (no treatment) vs. FH patients (rosuvastatin treatment) (paired Student’s t test)
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Vascular permeability and glycocalyx-associated parameters

The clearance rate of dextran 40 is an indirect indicator of vascular permeability. The steepest 

slope of the clearance curves was found in FH patients without treatment (-0.014), compared 

to -0.006 in normocholesterolemic controls (p = 0.07) (Figure 2). Rosuvastatin treatment did 

not signifi cantly alter the dextran clearance rate (slope -0.012). Hyaluronan, the main com-

ponent of the glycocalyx, was signifi cantly higher in FH patients on treatment compared to 

controls (p<0.001) (FH, no treatment 73.5 ± 30.1 ng/ml; FH, rosuvastatin 80.0 ± 17.1; Controls, 

no treatment 60.1 ± 10.6). A similar pattern was observed in plasma hyaluronidase activity 

(FH, no treatment 264±197 U; FH, rosuvastatin 655 ± 252; Controls, no treatment 234 ± 135; 

FH, no treatment or Control vs. FH, rosuvastatin, p < 0.001). There were no signifi cant diff er-

ences in plasma syndecan-1 levels.

DISCUSSION

In the present study we found a substantial reduction of V
G
 in patients with FH compared to 

normocholesterolemic controls. After 8 weeks of intensive statin treatment, LDL-cholesterol 

levels completely normalized, yet V
G
 only partially recovered. V

G
 in FH patients was correlated 

with leukocyte count. Taking into account the cumulating evidence that glycocalyx perturba-

tion enhances vulnerability of the vessel wall, our fi ndings imply that novel strategies aimed 

at restoring V
G
 may be of interest to further optimize vascular resistance towards atherogenic 

insults. 
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Figure 2. Dextran clearance in hypercholesterolemic and normocholesterolemic subjects

The dextran clearance, an indicator of vascular permeability, tended to be fastest in FH patients without 
treatment. The slope was -0.014 in FH patients, without treatment, -0.012 in FH patients on rosuvastatin and 

-0.006 in normocholesterolemic controls (FH patients, no treatment vs. Controls, p = 0.07). 

Black squares: FH patients, no treatment

White squares: FH patients, rosuvastatin

Black circles: Normocholesterolemic controls, no treatment

Mean ± SEM. Individual time points: * p < 0.05 FH, rosuvastatin vs. FH, no treatment, # p < 0.05 FH, no 
treatment and FH, rosuvastatin vs. Controls.
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Concomitant with the decreased glycocalyx volume, dextran 40 clearance was increased in 

FH patients, although not reaching statistical signifi cance. The endothelial glycocalyx has 

been shown to be a central orchestrator of capillary permeability by serving as a macro-

molecular barrier covering the intercellular junctions. For example, removal of sialic acids, a 

major component within the glycocalyx, led to increased uptake of LDL in the vessel wall (24). 

Increased vascular permeability has previously been described in FH patients (25). Glycocalyx 

damage could contribute to this and thus to premature atherosclerosis which is often is seen 

in these patients.

FH is known to be associated with increased oxidant stress (21, 22), illustrated by increased 

oxLDL levels in our patients, as well as increased infl ammatory mediators, such as CRP (26). 

Both oxLDL as well as infl ammatory mediators have been shown to have 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 il-

lustrated by the fi ndings that glycocalyx damage upon oxLDL exposure in hamsters could be 

prevented by radical scavengers (8). Similarly, we previously found that glycocalyx damage by 

hyperglycemia in humans could be restored by infusion of the antioxidant N-acetylcysteine 

(10). Unfortunately, statin therapy resulted in partly restoration of the endothelial glycocalyx 

only.

Although LDL and oxLDL levels normalized after rosuvastatin treatment, V
G
 only partially 

recovered. A possible explanation is the short duration of treatment (8 wks) in light of the 

lifelong exposure to high cholesterol levels 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 signifi cantly correlate with LDL-cholesterol levels, but 

tended to correlate with leukocyte count. This may imply a role of the infl ammatory activity, 

rather than LDL-cholesterol in glycocalyx perturbation.  On the other hand, it has recently 

been suggested that endothelial ‘memory’ exists, as it was shown that vascular stress, medi-

ated 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 eff ects on the endothelium as well as the 

endothelial glycocalyx. Short-term lowering of cholesterol may not be suffi  cient 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 levels after rosuvastatin therapy. As hyaluroni-

dase breaks down a major component of the glycocalyx, i.e. hyaluronan, increased levels 

could attenuate restoration despite the eff ective lowering of LDL-cholesterol. Whereas the 



92 Chapter 6

exact cause of statin-associated increase in hyaluronidase is unclear, statins are known to 

upregulate KLF2, 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 achieved 

by modulating glycosaminoglycan metabolism, either by supporting glycosaminoglycan 

production or by preventing degradation. Such compounds showing larger eff ects on the 

endothelial glycocalyx may off er further protection towards atherogenic insults on top of 

statins.

Study limitations

This study has a relatively small sample size. Therefore, we chose to include a homogeneous 

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

with an overt diff erence in LDL-cholesterol. Whereas other baseline clinical characteristics 

also showed minor diff erences, these were all well within normal range. Secondly, the role of 

the endothelial glycocalyx as a target of damage and, thus, as a structure deserving protec-

tion, is just starting to emerge. Although the techniques to evaluate the endothelial glyco-

calyx 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 between 

local and systemic glycocalyx estimations can refl ect 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 aff ected independently from systemic glycocalyx volume. Thus, van den 

Berg et al. showed large diff erences in glycocalyx thickness between diff erent locations in the 

vasculature within one animal in wild type as well as hypercholesterolemic mice (23). Most 

importantly, 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 concentra-

tions before vascular leakage or renal clearance by extrapolating dextran 40 concentrations 

to the time of injection. Thirdly, we did not treat normocholesterolemic subjects with rosu-

vastatin 40 mg. Therefore, we are unable to evaluate the eff ect of statin on the glycocalyx in 

absence of hypercholesterolemia.

CONCLUSION

The endothelial glycocalyx is profoundly reduced in FH patients, which may contribute to 

increased atherogenic vulnerability. This perturbation is partially restored upon short-term 

statin therapy. Awaiting trials validating the protective role of an intact glycocalyx, the pres-

ent fi ndings may suggest a need for novel interventions aimed at additional restoration of 

the glycocalyx.
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ABSTRACT

Background: The protective barrier between fl owing blood and the vessel wall is formed by 

the endothelial glycocalyx. Damage to the glycocalyx causes increased permeability and loss 

of anti-atherogenic capacity of the vessel wall in experimental models. Eff ects of long-term 

glycocalyx damage in vivo remains to be established. Therefore, we evaluated the eff ect of 

chronic damage to glycocalyx through enzymatic degradation of hyaluronan, a major com-

ponent, on renal barrier function and atherosclerosis progression.

Methods: Glycocalyx damage was infl icted by continuous infusion of active hyaluronidase 

(10 U/hr) for 4 weeks via an osmotic minipump in male ApoE-defi cient mice (14 wks) on a 

Western type diet for 10 weeks (started at 8 wks of age). Control infusion consisted of heat-

inactivated hyaluronidase. Systemic glycocalyx volume (Vg) was estimated by subtracting 

calculated plasma volume, estimated dilution of infused labeled erythrocytes and systemic 

hematocrit, from the dextran 40 kDa distribution volume. Plasma clearance of various sizes of 

dextran and fi coll as well as urine protein/creatinine ratio was determined. Plaque area and 

composition in the aortic arch were quantifi ed to determine atherosclerosis progression. 

Results: In the active hyaluronidase group, Vg was reduced from 21.6 ± 6.3 mL/kg body-

weight (BW) (n = 6) at baseline to 12.5 ± 9.1 mL/kg BW (n = 15, p = 0.04), whereas inacti-

vated hyaluronidase had no signifi cant eff ect (18.3 ± 10.0 mL/kg BW, n = 14, ns). Chronic 

hyaluronidase infusion in the atherogenic ApoE-defi cient resulted in impaired clearance of 

both low- and high molecular weight tracers which was accompanied by a doubled urine 

protein/creatinine ratio without apparent morphologic changes in glomerular and tubular 

histology. Total plaque area increased signifi cantly from the onset of the Western-type diet, 

but no signifi cant diff erence was observed between active and inactivated hyaluronidase 

treated mice. The latter may in part be due immune activation following infusion of both 

activate and inactivated hyaluronidase.  

Conclusion: The profound glycocalyx disturbance following chronic hyaluronidase infusion 

in ApoE-defi cient mice results in functional loss of vascular volume, accompanied by reduced 

systemic clearance of both small and large molecules and a relative increase in urinary pro-

tein excretion. These fi ndings suggest that prevention of glycocalyx damage may serve as a 

potential target to protect vascular integrity and in particular its protein barrier properties. 

Keywords: endothelial glycocalyx, hyaluronidase, proteinuria, atherosclerosis



Eff ect of hyaluronidase on atherosclerosis and kidney function 97

INTRODUCTION

The protective barrier between fl owing blood and the vessel wall is formed by the endothe-

lial glycocalyx (1). Hyaluronic acid and negatively charged heparan sulphate proteoglycans 

are its major constituents. The volume of the glycocalyx depends on the balance between 

biosynthesis and degradation or shear-dependent shedding of its components (2). Histori-

cally, this layer was thought to be confi ned to a thickness of only several nanometers. More 

recently, intravital microscopy studies demonstrated intraluminally glycocalyx dimensions to 

reach up to 0.5-3 μm (3, 4).

Functional studies showed that disruption of the endothelial glycocalyx is accompanied 

by enhanced sensitivity of the vasculature towards atherogenic stimuli. These comprise in-

creased vascular permeability as well as increased adhesion of leukocytes and thrombocytes 

to the vessel wall (5-7) and impaired NO release (8, 9). These observations are of particular 

interest since altered vascular permeability and attenuated NO bioavailability are amongst 

the earliest characteristics of atherogenesis (10). In large vessels, low-shear regions covered 

by a thin glycocalyx as opposed to high-shear regions have been found to be accompanied 

by signifi cant swelling of the subendothelial matrix (11). However, in spite of these observa-

tions it has been proven diffi  cult to show direct relevance of the endothelial glycocalyx as a 

protective layer in the atherogenic process in large vessels. 

In addition, atherogenic stimuli are believed to attenuate the microcirculation and add to 

the vulnerability of peripheral organs and tissues. One such organ in particular might be 

the kidney, in which the endothelial glycocalyx might play an active role in glomerular bar-

rier properties and anti-leukocyte adhesive properties of the peri-tubular endothelium. The 

glomerular fi ltration barrier, which consists of podocytes, glomerular basement membrane, 

fenestrated glomerular endothelial cells and a luminal endothelial glycocalyx, is perturbed 

upon specifi c enzymatic degradation of the glycocalyx which results in an increase in 

fractional clearance for albumin (12). This was confi rmed in vitro using cultured glomerular 

endothelial cells, in which enzymatic removal of the glycocalyx more than doubled albumin 

fl ux through the endothelial lining (13). 

We hypothesized that increased degradation of the endothelial glycocalyx early on in the 

development of atherosclerosis might accelerate disease progression. In the present study, in 

ApoE-defi cient mice, on a Western-type high fat, high cholesterol diet for 10 weeks, received 

an osmotic mini-pump to intravenously infuse either active or inactive testicular hyaluroni-

dase for the last 4 weeks. Systemic total vascular perfusion- and glycocalyx volumes, and 

plasma clearance rates of high and low molecular weight tracers were estimated to inves-

tigate systemic changes upon chronic damage to the endothelial glycocalyx.  In addition, 
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renal barrier function and atherosclerosis progression in the aortic arch were evaluated to 

investigate local changes. 

METHODS

Mouse model and hyaluronidase infusion

Male ApoE-defi cient (ApoE-/-) mice (Charles River Laboratories, France) were fed a Western 

diet (semi-synthetic cholesterol-rich diet, containing 15% [w/w] fat and 0.25% [w/w] choles-

terol), Diet W; Hope Farms, Woerden, the Netherlands) from the age of 14 weeks onwards. At 

16 weeks an osmotic minipump (Alzet minipump 2004, DURECT Corporation) was implanted 

with a catheter (Alzet mouse jugular catheter #0007700) in the right jugular vein. Animals 

were anaesthetized using isofl urane and received temgesic for pain relieve. The minipump 

was fi lled with fi ltered active or heat inactivated hyaluronidase (bovine testis hyaluronidase, 

fraction IV-S, Sigma) dissolved in 0.9% NaCl, ensuring a constant dose of 10 U/hr intravenously 

for maximal 4 weeks. This dose has been found to reduce systemic glycocalyx volume with-

out apparent morphologic changes in glomerular and tubular histology (data not shown). 

Measurements were performed at 8 weeks (baseline) (n = 6) and at 18 weeks, after 10 weeks 

of Western-type diet and the 4 weeks infusion of active hyaluronidase (n = 15) or inactive 

hyaluronidase (n = 14). All procedures were approved by the ethical committee and in accor-

dance with national regulations on animal experiments. Hyaluronidase activity of active and 

inactivated hyaluronidase activity was determined using substrate gel electrophoresis (14).

Estimation of systemic glycocalyx volume and dextran clearance

The endothelial glycocalyx allows limited access to plasma macromolecules and erythrocytes, 

whereas smaller tracers can permeate into the glycocalyx (15). Systemic glycocalyx volume 

(Vg) was estimated by tracer dilution techniques using labeled erythrocytes and dextran 40 

kDa. We estimated V
G
 by subtracting circulating plasma volume from the intravascular distri-

bution volume of a glycocalyx permeable tracer, i.e. neutral dextran 40 kDa. The intravascular 

distribution volume of labeled erythrocytes was used to quantify circulating blood volume 

(16). For comparison, the distribution volume of dextran 500 kDa and fi coll 400 kDa was also 

determined. Glycocalyx barrier properties were estimated from the systemic clearance of 

dextran 500 kDa, fi coll 400 kDa compared with the clearance of dextran 40 kDa.

In summary, a catheter was inserted in the left jugular vein. To quantify circulating plasma 

volume, blood was labeled using 0.3 mg/ml of 5-(and 6-)carboxyfl uorescein diacetate, 

succinimidyl ester (CFSE, Invitrogen). Dextran 40 kDa was used as a probe to estimate the 

intravascular volume including the glycocalyx compartment. 100 ul of suspension containing 

labeled erythrocyte and fl uorescent labeled 10 mg/ml dextran 40 kDa (Texas Red labeled 
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dextran 40, Sigma), 5 mg/ml dextran 500 kDa (FITC labeled dextran 500, Sigma) and 50 mg/

ml fi coll 400 kDa (TdB, Sweden), were infused. Blood samples were drawn in heparinized 

capillaries through tail bleeding before infusion as well as 2, 5, 10, 15, 20 and 30 minutes after 

infusion. Capillaries were centrifuged, hematocrit was determined, and plasma collected and 

stored at -20°C until fl uorescence analysis. The circulating fraction of labeled erythrocytes 

was measured using fl owcytometry (FACSCalibur; Becton Dickinson) to estimate the total 

circulating erythrocyte volume (V
ERY

). Circulating plasma volume was calculated from V
ERY

 and 

large vessel hematocrit (Ht) by the following formula: ([1 – Ht] x V
ERY

)/Ht. In each sample, 

fl uorescence was measured at 590 nm for Dextran 40, at 535 nm for Dextran 500 and 420 

nm for fi coll 400 with a spectrophotometer (VICTOR; Perkin-Elmer). Dextran concentrations 

calculated in reference to defi ned dilutions of the infused tracer mix in plasma from donor 

mice. Concentration–time curves of all tracers were fi tted with a monoexponential function. 

Initial distribution volume of each tracer was determined from the extrapolated dilution at 

the start of tracer injection, and clearance was defi ned as the percentage decrease in tracer 

concentration at the fi nal sample point (t = 30 minutes) compared with the extrapolated 

concentration at the start of tracer injection (t = 0 minutes). 

Biochemical parameters

Lipid distribution over plasma lipoproteins was determined by fast performance liquid chro-

matography in 80 μL pooled plasma.. IL-6 was measured in duplo using a commercially avail-

able assay (Mouse IL-6 BD optEIA, Becton Dickinson). A value of 1000 was assigned to levels 

exceeding 1000 pg/mL for further calculations. Glucose was measured before isofl urane 

anaesthesia using a glucometer (Accu-Chek, Roche). Serum creatinin was measured by Jaff é 

kinetic colorimetric test (Roche Diagnostics) on Modular P800 (Roche Diagnostics). Urinary 

creatinin and protein content was determined according to the Jaff é method on the P800 and 

by immunoturbidimetric assay, respectively (Roche Diagnostics). 

Hyaluronidase antibody detection

In a subset of mice, we determined whether antibodies against bovine hyaluronidase had 

been formed using the following assay. First 96 wells plates (Nunc Maxisorb) were coated 

for 1 hr at 37˚C with bovine hyaluronidase (Sigma) in a concentration of 100 U/ml. Block-

age was performed using 3% goat milk in PBS for 1 hr at 37˚C. After blockage mice serum 

samples (diluted 10x, 100x, 1000x, 10 000x, 100 000x and 1 000 000x in PBS) were incubated 

for 1 hr at 37˚C. Serum of naïve mice was used as negative control. Mouse-anti-rat/bovine 

hyaluronidase antibody (Mouse Anti-Hyaluronidase PH20 Monoclonal Antibody, Clone 1D6, 

Abcam, concentration 10 μg/mL) was used as a positive control. After incubation mouse-anti 

hyaluronidase antibodies were detected using GAMPO (Goat-anti-Mouse Peroxidase, DAKO, 

1:2000). Substrate (OPD (Sigma)/H2O2 in PO4- citrate buff er) was added for 20 minutes. The 
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reaction was terminated using 2 M H
2
SO

4
. Extinction was measured at 490 nm. Between each 

step plates were washed 5 times using PBS/0.05% Tween.

Tissue processing

Mice were perfused through the apex of the heart for 10 minutes with phosphate-buff ered 

saline (PBS) containing sodium nitroprusside (Sigma) and for 10 min with 1% phosphate-

buff ered paraformaldehyde, pH 7.4. The heart, aortic arch and its side branches as well as 

kidneys, liver, spleen and lung tissue were removed and fi xed overnight in 1% phosphate-

buff ered paraformaldehyde. Subsequently, tissue was processed and embedded in paraffi  n. 

Forty serial sections of the aortic arch, 4 μm each, were cut and used for analysis.

Histochemistry

Sections of kidney, liver, spleen and lung tissue were stained with hematoxylin and eosin 

(HE) and evaluated for morphologic abnormalities. Four sections of the aortic root, 40μm 

apart, were stained with HE and were used for determining plaque area. Tissue sections 

were stained for collagen content (Sirius red) and macrophage content (Mac-3, 1:30, BD-

Pharmingen 553322). All morphometric parameters were determined using a microscope 

coupled to a computerized morphometry system (Leica, Rijswijk, the Netherlands). Lesion 

area was determined as an average of four sections per mouse. The number of early lesions 

(fatty streaks containing only foam cells) and advanced lesions (showing foam cells in the me-

dia and presence of fi brosis, cholesterol clefts, mineralization, and/or necrosis) was counted. 

The collagen content was expressed as positive area relative to the total plaque area, with 

special attention for the innominate artery (17). 

Statistical analysis

Results are presented as mean ± SD. Data were analyzed using the unpaired, two-sided Stu-

dent’s t test. Plaque area is presented as median [interquartile range] and analyzed using the 

Mann Whitney U test. A p-value of < 0.05 was considered statistically signifi cant.

RESULTS

Chronic infusion of hyaluronidase and diet 

ApoE-/- mice tolerated chronic infusion with hyaluronidase well. Zymography revealed 

abundant hyaluronidase activity in the activate hyaluronidase solution and none in the 

heat inactivated solution for infusion. Western type diet gave rise to high cholesterol levels, 

with a total cholesterol level of 4.69 mmol/L (pooled sample) at time of pump implantation 

(week 14). After 4 weeks of additional combined diet and infusion of hyaluronidase, total 

cholesterol further increased to 6.7 ± 1.9 mmol/L in the active group and 7.2 ± 1.7 mmol/L 
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in the inactive group. Blood glucose levels were 5.8 ± 1.0 mmol/L at baseline and did not 

change signifi cantly (Active group: 7.8 ± 2.3 mmol/L (p = 0.07), inactive group: 6.9 ± mmol/L 

(p=0.50).

Systemic glycocalyx volume

At the start of the experiment, baseline ApoE -/- mice weighted 25.5 ± 0.8 g. Their average 

plasma volume was 0.85 ± 0.06 mL (n=6), with a dextran (40kDa) distribution volume of 1.4 

± 0.18 mL. This resulted in a baseline Vg of 21.6 ± 6.3 mL/kg bodyweight. After 10 weeks of 

Western type diet and 4 weeks of continuous infusion with 10 U/hr hyaluronidase, mice body 

weight increased to 28.0 ± 2.3 g (excluding minipump; p = 0.02 compared to baseline). Aver-

age plasma volume increased to 1.03 ± 0.18 (n = 15, p = 0.03), with an unchanged dextran 

distribution volume (1.39 ± 0.28 mL; p = 0.93). The resulting average Vg 12.5 ± 9.1 mL/kg 

(p = 0.04) was 42% lower than baseline levels (Figure 1). Following infusion of inactivated 

hyaluronidase, weight increased to 28.9 ± 1.9 g (excluding minipump; p = 0.001 compared 

to baseline). Average plasma volume increased to 1.27 ± 0.31 mL (n = 14, p = 0.005) with a 

signifi cantly reduced hematocrit of 0.41 ± 0.03 (baseline Hct 0.45 ± 0.02, p = 0.01), whereas 

dextran volume tended to increase as well to 1.80 ± 0.49 mL (p = 0.08). Consequently, Vg was 

18.3 ± 10.0 mL/kg (p = 0.47, compared to baseline), similar to baseline values (Figure 1). 

Kidney function

At baseline protein/creatinine ratio was 0.21 g/mmol (pooled sample). This increased to 

0.39 g/mmol in mice treated with active hyaluronidase. In the inactive group, the ratio was 

comparable to baseline values (0.23 g/mmol). Serum creatinine was 19 μmol/L at baseline as 

well as in the inactive group and 23 μmol/L in the active group. Figure 2 shows the average 

clearance (abs - [1/t]) of dextran 40, dextran 500 and fi coll 400. Clearance of dextran 40 and 

500 was decreased in the active group compared to the inactivated group (both p = 0.05). 
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Figure 1. Plasma, red blood cell and glycocalyx volume in ApoE-/- mice treated with active or inactivated 
hyaluronidase

Chronic infusion of hyaluronidase in ApoE-/- mice reduced V
glycocalyx

 and was accompanied by a loss of total 
vascular volume (V

total
, defi ned as dextran 40 distribution volume) (p < 0.05 vs. ApoE-/-  without infusion).
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Kidney morphology appeared normal, including normal appearance of glomerular tissue 

and tubular epithelial cells and no apparent loss of nephrons or sequestration of immune 

complexes.

Infl ammatory response

Infusion of hyaluronidase, both active as well as inactivated, elicited an immune response. 

Antibodies titers against bovine hyaluronidase between 0.32 and 0.74 g/L were found in both 

groups. These levels were 230 to 530 fold higher than those in naïve ApoE-/- mice. Levels of 

IL-6, an infl ammatory cytokine, increased from 146 ± 65 pg/mL at baseline to 413 ± 246 pg/

mL in the active group (p = 0.02) and 678 ± 320 pg/mL in the inactive group (p < 0.001), 

respectively. Inspection of tissue morphology revealed infl ammatory activity in the liver, i.e. 

mild polymorphonuclear cell infi ltration and spindle cell proliferation as well as mild steato-

sis, of mice from the active as well as the inactive group. In some cases, infl ammatory activity 

was also observed in the spleen. Lung tissue did not show abnormalities. 

Atherosclerosis progression

ApoE -/- mice before start of Western type diet (baseline, 8 weeks of age) already contained 

small fatty streak lesions within the aortic arch with a median total plaque area of 0.7 

[0.3 - 1.1] mm2. After the full period of Western-type diet and enzyme infusion signifi cant 

(p < 0.05) advanced lesions with intimal thickening, cholesterol accumulation and necrotic 

cores were observed in both the active- and inactive hyaluronidase group with a total plaque 

area of 20.2 [15.0 – 26.1] mm2 and 17.7 [12.1 -26.2] mm2 respectively. There was no signifi cant 

diff erence between the active and the inactive group (p = 0.96). Median collagen content 

was 31.5 ± 11.7% in the active group and 31.5 ± 17.5% in the inactive group (ns). Disruption 

of the intima border/lesion border was present in 7 out of 8 mice in the active group vs. 0 out 

of 8 in the inactive group.
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Figure 2. Clearance rates of 40 & 500 kDa dextran en 400 kDa fi coll

Clearance rates of 40 & 500 kDa dextran tracers in ApoE-/- mice upon hyaluronidase treatment were 
reduced, with little eff ect on 400 kDa fi coll clearance (* p < 0.05 vs. hyaluronidase inactive).
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DISCUSSION

In the present study, we show for the fi rst time that chronic hyaluronidase infusion via an 

osmotic minipump results in a persistent reduction in systemic glycocalyx volume approxi-

mating 40%. This change in glycocalyx volume was accompanied by a doubling in urinary 

protein/creatinine ratio and reduced dextran clearance, whereas renal morphology remained 

intact. In contrast, in both the active as well as the inactive group advanced atherosclerotic 

lesions developed with a comparable plaque area. However, antibodies against bovine hy-

aluronidase, high IL-6 levels as well as signs of infl ammatory activity in liver and spleen were 

present in both the active and inactivated hyaluronidase group. This infl ammatory response 

may have blurred the interpretation of our results. Our study warrants another approach to 

establish the role of the glycocalyx in atherosclerosis progression and further investigation to 

address the role of the glycocalyx in the kidney

Systemic glycocalyx volume

To estimate glycocalyx volume we subtracted plasma volume, determined using labeled 

erythrocytes, from the distribution volume of the glycocalyx penetrating tracer dextran 40. 

In previous experiments, an acute bolus of hyaluronidase profoundly reduced glycocalyx 

thickness (18, unpublished data). In the present study, we show that chronic hyaluronidase 

infusion induces sustained glycocalyx damage. Although antibodies were formed against 

hyaluronidase, this most likely did not completely block its activity as infusion of active and 

not inactivated hyaluronidase reduced systemic glycocalyx volume compared to baseline. 

In detail, dextran volume was signifi cantly smaller in the active hyaluronidase group compared 

to the inactive group (1.39 ± 0.28 mL vs. 1.80 ± 0.49 mL, p = 0.01), whereas plasma volume 

expanded modestly in both groups. This was accompanied by a small drop in hematocrit 

(baseline hematocrit: 0.45 ± 0.02; active group: 0.43 ± 0.3 (p = 0.08); inactive group: 0.41 ± 0.3 

(p = 0.01). The mechanism behind this plasma expansion is unclear, but could be caused by 

an infusion-related increase in plasma osmolality.

Previously, the use of labeled erythrocytes in afore-mentioned equation has been suggested 

to potentially underestimate plasma volume thus contributing to an overestimation of 

glycocalyx volume. Therefore, we verifi ed the data using the distribution volume of dextran 

500 kDa (19). Indeed, this resulted in a smaller systemic glycocalyx volume, but the eff ect of 

active hyaluronidase infusion was still clearly present (6.7 ± 3.0 mL/kg at baseline, 1.8 ± 4.7 

mL/kg after infusion). More importantly, the ratio between plasma volume estimated using 

dextran 500 versus labeled erythrocytes was comparable between baseline and post-infusion 

measurements (Baseline: 1.4; active hyaluronidase: 1.3; inactive hyaluronidase: 1.4, ns). This 

indicates that our method is not aff ected by changes in kidney function. 
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Renal barrier function

We observed an increased protein/creatinine ration as well as a decreased dextran clearance 

in the active hyaluronidase group compared to the inactive group. In general, there are four 

mechanisms of excessive urine protein excretion, i.e. (i) altered glomerular permeability 

resulting in increased fi ltration of normal plasma proteins such as albumin, (ii) inadequate tu-

bular reabsorption of small amounts of normally fi ltered proteins, (iii) glomerular fi ltration of 

circulating abnormal amounts of small proteins that exceed the reabsorption capacity of the 

tubules and fi nally, (iv) increased secretion of tissue proteins associated with infl ammatory or 

neoplastic conditions (20). The fi rst, so-called glomerular proteinuria, due to increased fi ltra-

tion of macromolecules across the glomerular capillary wall, is the most likely mechanism in 

this case. Mechanisms of glomerular fi ltration have been a matter of controversy for several 

decades. However, proteinuria may occur regardless of which layer of the glomerular wall 

(podocyte, glomerular basement membrane, endothelial cell or endothelial glycocalyx) is 

damaged (21, 22). 

The selective increase in protein/creatinine ratio following active hyaluronidase implies a 

direct role for the glycocalyx. In accordance, in vitro models have confi rmed that enzymatic 

degradation of the glycocalyx increases albumin fl ux (13). Interestingly, systemic glycocalyx 

perturbation in diabetic patients was most severe in those suff ering form microalbuminuria 

(23). We cannot exclude that hyaluronidase also aff ected the glomerular basement mem-

brane, but the intravenous route of administration limits direct exposition of the basement 

membrane to the enzyme. Besides that, the decrease in dextran clearance may indicate a 

reduction in glomerular fi ltration rate. Loss of glycocalyx may lead to capillary closure (24) 

and reduce the number of functional nephrons.

Atherosclerosis progression

In the present study we did not fi nd a diff erence in atherosclerotic lesion area or collagen 

content following active versus inactivated hyaluronidase infusion. In view of existing experi-

mental evidence, this was not in line with expectation. Although most glycocalyx research 

has been performed in the microvasculature, studies in the macrovasculature showed that 

a small glycocalyx thickness is accompanied by signifi cant swelling of the subendothelial 

matrix (11). Similarly, extravasation of low density lipoprotein (LDL) cholesterol particles into 

the subendothelial space can be limited by the glycocalyx (25). 

A complicating factor in evaluating the diff erence in atherosclerosis progression pertains 

to the fact that all animals, whether receiving active or inactivated hyaluronidase, were 

characterized by a profound infl ammatory response. The increase in antibody titers against 

hyaluronidase was accompanied by a systemic infl ammatory response, illustrated by a 2.8 tot 

4.6 fold increase in IL-6 levels. Since infl ammation is right at the core of accelerated athero-
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genesis (26), we cannot exclude that the infl ammatory impetus may have overruled potential 

impact of glycocalyx perturbation on atherosclerosis progression. Moreover, it is diffi  cult to 

estimate the exact impact of this infl ammatory activity. On the one hand, LPS-induced in-

fl ammation aggravates atherosclerosis in ApoE-/- mice (27). However, reports on the eff ect of 

IL-6 on atherosclerosis in ApoE-/-  are mixed (28, 29). Therefore, this particular question needs 

further validation in a model using other mechanisms to infl ict glycocalyx perturbation. 

Use of mice defi cient for hyaluronan synthase in endothelial cells might circumvent these 

problems.

Study limitations

Our model appeared to be unsuited to selectively examine the eff ect of glycocalyx dam-

age on atherosclerosis progression, as it was accompanied by an infl ammatory response. 

The immune response elicited by both active and inactive bovine hyaluronidase as well as 

the potential formation of small, pro-infl ammatory hyaluronan fragments by hyaluronidase 

activity limit the use of hyaluronidase for this purpose (30). Although infl ammation might 

also aff ect kidney function, we expect the infl ammatory activity in both groups to lead to 

underestimation of the diff erence between the active and inactive group at most.

CONCLUSION

Chronic infusion of hyaluronidase reduces glycocalyx volume in ApoE-/- mice. This accompa-

nied by increased urine protein/creatinine ratio and reduced dextran clearance, supporting 

the potential role of the glycocalyx in the kidney. Another study design is warranted to evalu-

ate the specifi c eff ects of loss of endothelial glycocalyx on atherogenesis as the eff ects of 

glycocalyx damage and infl ammatory activity are entangled.
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SUMMARY

In chapter 1, we reviewed the cumulating evidence underlying our hypothesis that the 

endothelial glycocalyx protects the vessel wall, whereas damage increases vascular vulner-

ability. Chapter 2 introduced techniques to estimate glycocalyx dimension in humans. We ap-

plied these methods in chapter 4 to 6, in which we studied the eff ect of diff erent atherogenic 

stimuli, i.e. hypercholesterolemia, infl ammation and diabetes mellitus, on glycocalyx dimen-

sion in humans. All of these were indeed accompanied by a reduction in glycocalyx volume. 

Sulodexide, etanercept and rosuvastatin, respectively, partially restored this damage. Next, 

we studied the eff ect of chronic degradation of the glycocalyx component hyaluronan by 

hyaluronidase infusion on renal protein loss and atherosclerosis progression in mice (chapter 

7). The results of this study are equivocal and illustrate the complexity of the system, but also 

point to a role for the glycocalyx in renal barrier function. 

PERSPECTIVES

Measurements of endothelial glycocalyx are hampered by methodological diffi  culties

Although the glycocalyx is a sizeable compartment of approximately 1.5 L it is often unknown, 

denied or simply forgotten. One of the reasons is that direct visualization of the glycocalyx is 

diffi  cult. Initial electron microscopic images greatly underestimated glycocalyx thickness (1) 

and estimates of glycocalyx size still vary from 20 nm to 3 μm. Moreover, data that did show 

the presence of glycocalyx were often put aside as artifacts. However, in the past decades 

several methods were developed to estimate glycocalyx volume and data accumulated to 

show that the endothelial glycocalyx indeed exists (2). Next to the methods described in 

chapter 2, Duling et al. developed a fl uorescent dye exclusion technique suitable for small 

microvessels and Damiano et al. developed microparticle image velocimetry (μ-PIV) to de-

termine the hydrodynamically relevant endothelial glycocalyx layer (3, 4). Both estimated the 

glycocalyx to be approximately 0.5 μm thick. Two-photon microscopy can also provide ad-

ditional information on the endothelial glycocalyx (5). However, these techniques all require 

intravital microscopy and are thus unsuitable for use in humans.

OPS allows estimations of endothelial glycocalyx thickness in large scale human studies

In chapter 2, we showed that OPS enables the estimation of local, sublingual glycocalyx 

thickness in humans. The current analysis is based on the measurement of the change in 

erythrocyte column diameter before and following the passage of leukocytes. Leukocytes are 

more rigid that erythrocytes and compress the glycocalyx in small capillaries. Erythrocytes 

conform to the available space. Therefore, the change in erythrocyte diameter divided by two 

refl ects glycocalyx thickness in capillaries whose anatomical diameter is equal to or smaller 
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than that of a leukocyte. Currently, Hans Vink is developing a new, leukocyte independent, 

semi-automatic method to analyze the images to curb some of the diffi  culties and limita-

tions of the described analysis. First of all, looking for leukocytes in hours of fi lm is labor 

intensive and limits the number of possible measurements. Second, as leukocytes are not 

really visible in OPS imaging, they could be confused with plasma gaps. Finally, leukocytes 

diff er in size. Analysis of the passage of small lymphocytes could therefore underestimate 

glycocalyx thickness. Further standardization and automation of the procedure will optimize 

the measurements and enable the use in large clinical studies.

Systemic glycocalyx measurement has important limitations

The second technique is based on the fi ndings, that the endothelial glycocalyx limits access 

to large plasma molecules and erythrocytes, but allows the passage of small dextrans. The 

systemic glycocalyx volume is estimated by subtracting circulating plasma volume from 

the distribution volume of dextran 40. This technique is more invasive and laborious than 

the fi rst. Moreover, it is often criticized, mainly because of uncertainties whether dextran 

distribution volume indeed refl ects the total intravascular volume. Others criticasters think 

that the systemic measurement treats the glycocalyx as uniformly distributed, amorphous 

‘green slime on the bottom of the sea’ and does not do right to the local diff erences in the 

vessel wall and its related structures throughout the body. Even though some of the criticism 

on systemic measurements is understandable, the technique has been extremely helpful to 

obtain the fi rst indication of the state of the glyocalyx in humans.

Estimated glycocalyx thickness and volume add up

To comprehend, and obviously not to proof, the relation between the two measurement, it 

is helpful to make a back-of-the-envelop calculation of the expected glycocalyx volume. The 

majority of the endothelial surface area is located in the microcirculation. These capillaries 

have an estimated length of 111,000 kilometers (60,000-100,000 miles equivalent to 96,000-

126,000 kilometers) and a diameter of about 5-8 μm (6). Thus, the radius of these capillaries is 

circa 3.25 μm. Suppose that we make a long line of all these round capillaries and that these 

are all covered by a 0.7 μm thick glycocalyx, as estimated in OPS measurements. Calculating 

the expected glycocalyx volume [π x (3.25 μm)2 - π / (3.25 -0.7 μm)2 x 111,000 km] renders a 

volume of 1.4 L, similar to our measurements. 

Not only size, but also composition matters

Although chapter 4 to 7 largely focus on glycocalyx volume, not only size matters. Com-

position of glycocalyx is likely to be essential to its function. The glycocalyx consist of glu-

cosaminoglycans, such as the heparan sulphate, chondroitin/dermatan sulphate, covalently 

attached to proteoglycans. These glucosaminoglycans vary in size and in sulphation pattern, 

both infl uencing the 3D conformation of these molecules (7). The transmembrane syndecans 
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and the membrane-bound glypicans are the two major proteoglycans on the luminal surface 

of endothelial cells. Hyaluronan is weaved into the glycocalyx and attached to hyaluronan 

receptors. These carbohydrate structures are complex to analyze. Unlike the fi elds of genom-

ics and proteomics, rapid, high-throughput assessment is still in the developmental stage. 

Recent developments in glycomics, including advanced mass spectrometry and lectin 

microarray (8), will help elucidate diff erences in glycocalyx composition and the relation 

with its function. Futures studies will show whether glycocalyx degradation products in the 

peripheral blood or urine can serve as a biomarker of cardiovascular disease.

The endothelial glycocalyx is a dynamic structure

An additional level in the complexity of the glycocalyx arises from its dynamic nature. The 

interactions between glycosaminoglycans and proteins are highly dependent on the condi-

tions of their local microenvironment, such as pH. Furthermore, endothelial cells adapt to 

changes in the microenvironment by actively regulating the content and properties of the 

glycocalyx by continuous metabolic turnover. Moreover, many factors are likely to be at-

tached to the vessel wall via the glycocalyx. Enzymes, such as lipoprotein lipase and extracel-

lular superoxide dismutase, and growth factors bind to heparan sulphate (9). All these factors 

infl uence glycocalyx function and can fl uctuate rapidly.

Technological developments enable us to address the complexity and clinical implications 

of the endothelial glycocalyx

Novel and improved tools such as OPS imaging, local models in humans (e.g. using fore arm 

blood fl ow), better high-throughput detection of breakdown products, analysis of sulphation 

patterns of glycosaminoglycans, fl ow systems with cultured endothelial cells and specifi c 

knockout mice are fi lling our glycobiology toolkit. This will enable future research in the fi eld 

of atherosclerosis, but also in other fi elds of medicine. Processes, infl uenced by the glycocalyx, 

such as cell adhesion and permeability are essential in many diseases. I will shortly discuss 

four areas, which are of special interest. The potential impact of the glycocalyx is obviously 

not limited to these four areas. For instance, a role of the glycocalyx in angiogenesis and 

cancer is also under investigation. Geerte van Sluis is currently looking into the eff ect of 

glycocalyx degradation on tumor metastasis in an experimental model.

1. Does the endothelial glycocalyx protect against atherosclerosis?

We hypothesized that an intact endothelial glycocalyx contributes to endothelial barrier func-

tion and protects against the development of cardiovascular disease. Indeed, we showed in 

chapter 4 to 6 that cardiovascular risk factors such as type 2 diabetes mellitus, infl ammation 

and hypercholesterolemia are all accompanied by disturbances of the glycocalyx. Although, 

we did not provide direct proof of this concept in chapter 7, it is clear from previous stud-

ies that the endothelial glycocalyx prevents many pro-atherogenic events. As discussed in 
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chapter 1, the glycocalyx prevents cell adhesion to the vessel wall. Besides that, it functions 

as molecular sieve for plasma proteins and, therefore, the origin of the oncotic forces that 

control transcapillary fl uid exchange. Thirdly, through its core proteins the endothelial glyco-

calyx transmits fl ow-mediated shear stress to the actin cytoskeleton and is thereby involved 

in the initiation of intracellular signaling. The signaling cascades results in production of NO 

and reorganization of the cytoskeleton (10-12). Finally, disruption of the glycocalyx activates 

coagulation (13). New approaches in animal studies, for instance conditionally knocking out 

synthesis or sulphation of glycosaminoglycans, will clarify the function and composition of 

glycocalyx and can be used to test novel compounds aimed at restoration. Future studies in 

larger patient cohorts will elucidate whether OPS imaging and measurement of glycocalyx 

degradation products, such glycosaminoglycan patterns in urine, can discern patients at 

high risk of cardiovascular disease. 

2. Does glycocalyx contribute to (vascular complication in) type 2 diabetes? 

Patients with diabetes mellitus are predisposed to vascular complications. Our hypothesis is 

that the reduction in glycocalyx volume in type 1 and 2 diabetes patients contributes to the 

development of vascular disease. Max Nieuwdorp was the fi rst to measure glycocalyx volume 

in humans and showed that glycocalyx dimension is reduced during acute hyperglycemia 

and in type 1 diabetic patients (14, 15). Subsequently, we turned to type 2 diabetes mellitus.

First, we tested the in vitro eff ects of sulodexide, a mixture of heparin and dermatan sulphate, 

on hyperglycemia induced glycocalyx dysfunction in chapter 3. We show that hyperglycemia 

increases the permeability of cultured endothelial cells for albumin and that sulodexide 

reverses this. Increased staining of glycosaminoglycans on the endothelial surface upon su-

lodexide is a sign of restoration of the glycocalyx. However, it must be noted that endothelial 

cells were not cultured under fl ow, which is likely to aff ect glycocalyx properties (16). Mirella 

Gouverneur and Hans Mooij are currently setting up culture methods under fl ow. 

In the following chapter 4, we measured glycocalyx volume, albumin permeability and the 

eff ect of sulodexide in 20 type 2 diabetic patients. As expected, more albumin permeates 

the vessel wall in diabetics and glycocalyx volume is smaller than in healthy controls. Ad-

ditional analysis of glycocalyx breakdown products in plasma and urine as well as analysis of 

retinal angiogram to estimate vascular permeability, glycocalyx thickness and penetration of 

albumin into the glycocalyx layer will hopefully corroborate our initial results. 

The mechanisms underlying insulin resistance, a hallmark of type 2 diabetes, are not well un-

derstood at the moment. About half of the anatomic volume in muscle capillaries is occupied 

by the glycocalyx. While under normal conditions this layer excludes circulating blood, recent 

intravital microscopic studies show that this exclusion is reduced by insulin. Bart Eskens is 
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currently testing the hypothesis in animal models, that insulin stimulates its own delivery to 

muscle cells and that this mechanism is critical for glucose uptake, by increasing glycocalyx 

accessibility for fl owing plasma in capillaries.

3. Can restoration of the glycocalyx improve sepsis treatment? 

Sepsis is a clinical syndrome that complicates severe infection. It is characterized by systemic 

infl ammation and widespread tissue injury as well as a high mortality, mostly due to car-

diovascular collapse and multiple organ dysfunction. Chapter 5 supports the evidence that 

glycocalyx signifi cantly changes under infl ammatory conditions, which may facilitate leuko-

cyte rolling, adhesion and extravasation (17, 18). Cytokine-mediated activation of proteases 

secreted by the endothelium or leukocytes may locally reduce glycocalyx volume, specifi cally 

enabling leukocyte recruitment to infl amed tissue. Moreover, glycocalyx fragments, such as 

low molecular weight hyaluronan, act as proinfl ammatory signaling molecules (19). Indeed, 

glycosaminoglycan levels in plasma are increased in septic shock patients (20). This could 

represent a critical early step in the infl ammatory response. 

Besides extravasation of leukocytes, sepsis is characterized by vascular leakage as well as mi-

crocirculatory dysfunction (21, 22). Patients often have large fl uid requirements and edema, 

which can partly be explained by increased microvascular permeability (23). Orthogonal 

polarization spectral imaging in humans and intravital videomicroscopy in animal models of 

sepsis have demonstrated impaired microcirculatory fl ow velocity, increased heterogeneity 

of regional perfusion, and low density of perfused capillaries (24, 25). Similar impairments 

in capillary perfusion were observed in a hamster model treated with hyaluronidase (25). 

This suggests that maintaining adequate glycocalyx function may prevent leukocyte accu-

mulation, excessive leakage and capillary dysfunction in septic patients. OPS imaging could 

greatly contribute to research in this area as it is non-invasive and could both show glycocalyx 

thickness as well as capillary fl ow velocity and closure.

4. What is the role of the glycocalyx layer in renal barrier function?

Finally, in chapter 7 we showed that disruption of the glycocalyx by chronic hyaluronidase 

treatment doubled urine protein excretion. Under physiologic conditions, glomeruli produce 

about 180 liters of primary urine per day with a minimal loss of proteins (26). This fi ltrate must 

pass many layers, i.e. fenestrated endothelial cell with their glycocalyx, the glomerular base-

ment membrane and podocytes. One of the major functions of the glomerulus is to allow the 

fi ltration of small solutes and water, while restricting the passage of larger molecules charge 

selectivity. Protein loss in urine can be interpreted a sign vascular dysfunction of is associated 

with a higher risk of cardiovascular disease (27). Increased clearance of large proteins is likely 

due to an enhanced number of larger pores and/or partial loss of the charge barrier. Recent 

electron microscopic studies confi rm the presence of the endothelial glycocalyx as well as 
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an increase in albumin fl ux upon enzyme treatment (28, 29). Recently, cationic colloidal iron 

staining of human biopsy specimens confi rmed the presence of endothelial glycocalyx on 

the surface of peritubular capillary endothelial cells of normal kidney, but not in rejected 

kidney transplant (30). This staining might enable further research in the role of the glyco-

calyx in the human kidney and its state in various diseases. Other unresolved issues are the 

specifi c contributions of the endothelial glycocalyx to the overall hydraulic resistance and 

macromolecule selectivity.

Therapeutic interventions can restore glycocalyx volume

Chapters 4 to 7 confi rm previous in vitro and intravital microscopy studies that show that 

glycocalyx volume and function can be restored.  So far, therapies only partially repair vol-

ume. This leaves room for smarter interventions, than simply supplying a random choice of 

glycocalyx components or treating conventional cardiovascular risk factors. Other options 

include for instance promoting glycocalyx synthesis or infl uencing sulphation. The status of 

endothelial glycocalyx research is still in its infancy and we have only scratched the surface in 

determining its structure and function. Hopefully, with the help of our glycobiology toolkit, 

the role of the glycocalyx in various disease processes will be fi rmly established and new 

interventions will be developed. 
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Part 2
Myeloperoxidase 

Testing an upcoming biomarker

It’s tough to make predictions, especially about the future. (Niels Bohr /Yogi Berra/Arabic 

saying) 

Part 2 explores the possible usefulness of myeloperoxidase (MPO) as biomarker for (future) 

cardiovascular disease in diff erent populations. Myeloperoxidase is an enzyme of the innate 

immune system, which activity is helpful in the elimination of microorganisms. However, at 

the same time MPO activity can damage the vessel wall. Our research suggests that the use 

of MPO as a biomarker in risk assessment in primary prevention and in a non-acute setting 

is limited.  



118 Myeloperoxidase; Testing an upcoming biomarker 

INTRODUCTION

Predicting who is and who is not likely to suff er from cardiovascular disease (CVD), is diffi  cult. 

Age, gender, smoking habit, family history, diabetes, blood pressure, cholesterol and CRP 

levels all contribute to the estimation of risk. However, the vast majority of cardiovascular 

events occur in people with normal cholesterol levels and/or low risk estimates (1). Therefore, 

fi nding better biomarkers for prediction of CVD risk is warranted. 

Myeloperoxidase (MPO) has been put forward as a promising biomarker (2). Moreover, it 

may be one of the most excruciating enzymes aff ecting the protective mechanisms of the 

vessel wall. Therefore, it may not only be a risk marker, but also risk factor. Myeloperoxidase 

is a leukocyte-derived enzyme and part of the fi rst line defense of the immune system. It is 

present in the circulation as well as within the vessel wall (3). There it catalyzes the formation 

of a number of reactive oxidant species and causes nitrosylation of proteins. Unfortunately, 

this not only kills microorganisms, but also has several pro-atherogenic eff ects. The radicals 

could also potentially damage the endothelial glycocalyx, as they fragment its components 

hyaluronan and chondroitin sulphate (4). Interestingly, uptake and transcytosis of MPO by 

the endothelium depends on heparin/heparan glycosaminoglycans (3).

Previous studies showed that MPO levels are higher in patients with coronary artery disease 

(CAD) and can predict future cardiovascular events in these patients and patients with chest 

pain (5-7). In line, individuals with total or subtotal MPO defi ciency appear less likely to 

develop CVD (7). Therefore, MPO and its downstream infl ammatory pathways may represent 

attractive targets for both prognostication and therapeutic intervention in the prevention of 

CVD.

HYPOTHESIS

We hypothesized that high MPO levels are already associated with a higher risk of CAD in 

individuals without overt CAD and/or acute chest pain and therefore might be a clinically 

useful marker in a primary prevention as well as in patients with cardiac complaints in a non-

acute setting. 

OUTLINE

In chapter 8, we present the results of a large case control study nested in a prospective 

population study. This study assesses the association between MPO levels and risk of CAD 
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in a normal, apparently healthy population. Next, we investigate the association between 

MPO levels and indicators of cardiovascular risk, i.e. carotid intima-media thickness (IMT) 

and myocardial perfusion scintigraphy, in patients at higher risk of CAD (chapter 9 to 12). 

These patient groups consisted of patients with familial hypercholesterolemia (FH), diabetic 

patients and patients with anginal complaints.
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ABSTRACT

Objectives: We evaluated whether serum myeloperoxidase (MPO) levels are associated 

with the risk of future development of coronary artery disease (CAD) in apparently healthy 

individuals. 

Background: An enzyme of the innate immune system, MPO exhibits a wide array of pro-

atherogenic eff ects. These include induction of oxidative damage to low-density lipoprotein 

(LDL) and high-density lipoprotein (HDL) cholesterol and promotion of plaque vulnerability. 

Recent studies revealed that MPO independently predicts adverse outcomes in patients with 

chest pain or suspected acute coronary syndrome. 

Methods: Myeloperoxidase was measured in baseline samples of a case-control study nested 

in the prospective EPIC (European Prospective Investigation into Cancer and Nutrition)-

Norfolk population study. Case subjects (n = 1,138) were apparently healthy men and women 

who developed CAD during 8-year follow-up. Control subjects (n = 2,237), matched for age, 

gender, and enrollment time, remained free of CAD.

Results: The MPO levels were signifi cantly higher in case subjects than in control subjects 

and correlated with C-reactive protein (CRP) (ρ = 0.25; p < 0.001) and white blood cell count 

(ρ = 0.33; p < 0.001). Risk of future CAD increased in consecutive quartiles of MPO concen-

tration, with an odds ratio (OR) of 1.49 in the top versus bottom quartile (95% confi dence 

interval [CI] 1.20 to 1.84; p < 0.001). After adjustment for traditional risk factors, the OR in 

the top quartile remained signifi cant at 1.36 (95% CI 1.07 to 1.73). Elevated MPO levels (> 

728 pmol/L) similarly predicted increased risk of future CAD among participants with either 

LDL-cholesterol < 130 mg/dL, HDL-cholesterol > 50 mg/dL, or CRP < 2.0 mg/L (OR 1.52 [95% 

CI 1.21 to 1.91], 1.59 [95% CI 1.24 to 2.05], and 1.42 [95% CI 1.14 to 1.77], respectively). 

Conclusion: Elevated MPO levels predict future risk of CAD in apparently healthy individuals. 

This study suggests that infl ammatory activation precedes the onset of overt CAD by many 

years. 

Keywords: Myeloperoxidase, coronary artery disease

Abbreviations: ACS, acute coronary syndrome; BMI, body mass index; CAD, coronary artery 

disease; CRP, C-reactive protein; CVD, cardiovascular disease; HDL, high-density lipoprotein; 

LDL, low-density lipoprotein; MPO, myeloperoxidase; OR, odds ratio 
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INTRODUCTION

Infl ammation plays a key role in the initiation and progression of atherosclerosis (1). For 

clinical evaluation, C-reactive protein (CRP) is gradually gaining acceptance as a marker of 

infl ammation (2). Recent studies have also drawn attention to myeloperoxidase (MPO), one 

of the enzymes of the innate immune system, as a potential marker of cardiovascular disease 

(CVD) and a potential target for treatment (3). 

Traditionally, MPO was considered to be a bactericidal agent (4), but recent studies have 

emphasized the importance of MPO in CVD progression. The principal sources of MPO are ac-

tivated neutrophils and monocytes. Myeloperoxidase has been identifi ed in human plaques 

(5) and exerts potent pro-atherogenic eff ects. These include oxidation of low-density lipopro-

tein (LDL), rendering it atherogenic (6), as well as oxidative modifi cation of apolipoprotein 

(apo) AI, attenuating its capacity to promote cholesterol effl  ux (7, 8). Myeloperoxidase activity 

also diminishes nitric oxide bioavailability, which leads to endothelial dysfunction (9-11). This 

combination of detrimental eff ects has culminated in the concept that MPO may be an active 

mediator of atherogenesis (3). 

Moreover, MPO may play a role in the transition to unstable plaque. Myeloperoxidase-induced 

hypochlorous acid promotes endothelial cell apoptosis and detachment, causing superfi cial 

erosions (12). Indeed, MPO levels are higher in patients with coronary artery disease (CAD) 

and can predict future cardiovascular events in these patients and patients with chest pain 

even after correction for traditional risk factors and CRP (13-15). 

However, in most of these clinical studies blood samples were obtained in an acute setting or 

when overt CAD was present. This may have aff ected MPO levels substantially. Thus far, data 

among individuals free of heart disease are absent. The purpose of the present study was to 

determine whether elevated concentrations of MPO in apparently healthy individuals are as-

sociated with an increased risk of future CAD and how this relates to other cardiovascular risk 

factors (e.g., LDL-cholesterol, high-density lipoprotein (HDL) cholesterol, and CRP). For this 

purpose, we determined serum MPO levels in a large prospective nested case-control study. 

MATERIALS AND METHODS

Study design

We performed a nested case-control study among participants of the EPIC (European Prospec-

tive Investigation Into Cancer and Nutrition)-Norfolk study, a community-based prospective 

population study. The EPIC study, a collaborative study of 9 countries in Europe, was designed 
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to assess the determinants of cancer and other diseases. The EPIC-Norfolk cohort, which is 

part of the EPIC study, has been described in detail previously (16). In brief, investigators re-

cruited 25,663 men and women between 40 and 79 years old, all residents of Norfolk, United 

Kingdom, from general practices and performed a baseline survey between 1993 and 1997. 

Nonfasting blood samples were obtained by venipuncture into plain and citrate bottles. Blood 

samples for assay were processed at the Department of Clinical Biochemistry, University of 

Cambridge, or stored at -80°C. All individuals have been fl agged for death certifi cation at the 

U.K. Offi  ce of National Statistics, with vital status ascertained for the entire cohort. In addition, 

participants admitted to hospital were identifi ed using their unique National Health Service 

number by data linkage with the East Norfolk Health Authority database, which identifi es 

all hospital contacts throughout England and Wales for Norfolk residents. Participants were 

identifi ed as having CAD during follow-up if they had a hospital admission and/or died with 

CAD as underlying cause. Coronary artery disease was defi ned as code 410 to 414 according 

to the International Classifi cation of Diseases-9th revision. We report results with follow-up 

to November 2003, an average of 8 years. The study was approved by the Norwich District 

Health Authority Ethics Committee, and all participants gave informed consent. 

Participants

For the present analysis, we only considered individuals who did not report a history of heart 

attack or stroke at the baseline clinic visit. Case subjects were 1,138 individuals in whom fatal 

or nonfatal CAD developed during follow-up. Control subjects (n = 2,237) remained free of 

CAD during follow-up. Two control subjects were matched to each case subject by gender, 

age (within 5 years), general practice, and date of visit (within 3 months). 

Biochemical analyses

Serum levels of total cholesterol, HDL-cholesterol, and triglycerides were measured on 

fresh samples with the RA 1000 (Bayer Diagnostics, Basingstoke, United Kingdom). The LDL-

cholesterol levels were calculated using the Friedewald formula. From 1994, full blood count 

was additionally measured on fresh EDTA samples using a Coulter counter. This measure 

is available for 60% of the cohort. The CRP levels were measured with an enzyme-linked 

immunosorbent assay (ELISA) in which polyclonal rabbit anti-CRP antibodies were used as 

capturing antibodies and biotinylated monoclonal antibodies against CRP (CLB anti–CRP-2, 

Sanquin, Amsterdam, the Netherlands) as the detecting antibodies. Results were related to 

a standard consisting of commercially available CRP (Behringwerke, Marburg, Germany). The 

lower detection limit of CRP was 0.1 mg/L. In 2005, serum samples for case and control sub-

jects were retrieved from frozen storage and thawed, and serum concentration of MPO was 

measured by use of a commercially available ELISA (CardioMPO Test, Prognostix, Cleveland, 

Ohio). The interassay and intra-assay variabilities were 2% and 6%. The lower detection limit 
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was 13 pmol/L, and the upper detection limit was 5,223 pmol/L. Samples were analyzed in 

random order to avoid systemic bias and in a blinded fashion. 

Statistical analysis

The MPO, CRP, and triglyceride levels had a skewed distribution and were therefore log-trans-

formed before being used as continuous variables in statistical analyses. Log transformation 

successfully normalized the distribution. In tables we show untransformed medians and 

corresponding interquartile range (IQR). Baseline characteristics were compared between 

case and control subjects using a mixed eff ect model for continuous variables or conditional 

logistic regression for categoric variables, which takes into account the matching for gender, 

age, and enrollment time. Mean risk factor levels per MPO quartile were calculated. Associa-

tions between MPO quartiles and traditional risk factors were calculated using linear regres-

sion for continuous variables and the chi-square test for trend for categoric variables. In 

addition, Pearson correlation coeffi  cients were calculated to assess the relationship between 

log-transformed MPO levels and other continuous risk factors. Conditional logistic regression 

analysis was used to calculate odds ratios (OR) and corresponding 95% confi dence intervals 

(CI) as an estimate of the relative risk of incident CAD, taking into account the matching 

for gender, age, and enrollment time. The MPO concentrations were analyzed as categoric 

variables after division into quartiles based on the distribution in control subjects as well 

as a continuous variable. The lowest quartile was used as reference category. The ORs were 

adjusted for the following cardiovascular risk factors: systolic blood pressure, LDL-cholesterol, 

HDL-cholesterol, body mass index (BMI) (all as continuous variables), smoking, and diabetes 

mellitus. The ORs were also estimated after additional adjustment for CRP (as continuous 

variable). In addition, the area under the receiver-operating characteristic curve (AUC) was 

calculated for each risk factor to determine its discriminative capacity. To assess whether MPO 

levels had predictive value on top of the Framingham risk score, both variables were entered 

into a conditional logistic regression model (taking into account the matching for gender, 

age, and time of enrollment), and the cumulative AUC was calculated. The Framingham risk 

score was calculated using a previously reported algorithm, which takes into account age, 

gender, total cholesterol, HDL-cholesterol, systolic and diastolic blood pressure, smoking, 

and the presence of diabetes (17). Augmentation of the AUC has been put forward as the best 

way to evaluate the incremental value of a parameter (18). We used bootstrapping of receiver 

operating characteristic curves to calculate statistical signifi cance of the diff erences between 

both AUCs (19,20). Statistical analyses were performed using SPSS software (version 12.0.2, 

SPSS Inc., Chicago, Illinois). A p value of < 0.05 was considered to be statistically signifi cant. 
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RESULTS

Characteristics of participants

A total of 342 (30%) of 1,138 cases died of coronary heart disease. The remaining cases suf-

fered nonfatal CAD events. Owing to matching, age was comparable between case and con-

trol subjects. As expected, individuals in whom CAD developed during follow-up were more 

likely than control subjects to smoke and have diabetes (Table 1). In line, cholesterol levels, 

systolic and diastolic blood pressure, BMI, leukocyte count, and CRP were signifi cantly higher 

in case subjects than in control subjects, whereas HDL-cholesterol levels were signifi cantly 

lower in case subjects than in control subjects. 

Table 1. Characteristics of study participants 

Control 
n = 2,237

Case 
n = 1,138

P

Male, % (n) 63.1 (1,411) 63.7 (725) matched

Age, yrs 65.3 ± 7.7 65.5 ± 7.8 matched

Diabetes, % (n) 1.8 (41) 6.6 (75) < 0.001

Smoking, % (n) < 0.001

 Current 8.2 (181) 15.3 (172)

 Former 51.2 (1,138) 52.6 (592)

 Never 40.4 (894) 32.1 (361)

Body mass index, kg/m2 26.3 ± 3.5 27.3 ± 3.9 < 0.001

Systolic blood pressure, mmHg 139.1 ± 17.8 143.9 ± 18.9 < 0.001

Diastolic blood pressure, mmHg 83.6 ± 11.1 85.8 ± 12.0 < 0.001

Total cholesterol, mg/dL 242 ± 45 251 ± 48 < 0.001

LDL-cholesterol, mg/dL 157 ± 39 165 ± 40 < 0.001

HDL-cholesterol, mg/dL 53 ± 16 49 ± 14 < 0.001

Triglycerides, mg/dL 142 [106-204] 168 [124-248] < 0.001

CRP, mg/L 1.5 (0.7-3.1) 2.4 (1.1-5.0) < 0.001

White cell count, 103 cells/mm2 6.5 ± 1.7 6.9 ± 2.1 < 0.001

Serum MPO concentration, pmol/L 638 [454-951] 704 [492-1,021] < 0.001

Data are presented as mean ± SD, median (interquartile range), or % (n). Triglyceride, CRP, and MPO 
concentrations were log-transformed before analysis, but untransformed medians are presented. 

CRP, C-reactive protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MPO, 
myeloperoxidase.

Baseline serum MPO levels in case and control subjects

Median serum MPO levels were higher in case subjects (median 704 [IQR 492 to 1,021] pmol/L) 

than in control subjects (638 [IQR 454 to 951] pmol/L; p < 0.001) (Table 1). Furthermore, 

median serum MPO levels were signifi cantly higher in men than in women (680 [IQR 481 to 

1,013] pmol/L vs. 619 [IQR 448 to 904] pmol/L; p < 0.001). Among men, MPO levels in case 

subjects (734 [IQR 516 to 1,061] pmol/L) were signifi cantly higher than in control subjects 

(657 [IQR 464 to 985] pmol/L; p < 0.001). Among women, there was a trend toward higher 
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MPO levels in case subjects (660 [IQR 456 to 952] pmol/L) vs. 607 [IQR 446 to 894] pmol/L; 

p = 0.098). In addition, baseline MPO levels were signifi cantly higher in subjects with fatal 

compared with nonfatal CAD (789 [IQR 529 to 1,133] pmol/L vs. 681 [IQR 480 to 961] pmol/L; 

p < 0.001). Ethnic diff erences could not be addressed in this study. 

Serum MPO levels and other CAD risk factors

Table 2 summarizes the distribution of CAD risk factors by MPO quartiles. The strongest linear 

positive associations with serum MPO were observed for CRP and white blood cell count 

(Table 2). For HDL-cholesterol, we identifi ed a linear negative association with serum MPO. 

The MPO levels were also related to smoking habit. There was no association with other 

traditional risk factors. 

Table 2. Distribution of CAD risk factors by MPO quartile 

MPO quartile P* R† P‡

1 2 3 4

MPO range, pmol/L < 454 454–638 638–951 > 951

Case/control 219/559 276/560 318/559 325/559 < 0.001

Male/female, % 58/42 63/37 64/26 68/32 < 0.001

Age, yrs 64.7 ± 8.0 65.3 ± 7.5 65.8 ± 7.7 65.5 ± 7.8 0.05 0.036 0.04

Diabetes, % (n) 3.1 (24) 3.7 (31) 3.9 (34) 3.1 (27) 0.99

Smoking, % (n) < 0.001

 Current 6.6 (51) 9.5 (79) 10.8 (93) 14.8 (130)

 Former 50.5 (389) 51.9 (430) 52.6 (453) 52.2 (458)

BMI, kg/m2 26.7 ± 3.6 26.4 ± 3.5 26.6 ± 3.7 26.8 ± 3.8 0.1 0.022 0.2

Total cholesterol, 
mg/dL

250 ± 44 243 ± 44 241 ± 45 241 ± 44 < 0.001 −0.068 < 0.001

LDL-cholesterol, 
mg/dL

162 ± 39 160 ± 40 158 ± 39 159 ± 39 0.1 −0.027 0.1

HDL-cholesterol, 
mg/dL

54 ± 16 52 ± 15 51 ± 15 50 ± 15 < 0.001 −0.096 < 0.001

Triglycerides, mg/dL
159

[106–221]
150

[106–204]
142

[106–204]
150

[106–204]
0.2 −0.048 0.005

Systolic blood 
pressure, mmHg

140.4 ± 18.1 140.0 ± 17.9 140.1 ± 18.3 142.2 ± 18.7 0.04 0.034 0.05

Diastolic blood 
pressure, mmHg

84.3 ± 11.2 83.9 ± 11.3 84.0 ± 11.5 85.2 ± 11.6 0.07 0.027 0.1

CRP, mg/L
1.3

[0.7–2.5]
1.5

[0.7–3.2]
1.8

[0.8–3.8]
2.7

[1.2–6.9]
< 0.001 0.25 < 0.001

White cell count, 103 
cells/mm2

5.9 ± 1.8 6.5 ± 1.6 6.8 ± 1.6 7.5 ± 2.1 < 0.001 0.33 < 0.001

Distribution of characteristics by MPO quartiles. Quartiles are based on values in control subjects. Data are 
presented as mean ± SD, median [interquartile range], or % (n). 

* Association between serum MPO quartiles and risk factors.

† Pearson correlation between log-transformed serum MPO levels and risk factors.

‡ P value corresponding to R. 
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Serum MPO levels and risk of future CAD

The risk of future CAD increased in consecutive MPO quartiles so that individuals in the 

top quartile had an OR of 1.49 (95% CI 1.20 to 1.84) compared with those in the bottom 

quartile (p = 0.001) (Model 1, Table 3). After adjustment for traditional risk factors, i.e. systolic 

blood pressure, LDL-cholesterol, HDL-cholesterol, BMI, smoking, and diabetes, a signifi cant 

association between MPO quartiles and risk of CAD remained present (OR 1.36, 95% CI 1.07 

to 1.73 for top vs. bottom quartile; p < 0.001) (Model 2, Table 3). Additional adjustment for 

CRP weakened the association, especially in the top quartile (OR 1.27, 95% CI 0.98 to 1.63 for 

top vs. bottom quartile; p < 0.001) (Model 3, Table 3). Analyses by MPO tertiles or quintiles 

did not essentially change the results. Notably, the association was substantially stronger in 

participants who suff ered from fatal CAD (OR 1.82, 95% CI 1.23 to 2.70, unadjusted; p < 0.025) 

compared with whose who suff ered from nonfatal CAD (OR 1.35, 95% CI 1.04 to 1.74; p = 

0.013) (Table 4). We did not identify a statistically signifi cant interaction between gender and 

MPO. Therefore, data for men and women were pooled, although gender-specifi c analyses 

were also performed. The association of MPO with CAD was stronger in men (OR 1.61, 95% 

CI 1.23 to 2.12 for top vs. bottom quartile; p = 0.003) than in women (OR 1.17, 95% CI 0.84 to 

1.62 for top vs. bottom quartile; p = ns) (Table 4). Further analyses in low CAD risk subgroups 

Table 3. Odds ratios for future CAD events by MPO quartile and for MPO as continuous variable 

MPO quartile P* Ln(MPO)† P‡

1 2 3 4

< 454 454–638 638–951 > 951

Case/control 219/559 276/559 318/560 325/559

Model 1 1
1.24

(1.00–1.54)
1.46

(1.18–1.80)
1.49

(1.20–1.84)
0.001

1.36
(1.19–1.56)

< 0.001

Model 2 1
1.15

(0.90–1.46)
1.33

(1.05–1.69)
1.36

(1.07–1.73)
< 0.001

1.30
(1.12–1.52)

0.001

Model 3 1
1.14

(0.89–1.46)
1.32

(1.03–1.68)
1.27

(0.98–1.63)
< 0.001

1.25
(1.07–1.47)

0.006

Odds ratios and corresponding 95% confi dence intervals calculated by conditional logistic regression, 
taking into account matching for age, gender, and enrollment time, per MPO quartile. CRP and MPO were 
log transformed before analysis. 

Model 1: unadjusted. 

Model 2: adjustment for LDL-cholesterol, HDL-cholesterol, systolic blood pressure, BMI (continuous 
variables), smoking, and diabetes. 

Model 3: adjustment for aforementioned variables and CRP (continuous variable). 

* Association between MPO quartiles and CAD risk.

† Odds ratios and corresponding 95% confi dence intervals calculated by conditional logistic regression, 
taking into account matching for age, gender, and enrollment time, for MPO as continuous variable.

‡ P value corresponding to Ln(MPO). 
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showed that elevated MPO levels (> 728 pmol/L) were also associated with an increased risk 

of future CAD among subjects with either low LDL-cholesterol (< 130 mg/dL, OR 1.52 [95% CI 

1.21 to 1.91]), high HDL-cholesterol (> 50 mg/dL, 1.59 [95% CI 1.24 to 2.05]), or low CRP levels 

(< 2.0 mg/L, 1.42 [95% CI 1.14 to 1.77]) (Table 5). The cut-off  of 728 pmol/L was determined 

using the Youden index and represents the MPO concentration at which (sensitivity + speci-

fi city − 1) is maximal. 

Discriminative ability of MPO

The AUC for a regression model indicates the percentage of CAD events that could be pre-

dicted successfully using the risk factors in that model. For MPO alone, the AUC was 0.55 (95% 

CI 0.53 to 0.57). The CRP levels, as a single risk factor, yielded the highest AUC (0.60 [95% CI 

0.58 to 0.62]). Traditional risk factors such as LDL- and HDL-cholesterol ranked in between 

(LDL 0.56 [95% CI 0.54 to 0.58], 1/HDL 0.59 [95% CI 0.57 to 0.61]). Addition of MPO to the 

Table 4. Odds ratios for fatal and nonfatal future CAD events and gender-specifi c odds ratios by MPO 
quartile (unadjusted) 

MPO quartile P

1 2 3 4

MPO range, 
pmol/L

< 454 454–638 638–951 > 951

Fatal 1
1.45

(0.96–2.18)
1.44

(0.95–2.18)
1.82

(1.23–2.70)
0.03

Nonfatal 1
1.17

(0.91–1.51)
1.47

(1.15–1.87)
1.35

(1.04–1.74)
0.01

Male MPO 
range, pmol/L

< 464 464–657 657–985 > 985

1
1.34

(1.02–1.75)
1.54

(1.17–2.02)
1.61

(1.23–2.12)
0.003

Female MPO 
range, pmol/L

< 446 446–607 607–894 > 894

1
0.91

(0.63–1.30)
1.20

(0.86–1.67)
1.17

(0.84–1.62)
0.3

Abbreviations as in Table 1 and Table 2.

Table 5. Odds ratio and 95% confi dence intervals for MPO in subgroups otherwise associated with low risk 

MPO < 728 pmol/L MPO > 728 pmol/L

LDL < 130 mg/dL 1 1.52 (1.21–1.91)

LDL > 130 mg/dL 1.42 (1.15–1.74) 1.81 (1.45–2.26)

HDL > 50 mg/dL 1 1.59 (1.24–2.05)

HDL < 50 mg/dL 1.80 (1.42–2.28) 2.22 (1.73–2.85)

CRP < 2 mg/L 1 1.42 (1.14–1.77)

CRP > 2 mg/L 2.15 (1.74–2.64) 2.36 (1.93–2.89)

Abbreviations as in Table 1.
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Framingham risk score did not signifi cantly change the AUC (Framingham risk score alone 

AUC 0.59 [95% CI 0.57 to 0.61], Framingham and MPO 0.60 [95% CI 0.58 to 0.62]). 

DISCUSSION

Myeloperoxidase can exert a plethora of pro-atherogenic eff ects, including oxidation of lipo-

proteins and induction of vascular dysfunction (6-11). In support of a pro-atherogenic role 

of MPO in vivo, expression of human MPO in macrophages of LDL receptor-defi cient mice 

led to a twofold increase in atherosclerotic lesion size (21). These intriguing fi ndings indicate 

that MPO may be a marker for CAD risk, a mediator of atherogenesis, and a potential target 

for CAD prevention. The present study is the fi rst to show that elevated serum levels of MPO 

in apparently healthy individuals are associated with an increased risk of future CAD events, 

largely independent of traditional risk factors. These fi ndings may indicate that leukocyte 

activation or “priming” appears to be increased many years before the onset of overt CAD. 

In this study, MPO is associated with the future risk of CAD in a primary prevention setting, i.e. 

among individuals not known to have heart disease. However, the relationship between MPO 

and CAD in these individuals is weaker than has been reported in patients with acute coronary 

syndromes (ACS) (13-15). This may indicate that MPO level is a more potent marker of plaque 

instability than of future CAD risk and/or atheroma burden. Because MPO is predominantly 

derived from activated neutrophils and monocytes, increased MPO in ACS is likely to refl ect 

infl ux and activation of these cells in the vicinity of the unstable plaque (22-24). Of note, 

in atherosclerotic lesions removed during vascular surgery, MPO colocalized predominantly 

with macrophages within the lesion without signifi cant involvement of neutrophils (25). 

These fi ndings indicate that the origin of MPO may diff er between acute and chronic vascular 

disease. Despite these fi ndings, the present epidemiologic study shows that MPO is associ-

ated with CAD in a primary prevention setting as well. 

Interestingly, participants with high MPO levels were more likely to smoke. This observation 

is in line with a recent study that describes higher serum MPO levels and other markers of 

systemic infl ammation in smokers without severe airway systems (26). The origin and the 

eff ect of this MPO release are still unclear. 

The utility of MPO measurement in clinical practice can not be based on the present study 

alone. We evaluated 2 aspects of MPO measurements to address potential clinical relevance 

for predicting cardiovascular risk in apparently healthy individuals. First, the association 

between MPO and CAD was, in line with previous studies, largely independent of traditional 

risk factors but attenuated by CRP. Moreover, the association of MPO with future CAD among 
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apparently healthy individuals was weaker than that of traditional cardiovascular risk factors 

and CRP. The unadjusted OR (top vs. bottom quartile) of the traditional risk factors in the 

EPIC study have been described elsewhere and vary between 1.7 for LDL-cholesterol to 3.9 

for diabetes (27). The OR for CRP was 2.4, 1.66 after adjustment for traditional risk factors, 

compared with 1.49 and 1.36, respectively, for MPO. Second, we determined the ability of 

MPO to increase the AUC of cardiovascular event prediction. Receiver-operating character-

istic analysis evaluates sensitivity and specifi city at each possible cut-off  point of a clinical 

test and is a widely used method to judge the discriminative ability, and therefore clinical 

utility, of novel risk factors (28). However, the methodology is debated, because it is relatively 

insensitive (29). We did not observe a signifi cant increase in the AUC by adding MPO to the 

Framingham risk score. Additional analyses and studies will be helpful in assessing the clinical 

utility of routine measurement of serum MPO levels in community-based risk assessment of 

apparently healthy subjects. The MPO levels have been shown to have additional prognostic 

value in the acute setting (13-15). 

Study limitations

Several aspects of the current study warrant attention. First, CAD events were ascertained 

through death certifi cation and hospital admission data, which could lead both to under-

ascertainment and misclassifi cation of cases. However, previous validation studies in this 

cohort indicate high specifi city of such case ascertainment (30). Second, serum levels of 

MPO and lipoproteins were determined in a single nonfasting sample that was obtained 

at a nonuniform time of the day. Diurnal variation, variation over time, e.g., temporarily 

increased levels due to infection and diff erences in the time span from the last meal, could 

have aff ected these variables. In this respect, measurement of specifi c MPO products, such 

as chlorotyrosine in HDL, may provide a better indication of MPO activity and MPO-induced 

damage (8, 9). Furthermore, it has recently been suggested that MPO levels after heparin 

administration are a better refl ection of subendothelial MPO (31). However, these analyses 

could not be performed in the present study. Third, sample storage at -80°C for 8 to 12 years 

may have aff ected the MPO concentration. However, this would aff ect samples of both cases 

and controls. This study does leave us to assume similar eff ects in samples containing low 

and high MPO. Random measurement error in both case ascertainment and time variations 

would lead to an underestimation of any relationships between risk factors and CAD risk. The 

extent of measurement error, however, is unlikely to diff er from those for other risk factors 

or from other prospective studies. Finally, elevated MPO levels may also refl ect subclinical 

atherosclerotic burden in participants who eventually developed symptomatic CAD. 
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CONCLUSIONS

Elevated serum concentrations of MPO are associated with an increased risk of future CAD 

in apparently healthy individuals. It is clear that elevation of infl ammatory markers, such as 

MPO and CRP, and their interactions precede the onset of CAD by years. This underscores the 

potential relevance of exploration of anti-infl ammatory strategies. 
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ABSTRACT

Introduction: Myeloperoxidase (MPO), an antimicrobial enzyme of the innate immune 

system, has been proposed to exert a wide array of pro-atherogenic eff ects throughout 

all stages of the atherosclerotic process. In view of the potent anti-infl ammatory eff ects of 

statins in vitro, we evaluated the impact of statin therapy on plasma MPO levels in patients 

with heterozygous familial hypercholesterolemia (FH), treated with either intensive or 

conventional lipid-lowering therapy. Furthermore, we evaluated the relation between MPO 

levels and atherosclerosis progression, as determined by intima media thickness (IMT). 

Methods: We measured plasma MPO levels, lipoprotein profi les, high sensitivity-C-reactive 

protein (hs-CRP) as well as IMT of carotid artery segments in 122 FH patients at baseline and 

after 2-year treatment with atorvastatin 80 mg or simvastatin 40 mg QD. 

Results: Baseline median MPO values were 147 pM (interquartile range (IQR) 122–217) and 

144 pM (IQR 118–216) and these increased signifi cantly to 221 pM (IQR 144–290) and 255 pM 

(IQR 152–324) during 2-year follow-up in both the atorvastatin 80 mg and simvastatin 40 mg 

group, respectively. There was no correlation between MPO levels and IMT progression, 

change in lipoproteins or hs-CRP. 

Conclusion: In FH patients, statins do not prevent an increase in MPO levels during follow-up. 

Moreover, MPO levels are not associated with atherosclerosis progression in these patients. 

Keywords: Myeloperoxidase, statin, intima media thickness, atherosclerosis, familial hyper-

cholesterolemia 

Abbreviations: ASAP, eff ects of atorvastatin versus simvastatin on atherosclerosis pro-

gression; BMI, body mass index; FH, familial hypercholesterolemia; HDL-c, high-density 

lipoprotein-cholesterol; Hs-CRP, high sensitivity C-reactive protein; IMT, intima media thick-

ness; LDL-c, low-density lipoprotein-cholesterol; MPO, myeloperoxidase; TC, total cholesterol; 

TG, triglycerides 
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INTRODUCTION

Statin therapy reduces cardiovascular event rate by 30% (1). Whereas its principal mechanism 

of action pertains to its low-density lipoprotein-cholesterol (LDL-c) lowering eff ect, a variety 

of experimental and clinical studies have highlighted that statins may also exert distinct 

pleiotropic eff ects (2, 3). In particular, statins have potent anti-infl ammatory eff ects, rang-

ing from decreasing leukocyte activation to lowering production of acute phase reactants. 

However, these eff ects have been predominantly observed in in vitro experiments. The 

impact of the pleiotropic eff ects of statins in vivo is not well established. In this respect, the 

PROVE IT-trial lends support to the potential relevance of anti-infl ammatory eff ects of statins. 

It showed that atorvastatin was associated with a decrease in C-reactive protein (CRP) levels 

and improved cardiovascular outcome, independent from LDL-c lowering (4, 5). 

In the infl ammatory cascade, myeloperoxidase (MPO) has emerged as an important mediator 

of pro-atherogenic changes within the vasculature. MPO can be released by activated neu-

trophils, monocytes and macrophages. Beyond its role as antimicrobial enzyme (6), MPO also 

mediates oxidation of LDL-c (7, 8) and apolipoprotein (apo) AI (9). This results in even more 

pro-atherogenic LDL-c and possibly in impaired reverse cholesterol transport by high-density 

lipoprotein-cholesterol (HDL-c) respectively (7-10). Furthermore, it reduces nitric oxide avail-

ability (11). 

Increased levels of MPO and its products have been detected in plasma as well as in plaques 

from patients with cardiovascular disease (12-15). We recently showed that serum MPO levels 

are associated with the future risk of coronary artery disease (CAD) in healthy individuals 

(16). In line, a study showed that MPO levels correlate with the severity of coronary artery 

disease (CAD) assessed during angiography (17). However, this could not be confi rmed in a 

later study (18). Finally, MPO also has clear predictive value for future cardiovascular events 

in patients with acute coronary syndrome or chest pain (19, 20). Hence, MPO has been put 

forward as a potential biomarker and future target for prevention of cardiovascular disease. 

The eff ect of statins on MPO and the impact of MPO on atherosclerosis progression are as yet 

unknown. Therefore, we set out (i) to evaluate the eff ect of treatment with intensive (atorvas-

tatin 80 mg) versus conventional (simvastatin 40 mg) on plasma MPO levels in patients with 

familial hypercholesterolemia (FH) and (ii) to assess the relation between (changes in) plasma 

MPO levels and atherosclerosis progression as measured by intima media thickness (IMT) and 

other cardiovascular risk markers. 
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MATERIALS AND METHODS

Study design

We determined plasma MPO levels in samples of a subgroup of 122 patients out of 325 patients 

included in the ASAP study (eff ects of Atorvastatin versus Simvastatin on Atherosclerosis 

Progression), depending on the availability of plasma samples. The design and main results 

of the ASAP study have been reported previously (21, 22). In short, ASAP was a 2-year, two-

centre, randomised, double-blind study to assess whether treatment with atorvastatin 80 mg 

or simvastatin 40 mg could retard atherosclerosis progression in patients with heterozygous 

FH. After an 8-week placebo run-in, baseline measurements of lipoprotein parameters, high 

sensitivity-C-reactive protein (hs-CRP) and IMT were performed. These measurements were 

repeated after 2 years. The Institutional Review Boards of both centres approved the protocol 

and written informed consent was obtained. The primary endpoint was carotid atherosclero-

sis progression defi ned as change in IMT measured by quantitative B-mode ultrasound (22). 

Laboratory parameters

Total cholesterol (TC), (calculated) LDL-c, HDL-c, triglycerides (TG), and hs-CRP were deter-

mined as described previously (22, 23). Blood was stored at −70 °C after collection. MPO levels 

were measured in heparin plasma samples taken at baseline and after 2 years of 61 patients 

who received simvastatin 40 mg and 61 patients who received atorvastatin 80 mg using a 

commercially available MPO-ELISA kit (CardioMPO™ Test, Prognostix, Cleveland, OH, USA. The 

CardioMPO blood test is based on research studies performed by S. Hazen, M. Penn, and M.L. 

Brennan at the Cleveland Clinic.). Duplicate measurements were performed (coeffi  cient of 

variation less than 5%). The fi nal result represents the mean of these measurements. 

Carotid IMT

IMT measurements were performed at baseline and after 2 years of treatment. In short, ultra-

sound examinations were performed using a bio-sound phase-2 real time scanner (Biosound 

Esaote, USA) equipped with a 10 MHz transducer. Three 10 mm segments were scanned 

bilaterally: the distal portion of the common carotid artery (CCA), the carotid bifurcation 

(BUL) and the proximal portion of the internal carotid artery (ICA). The mean IMT represents 

the average over anterior and posterior walls in the CCA, the BUL and the posterior wall of the 

ICA, bilaterally. IMT measurements were performed of both anterior and posterior walls of 

the CCA and BUL and posterior wall of the ICA. Images were analysed with a semi-automatic 

software program (Eurequa, TSA company, Meudon, France). The intra-observer and inter-

observer coeffi  cients of variation were less than 5%. 
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Statistical analysis

Since the distributions of MPO, hs-CRP and TG were skewed, data were log-transformed prior 

to further analysis or analysed using non-parametric tests. In tables, median and interquartile 

ranges were used. Both absolute and relative changes in MPO after 2 years were calculated. 

The Wilcoxon signed-rank test and Wilcoxon rank-sum test were used to evaluate the sig-

nifi cance of MPO changes over time in each treatment group and the diff erence between 

treatment groups. Spearman correlation coeffi  cients were calculated to assess evidence of 

association between MPO levels and the change of MPO and the following parameters: IMT 

at baseline, change in IMT, hs-CRP, leukocyte count, TC, LDL-c, HDL-c, TG, and body mass index 

(BMI) at baseline and after 2 years of treatment. The association between IMT (progression) as 

well as MPO and risk factors was also explored using a multivariate regression model, includ-

ing the following factors: age, gender, statin therapy, history of cardiovascular disease (yes/

no), smoking (yes/no), body mass index (BMI), LDL-c, HDL-c, TG, hs-CRP and leukocyte count. 

Statistical analyses were performed using SPSS (version 12.0, Chicago, IL, USA). A p value < 

0.05 was considered statistically signifi cant. 

RESULTS

Baseline characteristics

Demographic and baseline characteristics of the study population are listed in Table 1. FH 

patients in the subgroups did not diff er signifi cantly, in terms of age, gender, history of 

cardiovascular disease, smoking habit and laboratory parameters at baseline, from the total 

cohort (supplemental data, Tables 1 and 2) (22, 23). Patients were allocated to either atorvas-

tatin 80 mg or simvastatin 40 mg. At baseline, no signifi cant diff erences between treatment 

groups were found in lipoprotein levels, hs-CRP, mean IMT or MPO. IMT and hs-CRP were 

markedly increased at baseline compared to age-matched, normocholesterolemic controls 

(22, 23). Median plasma MPO at baseline was 147 pM (interquartile range (IQR): 122–217) in 

the atorvastatin 80 mg group (p = 0.01) and 144 pM (IQR: 118–216) in the simvastatin 40 mg 

group (ns) (Table 2). 

MPO levels increase during 2-year statin therapy

Median MPO levels increased to 221 pM (IQR: 144–290) in the atorvastatin group and to 

255 pM (IQR 152–324) in the simvastatin group after 2 years (increase within group, p < 0.001, 

between groups, P = 0.2) (Table 2). Sixty-seven percent of patients in the atorvastatin 80 mg 

group versus 70% in the simvastatin 40 mg group experienced an increase of MPO after 2 

years of treatment (Table 3). The median percentage increase in MPO after 2 year of treat-

ment was 36% (IQR: −15–108) in the atorvastatin 80 mg group versus 50% (IQR: −7–155) in 

the simvastatin 40 mg group. As previously described TC, LDL-c, TG levels and hs-CRP were 
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lowered signifi cantly within each treatment arm, and in line with expectations atorvastatin 

reduced TC, LDL-c, TG and hs-CRP levels more potently than simvastatin (22, 23). The changes 

in IMT have been described in detail previously. After 2 years, the IMT increase was higher in 

Table 1. Baseline characteristics 

Atorvastatin 80 mg, n = 61 Simvastatin 40 mg, n = 61

Age, years 48 ± 10 50 ± 10

Gender, f/m 34/27 33/28

Smoking, % 33 26

CVD, % 28 21

BMI, kg/m2 25.8 ± 3.2 25.8 ± 3.4

Age and BMI are presented as means ± SD; CVD, history of cardiovascular disease; BMI, body mass index.

Table 2.  Intima media thickness and laboratory parameters of patients with familial hypercholesterolemia, 
before and after treatment with atorvastatin or simvastatin for 2 years 

Atorvastatin 80 mg Simvastatin 40 mg

Baseline 2 years
Median 

% 
change

P* Baseline 2 years
Median 

% 
change

P** P***

Mean 
IMT, mm

0.90 ± 0.17 0.91 ± 0.17 −1.2 0.5 0.90 ± 0.19 0.94 ± 0.18 2.6 0.04 0.2

Hs-CRP, 
mg/L

1.4
[0.9–4.0]

0.9
[0.6–2.0]

−40.0 < 0.001
1.6

[0.7–3.3]
1.3

[0.6–2.7]
−25.0 < 0.001 < 0.001

MPO, 
pM

147
[122–217]

221
[144–290]

36.3 0.001
144

[118–216]
255

[152–324]
53.7 < 0.001 0.8

TC, 
mmol/L

9.8 ± 2.0 5.5 ± 1.2 −44.1 < 0.001 9.9 ± 1.7 6.4 ± 1.2 −35.6 < 0.001 < 0.001

LDL-c, 
mmol/L

7.8 ± 1.9 3.6 ± 1.1 −55.3 < 0.001 8.0 ± 1.7 4.4 ± 1.2 −45.2 < 0.001 < 0.001

HDL-c, 
mmol/L

1.2 ± 0.3 1.5 ± 0.4 3.1 < 0.001 1.2 ± 0.3 1.4 ± 0.3 2.7 < 0.001 < 0.001

TG, 
mmol/L

1.4
[1.0–2.1]

0.89
[0.5–1.3]

−41.7 < 0.001
1.64

[1.1–2.0]
1.06

[0.8–1.5]
−22.4 < 0.001 < 0.001

Values are means ± SD, except hs-CRP, MPO and TG (median (interquartile range)); IMT, intima media 
thickness; hs-CRP, high sensitivity-C-reactive protein; MPO, myeloperoxidase; TC, total cholesterol; TG, 
triglycerides; *P: comparison within atorvastin group; **P: comparison within simvastatin group; ***P: 
comparison between atorvastatin and simvastatin group after 2 years.

Table 3.  Percentage of patients with a decrease or increase of MPO levels in the treatment groups after 2 
years 

Atorvastatin 80 mg Simvastatin 40 mg

Decrease 20 (33%) 19 (31%)

Increase 41 (67%) 42 (69%)
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the simvastatin compared to the atorvastatin group (p < 0.001 in total cohort, p = 0.2 in our 

subgroup). 

MPO levels do not correlate with IMT

Baseline MPO, MPO after 2-year treatment and change in MPO levels were not correlated with 

age, LDL-c, HDL-c, TG, TC or hs-CRP (Table 4). MPO modestly correlated with leukocyte count 

at 2-year treatment (Spearman’s rho 0.23, p = 0.01). Baseline MPO levels were not correlated 

Table 4. Correlation of baseline MPO and change in MPO with age, IMT, lipoprotein profi le, hs-CRP and 
leukocyte count 

Spearman’s rho 
Baseline MPO with 
baseline values of

MPO after 2 years with 
values after 2 years

Change in MPO with 
change in values of

Age −0.14

IMT −0.09 −0.02 −0.12

Hs-CRP 0.12 0.05 0.14

Leukocyt count 0.14 0.23* 0.13

TC 0.07 0.04 −0.03

LDL-c 0.12 0.08 −0.02

HDL-c −0.23 −0.18 −0.05

TG −0.04 0.12 −0.04

IMT, intima media thickness; hs-CRP, high sensitivity-C-reactive protein; MPO, myeloperoxidase; TC, total 
cholesterol; TG, triglycerides.
* P < 0.05. 
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Figure 1. Change in IMT in patients with increasing or decreasing plasma myeloperoxidase levels 

Patients were divided in two groups, based on MPO increase or decrease. There was no diff erence in the 
progression of IMT during 2 years (MPO increase: IMT −0.02 mm vs. MPO decrease: IMT + 0.05 mm, P = 0.3).
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with baseline IMT, neither were baseline MPO levels or the change in MPO correlated with 

the change in IMT. Also, when dividing the patients in two groups, based on MPO increase 

or decrease, there was no diff erence in the progression of IMT (MPO increase: IMT −0.02 mm 

vs. MPO decrease: IMT +0.05 mm, p = 0.3, Figure 1). Multivariate analysis, similarly, did not 

reveal a relation between MPO levels and IMT. There was no diff erence in MPO at baseline 

or change in MPO between men and women, or patients with or without history of cardio-

vascular disease (baseline: 149 (113–216) vs. 145 (119–218) pM). There was a trend towards a 

larger increase of MPO in smokers than in non-smokers (mean change (S.D.): 177 (64) vs. 60 

(22), p = 0.058). Change in MPO levels correlated with MPO at baseline (Spearman’s rho 0.47, 

p < 0.001). 

DISCUSSION

Our study shows that plasma MPO levels are neither related to IMT, nor to IMT progression 

rate during a 2-year follow-up period in FH patients. In spite of a clear reduction in IMT 

progression rate during atorvastatin compared to simvastatin therapy, MPO levels increased 

equally in both treatment arms. 

MPO at baseline

Plasma MPO is predominantly derived from excretion by neutrophils and monocytes into the 

blood, as attested to by the positive correlation between leukocyte count and MPO levels (16, 

24). Although no normocholesterolemic control group was included in the present analysis, 

plasma MPO levels were similar to those reported in healthy volunteers in a recent study by 

Tang et al. (median 172 pM, IQR 125–225) (25). Normal control values for plasma MPO have 

been reported to be < 539 pM (95% upper percentile of middle-aged healthy population, 

n = 300, Prognostix). 

MPO increase during statin therapy

In our study, statin therapy with simvastatin as well as atorvastatin was accompanied by an 

increase in MPO levels during 2-year follow-up. In contrast, intensive statin therapy was as-

sociated with profound LDL reduction as well as a signifi cant reduction in IMT progression 

rate (22). This fi nding appears inconsistent with several previous studies. First, statins have 

been shown to inhibit MPO mRNA expression in macrophages in vitro (26). Second, Zhou et 

al. reported a larger decrease in serum MPO levels in patients with acute coronary syndrome 

after 1 week of atorvastatin therapy compared to conventional treatment without a statin 

(27). Third, Shishehbor et al. observed a signifi cant decrease in chlorotyrosine, a specifi c 

product of MPO activity (28, 29), in hypercholesterolemic patients after 12 weeks treatment 

with atorvastatin 10 mg (30). 
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With respect to this apparent contradiction, several options might be considered. First, 

it is unclear whether the increase in MPO is statin-related. Since it is unethical to include 

placebo therapy in high-risk patients such as those with familial hypercholesterolemia, we 

cannot exclude that without statin use MPO levels would have increased even further during 

2-year follow-up. Moreover, MPO levels may have increased during follow-up due to statin-

unrelated factors. However, we found no relation between MPO and age, or with duration 

of sample storage (data not shown). Our fi ndings are supported by a study by Vita et al. in 

which MPO levels were also signifi cantly higher in individuals on cardiovascular medications, 

including statins. This was attributed to confounding by indication bias, but could also be 

a statin-eff ect (31). Second, there may be a discrepancy between various measurements of 

MPO. Thus, products generated by MPO, such as chlorinated tyrosine residues, or serum MPO 

levels may be better indicators of MPO-mediated vascular damage than plasma MPO levels 

(28, 29). Finally, it is also possible that statins counteract MPO-mediated damage by their anti-

oxidative capacities (32, 33), rather than counteract MPO production and release in vivo. 

MPO and IMT progression

MPO has emerged as a potential pro-atherogenic mediator both in animal models (34) as 

well as in observational studies in patients with advanced cardiovascular disease (17, 19, 25). 

Most importantly, expression of human MPO in macrophages promoted atherosclerosis in 

LDL-receptor knockout mice (34). However, we did not fi nd a correlation between MPO levels 

and IMT or IMT progression rate. Similarly, Exner et al. only found an association between MPO 

and progression of carotid stenosis in a subset of patients (35). In line, Baldus et al. reported 

comparable baseline plasma MPO levels between patients with or without angiographically 

detectable coronary artery disease (18). The lack of relation between MPO and IMT (progres-

sion) may point towards the impact of high LDL-c levels in patients with FH, which would 

overrule the infl ammatory pathways. In this respect, hs-CRP levels, although increased, only 

weakly correlated with IMT (r = 0.13) in the ASAP study (23). In contrast, MPO levels are higher 

in patients with coronary artery disease (CAD) and can predict future cardiovascular events 

in these patients and patients with chest pain (17, 19, 20). In this scenario, MPO might be a 

better marker of plaque instability, rather than of progression. In order to settle this issue, 

more data on the predictive value of MPO in primary prevention settings are eagerly awaited 

(16). 

Study limitations

Plasma levels of MPO were determined in two samples. Variation over time, e.g. temporar-

ily increased levels due to infection, could have aff ected these variables. In this respect, 

measurement of specifi c MPO products, such as chlorotyrosine in HDL, may provide a better 

indication of MPO activity and MPO-induced damage (7-10, 29). Furthermore, it has recently 
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been suggested that MPO levels after heparin administration are a better refl ection of suben-

dothelial MPO (18). However, these analyses could not be performed in the present study. 

CONCLUSION

In FH patients, statins do not prevent an increase in MPO levels during follow-up. Moreover, 

MPO levels are not associated with atherosclerosis progression. These data do not support an 

important role for pleiotropic eff ects of statins in terms of leukocyte activation. Furthermore, 

our study implies that MPO release is not a principal factor mediating IMT progression in 

patients with FH and not suitable as a biomarker for atherosclerotic burden or progression 

in these patients. 
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ABSTRACT

Background: Diabetes mellitus type 2 is linked to augmented endothelial dysfunction and 

accelerated atherosclerosis. Myeloperoxidase (MPO) plays an important role in the initiation, 

progression and complications of atherosclerosis. We investigated whether MPO levels are 

increased in diabetic patients. 

Methods: Therefore, we compared baseline plasma MPO levels in diabetic and non-diabetic 

patients with mild, stable anginal complaints (Canadian Cardiovascular Society (CCS) I-II/IV) 

and performed multivariate linear regression analysis to adjust for possible confounding 

factors. 

Results: A total of 440 patients were recruited from the outpatient clinic of Cardiology, 268 

patients with and 172 without diabetes mellitus type 2. Levels of MPO were signifi cantly 

higher in the diabetic patients (141 (115-171) pM (median, interquartile range) vs. 126 (105-

167) pM, p = 0.01). The linear regression coeffi  cient of diabetes mellitus type 2 in relation to 

MPO was 0.092 in univariate linear regression and 0.078 after adjustment for age, current 

smoking, the use of ACE inhibitors and calcium antagonists. 

Conclusions: Diabetes mellitus type 2 is associated with mildly increased levels of MPO, 

independent of other clinical variables. This association may contribute to the accelerated 

progression of atherosclerosis in diabetics.

Keywords: Diabetes mellitus, myeloperoxidase, angina pectoris

Abbreviations: CCS, Canadian Cardiovascular Society; HDL, high density lipoprotein; LDL, 

low density lipoprotein; MPO, myeloperoxidase; ROS, reactive oxygen species 
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INTRODUCTION

Low grade chronic infl ammation and endothelial dysfunction are contributing factors in 

the initiation and progression of cardiovascular disease. Recent evidence suggests that 

myeloperoxidase (MPO) contributes to the infl ammatory process in atherosclerosis and its 

complications (1-3).

MPO is a pro-oxidant enzyme that is released from granules of activated leukocytes, mono-

cytes and macrophages at infl ammatory sites. When released as part of the innate host 

defence, it generates free radicals and reactive oxygen species (ROS) (2). However, the anti-

microbial activity of MPO can also lead to oxidative damage of the endothelium and vessel 

wall. This is illustrated by the fact that both MPO and its oxidants are found in atheroma and 

atherosclerotic lesions (4).

Several mechanism via which MPO can promote atherosclerosis have been described. First, 

MPO activity leads to oxidation of low density lipoprotein (LDL)-cholesterol, which increases 

its atherogenicity (4, 5). Second, MPO-induced oxidation of high density lipoprotein (HDL)-

cholesterol can reduce its capacity for reversed cholesterol transport (6). Finally, MPO activity 

leads to consumption of endothelial derived nitric oxide, which can lead to plaque formation 

and endothelial dysfunction (4, 5, 7, 8).

Literature regarding MPO activity in diabetes is scarce and confl icting, demonstrating both 

higher and lower levels of MPO in diff erent tissues and clinical situations (9, 11). However, it is 

known that endothelial dysfunction develops early in diabetes mellitus, preceding clinically 

detectable atherosclerosis and that diminished nitric oxide (NO) levels and enhanced oxida-

tive stress are important factors in the pathogenesis of diabetic vascular complications (12-

15). Furthermore, white blood cell count (WBC) is associated with micro- and macrovascular 

events in type 2 diabetics (16).

We therefore hypothesized that levels of MPO as a marker of endothelial dysfunction and gen-

erator of ROS are increased in diabetic patients. To test our hypothesis we compared baseline 

MPO levels in diabetic and non-diabetic patients with mild stable anginal complaints.

MATERIALS AND METHODS

A total of 440 consecutive patients with stable anginal complaints (Canadian Cardiovascular 

Society (CCS) class I-II/IV) were recruited at the outpatient clinic of Cardiology, 268 patients 

with and 172 without type 2 diabetes mellitus. All patients underwent clinical examination 
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and resting ECG. Baseline fasting blood samples were collected in EDTA tubes and stored 

within 1 hour at -80oC for further analysis. Patients were defi ned as having type 2 diabetes 

mellitus (DM2) when (i) two or more non-fasting glucose sample of ≥ 11.0 mmol/L or (ii) 

fasting samples of ≥ 7.0 mmol/L were measured on separate days or (iii) when patients were 

treated with anti-diabetic medication

Hypertension was defi ned as a systolic pressure ≥ 180 mmHg or diastolic > 100 mmHg after 

treatment. The absence or presence of hypercholesterolemia was based on a documented 

clinical diagnosis made by the treating physician for which patients required dietary and lipid 

lowering treatment. A history of coronary artery disease event was present when a previous 

myocardial infarction, percutaneous coronary intervention or coronary artery bypass graft-

ing was documented. 

Plasma MPO levels were measured in duplicate by high-sensitivity sandwich ELISA (Prog-

nostiX, Inc, Cleveland, Ohio, USA). Each plate included a standard curve with isolated human 

MPO and controls were used on every plate to correct for interplate variability.

Baseline characteristics are presented as mean (standard deviation), as median (interquartile 

range) or as number (percentage) and are compared by Student’s unpaired t test and χ2-test 

where appropriate. MPO-levels were not normally distributed and were compared using the 

Mann-Whitney test. For regression analysis, MPO levels were logarithmically transformed to 

a normal distribution. Multivariate linear regression analysis was used to adjust for all pos-

sible confounding factors, thereby demonstrating the independence of the relation between 

diabetes mellitus type 2 and MPO levels. Variables that were signifi cantly related to MPO in 

univariate analysis were added as covariates into the model. Criterion for entry of variables 

into the linear regression analysis was set on p ≤ 0.2.

RESULTS

The clinical characteristics of the 440 enrolled patients in relation to the presence of diabetes 

mellitus type 2 are depicted in Table 1. Approximately half of all patients had a history of 

cardiovascular disease event. Patients with diabetes were more often male, had more other 

classical cardiac risk factors and were treated more aggressively for their anginal complaints 

and concomitant other risk factors. The median duration of diabetes was 6.6 years (inter-

quartile range (IQR) 3.4-11 years), median HbA1c levels were 7.4 mmol/L (IQR 6.6-8.3), and 

100 patients (39%) needed insulin therapy for adequate glycemic control.
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Table 1. Clinical characteristics in patients with stable angina with and without type 2 diabetic patients 

No diabetes
n = 172

Diabetes
n = 268

P

Male gender 99 (58) 183 (68) 0.02

Age, years 66 (11) 65 (9)

CCS II/IV 98 (57) 103 (38) < 0.001

Medication

Aspirin 110 (64) 227 (85) < 0.001

Statins 91 (53) 199 (74) < 0.001

ACE-inhibitors 34 (20) 111 (41) < 0.001

Beta-blockers 100 (58) 193 (72) 0.003

Long-acting nitrates 63 (37) 102 (38)

Calcium antagonists 51 (30) 116 (43) 0.004

Risk factors

Hypertension 74 (43) 144 (54) < 0.03

Hypercholesterolemia 85 (49) 172 (64) 0.002

Smoking 27 (16) 46 (17)

Previous smoking 80 (55) 139 (62)

Family history CAD 85 (49) 96 (36) 0.005

Medical history

Previous CAD events 81 (47) 133 (50)

  Previous MI 60 (35) 83 (31)

  Previous PCI 53 (31) 75 (28)

  Previous CABG 23 (13) 50 (19)

Values are presented as number (percentage), except for age which is presented as mean (standard 
deviation). CAD, coronary artery disease; MI, myocardial infarction; PCI, percutaneous coronary 
intervention; CABG,  coronary artery bypass grafting

Median levels of MPO were signifi cantly higher in diabetic patients compared with non-

diabetic patients (141 (115-171) pM vs. 126 (105-167) pM, p = 0.01) (Figure 1). Furthermore, 

a positive correlation was found with age (Spearman’s correlation coeffi  cient r = 0.21, p < 

0.001). MPO levels did not signifi cantly diff er with gender, classical risk factors or with a previ-

ous history of coronary artery disease or cardiovascular disease. Furthermore, in the diabetic 

patients, no correlation was found with duration of diabetes mellitus, treatment with insulin 

or with HbA1c levels.

Clinical variables associated with logarithmically transformed MPO levels are diabetes mel-

litus type 2 (unstandardized regression coeffi  cient (ß) 0.092; standard error (SE) 0.039, p < 

0.02); age in years (ß 0.009, SE 0.002, p < 0.001); current smoking (ß 0.108, SE 0.052, p < 0.04); 

hypercholesterolemia (ß -0.025, SE 0.04, p=0.05); Calcium antagonists (ß 0.073, SE 0.04, p=0.1) 

and ACE inhibitors (ß 0.068, SE 0.041, p < 0.07). In multivariate analysis, diabetes mellitus type 

2 (ß 0.096, SE 0.038, p = 0.01); age (ß 0.01, SE 0.002, p < 0.001) and current smoking (ß 0.166, 
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SE 0.05, p = 0.001) remained independently associated with MPO-levels. Statins were not 

signifi cantly related (ß -0.001, SE 0.02, p = 0.97).

The linear regression coeffi  cient of diabetes mellitus type 2 remained unchanged after 

adjustment for variables related to MPO: 0.092 in univariate analysis and 0.078 after adjust-

ment for age, smoking status, hypercholesterolemia, the use of calcium antagonists and 

ACE-inhibitors. This indicates that the relation of diabetes mellitus type 2 with MPO can not 

be explained by unequal distributions of other variables.

DISCUSSION

In this study, we have shown that plasma MPO levels were mildly elevated in patients with 

diabetes mellitus type 2 with stable anginal complaints (CCS I-II/IV) compared to non-dia-

betics with similar complaints and that this positive relation was not the result of an unequal 

distribution of other variables associated with diabetes mellitus or MPO. Besides diabetes 

mellitus, age and current smoking were independently correlated with the levels of MPO.

MPO and diabetes mellitus

To our knowledge, only a limited number of studies specifi cally focused on the relation 

between MPO levels and the presence of diabetes. In total, three clinical studies found sig-

nifi cantly higher MPO levels (twice measured in serum, once in plasma samples) in diabetics, 
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Figure 1. Myeloperoxidase level in diabetic and non-diabetic patients

Whisker box-plot of MPO data in relation to the presence of diabetes mellitus type 2. The top and bottom 
of the box represent the 25th and 75th percentile; the horizontal line in the box the median value and the 
line outside the box represents the range.
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whereas four clinical studies found no correlation (8, 11, 17-21). The observed discrepancies 

with the negative studies may be explained, at least in part, by diff erences in populations, 

methods, and examined tissues, thereby hampering the interpretation of these fi ndings.

Furthermore, some studies strived to identify the mechanisms of this possible relation be-

tween MPO and diabetes mellitus. One study demonstrated that adhered neutrophils, evalu-

ated by MPO activity in vitro are enhanced by insulin treatment and the authors therefore 

speculated that high MPO activity in diabetes might be related to hyperinsulinemia (22). 

Another study group stated that vascular-bound MPO could use high glucose–stimulated 

hydrogen peroxide to amplify high glucose–induced injury to the vascular wall (23). The fi nd-

ings in our study are in accordance with these reports demonstrating higher levels of MPO in 

a group of diabetic patients with a moderate glycemic control and treatment with insulin in 

40% of these patients.

Although the diff erence in MPO level between diabetic and non-diabetic patients in our 

study was signifi cant, levels were within the normal range of MPO (< 539 pM (95% upper 

percentile of middle-aged healthy population, n = 300, Prognostix). However, several recent 

studies have described similar low levels of MPO in healthy patients and in patients with 

cardiac risk factors but without overt cardiac disease. Moreover, even in several studies in 

patients with chest pain or acute coronary syndromes levels below approximately 350 pM are 

described (17, 18, 24-26). Nonetheless, these low levels do suggest that, in the individual type 

2 diabetic patient with only stable anginal complaints, levels of MPO are of little value in the 

detection of instable plaques or coronary artery disease. However, it still may be an indication 

that MPO contributes to the accelerated progression of atherosclerosis in diabetics.

MPO and infl ammation

The question whether MPO is a marker of an increased infl ammatory state and leukocyte 

count in diabetics or that MPO plays an independent role in diabetic atherosclerosis can 

not be answered in the present study because levels of other infl ammation markers such as 

leukocyte count, C-reactive protein or interleukin-6 were not available in this study. However, 

based on the experimental study of Zhang et al. we might expect an increased eff ect or activ-

ity of MPO in diabetic subjects (23). Furthermore, hyperglycemia and diabetes mellitus have 

been shown to be associated with activation of leukocyte counts (16, 27). The present study 

clearly supports this concept showing that circulating MPO levels, derived predominantly 

from leukocytes, are higher in diabetics compared to controls.

Clinical variables and the level of MPO

Similar to our fi ndings, both age and smoking have previously been linked to elevated MPO 

levels and increased infl ammatory activity (28, 29). However, confl icting results on the unad-
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justed eff ect of these variables on MPO were presented, only two studies found an indepen-

dent relation with age and one also reported a positive correlation with smoking (8, 17, 18).

MPO has also been related to a history of cardiovascular disease, but we could not establish 

this relation in our population with very stable patients with and without coronary artery dis-

ease (17, 18, 21). This might be explained by the fact that the blood samples of the previous 

studies were obtained in patients presenting in an acute coronary situation which may have 

aff ected the MPO levels. Secondly, no relation could be found between the severity of the 

anginal complaints and the levels of MPO, although we only distinguished between patients 

with CCS I and II. Moreover, the diabetics in our study population, which had signifi cant higher 

levels of MPO, more often presented with less overt anginal complaints compared with their 

non-diabetic counterparts. The lack of relation between severity of anginal complaints and 

the level of MPO in these diabetic patients might be explained by the fact that diabetics 

more often present with atypical complaints and approximately 25% of the diabetics already 

have clinically relevant ischemia without any anginal complaints (30). Unfortunately, no 

information on the severity of myocardial ischemia in relation to the anginal complaints was 

available in this study.  

Finally, no relation was found between the use of statins and the level of MPO as has been 

described in a number of studies (24, 26, 31, 32). These studies suggested that a decrease in 

MPO level was a possible pleiotropic eff ect of statin use, however these possible pleiotropic 

eff ects of statins on MPO were not replicated in a recent study on statin therapy in hypercho-

lesterolemic patients (24). Whether or not the presented diff erence in MPO between diabet-

ics and non-diabetics in our study was underrated due to statin therapy therefore remains 

unclear.

CONCLUSION

Diabetes mellitus type 2 is associated with mildly increased levels of MPO, independent of 

other clinical variables. This association may contribute to the accelerated progression of 

atherosclerosis in diabetics. 
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ABSTRACT

Aims/hypothesis: MPO, an enzyme of the innate immune system, exhibits a wide array 

of pro-atherogenic eff ects. These include induction of oxidative damage to LDL- and HDL-

cholesterol, and promotion of endothelial dysfunction. Recent studies revealed that MPO 

independently predicts adverse outcomes in patients with chest pain or suspected acute 

coronary syndrome. We evaluated whether plasma myeloperoxidase (MPO) levels are associ-

ated with scintigraphic myocardial perfusion abnormalities, in type 2 diabetic patients with 

mild anginal complaints.

Methods: MPO was measured in plasma samples of 267 patients with diabetes mellitus type 

2 and stable angina pectoris complaints (Canadian Cardiovascular Society class I-II/IV) prior 

to myocardial perfusion scintigraphy (MPS).

Results: The median plasma level of MPO was 141 pM (IQR 115-171). One-hundred-ninety 

patients (71%) had perfusion abnormalities on MPS and of these, 138 patients had myo-

cardial ischemia. No relation was found between plasma MPO levels and the scintigraphic 

myocardial perfusion abnormalities. Even in combination with known other cardiovascular 

risk factors MPO failed to predict scintigraphic myocardial perfusion abnormalities.

Conclusions: MPO levels are not associated with scintigraphic myocardial perfusion abnor-

malities in type 2 diabetic patients with mild anginal complaints. Therefore, in type 2 diabetic 

patients MPO is unlikely to be a useful biomarker to predict hemodynamically signifi cant 

coronary artery disease. 

Key words: Myeloperoxidase; diabetes Mellitus type 2; myocardial ischemia; SPECT

Abbreviations: CAD, coronary artery disease; CABG, coronary artery bypass grafting; CCS, 

Canadian Cardiovascular Society; DM2, diabetes mellitus type 2; MI, myocardial infarction; 

MPO, myeloperoxidase; MPS, myocardial perfusion scintigraphy, PCI, percutaneous coronary 

intervention 
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INTRODUCTION

Atherosclerosis is the major cause of morbidity and mortality in patients with diabetes mel-

litus type 2. The risk of coronary artery disease (CAD) in these patients is two- to fourfold 

higher compared with non-diabetic patients and approximately 75% will die from a cardiac 

cause (1-3). Moreover, diabetic patients are more likely to have an atypical or less distinct 

expression of their anginal symptoms and silent myocardial ischemia is already present in 

approximately 20% of patients (4). To reduce the risk of cardiac complications, attempts 

must be made to identify diabetic patients with CAD at an early stage, possibly even before 

anginal complaints become overt. To identity those patients at risk at an early stage, widely 

available and relatively cheap markers or combination of markers with a high sensitivity are 

necessary.

Recent evidence suggests that myeloperoxidase (MPO) plays an important role in the devel-

opment and progression of atherosclerosis (5). MPO is a pro-oxidant enzyme released from 

granules of activated leukocytes and monocytes at infl ammatory sites (5). Upon release, 

it generates free radicals and reactive oxygen species, such as hypochlorous acid. Next to 

its antimicrobial actions as part of the innate immune system, MPO activity can also lead 

to oxidative damage of the vessel wall, causing not only endothelial dysfunction, but also 

infl uencing the vulnerability of the developed plaques (6;7).

Recent clinical studies have demonstrated that MPO levels are predictive for endothelial 

dysfunction and cardiovascular disease. A recent study concluded that elevated MPO was 

able to predict future coronary artery disease (8). Moreover, systemic levels of MPO were 

signifi cantly higher in patients with a history of CAD compared with healthy controls (9). 

Furthermore, elevated MPO levels were found to predict an increased risk of coronary com-

plications in patients presenting with both stable and unstable complaints of angina pectoris 

(5;9-13). Higher levels of MPO were related to the presence of endothelial dysfunction or 

atherosclerotic plaques as determined by brachial artery fl ow-mediated dilation and carotid 

ultrasound investigations.

In a recent study, we found that plasma levels of MPO are higher in patients with type 2 dia-

betes mellitus and stable, mild anginal complaints compared with non-diabetic patients with 

similar anginal complaints (chapter 10). Whether higher MPO levels contribute to endothelial 

dysfunction and accelerated atherosclerosis in these diabetic patients is unknown. We hy-

pothesized that MPO plays a role in diabetic endothelial dysfunction and more specifi cally that 

elevated MPO levels can predict the presence of myocardial perfusion defects as a measure 

of CAD in diabetic patients. To test this hypothesis we conducted a study in type 2 diabetic 

patients with mild anginal symptoms undergoing myocardial perfusion scintigraphy.
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METHODS

Setting

The study population consisted of type 2 diabetic patients who visited the outpatient clinic 

of the Department of Cardiology because of mild anginal complaints (Canadian Cardiovas-

cular Society (CCS) I-II/IV). All patients underwent initial clinical and laboratory evaluation, 

followed by a myocardial perfusion scintigraphy (MPS). The study complied with the Declara-

tion of Helsinki. The medical ethical committee approved the protocol and all patients gave 

written informed consent before MPS.

Patient population

Patients, aged ≥ 30 years, with mild, stable (≥ two months) complaints of angina pectoris 

(CCS class I-II/IV) and type 2 diabetes mellitus were eligible for screening. Type 2 diabetes 

mellitus was defi ned as the presence of one or more of the following: fasting glucose of > 

7.0 or non-fasting of > 11.0 mmol/L in two samples on two separate days, treatment with 

oral anti-diabetic medication, treatment with oral medication combined with insulin, or 

onset of insulin treatment at age ≥ 50 years. Exclusion criteria were 1) percutaneous coronary 

intervention (PCI) or coronary artery bypass grafting (CABG) in the preceding six months; 

2) unstable angina pectoris (UAP) (CCS III-IV/IV) or myocardial infarction (MI) in the preced-

ing two months; 3) known valvular disease; 4) known congenital heart disease; 5) known 

cardiomyopathy; 6) severe hypertension (systolic blood pressure ≥ 180 mmHg or diastolic 

blood pressure ≥ 100 mmHg, after treatment); 7) familial hypercholesterolemia;  8) serious 

bronchial asthma; 9) body weight > 120 kg;10) heart failure or ejection fraction < 35%, as 

measured by echocardiography or gated MPS and 11) plasma creatinine level > 250 μmol/L.

Myocardial perfusion scintigraphy and image analysis

Stress and rest myocardial perfusion scintigraphy (with single-photon emission computed 

tomography (SPECT)) was performed with 99mTc labeled perfusion tracers (Tetrofosmin 

or sesta-MIBI) or Thallium-201. Symptom limited exercise (bicycle or treadmill ergometry) 

was the preferred stress modality. Pharmacological vasodilatory stress with adenosine or 

dipyridamole was applied if there was insuffi  cient increase of heart rate (< 85% age predicted 

maximal heart-rate) during physical exercise, in the presence of a left bundle branch block, 

or if the anti-anginal medication had not been adequately discontinued. Dobutamine stress 

testing was performed in patients with a contra-indication for adenosine or dipyridamole. 

ECG-gated image acquisition was optional, but not a prerequisite.

Nuclear physicians analyzed the images in a total of 17 myocardial segments. Segments were 

scored with a 5-point scoring system (0 = normal; 1 = equivocal; 2 = moderate reduction; 3 

= severe reduction; 4 = absent activity). Summed stress score (SSS) and summed rest score 
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(SRS) were obtained by adding the scores of all segments of respectively stress and rest im-

ages. The summed diff erence score (SDS) was calculated by subtracting the SRS from the 

SSS. Reversible myocardial perfusion defects, indicative for inducible myocardial ischemia, 

were defi ned as SDS ≥ 3. Fixed defects, indicative for scarring were defi ned as a SRS-score 

of ≥ 3. The presence of either fi xed or reversible defects was defi ned as the presence of any 

perfusion defect.

Biochemical analysis 

Fasting blood samples were collected before MPS and were centrifuged without undue delay 

and stored at −70°C until further analysis. C-reactive protein (CRP) was measured with a neph-

elometric assay (Dade Behring Diagnostics, Marburg, Germany). For the present analysis, we 

used a cut-off  value of 3.0 mg/L (i.e. 90th percentile of the normal distribution). Modular P-800 

instrument was used for chemiluminescent measurement of N-Terminal-pro-Brain Natriuretic 

Peptide (NT-pro-BNP) (Roche Diagnostics, Mannheim, Germany). The lower detection limit of 

the NT-pro-BNP assay was 5 pg/ml and all values < 5 pg/mL were designated as 2.5 pg/mL for 

statistical analysis. A Prospec instrument was used for photometric measurement of cystatin 

C (Dade Behring, Marburg, Germany). Plasma levels of total cholesterol, HDL-cholesterol and 

triglycerides were measured on fresh samples with the RA 1000 (Bayer Diagnostics, Basing-

stoke, UK), and LDL-cholesterol levels were calculated with the Friedewald formula. EDTA 

samples were retrieved from frozen storage, thawed, and plasma concentration of MPO was 

measured by use of a commercially available ELISA (CardioMPO™ Test, PrognostiX, Cleveland, 

Ohio, USA). The inter-assay and intra-assay variability were 2 and 6%. The lower detection 

limit was 13 pM, and the upper detection limit was 5,223 pM. Samples were analyzed in 

random order to avoid systemic bias and in a blinded fashion. 

Statistical analysis

Data are presented as number of patients (%), mean (standard deviation (SD)) or as median 

(interquartile range, (IQR)). Continuous variables were compared by Student’s unpaired t test, 

Mann-Whitney test or one-way ANOVA; categorical variables were compared by χ2, Fisher’s 

exact test or χ2 for trend where appropriate. MPO concentrations were divided into quartiles 

since levels of MPO did not follow a Gaussian distribution. Receiver Operator Curves (ROC) 

analysis was used to evaluate the performance of MPO by the area under the curve (AUC). 

Binary logistic regression analysis was performed to assess the additional value of MPO in the 

prediction of myocardial ischemia on MPS, expressed as an odds ratio (OR) with correspond-

ing 95% confi dence intervals (CI). The SPSS package for windows version 12.0 (SPSS Inc, 

Chicago, IL, USA) was used for these purposes. Values of p < 0.05 were considered statistically 

signifi cant. 
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RESULTS

Baseline characteristics

Between October 2002 and July 2004, a total of 267 type 2 diabetic patients with mild and 

stable angina pectoris underwent ischemia detection by MPS. Fasting blood samples were 

collected in all patients, prior to the MPS. The median plasma level of MPO in type 2 diabetic 

patients with mild and stable anginal symptoms was 141 pM (interquartile range (IQR) 115-

171). Baseline characteristics of these patients in relation to quartiles of MPO concentration 

are described in Table 1. The population consisted predominantly of male patients (182 

(68%)), the mean age was 64 ± 9 years. Approximately 40% was obese (body mass index > 

29.9 kg/m2). The median duration of DM was 6.5 years (IQR 3.3-11.7), the median glycosated 

Table 1. Baseline characteristics in relation to quartiles MPO. 

Quartiles plasma MPO 57-115 pM 115-141 pM 141-171 pM 171-1414 pM P

Patient characteristics n = 67 n = 68 n = 66 n = 66 * / #

Male gender 50 (75)  43 (63) 43 (65) 46 (70)

Age, years 63 (8) 66 (8) 64 (9) 65 (11)

CCS II/IV 25 (37) 25 (37) 23 (35) 30 (46)

Duration of DM, years 6 [3-12] 8 [5-12] 7.4 [5-14] 4.7 [2.0-9.8] # 0.002

BMI, kg/m2 29 (4) 29 (4) 30 (4) 29 (5)

Medication

Aspirin 57 (85) 58 (85) 53 (80) 58 (88)

Statin 53 (79) 51 (75) 48 (73) 46 (70)

ACE-inhibition 19 (28) 33 (49) 32 (49) 26 (39)

Betablockade 46 (69) 51 (75) 47 (71) 48  (73)

Long-acting nitrates 25 (37) 25 (37) 22 (33) 30 (46)

Calcium-antagonists 25 (37) 30 (44) 27 (41) 33 (50)

Insulin 17 (25) 35 (52) 32 (49) 18 (27) # < 0.04

Cardiac risk factors/
medical history

Current smoking 8 (12) 9 (13) 10 (15) 18 (27) * 0.02 / # 0.009

Hypertension 34 (51) 41 (60) 33 (50) 35 (53)

Family history of CAD 23 (34) 22 (32) 29 (44) 22 (33)

Hypercholesterolaemia 45 (67) 44 (65) 45 (68) 37 (56)

History of CVD 35 (52) 43 (63) 35 (53) 41 (62)

- History of CAD 33 (49) 34 (50) 31 (47) 34 (52)

  - Previous MI 22 (33) 22 (32) 20 (30) 18 (27)

  - Previous PCI 20 (30) 17 (25) 17 (26) 21 (32)

  - Previous CABG 13 (19) 14 (21) 14 (21) 9 (14)

Values are presented as number (percentage), as mean (standard deviation) or median [IQR]. BMI, body 
mass index; ACE, angiotensin converting enzyme; CAD, coronary artery disease; CVD, cardiovascular 
disease, including cerebral, coronary and peripheral vascular disease; MI, myocardial infarction; PCI, 
percutaneous coronary intervention; CABG, coronary artery bypass grafting. 

* P for trend; # P for highest quartile vs. lowest three quartiles.
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hemoglobin (HbA1c) was 7.6 % (IQR 6.6-8.3) and 102 patients (38%) needed insulin to regulate 

their blood glucose. More than half of the population (58%) had a history of vascular disease, 

defi ned as a history of peripheral, cerebral or coronary artery disease. More specifi cally, 132 

(49%) had a known cardiovascular medical history defi ned as previous MI, PCI or CABG. The 

majority of patients was on aspirin, lipid-lowering therapy and beta-blockers. 

Patients with a shorter duration of diabetes mellitus and patients not needing insulin to regu-

late their diabetes mellitus more often had levels of MPO in the highest quartile. Furthermore, 

with increasing levels of MPO, more patients were currently smoking, with most smokers in 

the highest quartile compared with the lower quartiles (18 (27%) vs. 27 (13%), p < 0.009).

Table 2. Quartiles MPO in relation to laboratory fi ndings and MPS outcomes

Quartiles plasma MPO 57-115 pM 115-141 pM 141-171 pM 171-1414 pM P

 n = 67 n = 68 n = 66 n = 66 * / #

Laboratory analysis

Leukocytes, x109/L 6.9 (2) 7.5 (2) 7.1 (2) 8.5 (2) * 0.001/ # 0.001

HsCRP, mg/L 1.2 [0.7-2.6] 2.1 [1.1-4.1] 2.5 [1.2-5.1] 2.7 [1.9-6.2] * 0.001/ # 0.006

NT-pro-BNP, pg/mL 89 [44-238] 145 [64-372] 87 [32-219] 185 [57-465] # 0.02

Cystatin C 0.9 [0.8-1.0] 1.0 [0.9-1.2] 0.9 [0.8-1.2] 1.1 [0.9-1.3] * < 0.03/ # 0.001

Total cholesterol, 
mmol/L

4.4 (1.0) 4.5 (0.9) 4.6 (1.0) 4.6 (1.1)

HDL, mmol/L 1.2 (0.3) 1.9 (0.3) 1.2 (0.3) 1.2 (0.4)

LDL, mmol/L 2.4 (0.6) 2.5 (0.7) 2.6 (0.8) 2.6 (0.9)

Triglycerides, mmol/L 1.7 (1.0) 1.8 (0.9) 1.8 (0.8) 2.3 (2.5)

HbA1c, % 7.5 (1.8) 7.6 (1.5) 7.9 (1.4) 7.6 (1.7)

MPS

Summed stress score 
(SSS)

9 (7) 8 (7) 9 (9) 9 (8)

Summed rest score 
(SRS)

5 (6) 4 (6) 5 (7) 5 (7)

Summed diff . score 
(SDS)

2 (1) 2 (1) 2 (1) 2 (1)

Reversible defects 
(SDS ≥ 3)

37 (55) 34 (50) 36 (55) 31 (47)

Moderate (SDS 3-8) 25 (37) 17(25) 17 (26) 19 (29)

Severe (SDS ≥ 8) 12 (18) 17 (25) 19 (29) 12 (18)

Fixed defects (SRS ≥ 3) 35 (52) 26 (38) 28 (42) 37 (56)

EF < 45% (n = 116) 4 (14) 4 (19) 5 (13) 1 (4)

EF rest > EF stress (n 
= 102)

17 (61) 8 (44) 21 (64) 14 (61)

Values are presented as mean (standard deviation) or median [IQR], except for the variables reversible 
defects and fi xed defects which are presented as number (percentage). * P for trend; # P for highest 
quartile vs. lowest three quartiles.
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Table 2 summarizes the distribution of laboratory outcomes by MPO quartile. White blood cell 

count, hs-CRP, and cystatin C levels signifi cantly increased with MPO-quartile. Furthermore, 

higher leukocytes, hs-CRP, NT-pro-BNP and cystatin levels were associated with MPO levels in 

the highest quartile. No associations were found between MPO and HDL, LDL or HbA1c.

Plasma levels of MPO and the presence of perfusion defects on MPS

Stress and rest MPS was performed using 99m Tc labeled perfusion tracers in the majority of 

patients (236 (89%)). Adequate exercise was performed in 170 (64%) patients and in 90 (34%) 

Table 3. Odds ratio and 95% confi dence intervals of highest quartile MPO in relation to other cardiovascular 
biochemical variable or risk factors for the presence of reversible and fi xed perfusion defects

Any abnormality on MPS Myocardial ischemia on MPS 

 Quartile plasma MPO  1-3 4 1-3 4

NT-pro-BNP < 126 pg/mL 1 0.62 (0.26 - 1.48) 1 0.45 (0.17 - 1.15)

NT-pro-BNP ≥ 126 pg/mL 2.15 (1.12 - 4.13) * 2.35 (0.94 - 5.85) 2.13 (1.20 - 3.79) # 1.86 (0.87 - 3.96)

  

HDL > 1.18 mmol/L 1 0.77 (0.34 - 1.77) 1 0.43 (0.19 - 0.97) *

HDL ≤ 1.18 mmol/L 1.34 (0.72 - 2.50) 1.32 (0.53 - 3.28) 0.77 (0.44 - 1.34) 1.10 (0.49 - 2.47)

   

LDL < 2.50 mmol/L 1 0.67 (0.28 - 1.62) 1 0.71 (0.31 - 1.88)

LDL ≥ 2.50 mmol/L 0.84 (0.45 - 1.56) 0.91 (0.39 - 2.15) 1.39 (0.79 - 2.44) 1.12 (0.52 - 2.40)

CRP < 2.1 mg/L 1 0.84 (0.30 - 2.36) 1 1.14 (0.45 - 2.88)

CRP ≥ 2.1 mg/L 0.64 (0.34 - 1.19) 0.65 (0.30 - 1.41) 0.82 (0.47 - 1.45) 0.52 (0.25 - 1.06)

Diabetes < 10 yrs 1 0.83 (0.42 - 1.66) 1 0.76 (0.40 - 1.46)

Diabetes ≥ 10 yrs 1.20 (0.61 - 2.32) 2.49 (0.53 - 11.64) 1.26 (0.69 - 2.28) 1.24 (0.41 - 3.76)

Never / previous 1 0.91 (0.46 - 1.82) 1 0.73 (0.38 - 1.38)

Current smoking 1.45 (0.55 - 3.81) 1.08 (0.37 - 3.18) 1.59 (0.69 - 3.66) 1.17 (0.44 - 3.10)

No insulin 1 1.10 (0.52 - 2.34) 1 0.89 (0.45 - 1.74)

Insulin 1.09 (0.58 - 2.02) 0.64 (0.23 - 1.80) 1.02 (0.58 - 1.80) 0.57 (0.21 - 1.56)

BMI < 29.9 kg/m2 1 1.02 (0.39 - 2.67) 1 2.12 (0.84 - 5.38)

BMI ≥ 29.9 kg/m2 1.35 (0.53 - 3.44) 1.24 (0.42 - 3.69) 2.03 (0.83 - 4.96) 2.17 (0.78 - 6.07)

Female 1 1.29 (0.46 - 3.56) 1 0.86 (0.31 - 2.45)

Male 3.41 (1.82 - 6.59) # 2.43 (1.07 - 5.51)* 2.43 (1.33 - 4.45) # 1.74 (0.81 - 3.75)

No history of CAD 1 0.54 (0.24 - 1.20) 1 0.99 (0.57 - 1.72)

History of CAD 1.97 (1.05 - 3.70) * 4.03 (1.32 - 12.34)* 0.68 (0.31 - 1.51) 0.87 (0.40 - 1.90)

Values are described as frequencies and odds ratios of the combination of MPO in relation to 
cardiovascular biomarkers and other variables known to be related to MPO levels or the presence of CAD. 

* P < 0.05; # P < 0.01. Abbreviations as described in Table 1.
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patients pharmacological induced vasodilatory stress was used. Dobutamine was used in 

the remaining 6 (2%) patients. In 190 (71%) patients myocardial perfusion defects on MPS 

were present and of these, 138 (52%) patients had reversible myocardial perfusion defects, 

indicative for myocardial ischemia. Table 2 describes the semi-quantitative scores and the 

presence of perfusion defects according to MPO quartile. Neither median plasma MPO levels, 

nor levels of MPO in the highest quartile vs. the lowest three quartiles were related to the 

presence of either clinically relevant myocardial ischemia or scar-tissue. Analyzing the rela-

tionship with MPO concentrations divided in tertiles did not change the result. Furthermore, 

ROC analysis with MPO levels as a predictor of perfusion defects, showed a non-signifi cant 

AUC for myocardial ischemia and also for any perfusion defect on MPS (AUC = 0.48, 95% CI 

0.42-0.56, p = 0.69; AUC = 0.49, 95% CI 0.41-0.56, p = 0.77, respectively).

Plasma levels of MPO and cardiovascular risk factors and biomarkers

In Table 3, frequencies and odds ratios are described for MPO in relation to cardiovascular 

biomarkers and other risk factors known to be related to MPO levels or the presence of CAD. 

However, MPO, even in combination with these variables, failed to predict the presence of 

perfusion defects. However, male gender, a previous history of CAD and NT-pro-BNP were 

associated with perfusion defects. Furthermore, higher levels of HDL were inversely related 

with myocardial ischemia.

DISCUSSION

MPO can exert a plethora of pro-atherogenic eff ects, including oxidation of lipoproteins and 

induction of vascular dysfunction (12-15). These intriguing fi ndings indicate that MPO as a 

mediator of atherogenesis may be an important marker for the presence and risk of CAD. 

However, the present study shows no association between plasma MPO levels and perfu-

sion defects as assessed with MPS in patients with diabetes mellitus type 2 and mild anginal 

symptoms. These fi ndings indicate that MPO is of limited value in predicting the presence 

of myocardial perfusion defects indicative for the presence of coronary artery disease in 

patients with type 2 diabetes mellitus.

Most likely, the patient characteristics of our study population are in part responsible for the 

absence of an association. First, as frequently suggested, all diabetic patients are likely to 

have some form of endothelial dysfunction as well as plaque burden, and diabetic patients 

are more likely to have diff use microvascular disease (16-18). Although microvascular disease 

and endothelial dysfunction might not yet result in hemodynamical signifi cant coronary 

artery disease and thus do not infl uence the outcome of MPS in diabetic patients, one might 

speculate that this does infl uence the levels of MPO. Second, one might speculate on the pos-
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sibility of a false negative MPS outcome leading to an underestimation of the patients with 

reversible myocardial ischemia. Unfortunately other variables for the detection of myocardial 

ischemia (e.g. ECG changes, transient ischemic dilatation ratio or changes in ejection fraction 

(EF) between stress and rest MPS) were only available in a selection of patients. However, in 

these patients (approximately 50% of the total) in whom ECG-gated information was avail-

able, no relation was found between EF changes and increasing MPO quartiles. Finally, an 

important part of our patients received lipid lowering therapy, which might have blurred the 

relation between the concentration of LDL and HDL with MPO and might have infl uenced 

MPO levels. A number of studies have demonstrated a decrease in MPO levels as a possible 

pleiotropic eff ect of statin use. However, these possible pleiotropic eff ects of statins on MPO 

were not replicated in a recent study on statin therapy in  hypercholesterolemic patients 

(19-21). It should be noted that the majority of studies showing predictive value of MPO for 

CAD are limited to the prediction of acute coronary syndromes (9-11,13, 22). Most markedly, 

the predictive value of MPO in the setting of acute coronary syndromes (adjusted OR ranging 

from 2.1 to 7.1) by far outweighs that in the setting of primary prevention of CAD related 

hospital admission or mortality (adjusted OR 1.27, 95% CI 0.98-1.63) (8,10). Since we evalu-

ated MPO in patients with stable anginal complaints, the lack of a relation is in line with these 

fi ndings. Collectively, the present fi ndings confi rm that MPO is probably more closely related 

to acute events, rather than to the presence of stable atheroma burden. This is supported by 

the fact that MPO is predominantly derived from activated neutrophils and monocytes and 

that increased MPO in acute coronary syndromes is likely to refl ect activation of these cells 

following plaque rupture (23, 24). 

In a study by Exner et al., a relation between progression of carotid stenosis as detected with 

ultrasound and MPO is described (25). The discrepancy with our study might be explained by 

the mechanism by which the diagnostic tests detect vascular disease. MPS describes a diff er-

ence in radiofarmacon uptake compared with adjacent regions of myocardium, visualized in 

two- and three dimensional images. Although diff erences in uptake on myocardial perfusion 

scintigraphy are directly related to the fl ow through the coronary arteries, myocardial perfu-

sion scintigraphy does not provided information on the actual plaque burden. In addition, 

the fi ndings of the study by Exner et al. are based on a subset of patients with progressive 

disease in combination with low HDL levels. Unfortunately, the study does not report the 

relation between MPO and the amount of plaque burden at baseline.

In our study, we found positive correlations between MPO and cardiovascular risk factors, 

comparable with numerous previous studies. Higher levels of MPO were related to white 

blood cell count, hs-CRP, NT-pro-BNP and participants with high MPO levels were more 

likely to smoke. This observation strengthens the assumed relation between MPO and the 

development and progression of atherosclerosis. Interestingly, patients with a shorter dura-
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tion of diabetes mellitus and patients not needing insulin to regulate their diabetes mellitus 

more often had levels of MPO in the highest quartile. However, no association was found 

between MPO and HbA1c. These fi ndings suggest that MPO is related to the earlier phases 

of impaired glucose metabolism, in which insulin resistance induced hyperinsulinemia is 

present. Furthermore, these fi ndings may support those who state that hyperinsulinemia, 

and not hyperglycemia, is the major factor producing damage to the endothelium and ac-

celerating the appearance of atherosclerosis (26-28). Arcaro et al clearly demonstrated that 

even modest hyperinsulinemia produces a signifi cant decrease in the physiologic response 

of the endothelium and correlates with the early stages of atherosclerosis (26). In addition, 

Campia et al. demonstrated the detrimental eff ects of hyperinsulinemia on vascular func-

tion (27). They proposed that insulin might trigger the endothelial dysfunction and promote 

atherosclerosis. This fi nding supports the notion that MPO is probably an early marker of 

atherosclerosis (28). 

Limitations

Some limitations in the current study need closer attention. First, it has recently been sug-

gested that MPO levels after heparin administration are a better refl ection of subendothelial 

MPO (29). However, these analyses could not be performed in the present study. Furthermore, 

diurnal variation, variation over time, e.g. temporarily increased levels due to infection all 

could have aff ected the variables. In this respect, measurement of specifi c MPO products, 

such as chlorotyrosine in HDL, may provide a better indication of MPO activity and MPO-

induced damage. 

CONCLUSION

MPO is a promising biomarker for endothelial dysfunction and is of incremental use as a 

marker of plaque instability in patients presenting with an acute coronary syndrome. How-

ever, in type 2 diabetic patients with stable anginal complaints, MPO is of limited value in the 

prediction of scintigraphic myocardial perfusion abnormalities.
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ABSTRACT

Background: Increased systemic levels of myeloperoxidase (MPO) have been reported 

in patients with acute myocardial ischemia. We studied the association between exercise-

induced myocardial ischemia measured by myocardial perfusion scintigraphy (MPS) and the 

magnitude and time course of changes in MPO levels in humans.

Methods: One hundred and twenty six patients underwent symptom limited exercise MPS. 

Myocardial ischemia was assessed semi-quantitatively. Plasma samples were taken before 

the start of exercise (baseline), at maximum exercise and every hour up to 6 hours after 

maximum exercise.

Results: Myocardial ischemia was present in 42 (33%) patients. MPO levels rapidly increased 

during exercise in patients with and without ischemia (to 131% (106-172%) and 145% 

(121-199%) of baseline, respectively). MPO levels and absolute changes in MPO did not 

diff er between patients with and without ischemia at any time point. None of the patient 

characteristics, including presence of ischemia, was independently predictive of the absolute 

increase in MPO levels during exercise. 

Conclusions: Exercise related immediate increases in MPO levels do not refl ect myocardial 

ischemia.

Keywords: myocardial ischemia, myeloperoxidase, myocardial perfusion scintigraphy 

Abbreviations: ACE, angiotensin converting enzyme; BMI, body mass index; ECG, electro-

cardiogram; LVEF, left ventricular ejection fraction; MPO, myeloperoxidase; MPS, myocardial 

perfusion scintigraphy; PMN, polymorphonuclear neutrophils; SDS, summed diff erence score; 

SPECT, single photon emission tomography
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INTRODUCTION

We studied the association between the extent of exercise-induced myocardial ischemia 

measured by myocardial perfusion scintigraphy and the magnitude and time course of 

changes in MPO levels in humans.

Activation of neutrophils is considered to contribute to the pathogenesis of atherosclerosis 

through release of myeloperoxidase (MPO). Myeloperoxidase promotes oxidative damage by 

formation of free radicals and diff use oxidants (1). Patients with coronary artery disease have 

increased systemic levels of MPO (2) and increased levels are associated with future adverse 

cardiac events in healthy individuals (3), patients with chest pain (4) and acute coronary 

syndromes (5-7).

The pathogenetic role of MPO in the development of cardiac events, however, remains un-

clear. Myeloperoxidase has been linked to plaque vulnerability (8), while various conditions 

of ischemia, often a result of atherosclerotic disease, can lead to activation of neutrophils, 

and hence MPO release, promoting further development of atherosclerosis. Exercise-induced 

muscle ischemia in claudication (9) and experimental myocardial ischemia and reperfusion 

lead to neutrophil activation (10). Systemic levels of MPO increase immediately after coronary 

stenting with transient myocardial ischemia (11), suggesting myocardial ischemia may lead 

to MPO release and may enhance progression of atherosclerosis.

MATERIALS AND METHODS

Study population

One hundred and twenty six patients, referred for the evaluation of the presence or absence 

of inducible myocardial ischemia and able to perform a bicycle exercise test, were included. 

Patients underwent symptom limited exercise myocardial perfusion scintigraphy according 

to a two-day stress/rest protocol using 99mTc-Tetrofosmin and ECG gated single photon emis-

sion tomography (SPECT). Blood samples for analysis of MPO were taken before the start of 

exercise, at maximum exercise and subsequently every hour up to 6 hours after maximum 

exercise. The local medical ethics committee approved the protocol. All patients gave written 

informed consent before participation. Documented CAD defi ned as prior acute myocardial 

infarction, revascularization, or documented coronary artery stenosis (> 50%) on coronary 

angiogram.
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Myocardial perfusion exercise protocol

Myocardial perfusion scintigraphy was performed according to the guidelines of the 

American Society of Nuclear Cardiology (12) using a two-day stress/rest protocol. A dose of 

500 MBq 99mTc-Tetrofosmin was administered at rest and at peak exercise. All patients were 

stressed with a bicycle ergo-meter with a starting workload of 50 Watt (W) increasing every 

2 minutes with 25 W. Endpoints for exercise were among others achievement of at least 85% 

of the age predicted heartrate, recognizable chest pain, and > 2 mm ST-segment depression 

(13). All patients fasted both days and anti-anginal medication was discontinued before the 

exercise test and restarted after exercise.

Gated SPECT acquisition

Gated myocardial SPECT was performed with the patient in prone position using a three-

headed gamma-camera (MultiSPECT-3, Siemens, Hoff man Estate, Illinois, USA). Acquisitions 

were gated for 16 frames per cardiac cycle. Estimates of left ventricular function (end-diastolic 

volume, end-systolic volume and left ventricular ejection fraction) were calculated using a 

completely automated algorithm, previously described and validated (14, 15). Stress and rest 

perfusion images were scored in consensus by two experienced nuclear medicine physicians 

(HJV and BLFvE-S) using a 5-point semi-quantitative score for each of 17 myocardial seg-

ments. Perfusion defect severity was classifi ed as normal (0), equivocal abnormal (1), mildly 

abnormal (2), moderately abnormal (3) or severely abnormal (4). Subsequently summed stress 

score, summed rest score and the diff erence between those scores (summed diff erence score 

or SDS) were calculated. A SDS of three or greater was considered to indicate myocardial 

ischemia. Clinical parameters such as chest pain or electrocardiographic changes/abnormali-

ties during exercise were not included in the defi nition of myocardial ischemia.

Biochemical analysis

EDTA plasma samples were stored at -80oC. Myeloperoxidase was measured using Cardi-

oMPOTM test (PrognostiX Inc., Cleveland, Ohio, U.S.A.). The CardioMPO Test™ is a sandwich 

enzyme linked immunosorbent assay (ELISA) approved by the Food and Drug Administration 

that uses a highly specifi c mouse monoclonal antibody and a polyclonal antibody. Calibrators 

of human MPO were used to establish a calibration curve to determine MPO concentration. 

Furthermore, three controls comprised of human MPO in a human plasma matrix were used to 

monitor and evaluate the precision and accuracy of the CardioMPO™ Test. Plates, coated with 

a mouse monoclonal antibody specifi c to MPO, were incubated with plasma samples for 1 

hour at room temperature. After washing, a solution of a polyclonal rabbit anti-MPO antibody 

was added to bind to the MPO captured on the plate for 1 hour. A secondary goat anti-rabbit 

IgG antibody, labeled with the enzyme horseradish peroxidase (HRP), was added to each well 

after washing and incubated for 30 minutes. Wells were washed again. TMB substrate solu-

tion was added for 10 minutes resulting in the development of a blue color. The reaction was 
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stopped and absorbance was read spectrophotometrically at 450 nm. The absorbances of the 

calibrators were used to plot a standard curve of absorbance versus MPO concentration from 

which the MPO concentration in the controls or samples can be determined. The inter-assay 

and intra-assay variability were 2 and 6%. The lower detection limit was 13 pM, and the upper 

detection limit was 5,223 pM. Samples were analyzed in random order to avoid systemic bias, 

and in a blinded fashion. Normal control values for plasma MPO have been reported to be < 

539 pM (95% upper percentile of middle-aged healthy population, n = 300, Prognostix).

Statistical analysis 

The Student t-test, Mann-Whitney rank sum test and chi-square test were used when ap-

propriate. All tests were two-tailed. For correlations between continuous variables, the 

Pearson correlation coeffi  cient was calculated if both variables were normally distributed, 

and Spearman’s rho if otherwise. For uni- and multivariate analysis of correlations between 

patient clinical and biochemical characteristics and changes in MPO levels, changes in MPO 

levels were logtransformed to a normal distribution. Linear stepwise regression analysis was 

performed to assess independent determinants of changes in MPO level (criterion for entry 

and exit at 0.05 and 0.1). SPSS for windows release 12.0.1 (SPSS Inc., Chicago, IL) was used for 

analyses.

RESULTS

Patient characteristics and overall scintigraphic results

Clinical, biochemical and scintigraphic characteristics of patients separated by the presence 

or absence of ischemia are shown in Table 1. Patients with ischemia (as defi ned by the result 

of the myocardial scintigraphy, SDS ≥ 3, n = 42 (33%)) were more often male and more often 

had hypercholesterolemia, and a history of documented coronary artery disease or myocar-

dial infarction. Baseline MPO levels were not signifi cantly diff erent between the two groups. 

Patients with ischemia showed larger diastolic and systolic volumes and lower left ventricular 

ejection fractions (LVEF) on post-stress images.

Changes in myeloperoxidase after exercise

Immediately after exercise absolute levels of MPO increased, peaking at maximum exercise 

(p < 0.001) both in patients with and without ischemia. In patients with ischemia, MPO levels 

changed from 181 (154-253) μg/L (median (interquartile range) to 260 (205-401) μg/L, and 

in patients without ischemia, MPO levels changed from 191 (155-231) μg/L to 278 (227-378) 

μg/L. The changes correspond with 131 (106-172) % and 145 (121-199) % of baseline levels 

in patients with and without ischemia, respectively. There was no signifi cant diff erence in the 

absolute change from baseline to maximum exercise between patients with and patients 
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without ischemia (p = 0.128). Figure 1 shows increases in circulating MPO in patients with 

(Figure 1a) and without ischemia (Figure 1b). There were no signifi cant diff erences in MPO 

levels between patients with and without ischemia at any time point.

Determinants of baseline MPO and exercise-induced change in MPO

Table 2 shows the univariate analysis of determinants of baseline MPO and of the change 

between baseline levels of MPO and levels at maximum exercise. Baseline MPO was increased 

only in hypertension patients (210 (169-258) μg/L vs. 178 (138-214) μg/L (median (interquartile 

range)). Changes to maximum exercise were lower in patients with previous myocardial in-

farction and patients using ACE inhibitors, whereas changes were higher in patients reaching 

peak exercise levels more than 125 W during exercise. In multivariate analysis, none of these 

parameters were independent determinants of the change in MPO level.

Table 1. Clinical, biochemical and scintigraphic characteristics

Characteristics Overall
n = 126

Ischemia
n = 42

No ischemia 
n = 84

P

Male gender 79 (62) 32 (76) 47 (56) 0.027

Age, years 59 ± 11 61 ± 11 59 ± 11 0.225

BMI, kg/m2 27 ± 4.3 27 ± 4.0 27 ± 4.5 0.791

Hypertension 57 (45) 16 (38) 41 (49) 0.255

Hypercholesterolemia 53 (42) 23 (55) 30 (36) 0.030

Family history 69 (55) 24 (57) 45 (54) 0.704

Current smoking 20 (16) 6 (14) 14 (17) 0.730

Diabetes mellitus 34 (27) 15 (36) 19 (23) 0.119

Documented CAD* 67 (53) 30 (71) 37 (44) 0.004

Prior myocardial infarction 49 (39) 25 (60) 24 (29) 0.001

Peripheral arterial disease 10 (8) 4 (10) 6 (7) 0.641

Medication

Aspirin 91 (72) 33 (79) 58 (69) 0.261

Nitrates 49 (39) 20 (48) 29 (35) 0.155

Calcium antagonists 37 (29) 13 (31) 24 (29) 0.782

ACE inhibitors 32 (25) 14 (33) 18 (21) 0.148

Statins 65 (52) 25 (60) 40 (48) 0.207

Baseline MPO, μg/L 189 [155-237] 181 [154-253] 191 [155-231] 0.822

Duration of exercise, sec 511 ± 146 513 ± 126 511 ± 157 0.945

Peak exercise, Watt 125 [100-150] 125 [100-150] 125 [100-150] 0.660

LVEF, % 56 ± 12 49 ± 14 49 ± 14 < 0.001

SDS 0 [0-4] 6 [4-7] 0 [0-0]

Data are numbers (%), mean ± standard deviation, or median [interquartile range]. Diff erences between 
patients with and without myocardial ischemia were assessed with Chi-square test, Student t test, and 
Mann-Whitney rank sum test, respectively. 

ACE, angiotensin converting enzyme; BMI, body mass index; MPO, myeloperoxidase. LVEF, Left ventricular 
ejection fraction; SDS, summed diff erence score.

*Documented CAD defi ned as prior acute myocardial infarction, revascularization, or documented 
coronary artery stenosis (> 50%) on coronary angiogram.
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Table 2. Univariate analysis of baseline MPO levels and absolute changes in MPO levels, according to 
patient characteristic 

Characteristic Baseline MPO
(μg/L)

P MPO change
(μg/L)

P

Male gender
Female gender

184 [153-223]
196 [157-252]

0.555 69 [22-143]
71 [33-245]

0.466

Age > 65 years
Age ≤ 65 years

188 [162-232]
190 [147-246]

0.761 49 [20-102]
90 [34-174]

0.120

BMI > 25 kg/m2

BMI ≤ 25 kg/m2

186 [155-237]
196 [151-243]

0.947 71 [29-155]
64 [20-175]

0.430

Hypertension
No hypertension

210 [169-258]
178 [138-214]

0.005 71 [30-158]
67 [22-171]

0.893

Hypercholesterolemia
No hypercholesterolemia

196 [156-268]
179 [151-227]

0.155 90 [32-175]
69 [21-137]

0.294

Family history
No family history

174 [139-232]
200 [171-243]

0.051 71 [29-173]
69 [20-144]

0.488

Current smoking
No current smoking

196 [163-213]
185 [155-253]

0.708 96 [45-174]
69 [21-155]

0.277

Diabetes mellitus
No diabetes mellitus

197 [161-250]
186 [147-235]

0.483 51 [20-118]
72 [30-175]

0.195

Known coronary artery disease
No known coronary artery disease

187 [149-232]
196 [156-253]

0.552 59 [21-155]
75 [40-169]

0.356

History of myocardial infarction
No history of myocardial infarction

191 [152-260]
188 [155-237]

0.797 38 [13-96]
99 [46-178]

0.003

Peripheral arterial disease
No peripheral arterial disease

182 [141-267]
191 [155-237]

0.760 45 [15-55]
71 [27-169]

0.119

Aspirin
No aspirin

186 [149-235]
199 [166-240]

0.689 73 [21-173]
59 [37-131]

0.690

Nitrates
No nitrates

184 [154-222]
194 [154-243]

0.554 65 [22-139]
73 [30-175]

0.329

Calcium antagonists
No calcium antagonists

199 [168-251]
184 [148-236]

0.220 77 [33-232]
67 [24-136]

0.340

ACE inhibitors
No ACE inhibitors

217 [167-291]
181 [149-218]

0.056 37 [18-108]
75 [34-176]

0.023

Statins
No statins

198 [158-260]
181 [148-222]

0.169 71 [27-155]
65 [22-176]

0.921

Peak exercise ≤ 125 W
Peak exercise > 125 W

158 [135-337]
196 [165-233]

0.220 143 [55-248]
59 [22-120]

0.013

Left ventricular ejection fraction ≤ 40%
Left ventricular ejection fraction > 40%

196 [174-243]
188 [237-149]

0.404 40 [11-86]
74 [33-173]

0.066

Ischemia on perfusion scan
No ischemia on perfusion scan

181 [154-253]
191 [155-231]

0.822 58 [19-136]
79 [35-173]

0.128

Data are presented as median [interquartile range (IQR)]. Diff erences between patient characteristics were 
assessed with Mann-Whitney rank sum test. ACE, angiotensin converting enzyme; BMI, body mass index; 
MPO, myeloperoxidase.
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DISCUSSION

Our study showed exercise-induced immediate increases in MPO levels. Increases in MPO, 

however, were not related to exercise-induced myocardial ischemia. These fi ndings indicate 

that myocardial ischemia during exercise does not lead to measurable changes in MPO 

release.

The increase of MPO during exercise (31% and 45% in patients with and without myocardial 

ischemia) cannot be attributed to hemoconcentration only, which can be concluded from the 

13% increase in IgM levels in a subset of the study patients undergoing the exercise protocol, 

as reported previously (16). The size of IgM prevents its passage into extravascular space, so 

the IgM antibody remains mainly intravascular. Therefore, short term changes in IgM concen-

tration may serve as an indicator of water shift across the vessel wall, i.e. hemoconcentration. 

The increases found in our study were comparable to increases found in healthy athletes (17). 
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Figure 1. Changes in MPO levels in patients with (1a) and without (1b) myocardial ischemia 

Data represent median and interquartile range
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Release of MPO from neutrophils after exercise has been linked to release of glucocorticoid 

hormones (17, 18) and proteolysis (19). Furthermore, we found that increases in MPO were 

correlated with the extent of exercise performed. However, correlations between clinical pa-

rameters and MPO increases in our study could be subject to interference by multiple testing 

and should be regarded with caution. 

Earlier studies showed exercise-induced immediate local increases of neutrophil activation in 

patients with peripheral arterial disease, rapidly followed by systemic neutrophil activation 

(9). Systemic changes which were higher in patients with claudiation patients than in healthy 

controls undergoing the same extent of exercise (20). We could not fi nd increased MPO levels 

after exercise in myocardial ischemia, as measured by perfusion scintigraphy. 

Myocardial perfusion scintigraphy has 87% sensitivity and 73% specifi city in detection of 

signifi cant coronary stenosis (> 50% stenosis) (21). However, MPS is a refl ection of diff erences 

in radiofarmacon uptake compared with adjacent regions of myocardium, visualized in two- 

and three dimensional images. Although diff erences in uptake on myocardial perfusion scin-

tigraphy are directly related to the fl ow through the coronary arteries, myocardial perfusion 

scintigraphy does not provide information on the actual plaque burden or actual coronary 

artery diameter stenosis. The relative low sensitivity and specifi city of MPS compared with 

coronary artery diameter stenosis can in part be explained by the fact that these are a refl ec-

tion of the discrepancy between a functional test (MPS) and actual anatomical information 

(coronary artery diameter stenosis). In clinical cardiology myocardial perfusion scintigraphy 

is essential for the assessment of myocardial ischemia and is often used in combination with 

anatomical information. 

As baseline MPO levels were comparable between patients with and patients without 

exercise-inducible myocardial ischemia, myocardial preconditioning, which is known to 

decrease neutrophil activation (22, 23), is unlikely to be of infl uence on baseline MPO levels 

and absolute changes during exercise in our patients. 

In line with a previous study showing the absence of increased systemic neutrophil activation 

in episodes of myocardial ischemia in acute coronary syndromes, stable and variant angina 

(24), we did not fi nd increased systemic neutrophil activation in exercise induced myocardial 

ischemia.  Holding predictive value for future adverse cardiac events (3-7), MPO is likely to 

be a marker of characteristics in the pathogenesis of atherosclerosis other than myocardial 

ischemia. MPO has been associated with vascular dysfunction (25-27), progression of ath-

erosclerotic lesions (28, 29) and plaque instability (30). The latter hypothesis is supported 

be recent fi ndings of increased MPO levels in 298 patients with acute coronary syndrome 

when compared to 382 stable angina and comparable extent of coronary artery disease (31). 
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Moreover, increased activation of neutrophils was seen in in myocardial ischemia in unstable 

angina when compared to myocardial ischemia in variant angina (32). Hence, MPO may not 

be a marker of consequences of advanced atherosclerosis (i.e. myocardial ischemia), but may 

contribute to the pathogenesis of atherosclerotic plaques and plaque instability.

In conclusion, exercise related immediate systemic increases in MPO levels refl ect exercise 

but not myocardial ischemia.
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SUMMARY

In chapter 8, we showed that there is an association between MPO levels and risk of CAD 

in a normal, apparently healthy population. However, measurement of MPO does not add 

substantially to current risk estimates. Next, we showed that MPO levels are not associated 

with IMT progression in FH patients (chapter 9). In chapter 10 en 11, we concluded that, 

although MPO levels are slightly higher in diabetic patients, they do not predict the presence 

of myocardial perfusion defects. Finally, in chapter 12, we show that exercise related increases 

in MPO levels refl ect the extent of exercise levels, rather than that of myocardial ischemia. 

PERSPECTIVES

The CardioMPO™ assay enables large clinical studies

The assay to determine MPO levels in peripheral blood was developed by Stanley Hazen 

and coworkers at the Cleveland Clinic after a journey, which is in some degrees similar to 

the glycocalyx story. After initial in vitro studies showing that MPO damages LDL- and HDL-

cholesterol particles, the method to determine MPO levels in human blood was radically 

improved, just like we are improving our methods. Subsequent clinical studies using the 

new assay showed that MPO is a powerful prognostic determinant of myocardial infarction 

in patients suff ering acute coronary syndromes. Ironically, like our study in chapter 7, the fi rst 

mouse study had puzzling results. It showed that knocking out MPO increased atheroscle-

rosis progression (1). The natural lack of expression of MPO in mouse atherosclerotic tissue 

may explain this unexpected outcome. Later studies, in which human MPO was knocked in 

specifi cally in macrophages, did show that MPO is harmful (2). Now, the assay is commercially 

available enabling large studies in diff erent populations. 

Myeloperoxidase is mainly a predictor of cardiovascular disease in the emergency room 

setting

In general, in our studies the relation between MPO levels and (markers of ) cardiovascular 

disease risk is much weaker than in previous studies in an acute setting or even absent. In 

line, it was recently reported that plasma MPO levels are not elevated in patients with stable 

coronary artery disease (3). These results suggest that acute CVD specifi cally is characterized 

by systemic MPO release and that use of MPO as a biomarker in risk assessment in primary 

prevention and in a non-acute setting is limited. Of note, we could also not confi rm previous 

studies which showed a diff erence in MPO levels between patients with and without history 

of CAD or heart failure (4-6). Future studies should corroborate whether MPO levels indeed 

can or can not diff erentiate between cardiac and non-cardiac origins of acute chest pain and 

identify patients with heart failure. Moreover, it would be interesting to see whether MPO 
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levels can provide a clinically useful indication of HDL-cholesterol quality, as MPO activity can 

damage this lipoprotein and hamper reverse cholesterol transport (7). As systemic MPO lev-

els in an acute setting are likely to refl ect neutrophil activity, it would be useful to determine 

whether the widely available white blood cell count renders similar information in a cheaper 

fashion (8). Finally, future development in molecular MRI imaging, visualizing MPO activity in 

the vessel wall, may help to detect unstable plaque (9).

Myeloperoxidase may play a role in the pathogenesis of atherosclerosis

Chapter 8 illustrates the limited discriminative ability of traditional risk scores, such as the 

Framingham risk score (area under the curve of the Receiver Operator Curve: 0.59). However, 

addition of MPO did not substantially improve risk stratifi cation. Sole reliance on these statis-

tics to judge whether new risk determinants off er additional value in risk estimation is incor-

rect (10), as they may still improve risk stratifi cation, particularly in subgroups. Besides that, it 

does not assess their potential to reclassify individuals into risk categories that are associated 

with diff erent treatment strategies. Moreover, even if new risk determinants do not improve 

risk stratifi cation, studying their role may increase understanding of pathophysiology. Our 

results show that high MPO levels precede the clinical manifestation of CVD by years and 

support a role in disease progression. 

Myeloperoxidase inhibition may be an attractive target to prevent cardiovascular disease

There are several mechanisms via which MPO could enhance atherogenesis.  As discussed, 

these include conveying oxidative damage to LDL- and HDL-cholesterol as well as reducing 

NO availability. The fi ndings that MPO may enhance atherosclerosis in many stages of the 

process have raised interests in the development of therapeutic strategies to inhibit MPO 

activity. A few hurdles need to be overcome, however. Past trials aimed at counteracting free 

radical damage were largely unsuccessful (11). Various combinations of antioxidants did not 

confer benefi t. It is unclear whether these antioxidants are able to neutralize the eff ects of 

MPO, specifi cally within the vessel wall. Secondly, a likely side eff ect of MPO inhibition is an 

increased risk of infections, as is observed in patients with profound MPO defi ciency (12). 

Therefore, careful dosing is warranted to maintain MPO levels in the functional range for host 

defense. Another solution might be to only target extracellular MPO and not MPO stored in 

granules of leukocytes or MPO active in killing microorganisms in the phagolysosome. These 

strategies are only in early stages of development and await extensive testing in randomized 

clinical trials (13).

Besides individually targeted therapy, population based therapy may be a diff erent, 

eff ective approach

Unlike statin therapy, MPO inhibition probably has a limited therapeutic range because of its 

infl uence on the immune system. Only lowering consistently high levels within the normal 
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range or specifi cally treating patients with distinct MPO polymorphisms (14) may be benefi -

cial, whereas lowering low to normal levels may be dangerous. This would require stringent 

patient selection and individually targeted therapy with regular laboratory control. Another, 

intrinsically diff erent approach is not to identify and target specifi c, high risk patients, but 

to target the entire population. This approach is propagated by Ward et al. in the form of a 

so-called polypill (15).  This pill consist of a combination of low dose, off -patent drugs (statin, 

beta blocker, ACE inhibitor, aspirin and folic acid) that lower cardiovascular risk. It is to be 

taken by everybody over 55 years old regardless of cardiovascular risk. Wald et al. estimated 

that this would reduce CVD by more than 80%. Although the concept can be criticized for un-

dertreating high risk patients, medicalizing healthy individuals, overestimating compliance 

and inducing side eff ects, the idea to intervene early on a population level is not illogical. 

On the one hand, studies in patients with lifelong high (FH) or low cholesterol levels (PCSK9 

mutants) (16) show the impact of life long exposition to this risk factor and suggest a benefi t 

of early intervention. On the other hand, small changes within the normal range of risk fac-

tors such as blood pressure and cholesterol already aff ect risk (17, 18) and could have huge 

impact, when reached population wide. Studies in India testing this concept are underway.
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Part 3
Acyl coenzyme A:cholesterol acyl 

transferase inhibition 

Discarding a new 

target for therapy

The great tragedy of science - the slaying of a beautiful hypothesis by an ugly fact. (Thomas 

Huxley) 

In part 3, I describe the one of last stages of research before application in the clinic, a 

randomized controlled trial (RCT). On the one hand this part shows the failure of the novel 

class of drugs intended for cardiovascular prevention, i.e. acyl coenzyme A:cholesterol acyl 

transferase (ACAT) inhibitors aimed at reducing foam cell formation in the vessel wall. On the 

other hand it shows the power of surrogate markers, such as carotid intima-media thickness 

(IMT) measurements, in assessing the eff ect of therapy on cardiovascular risk. 
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INTRODUCTION

Despite current treatment modalities, cardiovascular disease is still the leading cause of death 

in the world. Many new approaches to prevent cardiovascular disease and treat its risk fac-

tors, such as dyslipidemia and diabetes, have been developed in recent years. Unfortunately 

many stranded, at animal level, in clinical trials (for example MTP inhibitors, torcetrapib), or 

even after introduction to the market (e.g. thiazolidionen) (1-3).

These recent disappointments may be frustrating, but also illustrate the importance of every 

stage in medical research, from generating a sound hypothesis, initial testing in the labora-

tory and in animal models, to conducting human trials to assess safety and effi  cacy. To use 

the words of Steve Nissen: “There is only one way: through good science”. In atherosclerosis 

research, human imaging studies are particularly of value. They provide an impression of 

drug effi  cacy, long before large scale morbidity and mortality trials are conducted and their 

results are available (4). 

ACAT inhibitors were developed the past decades as a new way to reduce atherosclerosis.  In 

theory, their mechanism of action is dual. Inhibition of ACAT1 could prevent the transforma-

tion of macrophages into foam cells in the vessel wall. This would slow the progression of 

atherosclerosis and prevent the development of vulnerable plaque. In addition, inhibition of 

ACAT2 could decrease serum lipid levels by reducing the synthesis of lipoproteins. (5)

HYPOTHESIS

Inhibition of ACAT was expected to slow the progression of atherosclerosis as assessed by 

IMT imaging. 

OUTLINE

Chapter 13 describes the rise and fall of ACAT inhibitors. Next, we review the value of IMT as 

surrogate marker for cardiovascular disease (chapter 14). Finally, in chapter 15, we present 

the results of the CAPTIVATE study. This study was designed to evaluate the eff ect of the 

ACAT inhibitor pactimibe on atherosclerosis progression as assessed by IMT measurements in 

patients with familial hypercholesterolemia. 
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ABSTRACT

Purpose of review: The reputation of acyl coenzyme A:cholesterol acyltransferase (ACAT) 

inhibitors has changed profoundly from promising new drugs for cardiovascular prevention 

to drugs without clinical benefi ts or possibly even with adverse eff ects.

Recent fi ndings: ACAT inhibitors decrease the intracellular conversion of free cholesterol 

into cholesteryl ester in a number of tissues, including intestine, liver and macrophages. In 

contrast to promising results in experimental animal models, all subsequent clinical studies 

in humans with ACAT inhibitors failed to show lipid profi le changes as well as reductions in 

surrogate markers for coronary artery disease. In fact, there was even a tendency towards an 

increase in atheroma burden in the most recent and well executed clinical trials. In addition, 

the inhibition of this pivotal enzyme in cholesterol esterifi cation may interfere with reverse 

cholesterol transport.

Summary: In our opinion, the consistent negative fi ndings in recent clinical trials have 

virtually eliminated the chances for this class of drugs to be introduced for cardiovascular 

prevention. Possible strategies focused on selective ACAT 2 inhibition or the combination of 

ACAT inhibitors with compounds that stimulate reverse cholesterol transport may prove to 

have clinical benefi t. This will have to await further clinical research in humans, however, as 

rodent models obviously cannot provide reliable data as to the effi  cacy of this class of drugs 

in humans.

Keywords: ACAT inhibition; atherosclerosis; cholesterol; foam cell

Abbreviations: ACAT, acyl coenzyme A:cholesterol acyltransferase; IVUS, intravascular ultra-

sound; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein
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INTRODUCTION

In a recent pooled analysis of the majority of statin trials (1), it was elucidated that a 1 mmol/l 

reduction of low-density lipoprotein (LDL)-cholesterol conferred an approximately 25% 

relative risk reduction in terms of cardiovascular disease. As a consequence, the search for 

additional interventions capable of further reducing cardiovascular events has continued at 

full throttle. In this respect, acyl coenzyme A:cholesterol acyltransferase (ACAT) inhibitors 

have been promising candidates for a considerable number of years. The reputation of ACAT 

inhibitors, however, has changed dramatically over the past few years. We will describe this 

rise and fall in ACAT inhibitors, focusing on recent clinical trials and exploring the potential 

clinical utility of this class of compounds. Results of studies with avasimibe (CI-1011) and 

pactimibe (CS-505) will mainly be addressed, as these compounds were assessed most ex-

tensively in human trials.

THE RISE

ACAT catalyzes the esterifi cation of free cholesterol with fatty acids. Two isoforms of this 

enzyme have been identifi ed in mammals (2). ACAT1 is present within the endoplasmatic 

reticulum of many cells, including macrophages, Kupff er cells in the liver and neurons as well 

as steroidogenic cells in the adrenal glands. Furthermore, ACAT1 is abundantly expressed in 

foam cells in atherosclerotic lesions (3, 4). ACAT2 is present exclusively in hepatocytes and 

intestinal cells (5). Through the use of specifi c ACAT knockout mice and ACAT inhibitors, much 

information about the role of this enzyme in lipid metabolism has been gathered.

ACAT1-defi cient mice showed decreased cholesterol ester content in fi broblasts, adrenal tis-

sue and macrophages. No eff ect on circulating plasma cholesterol levels was seen, however. 

These animals are characterized by massive depositions of free cholesterol in skin and brain, 

as well as dry eyes. A priori, a reduction in foam cell formation was expected due to the 

increased availability of free cholesterol for reverse cholesterol transport from macrophages. 

When crossed onto an atherosclerosis-prone background (i.e. ApoE and LDL receptor knock-

out mice), however, both an increase and an attenuation of atherosclerosis were reported 

(6–8). In spite of this apparent contradiction, these results underscore the importance of 

ACAT1 for intracellular cholesterol homeostasis and should render caution for the option of 

complete ACAT1 inhibition.

Deletion of ACAT2 in mice did not result in lipid or lipoprotein changes on a chow diet. These 

animals were protected against hypercholesterolemia and cholesterol gall stone formation, 

however, and led to a decrease in intestinal cholesterol absorption on a high-fat diet (9, 10). 
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When crossed on an atherosclerotic-prone background, it became clear that cholesteryl 

esters in very low-density lipoprotein (VLDL) were replaced by triglycerides (11). These re-

sults support a role for ACAT2 in the absorption of dietary cholesterol and incorporation of 

cholesteryl ester into chylomicrons in the intestine. It also suggests that ACAT contributes to 

lipoprotein formation by providing cholesteryl ester for incorporation into VLDL particles in 

the VLDL synthesis pathway in the liver.

Animal studies were initiated with the promising idea that: inhibition of ACAT1 could increase 

availability of free cholesterol for reverse cholesterol transport in macrophages, thereby 

reducing lipid accumulation and foam cell formation; and inhibition of ACAT2 could reduce 

cholesterol levels. In general, these compounds exhibited an equal potency to inhibit both 

ACAT1 and ACAT2. In fact, treatment with ACAT inhibitors showed promising results for the 

prevention of atherosclerosis in various animal models. Avasimibe was well tolerated in dogs, 

causing minimal adrenal eff ects, reversible changes in hepatic function and limited toxicity 

only at high doses (12). In several species, avasimibe lowered cholesterol levels. Moreover, 

reduced atherogenesis was observed in mouse, hamster and rabbit, even on top of statin use 

(13–17). Similar results were achieved with pactimibe but, unfortunately, these studies were 

not published.

THE FALL

The fi rst clinical trial with an ACAT inhibitor was published in 1990 (18). Unexpectedly, this was 

the fi rst of a series of rather disappointing observations. The fi rst human trials investigated 

the short-term tolerability and eff ects on lipids of diff erent ACAT inhibitors (CL 2777,082, 

DuP 128, 447C88) in patient groups with dyslipidemia (18–20). No tolerability concerns were 

reported; the positive eff ects on plasma LDL-cholesterol levels as demonstrated in animal 

studies, however, could not be confi rmed. In fact, no eff ects on lipid or lipoprotein levels 

were found at all. There was some doubt, however, as to whether appropriate plasma con-

centrations of the compounds had been achieved. In contrast, some changes in lipoprotein 

levels became obvious when avasimibe was used. Treatment of 130 patients with combined 

hyperlipidemia or with hypoalphalipoproteinemia showed a 30% decrease in VLDL and a 

23% decrease in plasma triglyceride levels (21). Again, however, there was no eff ect on LDL-

cholesterol. Raal et al. (22) reported the eff ect of avasimibe monotherapy or its combination 

with atorvastatin on the lipoprotein profi le of 27 patients with homozygous familial hyper-

cholesterolemia. Disappointingly, no signifi cant lipoprotein changes were observed with 

avasimibe monotherapy, and the combination with statin only achieved a rather poor 5% 

extra plasma cholesterol reduction.
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Despite these disappointing results in humans, trials continued, aiming at demonstrating 

a favorable eff ect of ACAT inhibition on foam cell formation and thus on atheroma volume. 

First, Tardif et al. (23) reported the eff ect of avasimibe in diff erent doses on atherosclerotic 

plaques in 639 patients with coronary artery disease (A-PLUS study). Approximately 88% of 

patients also received statin therapy. The design of this study was similar to the REVERSAL 

study (24), which showed superior results of atorvastatin 80 mg over pravastatin 40 mg. 

Coronary atherosclerosis was measured by intravascular ultrasound (IVUS) at baseline and 

after up to 24 months of treatment. IVUS methodology, in which an ultrasound probe is 

inserted into a coronary artery to image atherosclerotic plaque, is considered superior to 

traditional coronary angiography in measuring the progression of coronary atherosclerosis 

and atheroma volume. The primary endpoint of the study was indeed percentage atheroma 

volume. This increased by 0.4% in the placebo group, but tended to increase even more (0.7, 

0.8 and 1.0%; ns) in the avasimibe groups of 50, 250 and 750 mg, respectively. LDL-cholesterol 

increased during the study by 1.7% in the placebo group, but increased signifi cantly more, by 

7.8, 9.1 and 10.9%, in the respective avasimibe groups. Avasimibe did reduce triglyceride and 

apoB levels. Pfi zer decided to discontinue the development of avasimibe in October 2003.

The absence of benefi cial eff ects on atherosclerosis of avasimibe was clear. The question 

was whether this was common to all ACAT inhibitors or related to inhibition of ACAT1 or 

ACAT2. Part of the answer was provided at the 2005 American Heart Association’s Scientifi c 

Sessions held in Texas on 15 November 2005 (25). Nissen presented the results of a similar 

IVUS study with pactimibe – a potentially more potent unselective ACAT inhibitor (ACTIVATE); 

534 patients with stable coronary heart disease received placebo or pactimibe 100 mg in 

78% on top of statin therapy. IVUS was performed at baseline and after up to 18 months of 

treatment. Both groups showed a statistically signifi cant progression in percentage atheroma 

volume, but there was a trend to a greater increase in the pactimibe group (+0.69%; ns) 

compared with placebo (+0.59%). Pactimibe not only failed to reduce atherosclerosis pro-

gression compared with the placebo group, but even had some pro-atherogenic eff ects. Total 

atheroma volume and atheroma regression in the most diseased vessel subsegment showed 

statistically signifi cant diff erences favoring placebo (regression in total atheroma volume: 1.3 

compared with 5.6 mm3; p = 0.04; in most diseased segments: 1.3 compared with 3.2 mm3; 

p = 0.01). No signifi cant diff erences existed between the pactimibe and placebo groups in 

lipoprotein levels (+0.66 compared with -3.9% change from baseline; ns.). Despite the unfa-

vorable eff ects of pactimibe, there was no diff erence in clinical outcome. It must be noted, 

however, that the study was not powered to show the eff ect of pactimibe on cardiovascular 

morbidity and mortality. In October 2005, Sankyo announced that it ceased ongoing clinical 

studies of pactimibe. This meant a premature end to the CAPTIVATE study (26) that aimed at 

determining the eff ect of pactimibe on top of lipid-lowering therapy on intima media thick-
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ness progression in patients with heterozygous familial hypercholesterolemia and carotid 

atherosclerosis.

In fact, the only positive study in humans that was published so far showed a small reduction 

in plasma cholesterol levels, a decrease in TNF alpha levels and an improvement in endothe-

lial function with avasimibe in 21 hypercholesterolemic patients. As avasimibe had no eff ect 

on other infl ammatory markers, however, the positive results of this study should be taken 

with a grain of salt and the small number of patients does not allow much optimism (27•).

THE EXPLANATIONS

Given the pro-atherogenic eff ects of avasimibe and pactimibe, a future for ACAT inhibition 

as treatment for atherosclerosis is highly unlikely. Several thoughts were entertained in the 

discussion around the reasons that have contributed to the failure of the drug in human stud-

ies (28, 29•), the fi rst being the choice of dose. It is unlikely that the increase in atherosclerotic 

burden observed in the patients treated with avasimibe and pactimibe is caused by chance 

alone. Dosage could have been an issue, as ACAT inhibitors do not alter plasma lipids and 

determining an optimal dose is troublesome. Extrapolating from the doses that achieved 

atherosclerosis reduction in rodent models is another possibility, but wrought with many 

inherent limitations. Higher doses in humans could theoretically have achieved better results. 

Therefore, it might have been informative to perform studies of endarterectomy specimens 

of patients pretreated with an ACAT inhibitor. This could have provided an opportunity to 

determine the actual degree of ACAT inhibition in the target cells within the atherosclerotic 

plaque.

Second, part of the explanation may pertain to the fact that enhancing the pool of free cho-

lesterol in macrophages by inhibiting ACAT does not enhance reverse cholesterol transport, 

but in fact leads to macrophage cell death instead (30, 31). Moreover, accumulated free cho-

lesterol alters membrane function and signaling of macrophages (32••). This sheds new light 

on the role of esterifi cation of cholesterol in foam cells. Instead of being a negative process, it 

may even be considered favorable in plaque biology. Moreover, deletion of ACAT induces the 

transcription of apoptosis and infl ammation-associated genes (33••), and leads to an increase 

in cholesterol biosynthesis (34) in macrophages in vitro. In contrast to macrophages, intesti-

nal and liver cells may have abundant additional mechanisms to dispose of cholesterol.

Third, ACAT1 depletion has been shown to interfere with reverse cholesterol transport by 

altering ATP binding cassette protein A1 (ABCA1) protein stability (33••, 35•, 36•). Also, and 

lastly, the mild increase in LDL-cholesterol found during long-term treatment with ACAT 
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Figure 1. ACAT function and eff ect of inhibition

ACAT inhibitors decrease the intracellular conversion of free cholesterol into cholesteryl ester in intestinal 
cells, hepatocytes, macrophages and smooth muscle cells 

ACAT inhibitors in humans failed to show consistent benefi cial lipid profi le changes, except for reductions 
in chylomicron and VLDL levels. Moreover, there was a tendency towards an increase in atheroma burden. 
This is possibly due to macrophage apoptosis in the vessel wall caused by toxic levels of free cholesterol. 
In contrast, smooth muscle cells seem to be resistant to the toxic eff ects of free cholesterol accumulation. 
ACAT inhibitors may also negatively aff ect reverse cholesterol transport by increasing ABCA1 instability.

ABCA1, ATP binding cassette protein A1; ACAT, acyl coenzyme A:cholesterol acyltransferase; CE, 
cholesterol ester; FC, free cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, 
very low-density lipoprotein
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inhibitors may have contributed to atheroma progression. In the case of avasimibe, the LDL 

increase may be attributed to a pharmacokinetic interaction with statins by potent CYP3A4 

induction (37).

The next question is how we can explain the apparent discrepancy between the negative 

fi ndings in humans and the positive fi ndings in experimental models. First, a diff erence in 

ACAT1/ACAT2 distribution between species may contribute to the remarkable diff erence be-

tween animal and humans studies (38–40). In addition, lipid metabolism and lesion biology 

in animals are not comparable. Most animal studies were performed against a background of 

very high cholesterol levels and excess macrophage accumulation in the vessel wall. Patients 

in the A-PLUS and ACTIVATE studies in general had low cholesterol levels and stable CAD. 

ACAT1 inhibition in a phase of rapid lesion formation may be more benefi cial than in the 

stable, late-stage lesions. Also, a much faster rate and capacity of reverse cholesterol transport 

in animals than in humans might be one explanation for the negative results in the latter.

THE FUTURE

The question remains whether there are still applications for ACAT inhibition. In theory, ACAT 

inhibitors may have a benefi cial eff ect on earlier stages of atherosclerosis – fatty streak forma-

tion. As studies evaluating this are very diffi  cult and treatment should start very early in life, 

however, this option is unlikely to be pursued. Second, ACAT inhibitors may have eff ect on 

lesions characterized by smooth muscle cells (e.g. in restenosis), as these cells seem resistant 

to the toxicity of free cholesterol (41••, 42•). No in-vivo techniques are available, however, to 

classify plaques by the predominant cell type and plaque composition can vary throughout 

the body. An exciting third avenue is application in Alzheimer’s disease. ACAT inhibitors have 

been shown to decrease the generation of Amyloid beta peptide in mice (43). No human 

studies have been performed yet and, more importantly, the possibility of increasing athero-

sclerosis in the coronary tree will be a major problem.

Making adjustments to ACAT inhibitors may overcome some of the current problems (44•). 

An option is to alter the balance between ACAT1 and ACAT2 inhibition. Rudel et al. (45••) 

advocate the development of selective ACAT2 inhibitors (46). The level of ACAT2 inhibition, 

however, will have to exceed the level currently produced by avasimibe and pactimibe to 

show any eff ect on LDL-cholesterol. Another possibility is to combine ACAT inhibitors with 

compounds that increase reverse cholesterol transport or alternatively reduce macrophage 

toxicity (47). Companies developing ACAT inhibitors will face important dilemmas. New 

compounds should be diff erent from avasimibe and pactimibe in terms of ACAT1/ACAT2 

balance and careful in-vivo proof-of-principle studies should be executed before large-scale 
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clinical studies can be undertaken. Endarteriectomy studies could be one of the options in 

this regard.

CONCLUSION

The results of recent clinical trials have severely dimmed the expectations with respect to 

ACAT inhibition. Selective ACAT2 inhibition or combination of ACAT inhibitors with com-

pounds enhancing reverse cholesterol transport, however, may still prove to be clinically use-

ful. Overall, the last two decades of ACAT research did not provide us clinicians with a novel 

antiatherosclerotic drug, but it did contribute to valuable insights in cholesterol metabolism 

and plaque biology.
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ABSTRACT

Background: Imaging modalities have been developed to assess atherosclerosis in vivo in 

the arterial wall because large clinical end-point studies are time-consuming and costly. 

Historically, in-hospital angiography and Doppler ultrasonography have been used to assess 

atherosclerosis development. Investigations of the arterial lumen are, however, increasingly 

being replaced by modalities that can measure changes in the arterial wall itself—intravas-

cular ultrasonography, MRI and multislice CT. The fact that intravascular ultrasonography is 

invasive, CT involves substantial radiation exposure and requires contrast agents, and that 

MRI is time-consuming and technically challenging all limit the widespread use of these 

techniques. Moreover, all modalities have high associated costs. 

Scope: B-mode ultrasonographic imaging of the carotid arterial walls occupies a unique posi-

tion in atherosclerosis research. This method enables sensitive, reproducible and noninvasive 

assessment of intima-media thickness (IMT) as a continuous variable. Epidemiological and 

clinical trial evidence as well as digitization and standardization have made carotid IMT a 

validated and accepted marker for generalized atherosclerosis burden and vascular disease 

risk. 

Objective: Here we describe the application of carotid IMT measurements as a tool in risk 

evaluation of individuals and in studies of atherosclerosis progression and regression. 

Keywords: atherosclerosis, carotid, intima-media thickness, surrogate marker, ultrasonog-

raphy

Abbreviations: CT, computer tomography; IMT, intima-media thickness; IVUS, intravascular 

ultrasonography; MRI, magnetic resonance imaging
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INTRODUCTION

Atherosclerosis is an infl ammatory disease that often begins early in life with impairment of 

endothelial function, which leads to the formation of lesions in large and medium elastic and 

muscular arteries (1, 2). The disease process is dynamic and is associated with remodeling 

of the arterial wall. In the early stages of arterial wall thickening and plaque formation, no 

luminal changes are seen, because the arterial wall expands to compensate. This process, 

known as the Glagov eff ect, can ensure the size of the arterial lumen is preserved until plaque 

formation becomes extensive. This compensatory mechanism is considered the best expla-

nation for the fact that the early stages of atherosclerosis are clinically asymptomatic (3).

Although atherosclerosis can remain below the clinical horizon for a long time, it can mani-

fest clinically as acute vascular disease at almost any stage of the disease process. Evaluation 

of atherosclerosis by means of clinical end points—morbidity and mortality—requires large 

study populations and necessitates considerable human and fi nancial resources (4, 5). As 

atherosclerosis is a slow process, collecting clinical end-point data takes a long time and pro-

vides information mainly on the late stages of vascular disease, which makes cause and eff ect 

relationships diffi  cult to unravel. New insights into the disease process are, therefore, diffi  cult 

to obtain and rapid evaluation of novel therapies can prove diffi  cult—unless techniques to 

assess early atherosclerotic changes are used.

The use of surrogate markers to measure atherosclerosis burden in vivo has become 

widespread. To be useful as a validated tool for risk assessment in cardiovascular disease 

the method needs to be technically sound, but must also meet a number of methodologi-

cal requirements. Disease risk and eff ects of treatment need to be identifi ed with greater 

sensitivity and speed than clinical end points (6). The method must be widely available and 

preferably noninvasive. Furthermore, the association between risk and the disease marker 

must have been established statistically and be relevant to the study question. The surrogate 

marker should also model pathophysiological information (7). Finally, for clinical research in 

humans, regulatory requirements must be met.

As atherosclerosis is a multifactorial disease with distinct progression and regression behav-

ior, cause and disease progression might not always be straightforward. A standardized and 

validated method is crucial for generating reproducible results that are predictive in nature. 

Brightness or ‘B-mode’ ultrasonography can depict all stages of atherosclerotic arterial wall 

changes as a continuous variable. The entire continuum of ultrasound-derived atherosclerosis 

measurements (arterial wall thickness, including the plaque) is referred to as intima–media 

thickness (IMT), although, strictly speaking, this nomenclature is incorrect from a histological 

perspective. IMT is a surrogate marker for atherosclerosis burden as well as cardiovascular 
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disease risk assessment (8-20). It could be argued, however, that rather than being a sur-

rogate marker, IMT is part of the disease process itself. Notably, the FDA has approved IMT 

as a surrogate marker of atherosclerotic disease for application in clinical trials; however, the 

addition of IMT assessment to prevention guidelines is still under discussion (8, 21-25).

In this review we discuss the role of carotid IMT as a marker for progression and regression 

of atherosclerosis. We explore how the measurements can be used to assist clinical manage-

ment and to advance atherosclerosis research. 

IMAGING ATHEROSCLEROSIS

Techniques to visualize atherosclerosis in humans originate from the refi nement of available 

clinical imaging techniques such as Doppler ultrasonography and coronary angiography. 

Doppler ultrasonography can only identify arterial stenosis if the lumen area is reduced by 

at least 40–50% (26). Traditionally, quantitative coronary angiography was the predominant 

imaging modality to assess the progression or regression of atherosclerosis. With quantita-

tive coronary angiography, the cross-sectional coronary anatomy is depicted as a planar 

silhouette of a contrast-fi lled vessel lumen. Both modalities are highly relevant in a clinical 

setting, but do not provide useful information on the early stages of arterial wall thickening 

before lesion formation (27, 28). 

Multislice CT is rapidly outgrowing its angiographic heritage and is being developed into a 

completely noninvasive technique. This method will undoubtedly replace coronary angiog-

raphy for assessment of coronary stenosis and calcifi cation. Electron-beam CT is also non-

invasive, but is not widely available. This technique also predominantly highlights calcifi ed 

tissue, (29) which makes it unsuitable for the evaluation of the early stages of atherosclerosis. 

High-resolution MRI is also being used for volumetric and spectrometric measurement of the 

carotid arterial wall. That these modalities hold promise is undisputed; however, prospec-

tive epidemiologic and human trial data validating these techniques are not yet available. 

Moreover, an expensive infrastructure will be required to implement these techniques. Intra-

vascular ultrasonography (IVUS) depicts the arterial lumen and, most importantly, the arterial 

wall. This modality can, therefore, provide information on both plaque burden and coronary 

atheroma volume (30, 31). IVUS is now increasingly used in conjunction with noninvasive 

B-mode ultrasonographic imaging of the carotid artery to assess the treatment eff ects of 

antiatherosclerotic therapies (32-34).
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MEASUREMENT OF CAROTID INTIMAMEDIA THICKNESS

In essence, B-mode ultrasound IMT measurement involves a simple distance measurement 

between the leading edges of the lumen–intima and media–adventitia ultrasound interfaces 

(Figure 1). With this imaging method, the typical ‘double-line’ pattern of the normal arterial 

wall of the large peripheral arteries can be seen. Pignoli et al. investigated the double-line 

pattern in depth, and established the relationship between the leading edges of the ultra-

sound interfaces and the boundaries of the intima-media seen in an aorta specimen (35). This 

relationship formed the basis of the present ultrasonographic carotid IMT measurements. 

Initially, B-mode images were used to guide the Doppler sound beam for investigating blood 

velocity. With the availability of computerized technology, B-mode ultrasonography was 

developed to produce real-time, high-resolution images. In the late 1980s, the assessment 

of small-vessel wall structures throughout the diff erent stages of atherosclerosis became 

feasible. The technique can be used to monitor atherosclerosis by measurement of IMT as a 

continuous variable from the healthy and thin arterial wall to total occlusion (36). As a refer-

ence, the lumen of the common carotid artery in healthy individuals measures 6–9 mm in 

diameter with an average IMT of 0.4 mm at birth and 0.8 mm by the age of 80 years, if no risk 

factors are present. With an increased number of cardiovascular risk factors, IMT grows more 

rapidly over a lifetime and the probability of emerging lesions increases (37).

 

Figure 1. Brightness-mode ultrasound images of carotid artery wall segments

Brightness-mode ultrasound images of carotid artery wall segments from a 35-year-old asymptomatic 
male with a 14-year history of type 1 diabetes mellitus. (A) The sonographer selects the region of interest 
from an overview image of the carotid artery. (B) The expanded high-resolution 1.2 × 1.2 cm image of the 
region of interest is used for intima–media thickness measurements. The sonographer selects the best 
per-protocol image possible as a high resolution DICOM still. The distance between the arrows from the 
lumen–intima interface to the media–adventitia interface indicates an intima–media thickness of 1.12 
mm. Abbreviation: DICOM, Digital Imaging and Communications in Medicine. 
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It should be realized that noninvasive assessment of atherosclerosis in humans investigates 

submillimeter structures and structural changes measured in hundredths of millimeters. 

These small changes are clinically signifi cant; a meta-analysis of statin intervention studies 

using IMT as a surrogate marker indicated that a reduction in IMT thickening of 0.012 mm 

per year is congruent with a signifi cant odds ratio of 0.48 for the reduction of cardiovascular 

events (38).

PRACTICAL CONSIDERATIONS

The use of imaging techniques to visualize small structures of the peripheral arterial wall poses 

major technical challenges. First, the accuracy of measurements must be as high as possible. 

Although an increase in the ultrasound frequency can improve axial resolution, it must be 

noted that the measurement of IMT is a distance measurement in which the structure mea-

sured (approximately 0.55-0.95 mm) is much larger than the wavelength of the ultrasound 

produced by the commonly used near-fi eld linear array transducer (approximately 0.12 mm). 

As the signal sampling rate is much higher than the wavelength, accurate measurement of 

IMT is not dependent on the frequency used but on the pixel resolution of the digitized im-

age. As a consequence, digital representation of the imaged structures depends, in part, on 

pixel resolution. To visualize small structures such as the intima and media layers, the digital 

images should be spread out over as many pixels as possible. Although this issue of accuracy 

is similar for every imaging technique, understanding how the ultrasonographic instrument 

displays information on the monitor and optimization of the image is particularly important 

when submillimeter-sized structures and even smaller changes in size are evaluated. 

Second, the emphasis should be on high-end equipment that enables maximal spatial 

resolution at the time of image acquisition, and can scan with a low signal: noise ratio (a 

high dynamic range) and high tissue diff erentiation (i.e. relatively high frequencies, if depth 

allows). The latter element is of particular importance if early atherosclerosis and soft plaques 

are to be discriminated from signal noise in the vessel wall (Figure 1).

Another technical challenge involves the reproducibility of measurements, which should be 

as high as possible and, according to methodological and good clinical practice guidelines, 

must be reported for every specifi c study, in order to prove a priori that the measurements 

meet predefi ned protocol requirements. For this purpose, sonographers should undergo 

training specifi c to each new trial protocol, followed by certifi cation and quality control to 

guarantee quality-assured data (39, 40). The aim of standardized scan protocols is to ensure 

that compa rable and reproducible IMT measurements are acquired within and throughout 

studies.
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IMAGING PROTOCOL

Diff erent protocols do exist, but essentially all comprise the following elements. At the start of 

a carotid ultrasound scan, the individual being assessed is placed in a comfortable reclining 

position. As during writing, the sonographer should support the elbow of the arm holding 

the ultrasound transducer. The transducer angles for each of the cross-sections at which im-

ages are obtained have to be predefi ned. Arterial wall segments are defi ned anatomically by 

the anatomic landmarks of carotid dilatation and the carotid fl ow divider (Figure 2).

For each cross-section, the best image obtained from the segment is selected by the sonog-

rapher at the time of the scan. The selected images and metafi le information, as well as the 

corresponding digital clip for dynamic information, are then saved in the Digital Imaging 

and Communications in Medicine (DICOM) fi le format (41). Most large vascular clinics have 

Figure 2. A composite ultrasonographic image of the carotid artery.

A composite ultrasonographic image of the carotid artery. For each arterial segment a high-resolution 
still image, as indicated by the dashed boxes, is selected by the sonographer. The carotid dilatation 
(arrowhead) and the carotid fl ow divider (arrow) are indicated. The following anatomical features are 
indicated: the common carotid artery 1 cm proximal to the dilatation; the carotid bulb between the 
dilatation and fl ow divider; and the internal carotid artery 1 cm distal to the fl ow divider. The scan 
protocol includes Doppler signal analysis to distinguish the external from the internal carotid artery 
and to exclude clinically relevant vascular stenoses. A bilateral carotid scan will, therefore, provide 
six DICOM stills and, to provide the image analysts with dynamic information, six associated DICOM 
clips. Abbreviations: CB, carotid bulb; CCA, common carotid artery; DICOM, Digital Imaging and 
Communications in Medicine; ECA, external carotid artery; ICA, internal carotid artery.
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ultrasonography equipment and trained vascular sonographers. For clinical purposes, when 

relatively large arterial wall structures are imaged, extensive plaques and symptomatic 

stenosis can be evaluated by Doppler fl ow and ‘onscreen’ measurements. For study purposes, 

however, particularly for pharmaceutical trials, the ‘onscreen’ method is inadequate, because 

measurement is inaccurate, administratively cumbersome, and hence diffi  cult, if not impos-

sible, to quality-control. 

Taking the approach of analyzing DICOM-structured fi les in a core lab has the advantage that 

the source fi le cannot be altered once the image is saved by the sonographer, and an audit 

trail is recorded that includes traceability and change control. In multicenter trials, in order to 

meet the necessary quality, administrative and regulatory requirements, images are handled 

and IMT measurements recorded off -line in a core ultrasound laboratory (42).

VARIABILITY

Even though this modality is technically optimized and sonographers are trained, measure-

ments in biological systems are always subject to a certain degree of variability. Variability 

can be introduced through the population studied, by the sonographer and image analyst, 

and by random error (43). Once the images have been acquired, however, the contribution of 

the on-line and off -line IMT measurements to variability is minor, since the image is fi xed. 

Whereas observing the change of population variability can be the goal of some IMT measure-

ments, the sources of measurement variability should be reduced as much as possible. If thin 

artery walls, such as those in children, are imaged (Figure 3A), population and measurement 

variability is small. When imaging thicker structures (Figure 3B and C), total measurement 

variability increases because of the diffi  culty of reproducing a slice through extensive plaque 

structures (Figure 4). In follow-up studies, measurement variability is, therefore, mostly 

sonographer-dependent. Intrasonographer variability (expressed as SD of the mean absolute 

diff erence of paired replicate scans) of IMT measurements is around 0.04 mm in children, (44) 

and 0.2 mm in older patients with peripheral vascular disease (45, 46). 

In controlled clinical trials, measurement variability is decreasing. This decrease is most likely 

to be a result of technical improvements, standardization and training. In studies carried out 

between 1985 and 1990, the measurement SD as calculated above was 0.2 mm in patients 

with coronary artery disease, (45, 47) whereas currently this fi gure is approximately 0.09 

mm (48). Moreover, two decades ago intraclass correlations of 0.60-0.75 mm were reported, 

whereas currently they are often 0.90 mm or higher (40). The sources of variability of IMT 

measurements have been described extensively elsewhere (43).
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CAROTID INTIMAMEDIA THICKNESS: OBSERVATIONAL STUDIES 

Large follow-up studies such as the Rotterdam Study (10, 11) and the Atherosclerosis Risk 

in Communities Study (ARIC) (12-15) have used B-mode ultrasonography to measure IMT 

to investigate the determinants of atherosclerotic disease in the general population (9). The 

Rotterdam Study was a single-center, prospective, follow-up study of 7,983 individuals older 

than 55 years. The main objective of this study was to identify the determinants of atheroscle-

rosis progression in the carotid artery wall. This ultrasound study provided solid evidence that 

Figure 3. Examples of images of the arterial wall of the common carotid artery

The arterial wall of the common carotid artery of an asymptomatic individual throughout life and the 
various stages of arterial wall thickening. (A) Double lines in the common carotid artery during childhood 
(age 8 years). (B) Slight arterial wall thickening at the carotid bulb during middle age (age 52 years). (C) 
Extensive plaque formation at the carotid bulb at old age (age 85 years). The white lines delineate the 
lumen–intima and the media–adventitia interfaces drawn along the wall for approximately 10 mm.

A

B

C
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IMT measurements can be used to indicate the degree of existing generalized atherosclerosis 

and future cardiovascular disease risk. The investigation also provided evidence for associa-

tions between carotid IMT and stroke, angina pectoris, myocardial infarction, intermittent 

claudication and essential hypertension (10, 11). In ARIC, a US-based study that involved 

15,800 adults, high-resolution B-mode ultrasonography was able to identify atherosclerotic 

lesions at all stages of development (12-15). A seemingly small increase in mean carotid IMT 

of 0.2 mm was associated with an increase in relative risk for myocardial infarction and stroke 

of 33% and 28%, respectively—a link that has been confi rmed subsequently by many other 

studies.

Studies that used multiple measurements of carotid IMT to investigate the determinants of 

disease progression showed that risk factors such as age, smoking, dyslipidemia and hyper-

tension are the main predictors of increased carotid IMT (16-18). Furthermore, carotid IMT 

measurements have predictive value not only for adverse cerebral events, but also for cardiac 

and peripheral vascular events (9-10). The presence of plaques or stenoses in the carotid 

artery tree drastically increases this cardiovascular event risk (16-18). At present, vascular 

clinics are increasingly using IMT to defi ne an individual’s cardiovascular risk. Although more 

standardized evaluation is necessary, results from recent studies indicate that individual risk-

profi le assessment might improve with the addition of this noninvasive parameter (19, 20).

Figure 4. Schematic representation of sources of variability in intima–media measurement.

The main sources of variability are diff ering features between patients, and between-sonographer 
and within-sonography variability in measurements. (A) Variation in measurements caused by plaque 
diff erences in the longitudinal plane. (B) Variation in measurements caused by plaque area diff erences in 
the transverse plane. Lack of adherence to predefi ned transducer angulations and landmark identifi cation 
can infl uence results in comparative and follow-up studies. The dotted lines represent the transducer axis. 
δ indicates the distance between the lumen–intima and media–adventitial interfaces.
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CAROTID INTIMAMEDIA THICKNESS: ASSESSING SUCCESS OF THERAPY 

Studies have used measurement of IMT has to assess the effi  cacy of drugs designed to lower 

lipid concentrations, antihypertensive agents, hormone replacement therapy, antioxidant 

supplements and lifestyle interventions (49-56). An early study that used ultrasound-derived 

IMT was the 4-year, placebo-controlled Cholesterol Lowering Atherosclerosis Study (CLAS), 

which assessed the eff ects of therapy with colestipol and nicotinic acid in men who had previ-

ously undergone CABG surgery (57). The investigators found that drug treatment had benefi cial 

eff ects and reduced carotid IMT after 2 and 4 years of therapy (p < 0.0001). The Asymptomatic 

Carotid Artery Progression Study (ACAPS) was a 3-year trial in which the eff ects of therapy with 

a daily dose of 20–40 mg lovastatin was compared with placebo in asymptomatic men and 

women aged between 40 and 79 years who had early carotid atherosclerosis (58). The IMTs of 

12 carotid artery wall segments were recorded per patient. Lovastatin signifi cantly reduced 

IMT over the trial period compared with placebo (p < 0.001). The Kuopio Atherosclerosis Pre-

vention Study (KAPS) investigated the 3-year effi  cacy of pravastatin in hypercholesterolemic 

men aged between 44 and 65 years (59). In this trial, the primary outcome measure of disease 

progression (increase in IMT) in both carotid and femoral artery segments was signifi cantly 

lower in pravas tatin-treated patients than in those who received placebo (p = 0.02). 

In the Regression Growth Evaluation Statin Study (REGRESS), the eff ects of 40 mg pravastatin 

were assessed in men with angiographically proven coronary artery disease and a total choles-

terol level in the range 4.0-8.0 mmol/L (154-309 mg/dL) (45, 60). In this 2-year atheroscle rosis 

regression trial, the effi  cacy of pravastatin was demonstrated by coronary angiography (60) 

and B-mode ultrasonography of the peripheral arteries (45). The ultrasonography substudies 

were conducted at three trial sites and included 255 of the 885 patients enrolled in REGRESS. 

Interestingly, the ultrasonography fi ndings showing regression of IMT with treatment were 

highly signifi cant (p < 0.0001), a signifi cance level not obtained using coronary angiography 

in the overall REGRESS study. 

In the 2-year Atorvastatin versus Simvastatin on Atherosclerosis Progression (ASAP) trial, 

the eff ects of 80 mg atorvastatin and 40 mg simvastatin once daily were investigated in 

325 patients with familial hypercholesterolemia (47). Aggressive cholesterol lowering was 

found to be more eff ective than conventional statin therapy. Specifi cally, the study showed 

an actual decrease in carotid IMT in the more-aggressive therapy group (who achieved an 

average LDL cholesterol reduction of 51%), whereas the less-aggressive treatment (result-

ing in a 41% reduction) was associated only with inhibition of atherosclerosis progression. 

The outcome of the 1-year Arterial Biology for the Investigation of the Treatment Eff ects of 

Reducing Cholesterol (ARBITER) study in 161 patients with cardiovascular disease is in line 

with the ASAP trial fi ndings (61). To investigate whether lowering LDL cholesterol to below 
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the National Cholesterol Education Program Adult Treatment Panel III criterion of 2.6 mmol/L 

(100 mg/dL) for secondary prevention would further reduce the burden of atherosclerotic 

disease, the eff ects on carotid IMT of 80 mg atorvastatin and 40 mg pravastatin once daily 

were compared. Atorvastatin reduced LDL cholesterol levels by an average of 49.0% to 2.0 (± 

0.6) mmol/L (76 (± 23) mg/dL); pravastatin by 27% to 2.8 (± 0.7) mmol/L (110 (± 30) mg/dL). In 

the pravastatin group, IMT stabilized; in the atorvastatin group, IMT decreased, demonstrat-

ing atherosclerosis regression (p = 0.03).

The 2-year Long-term Intervention with Pravastatin in Ischaemic Disease Study (LIPIDS) also 

investigated whether lipid lowering to below the guideline threshold was benefi cial (44). In 

this study, 214 children aged between 8 and 18 years who had familial hypercholesterolemia 

were randomized to either 20 mg or 40 mg pravastatin or placebo once daily. Carotid IMT 

showed a reduction of 0.014 mm (± 0.046 mm; p = 0.02) in the pravastatin arm relative to 

placebo. Cross-sectional baseline data showed signifi cant diff erences in IMT between chil-

dren with familial hypercholesterolemia and unaff ected siblings, even at a young age (Figure 

5). Long-term follow-up showed that ultrasound imaging allows observation of atheroscle-

rosis progression even in thin arterial walls (average 0.49 mm (± 0.06 mm)). These results 
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Figure 5. Intima–media thickness data from unaff ected siblings and children with familial 
hypercholesterolemia

Intima–media thickness data from 95 unaff ected siblings and 214 children with familial 
hypercholesterolemia aged 13.0 years (SD 3.0; range 7.9–18.9). Intima–media thicknesses are 0.46 mm 
(SD 0.054 mm) and 0.48 mm (SD 0.054 mm), respectively (p = 0.004). Even at a young age, intima–
media thickness measurements can detect early increases in arterial wall thickness in those at high 
cardiovascular disease risk. In the same children, using the same ultrasonography imaging protocol, 
statin therapy for 2 years yielded favorable eff ects when compared with placebo. The strength of the 
standardized intima–media measurement lies in its potential to noninvasively identify cardiovascular 
disease risk and show treatment eff ects in populations in need of atherosclerosis prevention before the 
outbreak of disease. Abbreviations: FH, familial hypercholesterolemia; IMT, intima–media thickness
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indicate that the observation of treatment eff ects depends on the diff erence in IMT change 

between treatment groups, regardless of the stage and extent of the disease. The effi  cacy of 

antiatherosclerotic agents is, therefore, best tested in populations with a high atherosclerosis 

progression rate, but not necessarily in a population with a high burden of atherosclerosis. 

CAROTID AND CORONARY ULTRASONOGRAPHY: COMPLEMENTARY IMAGING 
MODALITIES  

The results of the previously mentioned studies underline the utility of carotid ultrasonog-

raphy as a tool to assess cardiovascular drug eff ects. To be convincing clinically, a novel drug 

has to prove its antiatherosclerotic eff ects in the vascular bed that is directly related to its 

clinical symptoms—for cardiovascular disease this means the coronary arteries. 

IVUS of the coronary arteries is a validated and standardized tool for observing the eff ects 

of novel antiatherosclerotic drugs on coronary atheroma volume (30-32). The fi ndings of the 

ARBITER carotid IMT study, (61) the IVUS-based Reversal of Atherosclerosis with Aggressive 

Lipid Lowering (REVERSAL) trial (62) and the large outcome study Pravastatin or Atorvastatin 

Evaluation and Infection Therapy–Thrombolysis in Myocardial Infarction 22 (PROVE IT–TIMI 

22) (63) in patients with acute coronary syndromes were similar, in that they all showed 

80 mg ator vastatin (i.e. aggressive lipid lowering) to be superior to 40 mg pravastatin (i.e. 

moderate lipid lowering).

More recently, the results of the Rating Atherosclerotic Disease Change by Imaging with a 

New CETP Inhibitor (RADIANCE) 1 trial (64) in heterozygous patients with familial hypercho-

lesterolemia and the RADIANCE 2 trial (65) in patients with mixed dyslipidemia, in addition 

to the Lipid Level Management Using Coronary Ultrasound to Assess Reduction of Athero-

sclerosis by CETP Inhibition and HDL Elevation (ILLUSTRATE) IVUS-based trial, (66) showed no 

benefi t of 60 mg torcetrapib on arterial wall parameters despite impressive and benefi cial 

lipoprotein changes. These fi ndings indicated that this agent had off -target toxic eff ects and 

were corroborated by the results of the large morbidity and mortality study of this drug—the 

Investigation of Lipid Level to Understand Its Impact in Atherosclerotic Events (ILLUMINATE) 

trial (67).

CONCLUSIONS

Surrogate markers of atherosclerosis such as carotid IMT can identify populations and 

individuals at increased cardiovascular disease risk and can guide future treatment in car-
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diovascular disease prevention. Observational studies and clinical trials have demonstrated 

the strong relationship between carotid IMT progression and regression, and cardiovascular 

events. With IMT data from many epidemiological studies and clinical trials accumulating, 

there is increasing evidence that IMT measurement can be used at individual level to refi ne 

cardiovascular disease risk scores. As B-mode ultrasonography is a relatively new technique 

and involves training and craftsmanship, offi  cial acceptance of carotid IMT as a routine mea-

surement in risk evaluation is still under discussion. Carotid IMT in fact meets the criteria of 

a validated marker for the assessment of atherosclerotic vascular disease and can evaluate 

novel agents in the true spirit of prevention before the emergence of clinical disease.

KEY POINTS

In atherosclerosis research, surrogate markers are important in the early identifi cation of • 

disease, and in risk assessment and the evaluation of drug effi  cacy

If imaging modalities are to be used in clinical studies and pharmaceutical trials, technical • 

optimization and stringent standardization are required

Carotid ultrasonography is a noninvasive method for measuring carotid intima–media • 

thickness—a validated surrogate marker of atherosclerotic disease—that allows athero-

sclerosis assessment in individuals across the entire cardiovascular risk spectrum

Carotid intima–media thickness measurements can be used to assess the consequences • 

of cardiovascular disease risk reduction in patients and to investigate novel antiathero-

sclerotic strategies in clinical trials

REFERENCES

 1. Libby P. Infl ammation in atherosclerosis. Nature 2002;420:868-74.
 2. Celermajer DS, Sorensen KE, Gooch VM, et al. Non-invasive detection of endothelial dysfunction in children and adults 

at risk of atherosclerosis. Lancet 1992;340:1111-5.
 3. Schoenhagen P, Ziada KM, Vince DG, et al. Arterial remodeling and coronary artery disease: the concept of “dilated” 

versus “obstructive” coronary atherosclerosis. J Am Coll Cardiol 2001;38:297-306.
 4. Dawber TR, Moore FE, Mann GV. Coronary heart disease in the Framingham study. Am J Public Health 1957;47:4-24.
 5. Murray CJ, Lopez AD. Mortality by cause for eight regions of the world: global burden of disease study. Lancet 

1997;349:1269-76.
 6.  Boissel JP , Collet JP, Moleur P, Haugh M. Surrogate endpoints: a basis for a rational approach. Eur J Clin Pharm 

1992;43:235-44.
 7. Prentice RL. Surrogate endpoints in clinical trials: defi nition and operational criteria. Stat Med 1989;8:431-40.
 8. Touboul PJ , Hennerici MG, Meairs S, et al; Advisory Board of the 3rd Watching the Risk Symposium 2004, 13th European 

Stroke Conference. Mannheim intima–media thickness consensus. Cerebrovasc Dis 2004;18:346-9.
 9. Bots ML, Dijk JM, Oren A, Grobbee DE. Carotid intima–media thickness, arterial stiff ness and risk of cardiovascular 

disease: current evidence. J Hypertens 2002;20:2317-25.
 10. Bots ML, Hoes AW, Koudstaal PJ, et al. Common carotid intima–media thickness and risk of stroke and myocardial infarc-

tion: the Rotterdam Study. Circulation 1997;96:1432-7.
 11. Hollander M, Bots ML, Del Sol AI, et al. Carotid plaques increase the risk of stroke and subtypes of cerebral infarction in 

asymptomatic elderly: the Rotterdam Study. Circulation 2002;105:2872-7.



Overview of IMT measurements 217

 12.  Chambless LE, Heiss G, Folsom AR, et al. Association of coronary heart disease incidence with carotid arterial wall 
thickness and major risk factors: the Atherosclerosis Risk in Communities (ARIC) Study, 1987–1993. Am J Epidemiol 
1997;146:483-94.

 13. Heiss G, Sharrett AR, Barnes R, et al. Carotid atherosclerosis measured by B-mode ultrasound in populations: associa-
tions with cardiovascular risk factors in the ARIC study. Am J Epidemiol 1991;134:250-6.

 14. Bond MG, Barnes RW, Riley WA, et al. High resolution B-mode ultrasound scanning methods in the Atherosclerosis Risk 
in Communities Study (ARIC). J Neuroimaging 1991;1:68-73.

 15. Howard G, Sharrett AR, Heiss G, et al. Carotid artery intimal–medial thickness distribution in general populations as 
evaluated by B-mode ultrasound. Stroke 1993;24:1297-304.

 16. Chambless LE, Folsom AR, Davis V, et al. Risk factors for progression of common carotid atherosclerosis: the Atheroscle-
rosis Risk in Communities Study, 1987–1998. Am J Epidemiol 2002;155:38-47.

 17. van der Meer IM, Iglesias del Sol A, Hak AE, et al. Risk factors for progression of atherosclerosis measured at multiple sites 
in the arterial tree: the Rotterdam Study. Stroke 2003;34:2374-9.

 18. O’Leary DH, Polak JF, Kronmal RA, et al. Carotid-artery intima and media thickness as a risk factor for myocardial infarc-
tion and stroke in older adults. Cardiovascular Health Study Collaborative Research Group. N Engl J Med 1999;340:14-
22.

 19. Ludwig M , von Petzinger-Kruthoff  A, von Buquoy M, Stumpe KO. Intima media thickness of the carotid arteries: early 
pointer to arteriosclerosis and therapeutic endpoint [German]. Ultraschall Med 2003;24:162-74.

 20. Baldassarre D, Amato M, Bondioli A, et al. Carotid artery intima–media thickness measured by ultrasonography in 
normal clinical practice correlates well with atherosclerosis risk factors. Stroke 2000;31:2426-30.

 21. Greenland P, Abrams J, Aurigemma GP, et al. Prevention Conference V: beyond secondary prevention: identifying the 
high-risk patient for primary prevention: noninvasive tests of atherosclerotic burden: Writing Group III. Circulation 
2000;101:e16-22.

 22. European Society of Hypertension–European Society of Cardiology Guidelines Committee. European Society of 
Hypertension–European Society of Cardiology guidelines for the management of arterial hypertension. J Hypertens 
2003;21:1011-53.

 23. De Backer G , Ambrosioni E, Borch-Johnsen K, et al.; Third Joint Task Force of European and Other Societies on Cardio-
vascular Disease Prevention in Clinical Practice. European guidelines on cardiovascular disease prevention in clinical 
practice. Eur Heart J 2003;24:1601-10.

 24. Wittes J, Lakatos E, Probstfi eld J. Surrogate endpoints in clinical trials. Stat Med 1989;8:415-25.
 25. Demol P, Weihrauch R. Surrogate endpoints. Their utility for evaluating therapeutic effi  cacy in clinical trials. Appl Clin 

Trials 1998;7:46-56.
 26. Hennerici M, Neuerburg-Heusler D. Vascular diagnosis with ultrasound. New York 1998: Thieme, Stuttgart.
 27. Glagov S, Weisenberg E, Zarins CK, et al. Compensatory enlargement of human atherosclerotic coronary arteries. N Engl 

J Med 1987;316:1371-5. 
 28. Probstfi eld JL, Byington RP, Egan DA, et al. Methodological issues facing studies of atherosclerotic change. Circulation 

1993;87:II74-81.
 29. Greenland P, LaBree L, Azen SP, et al. Coronary artery calcium score combined with Framingham score for risk prediction 

in asymptomatic individuals. JAMA 2004;291:210-5.
 30. Nissen SE, Tuzcu EM, Schoenhagen P, et al. Eff ect of intensive compared with moderate lipid-lowering therapy on 

progression of coronary atherosclerosis: a randomized controlled trial. JAMA 2004;291:1071-80.
 31. Nissen SE, Tuzcu EM, Schoenhagen P, et al.; Reversal of Atherosclerosis with Aggressive Lipid Lowering (REVERSAL) 

Investigators. Statin therapy, LDL cholesterol, C-reactive protein, and coronary artery disease. N Engl J Med 2005;352:29-
38.

 32. Nissen SE, Nicholls SJ, Sipahi I, et al; ASTEROID Investigators. Eff ect of very high-intensity statin therapy on regression of 
coronary atherosclerosis: the ASTEROID trial. JAMA 2006;295:1556-65.

 33. Nissen SE, Tuzcu EM, Libby P, et al.; CAMELOT Investigators. Eff ect of antihypertensive agents on cardiovascular events 
in patients with coronary disease and normal blood pressure: the CAMELOT study: a randomized controlled trial. JAMA 
2004;292:2217-25.

 34.  Nissen SE, Tuzcu EM, Brewer HB, et al.; ACAT Intravascular Atherosclerosis Treatment Evaluation(ACTIVATE) Investigators. 
Eff ect of ACAT inhibition on the progression of coronary atherosclerosis. N Engl J Med 2006;354:1253-63. 

 35. Pignoli P, Tremoli E, Poli A, et al. Intimal plus medial thickness of the arterial wall: a direct measurement with ultrasound 
imaging. Circulation 1986;74:1399-406.

 36. Blankenhorn DH, Hodis HN. George Lyman Duff  Memorial Lecture. Arterial imaging and atherosclerosis reversal. Arte-
rioscler Thromb 1994;14:177-92.

 37.  de Groot E, Hovingh GK, Wiegman A, et al. Measurement of arterial wall thickness as a surrogate marker for atheroscle-
rosis. Circulation 2004;109:III33-8

 38.  Espeland MA, O’Leary DH, Terry JG, et al. Carotid intimal–media thickness as a surrogate for cardiovascular disease 
events in trials of HMG-CoA reductase inhibitors. Curr Control Trials Cardiovasc Med 2005;6:3.



218 Chapter 14

 39.  Crouse JR 3rd, Grobbee DE, O’Leary DH, et al. Measuring Eff ects on intima media thickness: an evaluation of rosu-
vastatin in subclinical atherosclerosis—the rationale and methodology of the METEOR study. Cardiovasc Drugs Ther 
2004;18:231-8.

 40.  Bots ML, Evans GW, Riley WA, Grobbee DE. Carotid intima–media thickness measurements in intervention studies. 
Designs options, progression rates and sample size considerations: a point of view. Stroke 2003;34:2985-94.

 41.  Parisot C. The DICOM standard. A breakthrough for digital information exchange in cardiology. Int J Card Imaging 
1995;11:171-7.

 42.  Karson TH, Zepp RC, Chandra S, et al. Digital storage of echocardiograms off ers superior image quality to analog storage, 
even with 20:1 digital compression: results of the Digital Echo Access Study. J Am Soc Echocardiogr 1996;9:769-78.

 43.  de Groot E, Zwinderman AH, van der Steen AF, et al. Variance components analysis of carotid and femoral intima–media 
thickness measurements. REGRESS Study Group, Interuniversity Cardiology Institute of The Netherlands, Utrecht, The 
Netherlands. Regression Growth Evaluation Statin Study. Ultrasound Med Biol 1998;24:825-32.

 44.  Wiegman A, Hutten BA, de Groot E, et al. Effi  cacy and safety of statin therapy in children with familial hypercholester-
olemia: a randomized controlled trial. JAMA 2004;292:331-7.

 45.  de Groot E, Jukema JW, Montauban van Swijndregt AD, et al. B-mode ultrasound assessment of pravastatin treatment 
eff ect on carotid and femoral artery walls and its correlations with coronary angiographic fi ndings: a report of the 
Regression Growth Evaluation Statin Study (REGRESS). J Am Coll Cardiol 1998;31:1561-7.

 46. Sramek A, Bosch JG, Reiber JH, et al. Ultrasound assessment of atherosclerotic vessel wall changes: reproducibility of 
intima–media thickness measurements in carotid and femoral arteries. Invest Radiol 2000;35:699-706.

 47.  Smilde TJ, van Wissen S, Wollersheim H, et al. Eff ect of aggressive versus conventional lipid lowering on atheroscle-
rosis progression in familial hypercholesterolaemia (ASAP): a prospective, randomized, double-blind trial. Lancet 
2001;357:577-81.

 48.  Meuwese MC,  Duivenvoorden R, Davidson MH, et al. Eff ect of ACAT inhibition on carotid atherosclerosis in familial 
hypercholesterolemia [abstract]. J Clin Lipidol 2007;1:382(157). 

 49.  Duivenvoorden R, Nederveen AJ, de Groot E, Kastelein JJ. Atherosclerosis imaging as benchmark in cardiovascular drug 
development. Curr Opin Lipidol 2007;18:613-21.

 50. Wang JG, Staessen JA, Li Y, et al. Carotid intima–media thickness and antihypertensive treatment. A meta-analysis of 
randomized controlled trials. Stroke 2006;37:1933-40.

 51.  Hodis HN, Mack WJ, Azen SP, et al; Women’s Estrogen-Progestin Lipid-Lowering Hormone Atherosclerosis Regression 
Trial Research Group. Hormone therapy and the progression of coronary-artery atherosclerosis in postmenopausal 
women. N Engl J Med 2003;349:535-45. 

 52.  Waters DD, Alderman EL, Hsia J, et al. Eff ects of hormone replacement therapy and antioxidant vitamin supplements on 
coronary atherosclerosis in postmenopausal women: a randomized controlled trial. JAMA 2002;288:2432-40. 

 53.  Nanayakkara PW, van Guldener C, ter Wee PM, et al. Eff ect of a treatment strategy consisting of pravastatin, vitamin E, 
and homocysteine lowering on carotid intima–media thickness, endothelial function, and renal function in patients 
with mild to moderate chronic kidney disease: results from the Anti-Oxidant Therapy in Chronic Renal Insuffi  ciency 
(ATIC) Study. Arch Intern Med 2007;167:1262-70.

 54.  Salonen RM, Nyyssönen K, Kaikkonen J et al. Six-year eff ect of combined vitamin C and E supplementation on ath-
erosclerotic progression: the Antioxidant Supplementation in Atherosclerosis Prevention (ASAP) Study. Circulation 
2003;107:947-53.

 55.  Wildman RP, Schott LL, Brockwell S, et al. A dietary and exercise intervention slows menopause-associated progres-
sion of subclinical atherosclerosis as measured by intima–media thickness of the carotid arteries. J Am Coll Cardiol 
2004;44:579-85. 

 56. Agewall S, Fagerberg B, Berglund G, et al; Risk Factor Intervention Study Group, Sweden. Multiple risk intervention trial 
in high risk hypertensive men: comparison of ultrasound intima-media thickness and clinical outcome during 6 years of 
follow-up. J Intern Med 2001;249:305-14.

 57.  Blankenhorn DH, Selzer RH, Crawford DW, et al. Benefi cial eff ects of colestipol therapy on the common carotid artery. 
Circulation 1993;88:20-8.

 58.  Furberg CD, Adams HP Jr, Applegate WB, et al. Eff ect of lovastatin on early atherosclerosis and cardiovascular events. 
Asymptomatic Carotid Artery Progression Study (ACAPS) Research Group. Circulation 1994;90:1679-87.

 59.  Salonen R, Nyyssönen K, Porkkala E, et al. Kuopio Atherosclerosis Prevention Study (KAPS). A population-based primary 
preventive trial of the eff ect of LDL lowering on atherosclerotic progression in carotid and femoral arteries. Circulation 
1995;92:1758-64.

 60.  Jukema JW, Bruschke AV, van Boven AJ, et al. Eff ects of lipid lowering by pravastatin on progression and regression of 
coronary artery disease in symptomatic men with normal to moderately elevated serum cholesterol levels. The Regres-
sion Growth Evaluation Statin Study (REGRESS). Circulation 1995;91:2528-40. 

 61.  Taylor AJ, Kent SM, Flaherty PJ, et al. ARBITER: Arterial Biology for the Investigation of the Treatment Eff ects of Reducing 
Cholesterol: a randomized trial comparing the eff ects of atorvastatin and pravastatin on carotid intima medial thick-
ness. Circulation 2002;106:2055-60.

 62.  Nissen SE. Eff ect of intensive lipid lowering on progression of coronary atherosclerosis: evidence for an early benefi t 
from the Reversal of Atherosclerosis with Aggressive Lipid Lowering (REVERSAL) trial. Am J Cardiol 2005;96:61F-8.



Overview of IMT measurements 219

 63.  Cannon CP Braunwald E, McCabe CH, et al.; Pravastatin or Atorvastatin Evaluation and Infection Therapy-Thrombolysis 
in Myocardial Infarction 22 Investigators. Intensive versus moderate lipid lowering with statins after acute coronary 
syndromes. N Eng J Med 2004;350:1495-504.

 64.  Kastelein JJ, van Leuven SI, Burgess L, et al.; RADIANCE 1 Investigators. Eff ect of torcetrapib on carotid atherosclerosis in 
familial hypercholesterolemia. N Engl J Med 2007;356:1620-30.

 65.  Bots ML, Visseren FL, Evans GW, et al.; RADIANCE 2 Investigators. Torcetrapib and carotid intima-media thickness in 
mixed dyslipidaemia (RADIANCE 2 study): a randomised, double-blind trial. Lancet 2007;370:153-60. 

 66.  Nissen SE, Tardif JC, Nicholls SJ, et al.; ILLUSTRATE Investigators. Eff ect of torcetrapib on the progression of coronary 
atherosclerosis. N Engl J Med 2007;356:1304-16.

 67.  Barter PJ, Caulfi eld M, Eriksson M, et al.; ILLUMINATE Investigators. Eff ects of torcetrapib in patients at high risk for 
coronary events. N Engl J Med 2007;357:2109-22.





Chapter 15
Eff ect of ACAT inhibition on 

the progression of carotid 

atherosclerosis in patients with 

familial hypercholesterolemia

The CAPTIVATE study

Marijn C Meuwese, Eric de Groot, John JP Kastelein, Mieke D Trip, Leiv Ose2, Frans J Maritz 

†, Dick CG Basart, Rafi k Habib, Michael H Davidson, Aeilko H Zwinderman, Lee R Schwocho, 

Evan A Stein, for the CAPTIVATE Investigators

Submitted for publication , original research



222 Chapter 15

ABSTRACT

Context: Inhibition of acyl-coenzyme A: cholesterol acyltransferase (ACAT), an intracellular 

enzyme involved in cholesterol accumulation, with the compound pactimibe was developed 

to assist in the prevention of cardiovascular disease.

Objective: To assess the effi  cacy and safety of pactimibe administration in reducing athero-

sclerosis progression in carotid arteries.

Design, Setting and Patients: Randomized, stratifi ed, double-blind, placebo-controlled 

study (Carotid Atherosclerosis Progression Trial Investigating Vascular ACAT Inhibition Treat-

ment Eff ects (CAPTIVATE)) in 892 patients heterozygous for familial hypercholesterolemia 

(FH); conducted at 40 lipid clinics in the United States, Canada, Europe, South Africa and Israel 

between February 2004 and December 2005.

Intervention: Participants received either 100 mg pactimibe OD (n = 443) or placebo (n = 

438), in addition to standard lipid lowering therapy.

Main Outcome Measure: Atherosclerosis as assessed by B-mode ultrasound measurements 

of carotid intima-media thickness (CIMT).

Results: The CAPTIVATE study was terminated prematurely after a follow-up of 15 months, 

since ACTIVATE, a companion study using intravascular coronary ultrasound (IVUS), failed to 

demonstrate effi  cacy of pactimibe. In our study, patients treated with pactimibe exhibited an 

increase of LDL-cholesterol of 7.3% compared to 1.4% with placebo (p = 0.001). All images of 

patients with ≥ 2 scans at least 40 weeks apart were analyzed (n = 716). While progression of 

maximum CIMT did not diff er between groups (Δ 0.004 mm, p = 0.64), progression of mean 

CIMT was 0.014 mm (p = 0.04) larger in pactimibe treated patients compared to placebo. 

In concordance with CIMT results, major cardiovascular events (composite of cardiovascular 

death, myocardial infarction and stroke) occurred more often with pactimibe (2.3%) than 

placebo (0.2%, p = 0.007).

Conclusions: Pactimibe was associated with enhanced progression of carotid atherosclerosis 

as well as increased incidence of major cardiovascular events in FH patients. This study is 

the third in a series of vascular imaging trials to report that ACAT inhibition does not inhibit 

atherosclerosis progression and may even promote cardiovascular events.

Trial Registration: clinicaltrials.gov Identifi er: NCT00151788

Key words: ACAT, pactimibe, familial hypercholesterolemia, intima-media thickness

Abbreviations: ACAT, acyl-coenzyme A: cholesterol acyltransferase; CIMT, carotid intima-

media thickness; CVD, cardiovascular disease; FH, familial hypercholesterolemia; IVUS, 

intravascular ultrasound
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INTRODUCTION

Cardiovascular disease (CVD) remains a leading cause of death in the Western world despite 

current treatment modalities. Cholesterol lowering therapy, especially with statins, has been 

clearly demonstrated to be the single most eff ective, cost eff ective and safest method to 

reduce CVD risk and events and as such has become the cornerstone of prevention of CVD 

(1). However, reducing circulating low density lipoprotein cholesterol (LDL-c), while eff ective, 

has limitations and requires years of treatment to exert its impact. Therefore, research eff orts 

continue to be directed at additional targets for treatment. One potential target is the inhibi-

tion of the intracellular enzyme acyl-coenzyme A: cholesterol acyltransferase (ACAT) which is 

key to controlling the accumulation of cholesterol within cells, including macrophages and 

the arterial wall. 

ACAT esterifi es free cholesterol in a variety of cells. Two isoforms of ACAT have been identifi ed. 

ACAT1 is present in many cell types, including macrophages; ACAT2 is active in the intestine 

and liver (2, 3). In these intestinal cells, it promotes incorporation of dietary cholesterol into 

chylomicrons for transport to the liver. In hepatocytes, esterifi cation of free cholesterol pre-

cedes its incorporation into very low-density lipoprotein (VLDL) particles. In theory, inhibition 

of ACAT1 could prevent the transformation of macrophages into foam cells in the vessel wall 

and thereby slow the progression of atherosclerosis and prevent the development of vulner-

able plaque. In addition, inhibition of ACAT2 could decrease serum lipid levels by reducing 

the synthesis of lipoproteins.

Pactimibe (CS-505) is a potent inhibitor of both ACAT1 and ACAT2. Treatment with ACAT inhibi-

tors showed promising results for the prevention of atherosclerosis in various animal models 

(4-7). However, some results were ambiguous. Deletion of ACAT1 in atherosclerosis-prone 

mice was both reported to lead to an increase as well as to an attenuation of atherosclerosis 

in diff erent studies (8-10). Also, deletion of ACAT2 in mice on a normal diet did not result in 

lipid or lipoprotein changes (11). Furthermore, the fi rst human trials evaluating the eff ects of 

ACAT inhibition on coronary atherosclerosis, measured by intravascular coronary ultrasound 

(IVUS), i.e. the A-plus (avasimibe) and ACTIVATE (pactimibe) trials, did not show any benefi cial 

eff ect of ACAT inhibition on coronary atherosclerosis (12, 13).

Parallel to the ACTIVATE trial, the Carotid Atherosclerosis Progression Trial Investigating Vas-

cular ACAT Inhibition Treatment Eff ects (CAPTIVATE) study was conducted. Here we report 

the results of this phase 2/3 randomized, stratifi ed, double-blind, placebo-controlled clinical 

trial assessing the effi  cacy and safety of pactimibe in reducing progression of atherosclerosis 

as measured by carotid intima-media thickness (CIMT) in patients heterozygous for familial 

hypercholesterolemia (FH).
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METHODS

Study design

The CAPTIVATE study was a prospective, randomized, stratifi ed, double-blind, placebo-

controlled study comparing 100 mg pactimibe (CS-505) OD to placebo in addition to usual 

care in patients with heterozygous FH and carotid atherosclerosis.  This was an investigator 

initiated protocol and the fi nal trial protocol was designed in collaboration with the study 

sponsors. The protocol was reviewed and approved by the institutional review board at each 

of the participating centers, and all participants provided written informed consent prior to 

entry into the trial. 

The Cleveland Clinic Cardiovascular Coordinating Center (C5) in Cleveland, Ohio acted as the 

Clinical Events Committee (CEC) that independently reviewed suspected events to confi rm all 

cardiovascular secondary endpoints. The CEC reviewed and provided comments on the study 

protocol and adjudicated the clinical endpoints of the study based on rigorous defi nitions 

specifi ed in the protocol. A Data Safety and Monitoring Board (DSMB), that was independent 

of the CEC, monitored the safety of subjects in both treatment groups during the study as 

described in the DSMB Charter developed for CAPTIVATE.

The study was conducted at 40 lipid clinics in the United States, Canada, Europe, South Africa 

and Israel between February 2004 and December 2005. The treatment was discontinued on 

26 October 2005, when the parallel phase 2 ACAT Intravascular Atherosclerosis Treatment 

Evaluation (ACTIVATE) study failed to demonstrate effi  cacy of pactimibe versus placebo (13). 

The planned study duration was 24 months.

Main inclusion criteria were age 40 to 75 years (male) or 45 to 75 years (female); a diagnosis 

of heterozygous familial hypercholesterolemia either by genotyping or by having met the 

diagnostic criteria outlined by the World Health Organization; low density lipoprotein-

cholesterol (LDL-c) level above 100 mg/dL (2.5 mmol/L) and triglycerides less than 500 mg/

dL (5.65 mmol/L) while on usual and stable lipid-lowering therapy; and evidence of carotid 

atherosclerosis (defi ned as the presence of a maximum CIMT in any wall of the common 

carotid arteries > 0.7 mm on B-mode carotid ultrasound examination performed at screening 

with a maximum of 2.5 mm). Exclusion criteria included high grade stenosis or occlusion of 

the carotid artery, symptomatic heart failure or a cardiovascular event in the 3 months prior 

to randomization and uncontrolled hypertension or diabetes mellitus.

The study consisted of two periods, a lead-in period of up to 4 weeks and a double-blind 

treatment period with a scheduled duration of 104 weeks.  At the conclusion of the lead-in 

period, patients were assigned randomly in a 1:1 fashion, to receive either 100 mg pactimibe or 
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matching placebo tablets. The study randomization was performed using random permuted 

blocks within strata. Since statin use is known to infl uence the progression of atherosclerosis, 

subject randomization was stratifi ed according to the duration of prior statin treatment (less 

than 24 months versus greater than or equal to 24 months). Visits were scheduled at day 1 

and 1, 3, 6, 9, 12, 15, 18, and 24 months after randomization.

Laboratory tests

All laboratory tests were performed in a certifi ed, central, clinical laboratory (Medical Research 

Laboratory International Inc., Highland Heights, Kentucky, United States and Zaventem, 

Belgium). Lipid and lipoprotein levels were determined every 3 months. Routine laboratory 

safety testing included extensive chemistry testing (liver and renal function tests, creatinine, 

creatine kinase, glucose), hematological measurements and urinalysis. Infl ammatory mark-

ers, such as serum high-sensitivity C-reactive protein (hsCRP), were measured at baseline and 

after 3 months.

Carotid Intima-Media Thickness measurement

All patients underwent B-mode ultrasound imaging for CIMT measurements. Duplicate scans 

were performed at baseline and at 12 months to increase the power of the trial and for qual-

ity control of image acquisition. Three carotid arterial segments were assessed: the common 

carotid (1 centimeter proximal to the bulb), the carotid bulb (between the dilatation and fl ow 

divider) and the internal carotid (1 centimeter distal to the fl ow divider). Of each segment 

the near and the far walls of the left- and right carotid artery segments were imaged at two 

diff erent angles; a total of 22 views. The best image of each view was selected by the sonog-

rapher as a high resolution still frame in 2 x 2 centimeter regional expansion selection (RES) 

mode. Also, to provide the image analyst with dynamic information of the vessel wall for each 

view, an associated video clip was obtained. Acuson Aspen ultrasound instruments (Siemens) 

were equipped with L7 linear array broadband (5-12MHz) transducers. The change in luminal 

diameter and wall compliance of the common carotid artery was measured by M-mode ul-

trasound. All images were saved in digital imaging in communications in medicine (DICOM) 

format and saved to magnetic optical disks for transfer to the ultrasound core lab located 

at the Academic Medical Center (AMC Vascular Imaging, Department of Vascular Medicine, 

Amsterdam, The Netherlands). Standardized equipment and protocols were used for image 

and data management. Qualitative and quantitative image analyses were performed with 

in house developed CAPTIVATE trial dedicated image analysis software (eTrack, Academic 

Medical Center, Amsterdam, the Netherlands). On each image analysts selected a region of 

interest. In the far wall, the analyst positioned cursors along the leading edges of the lumen-

intima and the media-adventitia interfaces. In near walls the cursors were positioned along 

the trailing edges of the (estimated) adventitia-media and intima-lumen interfaces. The 

cursors of each of the given interfaces were splined by the image analysis software program. 



226 Chapter 15

The maximum and mean (or average) distances between the splines were calculated for each 

view. This distance was defi ned as IMT. Also, at a single point, the distal common carotid 

lumen diameter was measured continuously for at least 3 heartbeats, from the leading edge 

of the intima-lumen interface of the near wall to the intima-lumen interface of the far wall 

using M-mode ultrasound. The change in lumen diameter and the change in pulse pressure 

were used to calculate the wall compliance from end diastole to peak systole. At time of 

effi  cacy assessment, readers were blinded to site, sonographer and time point of the scan. To 

ensure quality of image acquisition and image analyses, all sonographers and readers were 

trained and certifi ed for the study. Quality control was implemented regularly during the trial 

and qualitative and quantitative feedback was given to sonographers and readers on their 

performance. Meetings of sonographers and readers and recurring site visits were also done 

to safeguard standardization of protocols.

Study endpoints 

Primary endpoint was the maximum CIMT of a given arterial wall. Secondary endpoint was 

the mean CIMT. Maximum and mean CIMTs were defi ned and calculated as the per scan ag-

gregate of the maximum and mean CIMTs of available views. In statistical analyses the diff er-

ence in progression in the CIMTs between treatment groups was assessed. A priori, based on 

previous study data and assuming an α of 0.05, a β of 0.1 (a power of 90%), it was calculated 

that 398 subjects per treatment group were required to detect a 0.04 mm maximum CIMT 

diff erence between groups after two years of treatment. A common standard deviation of 

0.16 mm and a drop out rate of 15% were assumed. Intraclass correlation coeffi  cients for the 

maximum CIMT between duplicate scans were 0.92 for the baseline measurements in 719 pa-

tients and 0.91 for the 12 months follow-up measurements in 716 patients. Inter-sonographer, 

inter-reader and natural variances were all included in the calculated variance between visits. 

After premature discontinuation, in-trial reproducibility showed that the available B-mode 

ultrasound scans would meet the a priori set requirements to detect a relative change in 

CIMT of at least 0.04 mm.

Safety assessments

Safety was assessed by vital signs, adverse event reports, laboratory data, including an adre-

nocorticotropic hormone (ACTH) stimulation test and fecal occult blood test, and electrocar-

diograms. At baseline a chest X-ray was made of all participants. Clinical adverse events were 

reported at each study visit. Clinically signifi cant abnormal physical fi ndings or laboratory 

values were recorded as adverse events. The incidence and the time to fi rst occurrence of car-

diovascular events, defi ned as the composite of cardiovascular death, non-fatal myocardial 

infarction (MI), non-fatal stroke (CVA), carotid revascularization, coronary revascularization, 

and hospitalization for unstable angina or cardiovascular death, non-fatal MI and stroke, was 

determined. The safety population includes all randomized subjects who were administered 
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at least one dose of study medication. All randomized subjects who received at least one 

dose of randomized study medication were to be followed for cardiovascular events for 24 

months. The Intent-to-Treat population included all randomized subjects who received at 

least one dose of randomized study medication and had at least one post-baseline effi  cacy 

assessment.

Statistical analyses

The maximum CIMT values of all available segment-walls were averaged per person both for 

both baseline visits and for both 12 months visits and these averages were named the maxi-

mum CIMT. Similarly the mean CIMT values of all available segment-walls were averaged per 

person per visit, and these are named the mean CIMT. Subsequently, the absolute diff erence 

between the 12 months value and the baseline value was calculated per person, and this was 

named the annual CIMT change. For the statistical analysis we used covariance analysis with 

annual CIMT change as the dependent variable, and baseline CIMT and treatment-group as 

independent variables. Missing measurements of CIMT measurements of arterial segment 

walls were imputed using a multiple imputation scheme. Missing CIMT measurements were 

fi ve times imputed, and imputations were drawn from the conditional distribution given 

CIMT measurements of all other arterial segment walls in all available visits using an MCMC 

algorithm (14). Results from the imputed datasets were averaged. 

The incidence of adjudicated cardiovascular events was defi ned as the composite of cardiovas-

cular death, non-fatal MI, non-fatal stroke, coronary revascularization, carotid revasculariza-

tion, and hospitalization for unstable angina or cardiovascular death, non-fatal MI and stroke. 

The incidence of adjudicated cardiovascular events was compared between the pactimibe 

and placebo group using the Pearson Chi-square test, and by the diff erence in composite 

endpoint proportions and the two-tailed 95% confi dence interval for this diff erence.

Additional continuous variable analyses included endpoint and time-point treatment 

comparisons of the following lipid and lipoprotein parameters: LDL-c, total cholesterol, high 

density lipoprotein-cholesterol (HDL-C), triglycerides, Apo B and Apo A1. Percentage change 

from baseline in lipid and lipoprotein levels was assessed using the Student’s T-test. Safety 

data were analyzed with the use of a linear model with terms for baseline value, hypertensive 

status, age, sex, race, smoking status, history of diabetes mellitus, body mass index (BMI), 

creatinine clearance, and treatment.
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RESULTS

Patient enrollment and characteristics

Between February 2004 and February 2005, 1200 FH patients were screened and 892 were 

randomized (Figure 1), of those 443 received pactimibe and 438 received placebo on top 

of usual care. In each group 5 patients were excluded from analysis, because of the lack of 

lipid values or information on post-baseline cardiovascular endpoints. Fifty-one patients 

discontinued pactimibe treatment (12%), 41 patients discontinued placebo (9%). At the end 

of the study on October 26, 2005, the mean follow-up was 15 ± 5 months. 716 of 892 patients 

underwent carotid ultrasonography both at baseline and after at least 40 weeks of follow-up. 

Baseline characteristics and cardiovascular medical history of the participants are reported in 

Table 1. Baseline characteristics were well balanced between the two groups. 

Table 1. Baseline characteristics and medical history of cardiovascular disease

 Placebo Pactimibe

 n = 438 n = 443

Baseline Characteristics (Intention-to-Treat Population)

Age, yrs 54.7 ± 8.5 55.5 ± 8.5

Male gender 258 (58.9) 281 (63.4)

Smoking 

- Never 198 (45.2) 176 (39.7)

- Former 180 (41.1) 186 (42.0)

- Current 60 (13.7) 81 (18.3)

BMI, kg/m2 27.6 ± 4.3 27.6 ± 4.1

Systolic blood pressure, mmHg 128 ± 15 128 ± 17

Diastolic blood pressure, mmHg 78 ± 9 78 ± 10

Medical history of cardiovascular disease (Safety Population) n = 440 n = 451

Any cardiovascular medical history other than heterozygous FH 425 (97) 438 (97)

Hypertension 124 (28) 136 (30)

Stable angina 73 (17) 86 (19)

Unstable angina 29 (7) 23 (5)

Myocardial infarction 69 (16) 59 (13)

CABG 70 (16) 66 (15)

PTCA 42 (10) 53 (12)

Stroke 2 (0.5) 7 (2)

TIA 4 (0.9) 12 (3)

Peripheral Artery Disease 16 (4) 16 (4)

Diabetes Mellitus 24 (6) 19 (4)

Results are presented as mean ± SD or n (%). Baseline is the last measurement on or before the date of the 
fi rst dose of randomized study medication.
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Eff ect of pactimibe on lipid and lipoprotein levels

Table 2 shows that laboratory values at randomization and after discontinuation of the study 

were similar in the two groups. The mean LDL-c level at baseline was 139 ± 42 mg/dL in the 

placebo group and 141 ± 42 mg/dL in the pactimibe group. After 6 months treatment with 

pactimibe, LDL-c signifi cantly increased with 7.3% from baseline compared to 1.4% in the 

placebo group (p = 0.001). This modest increase in LDL-c, accompanied by an increase in Apo 

B, was observed throughout the study and disappeared after discontinuation of study medi-
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  448 Received Pactimibe as Assigned 
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50 Other Reasons

444 Assigned to Receive Placebo 

  443 Received Placebo as Assigned 

  1 Did not Receive Assigned Placebo  

  3 Received at least 1 Dose of Pactimibe     

(Included in the Pactimibe group for Safety 

Analysis) 

440 Included in Safety Analysis 

400 On Pactimibe until Study Termination     

51 Discontinued Pactimibe  

  (Reasons: Clinical or Laboratory Adverse 

Events 27; Subject Request 17; Requirement 

for Restricted Medications 1; Protocol 

Violation 2; Investigator Judgment 1; Non-

compliance 1; Other 2) 

 2 Lost to Follow-up 

399 On Placebo until Study Termination 

  41 Discontinued Placebo  

  (Reasons: Clinical or Laboratory Adverse 

Events 20; Subject Request 14; Protocol 

Violation 4; Non-compliance 1; Other 2) 

 

 

  1 Lost to Follow-up 

443 Included in Intention-to-Treat Analysis 

  5 Excluded from Analysis (No valid lipid 

values or post-baseline cardiovascular 

endpoint) 

438 Included in Intention-to-Treat Analysis 

  5 Excluded from Analysis (No valid lipid 

values or post-baseline cardiovascular 

endpoint) 

Figure 1. Study participant fl ow
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Figure 2. Change in mean Carotid Intima-Media Thickness from baseline to 12 months of treatment

The graph shows the average mean carotid intima-media thickness in 22 carotid segments evaluated 
in the study patients treated with either pactimibe or placebo. The bars represent the 95% confi dence 
intervals.

cation. The median hsCRP level at baseline was 1.0 [0.5-1.9] mg/L in the placebo group and 

1.0 [1.5-2.2] mg/L in the pactimibe group. These did not change signifi cantly after 3 months 

and were 1.1 [0.5-2.1] mg/L in the placebo group and 1.1 [0.5-2.1] mg/dL in the pactimibe 

group respectively. Furthermore, there were no signifi cant diff erences between the groups 

in HDL-c or triglycerides. 

Eff ects of pactimibe on CIMT

The results for primary and secondary effi  cacy parameters as assessed by carotid ultrasonog-

raphy are summarized in Table 3. The primary effi  cacy parameter, the annual progression of 

maximum CIMT, showed no diff erence between groups (diff erence: 0.004 mm (95% confi -

dence interval (CI): -0.023 to 0.015 mm), p = 0.64). However, the secondary effi  cacy measure, 

the annual progression of the mean IMT, was showed a signifi cant diff erence between groups 

as more progression was observed in pactimibe treated patients (diff erence: 0.014 mm (95% 

CI: -0.027 to 0.000 mm), p = 0.04). Mean CIMT progressed signifi cantly in the pactimibe group 

by 0.019 ± 0.099 mm within one year, whereas only minor progression of 0.005 ± 0.085 mm 

was observed in the placebo group. There was no signifi cant diff erence in CIMT progression 

in subgroups with HDL-c ≤ 40 mg/dL or > 40 mg/dL. No signifi cant changes were observed in 

wall compliance in either treatment group.
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Table 3. Baseline, 12 months follow-up, and change from baseline for maximum and mean Carotid Intima-
Media Thickness

Variable Placebo Pactimibe Diff erence 95% CI P

Baseline

Maximum carotid 
IMT 0.927 ± 0.185 0.937 ± 0.224 -0.010 -0.040 - 0.020 0.51

Mean carotid IMT 0.775 ± 0.141 0.785 ± 0.167 0.010 -0.032 - 0.013 0.41

12 months 
follow-up

Maximum carotid 
IMT 0.940 ± 0.199 0.955 ± 0.223 0.015 -0.046 - 0.016 0.36

Mean carotid IMT 0.781 ± 0.146 0.804 ± 0.165 0.023 -0.046 - 0.000 0.05

Diff erence from 
baseline at 12 
months

Maximum carotid 
IMT 0.013 ± 0.123 0.017 ± 0.140 0.004 -0.023 - 0.015 0.64

Mean carotid IMT 0.005 ± 0.085 0.019 ± 0.099 0.014 -0.027 - 0.000 0.04

All values are in millimeters. Data are presented as mean ± SD.

IMT, intima-media thickness; 95% CI,  95% confi dence interval.

Clinical adverse events and cardiovascular endpoints 

Adverse events were reported in 80.5% (363/451) of patients in the pactimibe group and 

79.1% (348/440, ns) in the placebo group. Liver function abnormalities (increased ALT or AST 

occurring in 1.6% [7/451] and 0.7% [3/440] of subjects respectively) were one of the more 

common reasons that led to discontinuation from the trial. In all but one subject, transami-

nase elevations returned to near normal limits at the time of the fi nal study visit. No clinically 

important treatment-related changes were observed for vital signs, ECG parameters, fecal 

occult blood, or ACTH stimulation. 

Table 4. Incidence of cardiovascular events

Incidence of cardiovascular events Placebo Pactimibe P*

Categories (n (%)) n = 438 n = 443

Cardiovascular death 1 (0.2) 3 (0.7) 0.32

Non-fatal myocardial infarction 0 6 (1.4) 0.015

Non-fatal stroke 0 1 (0.2) 0.32

Coronary revascularization 10 (2.3) 14 (3.2) 0.42

Carotid revascularization 1 (0.2) 0 0.31

Hospitalization for unstable angina # 3 (0.7) 4 (0.9) 0.72

Incidence of all cardiovascular events 15 (3.4) 28 (6.3) 0.046

Incidence of cardiovascular events # 12 (2.7) 20 (4.5) 0.16

Cardiovascular death, MI & stroke # 1 (0.2) 10 (2.3) 0.007

# Every subject only counted once. 

* Uncorrected Pearson chi-square
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Serious adverse events were reported more frequently by patients in the pactimibe group 

(10.0% (45/451)) than in the placebo group (7.7% (34/440); p = 0.24). Table 4 shows the 

incidence of cardiovascular events. Non-fatal MI occurred more frequently in pactimibe 

treated patients (1.4% (6/443) vs. 0%; p = 0.02). Furthermore, the composite endpoint of all 

cardiovascular events (6.3% (28/443) vs. 3.4% (14/438); p = 0.05) as well as the composite of 

cardiovascular death, MI and stroke (2.3% (10/443) vs. 0.2% (1/438); p = 0.007) occurred more 

frequently in pactimibe treated patients compared to placebo treated patients.

DISCUSSION

The current study shows that administration of pactimibe in addition to usual lipid lower-

ing therapy does not reduce carotid atherosclerosis progression in FH patients. While we 

observed no signifi cant diff erence in maximum CIMT between treatment arms, mean CIMT 

increased at a signifi cantly faster rate in pactimibe treated patients. In addition, LDL-c levels 

and the incidence of cardiovascular events increased as well compared to placebo.

Our study is the third in a series of vascular imaging trials to report that ACAT inhibition does 

not decrease atherosclerosis and the fi rst to suggest that it may even promote atherogenesis. 

In the parallel ACTIVATE study, the eff ects of pactimibe were studied in a group of patients 

with established coronary disease using IVUS (13). Although the primary effi  cacy variable, de-

fi ned as the change in percent atheroma volume, was neutral, both major secondary effi  cacy 

measures showed that pactimibe attenuated the regression of atherosclerosis as observed 

in the placebo group. The A-PLUS study, with a similar design to the ACTIVATE study, investi-

gated the eff ect of the ACAT-inhibitor avasimibe (12). Avasimibe tended to modestly increase 

plaque burden and signifi cantly increased LDL-c with 8 to 11%. Neither IVUS trial found an 

increase, or trend to increase, in cardiovascular events. Taken together, the consistent nega-

tive fi ndings in these surrogate marker imaging trials, along with the increase in actual CVD 

clinical end points seen in CAPTIVATE, mitigate the promise, and further development, of 

this class of drugs for cardiovascular prevention. Furthermore, the small increase in LDL-c 

levels, observed in both the A-PLUS (avasimibe) and the CAPTIVATE study, does not support 

a benefi cial eff ect of ACAT2 inhibition on lipid levels and thus, of development of selective 

ACAT2 inhibitors. 

The mechanisms underlying the pro-atherogenic eff ects of ACAT inhibition in humans as 

well as the discrepancy between promising animal studies (4-7) and the negative human 

trials remain uncertain, but several explanations have been suggested. A plausible explana-

tion is that inhibition of ACAT1 leads to accumulation of free cholesterol to toxic levels in 

macrophages, leading to cell death (15). Secondly, ACAT2 may be present in lower amounts 
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in humans than in other species and its relative contribution to plasma cholesterol levels may 

be smaller (16). Thirdly, ACAT2 has also been reported to be upregulated in macrophages of 

atherosclerotic lesions, where it could contribute to the toxic eff ect of free cholesterol ac-

cumulation (17). These would explain a limited or even pernicious eff ect of ACAT2 inhibition. 

In addition, lipid metabolism and lesion biology diff er between animals and humans. In fact, 

most animal studies were performed against a background of very high cholesterol levels. 

Another explanation could be that most animal models have a much faster rate and capacity 

of reverse cholesterol transport than humans. On the other hand, some animal studies, such 

as those by Fazio et al. (18) who demonstrated that ACAT1 defi ciency in macrophages causes 

larger atherosclerotic lesions in LDL-receptor-knockout mice, a model of homozygous FH, do 

support our results.  

Furthermore, our study underscores the supportive role of CIMT imaging in assessing the 

eff ect of therapies on the atherosclerotic disease process. The extent of carotid atherosclero-

sis, as measured by CIMT, as a predictive test for cardiovascular morbidity and mortality has 

been validated in a number of prospective epidemiological studies (19). CIMT has also been 

shown in evaluations of the effi  cacy of lipid-modifying medication (20-22), antihypertensive 

drugs (23), estrogens (24) and antioxidants (25), to be consistent with the clinical outcome 

of subsequent morbidity and mortality trials with these therapies (26). This was recently 

illustrated by the RADIANCE 1 CIMT trial, assessing HDL cholesterol raising with the CETP 

inhibitor torcetrapib (22), which was prematurely discontinued, because of increased mortal-

ity in the active treatment group in the parallel clinical endpoint trial ILLUMINATE (27). The 

design of the RADIANCE 1 trial was comparable to that of the CAPTIVATE study. It compared 

the eff ect of the CETP-inhibitor torcetrapib to placebo on top of usual care in a similar group 

of FH patients. Indeed, in line with ILLUMINATE, a signifi cant diff erence in annual mean CIMT 

progression of 0.0052 mm in favor of placebo was observed along with a signifi cant increase 

in CVD endpoints. To put our fi ndings in perspective, the diff erence observed in the current 

study, was twice as large as that observed in RADIANCE 1. These results emphasize the po-

tential value of performing small and relatively short imaging trials before exposing large 

numbers of patients to new drugs in large and prolonged morbidity and mortality trials.

Study limitations

Our study has important limitations. Premature termination of this study resulted in a limited 

effi  cacy analysis based on CIMT. The primary endpoint, the annual progression in maximum 

CIMT, did not show a statistically signifi cant diff erence between groups, whereas mean CIMT 

progression did. The diff erence in outcome between the two ultrasound parameters is most 

likely due to the more robust, less variable nature of the mean CIMT measurement compared 

to the maximum CIMT values. Secondly, although there was a statistically signifi cant diff er-

ence in the incidence of cardiovascular events between treatment groups, this study was not 
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powered to assess eff ects on clinical outcomes. Finally, this study investigated the eff ect of 

pactimibe only in FH patients. Even though the results were in line with the ACTIVATE study in 

patients with coronary artery disease, we caution generalization to non FH populations.  

CONCLUSION

In conclusion, the use of pactimibe in FH patients was associated with enhanced progression 

of carotid atherosclerosis, as assessed by mean CIMT, as well as with increased incidence of 

cardiovascular events compared to placebo. When taken in combination with the results 

of ACTIVATE and A-PLUS study, further development of ACAT inhibitors for cardiovascular 

prevention does not appear viable.
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SUMMARY

Chapter 13 described the rise and fall of ACAT inhibitors from animal studies to random-

ized placebo-controlled imaging trials. We described the method and value of IMT imaging 

as surrogate marker for cardiovascular disease in chapter 14. Finally, the CAPTIVATE study 

showed that use of the ACAT inhibitor pactimibe was associated with higher LDL-cholesterol, 

faster progression of mean IMT, and more cardiovascular events than placebo. This leads us 

to conclude that ACAT inhibition is not a viable approach to prevent CVD.

PERSPECTIVES

Animal studies do not always refl ect the human situation

At least two other lessons can be learnt from part 3. First, chapter 12 showed us the large 

diff erence in eff ect of ACAT inhibition between animal and human studies. Although animal 

studies are indispensable, sometimes animals and humans diff er more than expected, ham-

pering extrapolation. Lipid metabolism in mice and men is an example of a system, which has 

similar components, but a diff erent balance and set points. 

IMT shows the way for OPS

Second, the validation of IMT as surrogate marker for CVD, described in chapter 13, shows us 

the direction to go with imaging of endothelial glycocalyx thickness, described in chapter 2. 

It is clear that if imaging modalities are to be used in clinical studies and pharmaceutical trials, 

technical optimization and stringent standardization are required. In the past years, techni-

cal adjustments have improved resolution of our images of the sublingual microcirculation. 

Moreover, standardization of the image analysis process has greatly reduced the interob-

server variation. However, besides these technical aspects, it needs to be fi rmly established 

whether decreased endothelial glycocalyx thickness is a marker for vascular vulnerability and 

vascular disease risk, preferably in a large population study.



GENERAL SUMMARY



241General summary

GENERAL SUMMARY

In this thesis, I discuss three diff erent subjects in and around the vessel wall. After a short 

summary, I will revisit each chapter adding a few remarks.

Part 1 focuses on the endothelial glycocalyx, the layer surfacing the vessel wall, and its 

possible relation with atherosclerosis. Together with Max Nieuwdorp, Hans Mooij, Lysette 

Broekhuizen, Erik Stroes en Hans Vink, I showed a close, inverse relation between risk fac-

tor levels (diabetes, infl ammation and hypercholesterolemia) and glycocalyx volume. To a 

lesser extent, we were able to reverse damage by partial restoration of the glycocalyx layer. 

In search of the causal role of glycocalyx perturbation in atherogenesis, we stumbled on the 

unexpectedly large impact of glycocalyx perturbation on renal physiology. 

The second part deals with myeloperoxidase (MPO). Radicals formed by this enzyme damage 

the vessel wall and lipoprotein particles. We investigated the association between MPO and 

(signs of ) cardiovascular disease (CVD). However, myeloperoxidase levels in peripheral blood 

only marginally help us to predict who will suff er from CVD in many patient populations 

outside the emergency room setting. 

The last chapters of part 3 dive even deeper into the vessel wall, into the foam cells. Inhibiting 

of acyl-coenzyme A: cholesterol acyltransferase (ACAT) in these cells does not retard, but 

even worsens lesion progression. 

Part 1

Chapter 1 reviews the limited number of publications addressing the endothelial glycocalyx 

in humans and its potential role in the development in atherosclerosis. It summarizes data 

from experimental models leading to our hypothesis that the endothelial glycocalyx protects 

the vessel wall against atherosclerosis and that restoration of glycocalyx damage may pre-

vent CVD. 

In chapter 2, we present two novel tools to estimate glycocalyx dimension in humans. Our 

aim is to develop a clinically useful tool that will allow us to determine glycocalyx dimensions 

on a large scale in patients. Orthogonal polarization spectral imaging (OPS) seems to have 

better papers, than the systemic glycocalyx measurement. We showed in 24 volunteers that 

both techniques are reproducible in humans and moreover, correlate with cardiovascular 

risk factors. Currently, Hans Vink is developing faster, semi-automatic methods to analyze the 

images to curb some of the diffi  culties and limitations of the described analysis. 
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After Max Nieuwdorp had used these techniques to show that glycocalyx dimension is 

reduced during acute hyperglycemia and in type 1 diabetic patients, we turned to type 2 

diabetes mellitus (1, 2). Disturbance in the endothelial glycocalyx could contribute to the 

predisposition of diabetics to vascular complications. 

First, we tested the eff ects of sulodexide, a mixture of the glycocalyx components heparin 

and dermatan sulphate, in vitro on hyperglycemia induced glycocalyx dysfunction (chapter 

3). We show that hyperglycemia increases the permeability of cultured endothelial cells for 

albumin and that sulodexide reverses this. Increased staining of glycosaminoglycans on the 

endothelial surface upon sulodexide supports that it restores the glycocalyx. However, it 

must be noted that endothelial cells were not cultured under fl ow, which is likely to aff ect 

glycocalyx properties (3). Mirella Gouverneur and Hans Mooij are setting up culture methods 

under fl ow.

In the following chapter 4, we measured glycocalyx volume, albumin permeability and the 

eff ect of sulodexide in 20 type 2 diabetic patients. As expected, more albumin permeates the 

vessel wall in diabetics and glycocalyx volume is smaller than in healthy controls. The eff ect of 

sulodexide is, unfortunately, less pronounced than in the in vitro study. This leaves room for 

more targeted interventions, aimed at e.g increasing endogenous substrate production by 

the endothelial cells rather than supplying a random choice of glycocalyx components.

As mentioned, the glycocalyx prevents the adhesion of leukocytes and thrombocytes under 

normal conditions. Its size exceeds that of adhesion molecules, possibly hampering expo-

sure. In case of infl ammation, but also atherogenesis, these cells attach to the vessel wall. In 

chapter 5, we evaluated the eff ect of a standardized infl ammatory stimulus, i.e. a low dose 

of endotoxin of 1 ng/kg bodyweight on the glycocalyx, microcirculatory perfusion as well 

as coagulation and infl ammatory parameters in 16 healthy volunteers. Endotoxin led to loss 

of endothelial glycocalyx and shedding of the glycocalyx constituent hyaluronan into the 

plasma compartment. These changes were accompanied by reduction in perfused capillary 

density, increased monocyte activation and thrombin generation. Blockage of TNFα using 

etanercept signifi cantly attenuated these disturbances. These fi ndings are not only relevant 

for atherosclerosis, but also bear importance for sepsis. Drugs targeted at the glycocalyx may 

improve microcirculatory perfusion and prevent profound leakage through the vessel wall.

Subsequently, we turned to another important cardiovascular risk factor, hypercholester-

olemia, in chapter 6. We observed that patients with heterozygous familial hypercholes-

terolemia (FH), characterized by high LDL-cholesterol levels, have a signifi cantly smaller 

glycocalyx volume than control subjects. After treatment with rosuvastatin for 8 weeks 
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LDL-cholesterol levels completely normalized, whereas glycocalyx volume only partially 

recovered. 

Summarizing, type 2 diabetes mellitus, infl ammation and hypercholesterolemia are all ac-

companied by disturbances of the glycocalyx. These disturbances can be partly restored. This 

could imply that the endothelial glycocalyx is an important barrier and that disturbance of 

this layer by cardiovascular risk factors mediates progression of atherosclerosis. On the other 

hand, the glycocalyx could also be an innocent bystander. In vitro and intravital microscopy 

studies, discussed in chapter 1, do suggest a causal link between glycocalyx damage and 

several pro-atherogenic changes. In chapter 7, we tried to directly causally link glycocalyx 

damage to complete process of atherogenesis. However, the method to chronically degrade 

the glycocalyx, continuous infusion of hyaluronidase, was complicated by an immune re-

sponse against the enzyme. Although, conclusion on atherosclerosis development cannot 

be drawn for this study, due to these methodological fl aws, it does call for further research 

on the role of the endothelial glycocalyx in the kidney and vascular permeability and a new 

study design to answer our question. As always, research raises more questions (as well as 

tons of work), than it answers. 

Part 2

In part 2 we investigate whether MPO levels can predict the presence of CVD. In chapter 

8, we show that serum MPO levels are associated with the risk of future development of 

coronary artery disease (CAD) in apparently healthy individuals with an odds ratio of 1.49 in 

the top versus the bottom quartile. For this purpose, we used samples of a large (n = 3,375) 

case-control study nested in the prospective EPIC-Norfolk population study. This study shows 

that high MPO levels can precede the onset of overt CAD by many years. However, addition of 

this measurement to the Framingham risk score did not substantially improve it. 

Next, we decided to look for indications that MPO is associated with the risk of CVD in patients 

already at risk, i.e. subjects with heterozygous familial hypercholesterolemia (FH) (chapter 

9). Intima-media thickness (IMT) was used as a surrogate marker of CVD. In 122 FH patients 

there was no relation between MPO levels and IMT or IMT progression. Moreover, MPO levels 

unexpectedly increased during statin therapy.

In cooperation with the Department of Cardiology, we determined MPO levels in 267 type 2 

diabetes patients with anginal complaints in chapter 10 and 11. MPO levels were marginally 

higher in diabetic patients than in normoglycemic patients. However, MPO levels did not 

predict perfusion defects on myocardial perfusion scintigraphy, indicative of myocardial 

ischemia. This study, as the study in chapter 9, is relatively small and lack the power of the 

EPIC-Norfolk cohort. Moreover, they relate MPO to markers of CVD, i.e. intima-media thickness 
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and myocardial perfusion scintigraphy, and not the disease itself. Therefore, subtle relations 

are not likely to be detected.  

Finally, chapter 12 shows in 126 patients undergoing myocardial perfusion scintigraphy that 

exercise increases plasma MPO levels. Again, there was no diff erence in MPO levels between 

subjects with and without myocardial ischemia.

In conclusion, our research suggests that MPO, although useful in selected populations, 

has limited value in risk assessment in primary prevention and in a non-acute setting. How-

ever, the use of MPO as a biomarker in patients with acute chest pain seems promising (4). 

Moreover, MPO inhibitors are in development. They will further clarify the role of MPO in the 

pathogenesis of CVD and may prove to be a new treatment modality. 

Part 3

New treatment modalities to prevent cardiovascular disease are tested extensively in cells, 

animals and humans. Still, failure of new approaches to prevent cardiovascular disease can 

occur until very late in their development. This is illustrated by the history of ACAT inhibitors. 

Chapter 13 describes the rise and fall of ACAT inhibitors as a new drug to prevent CVD. It 

summarizes the function of ACAT, initial animal research and the data from clinical trials. The 

consistent negative fi ndings in recent clinical trials have virtually eliminated the chances for 

this class of drugs to be introduced for cardiovascular prevention.

We reviewed the method and value of IMT imaging as surrogate marker for CVD in chapter 14. 

It occupies a unique position in atherosclerosis research as it enables sensitive, reproducible 

and noninvasive assessment of carotid artery wall. Epidemiological and clinical trial evidence 

support its use as a marker for generalized atherosclerosis burden and vascular disease risk. 

Finally, the CAPTIVATE study in chapter 15 was the last clinical trial testing the ACAT-inhibitor 

pactimibe. Unfortunately, pactimibe was associated with enhanced progression of carotid 

atherosclerosis, as determined by IMT, as well as increased incidence of major cardiovascular 

events in 881 FH patients. In stead of inhibiting atherosclerosis progression by reducing foam 

cell formation in the vessel wall, pactimibe may even promote cardiovascular events.

This leads us to conclude that ACAT inhibition is not a viable approach to prevent CVD. 

Besides that, these results emphasize the potential value of performing small and relatively 

short imaging trials to get a quick peak at safety and effi  cacy before exposing large numbers 

of patients to new drugs in large and prolonged morbidity and mortality trials.
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FUTURE PERSPECTIVES

The studies described in this thesis raise lots of addional questions. With respect to part 1 

major challenges are to fi nd a new approach to determine whether glycocalyx perturba-

tion causes atherosclerosis progression and to improve our glycocalyx toolkit. On the one 

hand, basal research using animal models is essential to understand the dynamics of the 

endothelial glycocalyx and its role in (patho)physiology, On the other hand, easy-to-use and 

minimally invasive tools to estimate glycocalyx function and dimension in humans will allow 

large scale population/patient studies. These will serve to fi rmly establish the results of our 

initial observational studies in small groups and will enable us to expand our knowledge of 

the role the glycocalyx in atherosclerosis, but also in other diseases, such as sepsis, kidney 

disease and cancer growth and metastasis. The fi nal goal is to establish for the clinic whether 

the endothelial glycocalyx can serve as biomarker and potential target for therapy

It will be essential to determine for which indivuals under what conditions the measurement 

of myeloperoxidase described in part 2 has additional value in clinical practice. So far, this 

seems to be limited to patients with acute chest pain in the emergency room. The next 

challenge is to actually implement it. Besides that, MPO inhibitors are under development. 

Safety, effi  cacy and correct selection of patients that may benefi t from this drug remain to 

be determined.

The ACAT-inhibitors discussed in part 3 do not seem to have a future as anti-atherosclerotic 

therapy. Results of trials investigating the anti-atherosclerotic potential of novel drugs rais-

ing HDL-cholesterol or aimed at improving reverse cholesterol transport are eagerly awaited. 

Keep an eye on Pubmed and the publications of our department!
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SAMENVATTING

In dit proefschrift bespreek ik drie verschillende onderwerpen in en om de vaatwand. Na een 

korte samenvatting bespreek ik kort elk hoofdstuk en plaats ik een aantal kanttekeningen.

De focus van deel 1 ligt op de endotheliale glycocalyx, de laag die de vaatwand bedekt, en 

de mogelijke relatie tussen de glycocalyx en aderverkalking. Samen met onder andere Max 

Nieuwdorp, Hans Mooij, Lysette Broekhuizen, Erik Stroes en Hans Vink heb ik laten zien dat 

er een relatie is tussen verschillende risicofactoren voor hart- en vaatziekten (suikerziekte, 

ontsteking en een verhoogd cholesterol) en een verminderde glycocalyxgrootte. Bovendien 

zijn er mogelijkheden tot herstel. Ten slotte stuitten we onverwachts, zoekend naar bewijs 

van onze hypothese dat glycocalyxschade aderverkalking bevordert, op de invloed van de 

endotheliale glycocalyx op het functioneren van de nieren.

Deel 2 gaat over myeloperoxidase (MPO). Radicalen, die door dit enzym gevormd worden, 

kunnen de vaatwand en lipoproteïnen beschadigen. Wij hebben de associatie tussen MPO en 

(tekenen van) hart- en vaatziekten onderzocht. Myeloperoxidase niveaus in het bloed helpen 

ons echter maar marginaal bij het voorspellen van hart- en vaatziekten bij patiënten buiten 

de Eerste Hulp. 

De laatste hoofdstukken in deel 3 duiken nog dieper in de vaatwand: in de schuimcel. Het 

remmen van het enzym ACAT in deze cellen vertraagt de ontwikkeling van aderverkalking 

niet, maar versnelt dit proces.

Deel 1

Hoofdstuk 1 geeft een overzicht van het beperkte aantal publicaties over de endotheliale 

glycocalyx in mensen en de mogelijke rol van de glycocalyx in de ontwikkeling van ader-

verkalking. Het vat de data uit experimentele modellen samen, die geleid hebben tot onze 

hypothese dat de endotheliale glycocalyx de vaatwand beschermt tegen aderverkalking en 

dat herstel van schade aan de glycocalyx hart- en vaatziekten mogelijk kan voorkomen.

In hoofdstuk 2 presenteren we twee nieuwe methodes om de glycocalyxgrootte in mensen 

te schatten. Ons doel is om een methode te ontwikkelen die gemakkelijk in de kliniek te 

gebruiken is en het mogelijk maakt om de glycocalyx bij grote groepen patiënten te meten. 

Orthogonale polarisatie spectografi e (OPS) lijkt hiervoor betere papieren te hebben, dan 

de systemisch glycocalyx bepaling. We laten in een studie bij 24 vrijwilligers zien dat beide 

technieken reproduceerbaar zijn in mensen en bovendien correleren met cardiovasculaire 

risicofactoren. Momenteel is Hans Vink snellere, semiautomatische methodes aan het ont-



248 Samenvatting

wikkelen om de OPS beelden te analyseren. Zijn bedoeling is om een aantal tekortkomingen 

van de beschreven analyse te ondervangen.

Nadat Max Nieuwdorp deze technieken had gebruikt om te laten zien dat acute hoge suiker-

spiegels (hyperglycemie) en type 1 suikerziekte (diabetes mellitus) gepaard gaan met ver-

minderde glycocalyxgrootte, hebben wij ons op type 2 suikerziekte (ouderdomssuikerziekte) 

gericht (1, 2). Glycocalyxschade zou kunnen bijdragen aan het verhoogde risico van diabeten 

op vasculaire complicaties. Allereerst hebben we het eff ect van sulodexide, een mix van de 

glycocalyxbouwstenen heparine en dermatan sulfaat, bij hyperglycemie in glas (in vitro) 

onder de loep genomen (hoofdstuk 3). We laten zien dat hyperglycemie de doorlaatbaar-

heid voor albumine van gekweekte endotheelcellen vergroot. Sulodexide gaat dit tegen. De 

toegenomen kleuring van glycocalyxcomponenten op het vaatoppervlak na sulodexide wijst 

op herstel van de glycocalyx. Deze experimenten zijn echter niet onder een vloeistofstroom 

uitgevoerd. Dit heeft waarschijnlijk invloed op de aanwezigheid en eigenschappen van de 

glycocalyx (3). Mirella Gouverneur en Hans Vink zijn bezig een systeem op te zetten om de 

cellen wel onder stroming te kweken.

Vervolgens hebben we in hoofdstuk 4 glycocalyxvolume, albuminelekkage en het eff ect van 

sulodexide in 20 patiënten met type 2 diabetes gemeten. Zoals verwacht, laat de vaatwand van 

diabeten meer albumine door en lijkt de glycocalyx dunner te zijn. Het eff ect van sulodexide 

is helaas kleiner in patiënten dan in vitro. Dit biedt ruimte voor nieuwe, geavanceerdere 

behandelingen, dan het simpelweg toedienen van willekeurige glycocalyxbouwstenen. 

Zoals besproken is in hoofdstuk 1, voorkomt de glycocalyx onder normale condities het aan-

hechten van witte bloedcellen en bloedplaatjes. De glycocalyx is ook groter dan de aanhech-

tingsmoleculen op het celoppervlak. In het geval van ontsteking, maar ook bij aderverkalking 

hechten deze cellen wel aan de vaatwand. In hoofdstuk 5 hebben we het eff ect van ontste-

king op de glycocalyx en de doorstroming van de microcirculatie onderzocht. Dit hebben we 

gedaan door 16 gezonde vrijwilligers een gestandaardiseerde ontstekingsprikkel, namelijk 

een lage dosis endotoxine (celwandfragmenten van een bacterie), toe te dienen. Endotoxine 

leidt tot verlies van glycocalyx en verhoogde hoeveelheden van de glycocalyxcomponent 

hyaluronan in het bloed. Deze veranderingen gaan gepaard met een vermindering van het 

aantal doorstroomde capillairen en activering van monocyten en het stollingssysteem. Blok-

kade van TNFα met etanercept verzwakte de gevolgen. Deze bevindingen zijn niet alleen 

relevant voor aderverkalking, maar ook voor sepsis. Interventies gericht op de glycocalyx 

kunnen mogelijk de doorstroming van de microcirculatie verbeteren en ernstige lekkage van 

vaten bij deze aandoening voorkomen.
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Ten slotte hebben we in hoofdstuk 6 gekeken naar een andere belangrijke risicofactor 

voor hart- en vaatziekten, namelijk een verhoogd cholesterol. Patiënten met een familiair 

verhoogd cholesterol (FH), gekarakteriseerd door hoge LDL-cholesterol niveaus, hebben een 

kleiner glycocalyx volume dan mensen met een normaal cholesterol. Behandeling met de 

cholesterolverlager rosuvastatine gedurende 8 weken zorgde ervoor dat het LDL-cholesterol 

niveau geheel normaal werd, maar het glycocalyxvolume herstelde maar gedeeltelijk. 

Samenvattend: ouderdomssuikerziekte, ontsteking en een verhoogd cholesterol zijn risico-

factoren voor hart- en vaatziekten en gaan allemaal gepaard met glycocalyxschade. Gelukkig 

kan deze schade gedeeltelijk worden hersteld. Dit betekent mogelijk dat de endotheliale 

glycocalyx een belangrijke barrière is en dat beschadiging van deze laag door risicofactoren 

voor hart- en vaatziekten bij kan dragen aan het ontstaan van aderverkalking. Aan de andere 

kant is het ook mogelijk dat de glycocalyx slechts een toevallige passant is. Laboratorium- en 

proefdierstudies in hoofdstuk 1 suggereren echter een causaal verband tussen glycocalyx 

schade en processen die aderverkalking bevorderen. In hoofdstuk 7, hebben we geprobeerd 

om een direct verband tussen glycocalyx schade en aderverkalking te laten zien. Helaas ging 

de methode om de glycocalyx te beschadigen, het infunderen van een enzym dat de laag 

afbreekt, gepaard met een immuunrespons tegen het enzym. Hoewel we hierdoor beperkt 

conclusies kunnen trekken over het eff ect op aderverkalking, roept het wel nieuwe vragen 

op over de rol van de endotheliale glycocalyx in de nieren en geeft het aanwijzingen voor een 

nieuwe aanpak om de oorspronkelijke vraag aslnog te beantwoorden. Zoals zo vaak het geval 

is, roept het doen van onderzoek meer vragen (en bergen werk) op, dan het beantwoordt. 

Deel 2

In deel 2 onderzoeken we of MPO-niveaus hart- en vaatziekten kunnen voorspellen. In 

hoofdstuk 8 laten we zien dat serum MPO-niveaus geassocieerd zijn met het toekomstige 

risico op coronairlijden in gezonde individuen. Personen met de 25% hoogste MPO-waarden 

hadden 49% meer kans op het krijgen van hart- en vaatziekten vergeleken met die met de 

25% laagste MPO-waarden. Voor dit onderzoek hebben we bloedmonsters gebruikt uit een 

grote case-control studie van 3.375 mensen, afkomstig uit het prospectieve EPIC-Norfolk 

bevolkingsonderzoek. Deze studie laat zien dat MPO-waarden al jaren voor hartklachten ont-

staan verhoogd zijn. Het toevoegen van deze meting aan risicoscores verbetert de uitkomst 

hiervan niet substantieel.

Vervolgens hebben we gekeken naar indicaties voor een verband tussen MPO en hart- en 

vaatziekten bij patiënten die al een verhoogd risico hadden, zoals personen met een familiair 

verhoogd cholesterol (FH) (hoofdstuk 9). De intima-media dikte van de vaatwand is hierbij 

gebruikt als een surrogaat marker voor hart- en vaatziekten. In 122 patiënten met FH konden 
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wij geen relatie aantonen tussen MPO en IMT of IMT-toename. Onverwacht stegen de MPO-

waardes gedurende statinebehandeling.

In samenwerking met de afdeling Cardiologie hebben we ook MPO-niveaus bepaald in 267 

patiënten met ouderdomssuikerziekte en milde klachten van pijn op de borst. Hoofdstuk 10 

laat zien dat MPO-waardes iets hoger waren in diabeten in vergelijking met patiënten met 

normale bloedsuikers. In hoofdstuk 11 laten we echter zien dat MPO niet voorspellend is 

voor zuurstoftekort van het hart (ischemie). Deze laatste studies zijn relatief klein en missen 

de kracht van het EPIC-Norfolk cohort. Bovendien maken ze gebruik van surrogaatmarkers 

voor hart- en vaatziekten. Daarom kunnen ze subtiele verbanden, mochten die er zijn, waar-

schijnlijk niet aantonen.

Ten slotte laat hoofdstuk 12 de resultaten zien van 126 patiënten die ook een zelfde onder-

zoek naar mogelijk zuurstoftekort van de hartspier hebben ondergaan. Inspanning doet de 

MPO-waardes stijgen, maar opnieuw is er geen verschil in MPO-waardes tussen individuen 

met of zonder ischemie.

De conclusie van ons onderzoek is dat de MPO-bepaling beperkte waarde heeft in de risico-

inschatting in primaire preventie buiten de Eerste Hulp. Aan de andere kant is het gebruik 

van MPO als marker bij patiënten met acute pijn op de borst veelbelovend (4). Daarnaast 

worden er momenteel MPO-remmers ontwikkeld. Zij zullen de rol van MPO in het ontstaan 

van hart- en vaatziekten ophelderen en zijn mogelijk een nieuwe categorie medicijnen om 

hart- en vaatziekten te voorkomen.

Deel 3

Nieuwe behandelingen om hart- en vaatziekten te voorkomen worden uitgebreid getest in 

cellen, dieren en mensen. Toch falen ze tot laat in het ontwikkelingstraject. Dit wordt geïl-

lustreerd door de geschiedenis van de ACAT-remmers. Hoofdstuk 13 beschrijft de opkomst 

en ondergang van de ACAT-remmers als nieuw medicijn tegen hart- en vaatziekten. Het vat 

de functie van ACAT en de gegevens uit dieronderzoek en klinische studies samen. De rij van 

negatieve resultaten in recente klinische studies hebben de kans dat deze categorie mid-

delen ooit op de markt wordt gebracht tot bijna nul gereduceerd.

In hoofdstuk 14 geven we een overzicht van de methode en de waarde van IMT-metingen 

als surrogaatmarker voor hart- en vaatziekten. De IMT-meting heeft een unieke positie in 

het onderzoek naar aderverkalking, omdat het op een gevoelige, reproduceerbare en niet 

invasieve manier een indruk geeft van de vaatwand van de halsslagader. Bewijs uit epide-

miologische en klinische studies ondersteunt het gebruik van deze meting als marker voor 

aderverkalking en het risico op hart- en vaatziekten.
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Ten slotte was de CAPTIVATE-studie in hoofdstuk 15 de laatste klinische studie met de ACAT-

remmer pactimibe. Helaas was gebruik van pactimibe geassocieerd met versnelde ontwik-

keling van aderverkalking, gemeten als IMT, en een verhoogd aantal gevallen van hart- en 

vaatziekten in 881 FH patiënten. In plaats van het voorkomen van aderverkalking door het 

aantal schuimcellen te verminderen, verergert pactimibe de situatie eerder.

Dit leidt tot de conclusie dat het remmen van ACAT geen goede methode is om hart- en 

vaatziekten te voorkomen. Daarnaast benadrukken deze resultaten de waarde van kleine en 

relatief korte beeldvormingstudies om een snelle blik te werpen op de veiligheid en eff ectivi-

teit van een nieuw middel, voor het starten van grootschalige en langdurige morbiditeits- en 

mortaliteitsstudies.

TOEKOMSTPERSPECTIEVEN

De studies die in dit proefschrift beschreven staan, roepen veel nieuwe vragen op. Met be-

trekking to deel 1 is de grootste uitdaging om een nieuwe manier te vinden om te bepalen 

of glycocalyxschade daadwerkelijk de ontwikkeling van aderverkalking veroorzaakt en om 

onze methodes om glycocalyx te bestuderen te verbeteren en uit te breiden. Aan de ene 

kant is basaal, dierexperimenteel onderzoek essentieel om de dynamiek van de endotheliale 

glycocalyx en zijn rol in de (patho)fysiologie te begrijpen. Aan de andere kant zijn simpele, 

niet invasieve methodes nodig om de glycocalyxdikte en -functie in grote groepen te kunnen 

bepalen. Dit is nodig om onze initiële resultaten te bevestigen en onze kennis van de rol van 

de glycocalyx uit te breiden. Dit is niet alleen van belang voor aderverkalking, maar ook voor 

andere aandoeningen, zoals sepsis, nierziekten en de ontwikkeling en uitzaaiing van kanker. 

Het einddoel is om te bepalen of de glycocalyx in de kliniek bruikbaar is als biomarker en of 

het zinnig is om behandeling te richten op herstel van de glycocalyx.

Voor de MPO-bepaling, beschreven in deel 2, is het noodzakelijk om te bepalen bij welke pa-

tiënten en onder welke condities deze meting meerwaarde heeft. Tot nu toe lijkt dat beperkt 

te zijn tot patiënten met acute pijn op de borst op de Eerste Hulp. De volgende uitdaging 

is om deze meting daadwerkelijk voor de patiënten beschikbaar te maken in de klinische 

praktijk. Daarnaast zijn MPO-remmers in ontwikkeling. De veiligheid, eff ectiviteit en de groep 

patiënten, die hier mogelijk baat bij kan hebben, moeten nog nader onderzocht worden.

De ACAT-remmers uit deel 3 lijken geen plaats te hebben in het voorkomen van aderverkal-

king. Iedereen kijkt uit naar de resultaten van studies naar het eff ect van nieuwe medicijnen 

die het HDL-cholesterol verhogen of cholesterol uit de vaatwand terug naar de lever kunnen 

transporteren. Houdt Pubmed en de publicaties van onze afdeling in de gaten!
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ACAT Acyl coenzyme A:cholesterol acyl transferase

ACE Angiotensin converting enzyme

ACS Acute coronary syndrome

ASAP Eff ects of atorvastatin versus simvastatin on atherosclerosis progression

BMI Body mass index

CAPTIVATE Carotid Atherosclerosis Progression Trial Investigating Vascular ACAT 

Inhibition Treatment Eff ects

CCS Canadian Cardiovascular Society

CI Confi dence interval

CIMT Carotid intima-media thickness

CVD Cardiovascular disease

CAD Coronary artery disease

CRP C-reactive protein

CT Computer tomography

CV Cardiovascular

DM1 Diabetes mellitus type 1

DM2 Diabetes mellitus type 2

ECG Electrocardiogram

EEC gap Erythrocyte - endothelial cell gap

FH Familial hypercholesterolemia

GAG Glycosaminoglycans

HDL(-c) High density lipoprotein(-cholesterol)

Hs-CRP High sensitivity C-reactive protein

Ht  Hematocrit 

HUVEC Human umbilical vein endothelial cell

IMT Intima-media thickness

IQR Interquartile range

IVUS Intravascular ultrasonography

LVEF  Left ventricular ejection fraction

LDL(-c) Low density lipoprotein(-cholesterol)
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MPS Myocardial perfusion scintigraphy

MRI  Magnetic resonance imaging

NO Nitric oxide 

NT-pro-BNP N-terminal-pro-brain natriuretic peptide 

OPS  Orthogonal polarization spectroscopy

OR Odds ratio 
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OxLDL  Oxidized LDL 

PMN Polymorphonuclear neutrophils

ROS Reactive oxygen species

SD Standard deviation

SDS Summed diff erence score 

SOD Superoxide dismutase

SPECT  Single-photon emission computed tomography

TC Total cholesterol 

TG  Triglycerides 

TNFα Tumor necrosis factor-α

TERalb Transcapillary escape rate of albumin

V
G
  Systemic glycocalyx volume 

VLDL Very low-density lipoprotein
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