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Abstract:

Located on the luminal surface of vascular endothelial cells, the glycocalyx is composed of a negatively charged mesh of

proteoglycans, glycosaminoglycans, glycoproteins and glycolipids and harbors a wide array of enzymes that contribute in regulation

of leukocyte-/thrombocyte adherence, with a principal role in plasma and vessel wall homeostasis. Glycocalyx disruption is

accompanied by enhanced sensitivity of the vasculature towards atherogenic stimuli which emphasizes that not only the composition

of the glycocalyx is important in facilitating these properties but that the contribution of its physical dimension and barrier properties

should also be considered. In addition, similarities found between micro-versus macro vascular beds suggest common structural

properties throughout the entire vascular bed that might be of importance in protective strategies against vascular perturbation.

Collectively, these data lend support to a potential role of the glycocalyx as a first barrier in protection against atherogenic insults.

Therefore, it will be a challenge to determine whether glycocalyx volume measurement, systemically or at the individual capillary

level, is a feasible surrogate marker for cardiovascular disease, and whether it may prove to be of use to assess the impact of novel

interventions aimed at glycocalyx restoration on atherosclerosis progression.
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The endothelial surface glycocalyx

At the interface of flowing blood and the vascular en-

dothelial lining, a glycocalyx shields the vascular wall

from direct exposure to blood flow, contributes to the

vascular permeability barrier and its anti-adhesive

properties, and stimulates endothelial release of nitric

oxide (NO) by mechanotransducing fluid shear

stresses. Numerous studies have contributed in eluci-

dating endothelial glycocalyx composition, as re-

viewed by Pries et al. [22], that resulted in the view of

a negatively charged mesh of proteoglycans, glyco-

saminoglycans, glycoproteins and glycolipids on the

luminal surface of vascular endothelial cells. Particu-

larly, the endothelial glycocalyx harbors a wide array
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of enzymes and proteins, e.g. endothelial nitric oxide

synthase, extra cellular superoxide dismutase, angio-

tensin converting enzyme, anti-thrombin III, lipopro-

tein lipase, hepatic endothelial lipase, apolipoproteins,

growth factors, and chemokines, that contribute in

regulation of leukocyte-/thrombocyte adherence and

with a principal role in plasma and vessel wall ho-

meostasis.

The first electron micrographs revealed a small ir-

regular shaped layer extending approximately 50- to

100 nm into the vessel lumen [15]. Subsequent ap-

proaches with varying perfusate contents or fixatives

revealed stained structures on endothelial cell sur-

faces throughout diverse microvascular beds, arterial-

and venular macrovessels with large variations in di-

mension and appearance [2, 3, 10, 25, 28, 34]. These

studies, especially when specific approaches were ap-

plied that stabilize anionic carbohydrate structures to

prevent loss- and or collapse of these structures, gave

evidence for a thick endothelial surface layer (Fig. 1).

Intravital microscopy studies on cremaster muscle

showed dramatic differences between microvascular-

and systemic hematocrit [13], that could be abrogated

upon enzymatic treatment of the microvascular net-

work with heparinase or hyaluronidase [7, 11]. By

comparing the width of the plasma column filled with

fluorescein-labeled dextran to the luminal endothelial

cell boundaries, evidence for a 0.4- to 0.5 µm thick

continuous endothelial cell surface layer was pro-

vided [31]. Based on these observations, theoretical

studies predicted a glycocalyx thickness of 0.5- to 1.0 µm

accounting for the observed variations in red-cell mo-

tion through the micro vessels and the discrepancy be-

tween in vivo and in vitro estimates of resistance to

blood flow [6, 8, 24]. Such an unexpectedly large di-

mension of the glycocalyx exceeds the dimensions of

the endothelium and adhering leukocyte adhesion

molecules several fold and argue for a protective role

of the glycocalyx dimension under physiological con-

ditions of the blood vessel. Indeed, various studies ob-

served alterations in glycocalyx dimension upon

ischemia/reperfusion [3], hypoxia [34], high-density-

[21] and low-density lipoprotein [4, 30], and varia-

tions in wall shear stress [10, 27].

Endothelial glycocalyx and vascular

permeability

Vascular barrier properties determine transport of

fluid to and from the interstital space given a balanced

equilibrium between opposing oncotic and hydro-

static pressures according to the Starling principle

[26]. Consequently, there is a continuous turnover of

fluid in the body, caused by the fact that fluid is fil-

tered from blood to tissues at the arterial end of the

circulation and reabsorbed at the venous end. Excess

fluid not taken up at the venous end is removed from

the tissue by the lymphatics.

One of the main permeability parameters that can

be obtained is the hydraulic conductivity (Lp), i.e. the

vessel wall permeability to water. In microvascular

beds within the various organs, a very large variability

in the Lp can be found as a result of the involvement of

coordinated functions of a host of players to optimize

blood flow and match exchange of solute flux with tis-

sue demand. These variations are observed between the

various vessel types involved (arterioles, capillaries

and venules), up to the individual capillary level.

However, it was argued that when the molecular

sieving properties of the capillary wall are determined

by a fiber matrix, covering all endothelial channels

and filling intracellular boundaries, molecular selec-

tivity would remain constant. This was hypothesized

as the fiber matrix concept developed by Curry and

Michel [5]. In this concept it was suggested that the

local protein concentration gradient which is neces-

sary for the colloid osmotic pressure (or oncotic pres-

sure), is localized across the glycocalyx and not be-

tween the plasma and tissue underlying the endothe-

lium. Thus, the endothelial surface glycocalyx
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maintains the fluid balance between blood and tissue

that results in a balance between absorption and filtra-

tion of water. This hypothesis was confirmed by the

remarkable similarity of protein permeability and re-

flection coefficient, i.e. rejection of molecular pas-

sage, in fenestrated and in continuous capillaries in

spite of their differences in filtration coefficient and

ultrastructure [23]. Recently, this was further illus-

trated by very similar estimates of the permeability

parameter in relation to the presence of charge-

selective properties between peripheral- and glomeru-

lar capillaries, although the renal glomeruli are the

body’s most active filtration units, producing about

180 liters of primary urine per day with a minimal

loss of proteins [19].

Since glomerular capillaries consist of fenestrated

endothelial cells, whereas peripheral endothelial cells

are predominantly of the continues type, it appears

that in most vascular beds the glycocalyx behaves as

a molecular filter which allows the free exchange by

convection and diffusion, of water, ions and small hy-

drophilic solutes between the plasma and tissue

spaces, but limits the passage of especially charged

macromolecules. These findings argue for equal se-

lective permeability properties throughout the various

vascular networks and organs, predominantly depend-

ent on the high plasma concentration of negatively

charged albumin the main contributor in oncotic pres-

sure.

Endothelial glycocalyx in micro-versus

macro vasculature

Studies in both micro- and macro vasculature demon-

strated similarity in glycocalyx constituents such as

hyaluronan [10, 11, 28], release of NO [9, 17, 35], and

presence of endothelial cell super oxide dismutases

(ec-SOD) [16], which are all involved in vascular ho-

meostasis and protection against damage. Collec-

tively, these observations are of particular interest

since altered vascular permeability, attenuated NO-

bioavailability and redox dysregulation are amongst

the earliest characteristics of atherogenesis [14].

In spite of these observations, it has proven diffi-

cult to show direct relevance of the glycocalyx as

a vasculoprotective paradigm for larger vessels. The

latter is predominantly due to the fact that glycocalyx

research has traditionally focused at the microvascu-

lature, in which atherogenesis does not occur. How-

ever, several studies have emphasized that the rele-

vance of the glycocalyx is not confined to smaller

vessels [3, 27]. Thus, van Haaren et al recently visual-

ized a thick endothelial glycocalyx in larger arteries in

rats [29]. Interestingly, small glycocalyx dimensions

that correlated significantly with local thickening of

the intimal layer (Fig. 2) and is accompanied by sig-

nificant swelling of the subendothelial matrix, lends

direct support to a potential role of glycocalyx pertur-

bation in making low-shear regions more susceptible

to atherogenesis [27, 33]. The glycocalyx in larger

vessels has also been shown to decrease extravasation

of low density lipoprotein (LDL) particles into the su-

bendothelial space [1, 12]. Amongst others, these data

imply that also in the macro vasculature the glycoca-

lyx adds towards the vasculoprotective properties of

the vessel wall.

Glycocalyx volume assessment in humans

To date, direct visualization of endothelial glycocalyx

in humans has been unsuccessful, mainly due to the

fact that the endothelial glycocalyx is a very delicate
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structure depending critically on the presence of flow-

ing plasma [22]. Since the endothelial glycocalyx pro-

vides limited access to plasma macromolecules and

erythrocytes, the best way to measure the endothelial

glycocalyx in humans is to compare intravascular vol-

umes using a glycocalyx impermeable tracer, i.e. la-

beled autologous erythrocytes [20, 31] and a glycoca-

lyx permeable tracer such as neutral Dextran 40 (MW

40 kDa), exemplified in Fig. 3. At present, such meas-

urements in patients with type 1 diabetes revealed

a profound reduced systemic glycocalyx volume com-

pared with healthy age and sex-matched controls [18].

Visualization of the capillary endothelial

glycocalyx in humans

The abovementioned reductions in systemic glycoca-

lyx volume in diabetes patients were confirmed by re-

ductions in glycocalyx dimension in individual capil-

lary blood vessels. Such estimates of individual capil-

lary glycocalyx dimensions were obtained using

orthogonal polarization spectral (OPS) imaging of the

sublingual microcirculation [18]. Images of capillary

red cell columns were obtained in healthy control

(Fig. 4, left panel) and type 1 diabetic subjects. The

change in capillary red cell column width following

capillary leukocyte passage (Fig. 4, center and right

panels) can be used to provide an estimate of the cap-

illary dimension by comparing the anatomic capillary

diameter, i.e. the red cell width while glycocalyx is

still compressed (Fig. 4, right panels), with the func-

tional perfused capillary diameter, i.e. the red cell col-

umn width before leukocyte passage (Fig. 4, center

panels). In line with the systemic glycocalyx volume

measurements, capillary glycocalyx dimensions were

reduced by 40% in diabetic patients.

Conclusions

Located at the interface of flowing blood and the vas-

cular endothelial lining, currently available evidence

shows that the endothelial glycocalyx exerts a wide

array of functions to ensure maintenance of interstitial

fluid balance and facilitating an anti-atherogenic vas-

cular wall surface. Glycocalyx disruption is accompa-

nied by enhanced sensitivity of the vasculature to-

wards atherogenic stimuli which emphasizes that not

only the composition of the glycocalyx is important in

facilitating these properties but that the contribution

of its physical dimension and barrier properties

should also be considered. In addition, similarities

found between micro-verses macro vascular beds sug-

gest common structural properties throughout the en-

tire vascular bed that might be of importance in pro-

tective strategies against vascular perturbation.
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Collectively, these data lend support to a potential

role of the glycocalyx as a first barrier in protection

against atherogenic insults. Therefore, it will be a chal-

lenge to determine whether glycocalyx volume meas-

urement, systemically or at the individual capillary

level, is a feasible surrogate marker for cardiovascular

disease, and whether it may prove to be of use to as-

sess the impact of novel interventions aimed at glyco-

calyx restoration on atherosclerosis progression.

References:

1. Adamson RH: Permeability of frog mesenteric capillar-

ies after partial pronase digestion of the endothelial gly-

cocalyx. J Physiol, 1990, 428, 1–13.

2. Baldwin AL, Winlove CP: Effects of perfusate composi-

tion on binding of ruthenium red and gold colloid to gly-

cocalyx of rabbit aortic endothelium. J Histochem Cyto-

chem, 1984, 32, 259–266.

3. Beresewicz A, Czarnowska E, Maczewski M: Ischemic

preconditioning and superoxide dismutase protect

against endothelial dysfunction and endothelium glyco-

calyx disruption in the postischemic guinea-pig hearts.

Mol Cell Biochem, 1998, 186, 87–97.

4. Constantinescu AA, Vink H, Spaan JA: Elevated capil-

lary tube hematocrit reflects degradation of endothelial

cell glycocalyx by oxidized LDL. Am J Physiol, 2001,

280, H1051–H1057.

5. Curry FE, Michel CC: A fibre matrix model of capillary

permeability. Microvasc Res, 1980, 20, 96–99.

6. Damiano ER: The effect of the endothelial-cell glycoca-

lyx on the motion of red blood cells through capillaries.

Microvasc Res, 1998, 55, 77–91.

7. Desjardins C, Duling BR: Heparinase treatment suggests

a role for the endothelial cell glycocalyx in regulation of cap-

illary hematocrit. Am J Physiol, 1990, 258, H647–H654.

8. Feng J, Weinbaum S: Lubrication theory in highly com-

pressible porous media: the mechanics of skiing, from

red cells to humans. J Fluid Mech, 2000, 422, 281–317.

9. Florian JA, Kosky JR, Ainslie K, Pang Z, Dull RO, Tar-

bell JM: Heparan sulfate proteoglycan is a mechanosen-

sor on endothelial cells. Circ Res, 2003, 93, e136–e142.

10. Haldenby KA, Chappell DC, Winlove CP, Parker KH

and Firth JA: Focal and regional variations in the compo-

sition of the glycocalyx of large vessel endothelium.

J Vasc Res, 1994, 31, 2–9.

11. Henry CB, Duling BR: Permeation of the luminal capil-

lary glycocalyx is determined by hyaluronan. Am

J Physiol, 1999, 277, H508–H514.

12. Huxley VH, Williams DA: Role of a glycocalyx on coro-

nary arteriole permeability to proteins: evidence from en-

zyme treatments. Am J Physiol, 2000, 278, H1177–1185.

13. Klitzman B, Duling BR: Microvascular hematocrit and

red cell flow in resting and contracting striated muscle.

Am J Physiol, 1979, 237, H481–H490.

14. Libby P: Inflammation in atherosclerosis. Nature, 2002,

420, 868–874.

15. Luft JH: Fine structure of capillary and endocapillary

layer as revealed by ruthenium red. Microcirc Symp Fed

Proc, 1966, 25, 1773–1783.

16. Maczewski M, Duda M, Pawlak W, Beresewicz A: En-

dothelial protection from reperfusion injury by ischemic

preconditioning and diazoxide involves a SOD-like

anti-O2- mechanism. J Physiol Pharmacol 2004, 55,

537–550.

17. Mochizuki S, Vink H, Hiramatsu O, Kajita T, Shigeto F,

Spaan JA, Kajiya F: Role of hyaluronic acid in shear in-

duced endothelium derived nitric oxide release. Am

J Physiol, 2003, 285, H722–H726.

18. Nieuwdorp M, Mooij HL, Kroon J, Atasever B, Spaan

JAE, Ince C, Holleman F et al.: Endothelial glycocalyx

damage coincides with microalbuminuria in type 1 dia-

betes. Diabetes, 2006, 55, 1127–1132.

19. Ohlson M, Sörensson J, Haraldsson B: A gel-membrane

model of glomerular charge and size selectivity in series.

Am J Physiol, 2001, 280, F396–F405.

20. Orth VH, Rehm M, Thiel M, Kreimeier U, Haller M,

Brechtelsbauer H, Finsterer U: First clinical implications

of perioperative red cell volume measurement with

a nonradioactive marker (sodium fluorescein). Anesth

Analg, 1998, 87, 1234–1238.

21. Paka L, Kako Y, Obunike JC, Pillarisett: Apolipoprotein

E containing high density lipoprotein stimulates endothe-

lial production of heparin sulfate rich in biologically ac-

tive heparin-like domaine: a potential mechanism for the

anti-atherogenic actions of vascular apolipoprotein E.

J Biol Chem, 1999, 274, 4816–4823.

22. Pries AR, Secomb TW, Gaehtgens P: The endothelial

surface layer. Pflugers Arch, 2000, 440, 653–656.

23. Renkin EM: Multiple pathways of capillary permeability.

Circ Res. 1977, 41, 735–743.

24. Secomb TW, Hsu R., Pries AR: Motion of red blood

cells in a capillary with an endothelial cell surface: effect

of flow velocity. Am J Physiol, 2001, 281, H629–H636.

25. Sims DE, Horne MM: Non-aqueous fixative preserves

macromolecules on the endothelial cell surface: an in

situ study. Eur J Morphol, 1993, 32, 59–64.

26. Starling EH: On the absorption of fluids from the con-

nective tissue spaces. J Physiol, 1896, 19, 312–326.

27. Van den Berg BM, Spaan JAE, Rolf TM, Vink H:

Atherogenic region and diet diminish glycocalyx dimen-

sion and increase intima media ratios at the murine ca-

rotid artery bifurcation. Am J Physiol, 2006, 290,

H915–H920.

28. Van den Berg BM, Vink H, Spaan JAE: The endothelial

glycocalyx protects against myocardial edema. Circ Res,

2003, 92, 592–594.

29. van Haaren PM, van Bavel E, Vink H, Spaan JA: Local-

ization of the permeability barrier to solutes in isolated

arteries by confocal microscopy. Am J Physiol, 2003,

285, H2848–H2856.

30. Vink H, Constantinescu AA, Spaan JA: Oxidized lipo-

proteins degrade the endothelial surface layer: implica-

tions for platelet-endothelial cell adhesion. Circulation,

2000, 101, 1500–1502.

�����������	��� 
������ ����� ��� ����	
� ����� 79

Glycocalyx and endothelial (dys) function
������� �� 	�� ��� ���
 �� ���



31. Vink H, Duling BR: Identification of distinct luminal do-

mains for macromolecules, erythrocytes, and leukocytes

within mammalian capillaries. Circ Res 1996, 79, 581–589.

32. Vink H, Stace TM, Damiano ER: High resolution 3D in-

travital fluorescence microscopy reveals partial exclu-

sion of anionic tracers within a 1 micron thick capillary

endothelial cell glycocalyx FASEB J 17 (4): A70-A70

Part 1 Suppl. S MAR 14 2003.

33. Wang S, Okano M, and Yoshida: Ultrastructure of endo-

thelial cells and lipid deposition on the flow dividers of

branchiocephalic and left subclavian arterial bifurcations

of the rabbit aorta. J Jpn Atheroscler Soc, 1991, 19, 1089–1100.

34. Ward BJ, Donnelly JL: Hypoxia induced disruption of

the cardiac endothelial glycocalyx: implications for cap-

illary permeability. Cardiovasc Res, 1993, 27, 384–389.

35. Weinbaum S, Zhang X, Han Y, Vink H, Cowin SC: Me-

chanotransduction and flow across the endothelial glyco-

calyx. Proc Natl Acad Sci USA, 2003, 100, 7988–7995.

Received:

November 24, 2006; in revised form: December 20, 2006.

80 �����������	��� 
������ ����� ��� ����	
� �����


	3	REVIEW Œ Assessment of vascular disease using 
arterial flow mediated dilatation.
	Sanjay Patel, 
David S. Celermajer

	8	ESR techniques for the detection of nitric oxide 
in vivo as an index of endothelial function.
	Bruno Fink, Sergey Dikalov, Nelli Fink

	16	REVIEW Œ Asymmetric dimethylarginine (ADMA) 
a novel cardiovascular risk factor Œ evidence from 
epidemiological and prospective clinical trials.
	
Andrzej Szuba, Maciej Podgórski

	21	REVIEW Œ Cytokines and adhesive molecules in detection of endothelial dysfunction.
	Katarzyna Mizia-Stec

	33	REVIEW Œ Clinical aspects of assessment of endothelial function.
	Jaros³aw D. Kasprzak, Magdalena K³osiñska, Jaros³aw Dro¿d¿

	41	REVIEW Œ Impact of ageing on the measurement of endothelium-dependent vasodilation.
	Lars Lind

	MECHANISMS OF ENDOTHELIAL DYSFUNCTION
	John C. McGiff

	52	REVIEW Œ Up-regulation of vascular cyclooxygenase-2 in diabetes mellitus.
	Zsolt Bagi, Nóra Erdei, Zoltán Papp, István Édes, Akos Koller

	57	REVIEW Œ Lipid peroxidation, isoprostanes and vascular damage.
	Pietro Minuz, Cristiano Fava, Alessandro Lechi

	69	REVIEW Œ Endothelial dysfunction in pre-eclampsia.
	Lucilla Poston

	75	REVIEW Œ Glycocalyx and endothelial (dys) function: from mice to men.
	Bernard M. van den Berg, 
Max Nieuwdorp, Erik S.G. Stroes, Hans Vink

	81	REVIEW Œ Adipose tissue, inflammation and endothelial dysfunction.
	Jerzy Chudek, Andrzej Wiêcek

	PHARMACOLOGY OF MITOCHONDRIA IN VASCULAR WALL
	Marta G³¹b, Agnieszka £ojek, Antoni Wrzosek, Krzysztof Do³owy, 
Adam Szewczyk

	96	Arachidonate and NADPH oxidase synergise with iNOS to induce death in macrophages: mechanisms of 
inflammatory degeneration.
	Vilmante Borutaite, 
Hannah Hope, Guy C. Brown

	PHARMACOLOGY OF ENDOTHELIAL DYSFUNCTION 
	Valery I. Kozlovski, Magdalena Lomnicka, Stefan Chlopicki

	111	X-linked inhibitor of apoptosis protein regulates human interleukin-6 in umbilical vein endothelial cells via stimulation of the nuclear factor-kB and MAP kinase signaling pathways.
	Ulrike Resch, Gabriele Winsauer, Renate Hofer-Warbinek, Rainer de Martin

	118	REVIEW Œ Species differences of endothelial extracellular nucleotide metabolism and its implications 
for xenotransplantation.
	Ryszard T Smolenski, 
Zain Khalpey, Foy N Osborne, Ada Yuen, Ewa M Slominska, Marcin Lipiñski, Marialuisa Lavitrano, Marlene Rose, 
Magdi H. Yacoub

	126	REVIEW Œ Are the endothelial mechanisms of ACE-Is already established?
	W³odzimierz Buczko, Karol Kramkowski, Andrzej Mogielnicki.

	132	A carbon monoxide-releasing molecule (CORM-3) attenuates lipopolysaccharide- and interferon-g-induced inflammation in microglia.
	Mohamed G. Bani-Hani, David Greenstein, Brian E. Mann, Colin J. Green, 
Roberto Motterlini

	145	REVIEW Œ Nitric oxide in cardiac transplantation.
	Wolfgang Dietl, Michael Bauer, Bruno K. Podesser

	DYSFUNCTION OF PULMONARY ENDOTHELIUM
	Sheila G. Haworth
	165	Note to Contributors



