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The importance of the endothelial glycocalyx for vascular homeostasis is becoming more 
and more evident. This review addresses the potential relation between a damaged 
glycocalyx and the process of atherosclerosis, including the associated impairment in 
blood-flow regulation. We envision restoration of glycocalyx perturbation in the future as a 
potential therapy for early treatment of cardiovascular disease.

Cardiovascular disease is the leading cause of
death and illness in developed countries, and
atherosclerosis makes up the single most impor-
tant contributor [1,2]. When focusing on the
heart, the presence of a lesion can easily be over-
looked as long as dilation of the vasculature
distal from the lesion, specifically the micro-
circulation, is able to compensate for the
increase in resistance and coronary blood flow
can be maintained. However, when compen-
sation by the microcirculation fails, coronary
perfusion will become inadequate and conse-
quently myocardial infarction might occur. The
endothelial glycocalyx has been indicated to
play a role in protection of the vascular wall
against atherosclerotic insults, as well as regula-
tion of microvascular function. Both aspects are
discussed in this review. We will end with possi-
ble diagnostic and therapeutic applications
involving the glycocalyx.

Endothelial glycocalyx
Structure
The endothelium is actively involved in a variety
of vascular functions, such as regulation of vascu-
lar tone, fluid and solute exchange, hemostasis
and coagulation and inflammatory responses. At
the luminal side of the endothelial cells a
hydrated layer, the glycocalyx, is situated. The
glycocalyx is structurally composed of proteo-
glycans, glycosaminoglycans, glycoproteins and
glycolipids. Proteoglycans consist of a core pro-
tein with one or more linked glycosaminoglycan
chains [3–5]. Most, that is 50–90%, of the proteo-
glycans associated with endothelial cells are hepa-
ran sulfate proteoglycans (HSPGs) [3]. HSPGs are
able to bind proteins with a heparin-binding
domain, such as factors involved in vascular
growth, lipid metabolism, oxygen radical scav-
enging and coagulation [6]. The HSPGs are classi-
fied into families according to their core protein

structure. The major HSPGs within the cardio-
vascular system are syndecan, glypican and perle-
can [7]. Cell surface HSPGs are associated with
the plasma membrane according to three modes:
direct linkage of the core protein into the lipid
bilayer (syndecan), linkage through a glyco-
sylphosphatidylinositol (GPI) anchor covalently
bound to the core protein (glypican) and specific
or relatively nonspecific interactions between
heparan sulfate chains and other molecules asso-
ciated with the plasma membrane (perlecan) [7,8].
Linkage through a GPI anchor localizes HSPG to
lipid rafts including caveolae that are rich in sig-
naling molecules [9]. The second most common
glycosaminoglycan is chondroitin sulfate and is
typically present in a ratio of 1:4 with heparan
sulfate. The nonsulfated linear glycosaminogly-
can hyaluronan, the only glycosaminoglycan not
covalently linked to a peptide core, with a molec-
ular weight up to 1 × 107 Da, contributes signifi-
cantly to the hydration state of the glycocalyx [10].
The transmembrane CD44 receptor, which is
localized in caveolae and bonds with chondroitin
sulfate chains linked to core proteins, anchors
hyaluronan to the plasma membrane [9]. For
more detailed information on the structural gly-
cocalyx components the reader is referred to the
following reviews [3,4,11,12].

The polysaccharide structures, together with
adsorbed plasma proteins, result in a signifi-
cantly thick endothelial glycocalyx. Various tech-
niques to visualize the length of the
polysaccharide structures with electron micros-
copy, an example is shown in Figure 1A, resulted in
dimensions ranging from 20 nm up to
0.5 µm [4,13]. Using intravital microscopy of stri-
ated muscle preparations, an in vivo glycocalyx
thickness of 0.2–0.5 µm was estimated in hamster
and mice cremaster muscle from the difference in
column width of brightfield capillary diameter
(endothelial cell boundaries) and column width
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of a glycocalyx-excluded plasma tracer, such as
high molecular weight fluorescein isothiocyanate
(FITC)-dextrans [14–17]. Microparticle image
velocimetry in mouse cremaster muscle venules
confirmed a significant exclusion of flowing
plasma by the glycocalyx in vivo, and resulted in
estimates of a mean effective thickness of
0.3–0.4 µm [18]. Combining intravascular
microscopy with a theoretical simulation of flow

in microvascular networks by Pries et al. resulted
in glycocalyx layer estimates of approximately
0.55 µm [19]. The same group, now using a flow-
resistance model, calculated for vessels with a
diameter of 10–40 µm a layer thickness of
0.8–1 µm [20]. Analogous to the intravital
microscopy studies that utilize the selective
exclusion properties of the glycocalyx to deter-
mine its thickness in rodent cremaster capillaries,
glycocalyx volume in the systemic circulation of
humans has recently been estimated from the
difference in distribution volume between circu-
lating plasma, derived from the distribution of
labeled red blood cells, and glycocalyx accessible
dextrans. In healthy males, systemic glycocalyx
volumes of 1.5–1.7 l were reported [21,22]. 

Function
During the last decade, experimental evidence
has been presented indicating that the glycocalyx
plays an important role in vascular homeostasis.
Modification of glycocalyx structures in the vas-
culature by enzymes such as pronase, heparinase
and hyaluronidase were found to result in an
increased leakage of fluid and solutes across the
glycocalyx and the vessel wall [23,24], edema for-
mation [13] as shown in Figure 1B, impairment in
flow-induced endothelial nitric oxide (NO) pro-
duction [22,25] and increased adhesion of leuko-
cytes [15,26]. Many of the vascular changes evoked
by enzymatic degradation of the glycocalyx also
characterize conditions of atherosclerosis. The
possible role of the glycocalyx in atherogenic pro-
tection is discussed in the following paragraph. 

Atherosclerosis
Reduced glycocalyx at atherosclerotic 
prone sites
A role for glycocalyx perturbation in atheroscle-
rosis was recently suggested by Van den Berg
et al. [27]. They demonstrated that dimensions of
the endothelial glycocalyx at the sinus region of
the mouse internal carotid artery, a region prone
to the development of atherosclerosis, were sig-
nificantly less than the glycocalyx dimensions
found at the common carotid artery. This reduc-
tion in glycocalyx thickness was accompanied by
a greater intima-to-media ratio and a thicker
subendothelial layer, both of which are processes
associated with the development of atherosclero-
sis. Together with the observation in cultured
endothelial cells that, in comparison to static
conditions, fluid shear stress stimulates incorpo-
ration of hyaluronan in the endothelial glycoca-
lyx [28], it was hypothesized that the thinner

Figure 1. Electron microscopic visualization of glycocalyx 
structures in capillary.

 

(A) Electron microscopy overview of an Alcian blue 8GX-stained rat left 
ventricular myocardial capillary. The glycocalyx is indicated by an arrow. 
(B) Capillary after hyaluronidase treatment. Enzymatic treatment resulted in a 
condensed endothelial surface staining, see arrow, and notable perivascular 
myocardial tissue edema indicated by the arrowhead.
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glycocalyx at the sinus region was caused by dis-
turbed flow patterns at this region. Therefore, we
hypothesize the presence of vascular regions in
the circulation that exhibit an increased risk for
developing atherosclerotic insults due to a less
protective glycocalyx profile as a result from dis-
turbances in local flow patterns. 

Reduced glycocalyx upon exposure to 
atherogenic risk factors
In addition to its susceptibility to disturbances in
flow, it has been demonstrated that the glycocalyx
is reduced in the presence of atherogenic risk fac-
tors. In comparison with control mice, an athero-
genic mouse model was shown to exhibit a
reduction in glycocalyx dimension in the com-
mon carotid and this reduction was accompanied
by an increase in intima-to-media-ratio and
intima thickness. These findings are consistent
with studies demonstrating substantial loss of gly-
cocalyx during hyperglycemic conditions [21,22,29],
and upon acute exposure to atherogenic or
inflammatory stimuli [15,26,30].

Hyperglycemic conditions
Shedding of glycocalyx constituents in the circu-
lation during high glucose was suggested upon
observed increased circulating plasma levels of
hyaluronan and reduced systemic glycocalyx vol-
umes after hyperglycemic clamping of healthy
volunteers. Infusion of the antioxidant N-acetyl-
cysteine prevented the glycocalyx reduction
under these conditions, thus, implying that the
generation of reactive oxygen species contributed
to glycocalyx perturbation [22]. Furthermore, in
patients with long-standing Type 1 diabetes a
reduced systemic glycocalyx volume was observed
in comparison with normoglycemic control sub-
jects [21]. A more pronounced reduction in sys-
temic glycocalyx was seen in the type 1 patients
with microalbuminuria compared with patients
without microalbuminuria. Again, reduction in
glycocalyx volume correlated with increased levels
of circulating hyaluronan [21,29]. Since hyaluro-
nan levels were found to correlate to intima-to-
media thickness [29], these data altogether argue
that disturbances of hyaluronan metabolism
might be associated with a reduced glycocalyx,
vascular damage and accelerated atherogenesis.

Acute stimulation with oxidized low-density 
lipoprotein & TNF-α
In hamster cremaster muscle, exclusion properties
of the glycocalyx were impaired after the infusion
of TNF-α, a proinflammatory cytokine. The

effect of TNF-α was more extensive compared
with degradation by hyaluronidase [15], suggesting
that TNF-α not only removes hyaluronan from
the glycocalyx, but probably other components as
well. Similarly, infusion of clinically relevant con-
centrations of oxidized low density lipoprotein
(ox-LDL), but not normal LDL, reduced glycoca-
lyx thickness in mouse cremaster capillaries,
which could be prevented by administration of
superoxide dismutase and catalase [31], again sug-
gesting a role for oxygen-derived free radicals [30].
Capillary tube hematocrit increased simulta-
neously with the decrease in glycocalyx dimen-
sions after the infusion of ox-LDL without
causing significant changes in capillary red blood
cell velocity, suggesting that ox-LDL increases
volume accessible to red bloods cells by removal
of proteoglycans and/or adsorbed proteins from
the glycocalyx [30]. In a subsequent study, infusion
of ox-LDL increased the number of adherent leu-
kocytes to the endothelial surface and reduced
leukocyte-rolling velocity in a way that corre-
sponded to treatment of the glycocalyx with the
enzyme heparitinase [26]. Interestingly, infusion of
heparan sulfate and heparin could prevent the ox-
LDL induced leukocyte adhesion, and since it
was shown that these components were bound to
the endothelial surface, the authors suggested that
a damaged glycocalyx could be rapidly restored
via administration of its structural components
and, thereby preventing adhesion of leukocytes to
the endothelium.

In summary, anatomic location as well as var-
ious atherogenic risk factors are associated with
perturbation of the glycocalyx on the one hand,
while enzymatic degradation of its constituents
is associated with impaired vascular protection
on the other hand. Therefore, we hypothesize
that perturbation of the glycocalyx by prevail-
ing risk factors contributes to the process of
lesion development and microvascular dysfunc-
tion in atherosclerosis. 

Blood flow regulation in 
the microvasculature
Under normal physiological conditions, there is
a close match between coronary blood flow and
myocardial oxygen consumption rate. At rest, the
myocardium already extracts approximately 75%
of the oxygen delivered by coronary blood flow,
limiting the oxygen extraction reserve. Upon
continuous interruption of the oxygen supply,
the affected myocardium quickly stops beating,
demonstrating that adequate blood supply is
essential for proper myocardial function [32,33].
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Dilatory compensation by vessels distal from a
stenosis is necessary for adequate blood supply
when a lesion develops in the coronary vascular
bed. Three different regulatory mechanisms have
been proposed to be involved in the dilation of
the resistance vessels, and each mechanism
appears to dominate in different domains of the
network. By studying isolated coronary
microvessels, it was found that large arteries
(80–150 µm) were more sensitive to flow, myo-
genic mechanisms predominated in vessels
between 50–80 µm, while small arterioles
(<50 µm) demonstrated the greatest sensitivity
to metabolites [34]. In addition, a role for the cap-
illaries in skeletal and cardiac muscle blood flow
regulation has been suggested [35,36], but the
importance of this compartment for the com-
pensation, and the mechanisms involved in the
recruitment of capillary volume are not well
understood at the moment. Nevertheless, the
vascular changes associated with atherosclerosis
have been demonstrated to extend into the
microcirculation, as evidenced by an impaired
endothelial-dependent vasodilatation, which
may occur even before a significant lesion devel-
ops, and a reduction in the number of
capillaries [37–39]. Therefore, not only the ath-
erosclerotic lesion itself, but also the associated
microvascular deficiency in compensatory
blood-flow regulation can ultimately contribute
to the development of a myocardial infarction.
The possible effects of a perturbed glycocalyx
on blood-flow regulation is considered in the
following sections. 

Glycocalyx plays a role in nitric oxide-
mediated flow-dependent dilation
An important role for the glycocalyx in shear-
dependent NO production and associated resis-
tance vessel dilation has been demonstrated in
experimental studies. Many of these studies have
recently been reviewed by Tarbell and
Pahakis [11]. Enzymatic degradation of hyaluro-
nan [25] in isolated arteries resulted in an impaired
NO response to fluid flow, while the importance
of heparan sulfates in shear-dependent NO
release was shown in cultured endothelial
cells [40]. Recently, the role of many of the differ-
ent glycocalyx components in shear-dependent
NO production in cultured endothelial cells was
compared in a single study. Glycoproteins bear-
ing acidic oligosaccharides with terminal sialic
acids, heparan sulfates, chondroitin sulfates and
hyaluronic acids were considered by correspond-
ing enzyme treatment with neuraminidase,

heparinase, chondroitinase and hyaluronidase,
while the NO-dependent agonists bradykinin
and histamine were utilized to check the viability
of the endothelial cell NO production system [9].
The results demonstrated that shear-induced
NO production was significantly reduced after
removal of heparan sulfates, sialic acids and
hyaluronan, but not after removal of chondroitin
sulfates. The impairment of NO production was
specific for the shear stimulus since histamine
and bradykinin remained capable of inducing a
significant increase in NO production after any
of the enzyme treatments. Noteworthy, hyalu-
ronic acid and heparan sulfate, unlike chon-
droitin sulfate, are both linked to caveolae that
are rich in signaling molecules, including enzy-
matic active nitric oxide synthase (eNOS), sup-
porting the idea that NO mediated flow-
dependent dilation is a glypican-caveolae-eNOS
mechanism [9,41]. The exact mechanism is still
unknown, but, it has been suggested that with
increasing flow, heparan sulfates undergo a shear
stress-dependent conformational change from a
random coil to an unfurled filament-helix struc-
ture. This produces additional anionic binding
sites for sodium ions of the blood, which could
carry on the signal transduction into the endot-
helial cell for a vasodilatory reaction [42]. More
evidence indicating that heparan sulfates play a
pivotal role in mechanotransduction of shear
stress was recently provided by the study of Yao
et al. [43]. These investigators demonstrated that
heparinase-treated endothelial cells no longer
align after 24 h of laminar flow, and that they
proliferate as if there were no flow present,
showing that removal of the heparan sulfates
appears to turn off the endothelial cell response
to shear stress. 

In addition to the polysaccharide structures, a
role for adsorbed proteins with a heparin-bind-
ing domain within the glycocalyx was found
with respect to its mechanotransduction proper-
ties in vivo [44]. Presumed release of these pro-
teins from the glycocalyx by infusion of heparin
resulted in a diminished NO-mediated dilator
response to shear stress during reactive hypere-
mia in mice cremaster muscle arterioles. This
was accompanied by a significant leakage of large
dextrans from the circulation, suggesting impair-
ment in glycocalyx exclusion properties. Taken
together, these data demonstrate that perturba-
tion of the glycocalyx can contribute to an
impaired NO-mediated flow-dependent dila-
tion, which is generally regarded to be a hallmark
of cardiovascular disease. 
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Glycocalyx influences 
microvascular resistance
Intravital microscopy studies in cremaster tissue
indicate that in control conditions, the glycoca-
lyx comprises a region of 20–40% of anatomic
capillary volume, which excludes blood compo-
nents such as flowing plasma, inert plasma mac-
romolecules and red bloods cells, and
consequently reduces functional capillary vol-
ume for blood flow and capillary tube hemat-
ocrit [14]. The exclusion properties of the
glycocalyx appear, however, to be very dynamic
and to be influenced by pathological stimuli as
well as agonists. Superfusion of the cremaster
muscle with adenosine, for example, was found
to reduce the ability of the glycocalyx to exclude
fluorescently labeled large-size dextrans by more
than 50%, while at supraphysiological concen-
trations of adenosine even red blood cell exclu-
sion was significantly reduced [45]. In line with
this, adenosine-induced coronary hyperemia
was, unlike coronary hyperemia after a transient
ischemic stimulus, demonstrated not to be lim-
ited by the presence of the endothelial glycoca-
lyx. Degradation of hyaluronan from the
glycocalyx was found to solely increase coronary
conductance during reactive hyperemia by
approximately 40% without affecting adenosine-
induced coronary hyperemia, thereby abolishing
the difference between reactive hyperemia and
adenosine-induced hyperemia that was present
during control conditions. These data suggest

that adenosine can cause the ‘recruitment’ of gly-
cocalyx volume by impairing its exclusion prop-
erties and this is associated with an increased
functionally-perfused volume, particularly in the
microvasculature. The 40% increase in coronary
conductance during reactive hyperemia [46] cor-
responds nicely with the 14–21% decrease in
flow resistance that was found in the rat mesen-
teric microcirculation after heparinase microin-
fusion [19]. Although these studies appear to
suggest that glycocalyx loss might be beneficial
for microvascular perfusion, degradation of the
glycocalyx is also associated with an increase in
platelet adhesion [19], edema formation [13],
impaired flow-mediated dilation [22,25] and loss
of capillary perfusion [47,48], which ultimately
compromise microvascular perfusion.

Conclusion
The endothelial glycocalyx compartment resides
on the luminal side of blood vessels. Data so far
indicate that an intact glycocalyx contributes to
the protection of endothelial function through-
out the vasculature. Since a variety of atherogenic
risk factors have been associated with endothelial
glycocalyx perturbation, it is suggested that the
glycocalyx might constitute a first line of defense
against atherosclerotic insults. A thin glycocalyx
at locations exposed to a disturbed blood flow,
therefore, might facilitate lesion development in
larger arteries. In the heart, adequate compensa-
tion of coronary perfusion via the microvascula-
ture is needed to maintain coronary perfusion in
the presence of such atherogenic lesions; unfortu-
nately, the compensation appears to be reduced
upon glycocalyx degradation. At the arteriolar
level, a damaged glycocalyx is associated with
impaired shear stress-dependent NO production,
while at the capillary level, perturbation of the
glycocalyx can result in reduction of functional
capillary density and an inability to recruit glyco-
calyx volume by agonists. In conclusion, the gly-
cocalyx plays an important role in vascular
homeostasis in both macro- and microcircula-
tion, as summarized in Figure 2. 

Future perspective
In the next decade, research will focus on the
mechanistic role of the glycocalyx in the develop-
ment of atherosclerosis and establish whether
there is a direct link between affected glycocalyx
and lesion formation. So far, atherogenic risk fac-
tors have been demonstrated to be associated with
glycocalyx damage, but no proof has been pro-
vided that a change in glycocalyx is an essential

Figure 2. Perturbation of endothelial glycocalyx results in a 
proatherogenic state, as evidenced by activation of 
coagulation, platelet and leukocyte adhesion, impaired 
vascular barrier properties and endothelial dysfunction.
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step in atherosclerotic development. Assessment
of the magnitude and rate of lesion development
in animal models of atherosclerosis in which gly-
cocalyx production or degradation is specifically
targeted will give an answer. 

Research will focus also on the mechanisms
involved in agonist-induced glycocalyx modula-
tion. Up to now, adenosine has been demon-
strated to impair glycocalyx exclusion properties,
but the question is whether other vasoactive
agents might have similar effects on the glycocalyx
as well, and which mediators or receptors are
involved in these effects. Furthermore, the role of
this agonist-induced glycocalyx modulation in
blood-flow control and exchange will be addressed
in the coming years. We envision that functional
recruitment of glycocalyx volume might consti-
tute a mechanism by which endogenously pro-
duced agonists can increase capillary volume for
perfusion and exchange, in parallel to increasing
blood flow by relaxation of resistance vessels, and
that this mechanism will be impaired in the case
of a perturbed glycocalyx. In this respect, the
effects of prolonged glycocalyx degradation on

capillary density and microvascular remodeling
will need consideration in future studies as well.
Finally, the role of the glycocalyx in the process
of arteriogenesis will be a topic of interest
because shear-induced activation of the endothe-
lium has been shown to be an important compo-
nent for adequate recruitment of pre-existing
collateral vessels.

Assessment of the state of the endothelial gly-
cocalyx as a diagnostic marker for early endothe-
lial dysfunction might become a valuable
method for the detection of increased cardiovas-
cular risk in humans in the coming years. Thus
far, a first step has been made by the measure-
ment of systemic glycocalyx volume in a clinical
setting. Intracoronary injection of glycocalyx-
selective tracers in combination with rapid sam-
pling of coronary venous outflow will enable
determination of coronary glycocalyx volume;
this methodology is being developed in our
laboratory at the moment. Finally, use of tracers
that selectively target the glycocalyx might
enable assessment of the local condition of the
glycocalyx by noninvasive techniques in the
near future. 

As a final point, infusion of glycocalyx com-
ponents such as hyaluronan and heparan sul-
fates might be used to restore a perturbed
glycocalyx and enhance vascular protection.
Currently available strategies aimed at lowering
individual risk factors have only modestly suc-
ceeded in reducing the cardiovascular event rate.
Since many cardiovascular risk factors have been
shown to be associated with a loss of antiathero-
genic properties of the vessel wall, increasing the
vascular-protective properties by targeting the
glycocalyx might be a way to go. In this respect,
it was already demonstrated in experimental
animal studies that infusion of heparan sulfates
and heparin prevented deceleration of rolling
leukocytes and leukocyte immobilization during
administration of ox-LDL [26], and that injec-
tion of hyaluronan could partially prevent the
deteriorating effects or ischemia-reperfusion
injury [16]. 
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Executive summary

Glycocalyx as protective barrier between endothelium & blood

• Glycocalyx is located at the luminal side of the vasculature, is 
composed of polysaccharides and plasma proteins, has a thickness of 
approximately half a micron and significantly excludes circulating plasma 
and red blood cells. 

• Enzymatic degradation of the glycocalyx has been associated with 
increased vessel wall adhesiveness and vascular leakage, coagulation 
activation and impaired shear-dependent nitric oxide production.

Glycocalyx might constitute a first line of defense 
against atherosclerosis

• Endothelial glycocalyx is thinner at sites prone for atherosclerosis. 
• Hyperglycemic, inflammatory and atherogenic conditions result in 

glycocalyx perturbation.

Glycocalyx is important for microvascular regulation

• Glycocalyx plays a pivotal role in shear stress-dependent nitric oxide-
mediated dilation of resistance vessels. Both polysaccharides and 
adsorbed plasma proteins are important for the mechanotransduction 
properties.

• Glycocalyx reduces functionally-perfused capillary volume by 20–40% 
under control conditions. Whereas physiological ‘recruitment’ of 
glycocalyx volume by agonists might increase capillary volume for 
perfusion and exchange, glycocalyx degradation is ultimately associated 
with capillary perfusion impairments.

Future perspective

• Assessment of the condition of the glycocalyx might be used as prognostic 
tool for early determination of vascular damage. 

• Glycocalyx restoration might be used as therapy to increase the 
atheroprotective properties of the vascular wall.
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