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The endothelial glycocalyx has a profound influence at the vascular wall on the transmission of shear stress, on the maintenance of a
selective permeability barrier and a low hydraulic conductivity, and on attenuating firm adhesion of blood leukocytes and platelets.
Major constituents of the glycocalyx, including syndecans, heparan sulphates and hyaluronan, are shed from the endothelial surface
under various acute and chronic clinical conditions, the best characterized being ischaemia and hypoxia, sepsis and inflammation,
atherosclerosis, diabetes, renal disease and haemorrhagic viral infections. Damage has also been detected by in vivo microscopic
techniques. Matrix metalloproteases may shed syndecans and heparanase, released from activated mast cells, cleaves heparan
sulphates from core proteins. According to new data, not only hyaluronidase but also the serine proteases thrombin, elastase,
proteinase 3 and plasminogen, as well as cathepsin B lead to loss of hyaluronan from the endothelial surface layer, suggesting a wide
array of potentially destructive conditions. Appropriately, pharmacological agents such as inhibitors of inflammation, antithrombin and
inhibitors of metalloproteases display potential to attenuate shedding of the glycocalyx in various experimental models. Also, plasma
components, especially albumin, stabilize the glycocalyx and contribute to the endothelial surface layer. Though symptoms of the
above listed diseases and conditions correlate with sequelae expected from disturbance of the endothelial glycocalyx (oedema,
inflammation, leukocyte and platelet adhesion, low reflow), therapeutic studies to prove a causal connection have yet to be designed.
With respect to studies on humans, some clinical evidence exists for benefits from application of sulodexide, a preparation delivering
precursors of the glycocalyx constituent heparan sulphate. At present, the simplest option for protecting the glycocalyx seems to be to

ensure an adequate level of albumin. However, also in this case, definite proof of causality needs to be delivered.

Introduction

There is no longer doubt about the existence of a glycocalyx
(Figure 1) or, more appropriately in vivo, the presence of an
endothelial surface layer (ESL) on healthy human vascular
endothelial cells [1-7]. This surface layer is comprised of
the ‘classical’ glycocalyx constituents, mainly heparan and
chondroitin sulphate glycosaminoglycan chains covalently
linked to the syndecans (transmembrane core proteins)
and glypicans, and of hyaluronic acid attached via cell
membrane receptors (CD44), between which plasma con-
stituents intercalate. The exact composition and thickness
of the ESL (0.2-2pm) vary, depending on vessel type
(Figure 2), flow shear rate and the vascular bed [6]. However,
some of the physiological functions are still under debate.

Most agreement is to be found concerning the role of the
glycocalyx as a transducer of shear stress from flowing
blood into intracellular vascular signals [5, 8, 9]. Action as a
component of the vascular barrier is also relatively well
established [10-13], while the undeniable potential to in-
hibit or at least to attenuate firm adhesion of leukocytes
and platelets to the vessel wall under physiological
conditions is not yet generally appreciated [14-19]. Greatest
uncertainty applies to whether binding of hormones, cyto-
kines, chemokines and other kinds of signalling molecules
to the glycocalyx sequesters or enhances activity of these
substances [20-25]. This function will probably turn out to
be ‘case sensitive’. An involvement of the glycocalyx in
defining the pharmacokinetics and pharmacodynamics of
pharmaceutical drugs has, to our knowledge, never been
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Figure 1

Electron microscopic view of a human mammary artery (end piece not uti-
lized for coronary bypass grafting) after fixation with lanthanium(ll)nitrate/
glutaraldehyde solution. The thickness of the glycocalyx (dark fibrous zone)
is approximately 200 nm. For details, see [7, 28]

Intervillous space
(maternal blood)

Villus (fetal)

Figure 2

Light-microscopic picture of a slice of human placenta stained with an-
tibody against syndecan-1 (brown stain). There is intense colouration at
the villous surface, i.e. the interface between maternal blood and fetal
tissue, but none in the fetal capillaries. For details, see [44]

seriously investigated. Likewise, attempts specifically to
protect the glycocalyx from damage (see below) or to re-
store its function in pathological situations are virtually ab-
sent in clinical studies [2].

Several pathophysiological processes have indeed
been associated with structural and functional derange-
ment of the glycocalyx. The largest bodies of evidence
for a link relate to post-ischaemic organ damage [26-28],
sepsis and inflammation [28-34], renal disease [32, 33, 35],
diabetic vasculopathy [36-38] and atherosclerosis [39, 40].
Symptoms such as hypertension, haemolytic uraemic
syndrome and of some viral infections may also relate to
deterioration of the endothelial glycocalyx, since all are
accompanied by shedding of one or more of heparan
sulphate, syndecans and hyaluronan, all major constituents
of the glycocalyx, into blood and urine [41]. It is worth
mentioning here that, in the case of syndecans, it is
generally syndecan-1 (sdc1) that has been measured in
studies on humans. There are four types of syndecan
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(numbered 1 through 4), but sdc1 seems the most prevalent
type at the luminal endothelial surface. Although it can be
replaced by other proteoglycans in sdc1(-/-) mice to form a
hydrodynamically relevant glycocalyx [42], it is loss of sdc1
that induces a proinflammatory endothelial phenotype [43].

A relatively recent finding is that pregnancy, normal
and even more so in the HELLP syndrome, displayed
pronounced elevation of shedding, compatible with
restructuring during gestation of the very dense glycoca-
lyx found on the villous surface (Figure 2), the interface of
maternal blood and fetal/embryonal tissue in the
placenta [44-47]. However, shedding of glycocalyx com-
ponents into blood obviously does not prove a causal
role of degradation for generating some of the clinical
symptoms of the respective disease. The relationship
may be incidental, merely parallel or a side effect of the
underlying disease. One thing is certain though,
deterioration of the endothelial glycocalyx will exacer-
bate phenomena of inflammation and disturbed micro-
circulatory physiology. Key consequences of the loss of
the glycocalyx will be enhanced oedema, facilitated
adhesion of leukocytes and blood platelets, and loss of
flow-dependent vasodilatation [2, 27]. Such complica-
tions may explain why a clinical study in which hepari-
nase was given to patients undergoing coronary bypass
heart surgery provided some negative outcomes and
had to be terminated ahead of time [48].

Another general consequence of shedding of the
endothelial glycocalyx will be that biologically active
constituents and compounds bound in the ESL will also
disappear from the immediate vicinity of the luminal
vascular surface, with loss of local action and gain of sys-
temic effects. Pertinent examples are xanthine oxido-
reductase (XOR), lipoprotein lipase (LPL), tissue factor
pathway inhibitor (TFPI), fibroblast growth factor (FGF2)
and vascular endothelial growth factor (VEGF) [49-54].
On the one hand, loss of XOR at the endothelial surface
limits local production of the important physiological
antioxidant uric acid [55], displacement of LPL limits li-
polysis of triglycerides, thereby reducing clearance of
chylomicrons and VLDL and supply of free fatty acids to
the parenchymal cells [53, 54], and loss of TFPI allows ini-
tiation of blood coagulation by tissue factor at the vessel
wall [3]. On the other hand, systemic effects, notably
those of FGF2 and VEGF will be enhanced [54].

Clinical conditions with signs of
glycocalyx degradation

Organ or whole body ischaemia followed by reperfusion,
as found in cardiopulmonary bypass, repair of aortic aneu-
rysms and deep hypothermic cardiac arrest, consistently
give rise to elevated levels of sdc1 and heparan sulphate
in blood [26]. This is true not only for adults, but also for
infants [56]. The post-cardiac arrest syndrome is also



associated with increased plasma syndecan, heparan sul-
phate and hyaluronan [57]. Such phenomena presumably
reflect shedding of the endothelial glycocalyx and may ac-
count for the development of oedema and exacerbated
leukocyte and platelet adhesion in reperfused tissue, i.e.
contribute to reperfusion damage [58-61]. Interestingly,
hypoxia/reoxygenation causes a similar, marked deteriora-
tion of the glycocalyx in experimental models [62]. Media-
tors of ischaemia- and hypoxia-induced shedding could be
the nucleosides adenosine and inosine, both produced in
large amounts by degradation of the high energy adenine
nucleotides (ATP, ADP) under oxygen deprivation. Both are
stimulants of the adenosine type-3 receptors found on hu-
man mast cells [63, 64]. At least those resident mast cells
found in the human myocardium contain granular stores
of the enzyme heparanase, release of which into the extra-
cellular space will cause cleavage of heparan sulphate from
the endothelial glycocalyx [27, 65]. Mast cells also contain a
vast assortment of proteases, cytokines and chemokines,
potential inducers of syndecan and hyaluronan shedding
[28, 62, 64, 66]. Blockade of adenosine A-3 receptors
could, thus, be an option to inhibit post-ischaemic shed-
ding of the glycocalyx. Also, mast cell stabilizers such as
chromoglycate, ketotifen and indomethacin could prove
beneficial in these settings [66]. In any case, application
of adenosine during coronary reperfusion to patients with
acute myocardial infarction failed to produce long term
benefits in survival [67, 68].

Increases in plasma sdc1, heparan sulphate and
hyaluronan occur after coronary artery bypass grafting
(CABG) during myocardial reperfusion [69-71]. Here
shedding of the glycocalyx should lead to loss of
flow-dependent vasodilatation, i.e. contribute to the
‘no-reflow’ phenomenon in formally patent coronary ar-
teries [8, 72]. Surprisingly, elevations of sdc1 and heparan
sulphate of similar magnitude as in conventional CABG
occur also in the ‘off-pump’ coronary bypass procedure,
performed expressly to largely avoid myocardial ischae-
mia [69, 70]. Post-ischaemic stimuli of shedding such as
adenosine and inosine should not be generated in this
case. In cardiac surgery, however, there is inadvertent,
strong mechanical manipulation of heart tissue, includ-
ing the atria. This mechanical stress serves as an ade-
quate stimulus for release of atrial natriuretic peptide
(ANP), known from experiments on isolated heart prepa-
rations to induce rapid degradation of the endothelial
glycocalyx [73]. Indeed, measurements of ANP in plasma
of patients undergoing on- and off-pump CABG showed
identical four- to five-fold increases in ANP concentra-
tions under both protocols. Pertinently, these increases
peaked before the onset of shedding and also preceded
the rise of inflammatory cytokines such as IL-6 and IL-8
[70]. From experiments comparing A-, B- and C-type
natriuretic peptide, all of which proved to be capable of
inducing degradation of the glycocalyx, it appears that
stimulation of the B-type natriuretic peptide receptor

Endothelial glycocalyx — emerging clinical impact BJCP

mediates the intracellular signalling cascade ultimately
giving rise to shedding in this scenario [74]. Whether
application of inhibitors of the B-type receptor (such as
anantin) or of signal transduction from the natriuretic
peptide receptors protects the glycocalyx and improves
post-CABG recovery of patients (less oedema, better
reflow, less demand of catecholamines, higher cardiac
output), would be worth studying. Unfortunately, to date
no such drug is approved for use in man [75, 76]. On the
other hand, the potential of natriuretic peptides to initi-
ate destruction of the glycocalyx may well explain the
unequivocal or poor long term results obtained in clinical
studies aiming to improve heart function or to limit the
consequences of myocardial infarction by applying re-
combinant human BNP (nesiritide) or ANP (carperitide)
[68, 77-79].

With respect to the above described actions of natri-
uretic peptides (NPs), an intriguing dilemma arises from
the recent PARADIGM heart failure trial [80]. This trial
tested the drug sacubitril, a dual inhibitor of the angio-
tensin Il receptor and of the enzyme neutral endopepti-
dase (NEP), which is considered to play an important
role in degrading natriuretic peptides. Sacubitril proved
so beneficial in the treatment of patients with heart fail-
ure vs. the pure ACE inhibitor enalapril that the trial was
stopped prematurely (after 27 months of follow-up).
The problem with trying to judge the relevance of the
PARADIGM trial results in relation to the acute action of
NPs on the glycocalyx is three-fold. Sacubitril has, by
design, a dual inhibitor function (angiotensin Il receptor
and NEP), and may not even be a selective inhibitor of
NEP. Even if so, natriuretic peptides are not the only
peptides influenced by NEP. Endothelin and bradykinin
are just two of other potent vasoactive substrates that
need to be considered. Second, the benefit to patients
seen in the PARADIGM trial was never causally related
to changes in NP concentrations. Third, we are com-
paring a long term effect in patients with heart failure
with an acute action on the glycocalyx. Interestingly
though, there was a higher incidence of angioedema in
the sacubitril group, which would fit with enhancement
of NPs.

Another clinical situation probably leading to dis-
ruption of the glycocalyx is that of volume loading (VL),
common practice before elective surgery in many places
world-over. VL with colloidal solutions was found to
provide only limited expansion of intravascular fluid.
After 30min only about 40% of the applied colloid
volume remained in the vascular space [81]. In contrast,
acute normovolaemic haemodilution (ANH) with similar
amounts of colloidal solution in place of removed blood
was not associated with vascular leak of colloid or vol-
ume after 30 min [82]. VL, but not ANH, may be expected
to increase wall stress of the cardiac atria, an adequate
stimulus for release of ANP. ANP, in turn, is known to
cause rapid extravasation of plasma in man [83]. We have

Br ] Clin Pharmacol / 80:3 / 391



BJCP B. F. Becker et al.

since studied these two infusion regimes closely,
comparing plasma concentrations of constituents of the
glycocalyx and the simultaneous changes in plasma
ANP. VL, but not ANH, was associated with elevation of
ANP and shedding of sdc1 and hyaluronic acid [84]. The
obvious recommendation, therefore, is to avoid volume
loading as far as possible in favour of haemodilution to
save blood for abetting any subsequent loss [84-86].
Interestingly, heparan sulphate concentrations were not
increased in either protocol, a distinction to the changes
noted in the study on CABG-linked release of ANP (see
above). This means that there can be only little or no
release of heparanase, thus suggesting an absence of
major stimulation of mast cells in the course of
correctly performed volume loading or normovolaemic
haemodilution.

The renal glomerulus contains a specialized microvas-
cular bed. One important difference is that plasma ultra-
filtrate is not drained by a lymphatic system from an
interstitial space, but serves as the vehicle ‘primary urine’
to excrete waste products from the plasma towards the
urinary tract collection system. Filtration behaviour
across the glomerular capillary wall is determined by its
hydraulic conductivity, the reflection coefficient for
plasma proteins, the pressure within glomerular capil-
laries and the urinary space, and the haemodynamics
established by the tone of the afferent and efferent
vessels. The blood-urine barrier anatomically consists
of the fenestrated glomerular endothelium that is cov-
ered by a surface layer similar to what we know from
the rest of the circulatory system, and an interdigitating
network of processes partially covered by the overlying
cell bodies of abluminal podocytes, with a shared base-
ment membrane in between. In addition to the negative
charges of this basement membrane [87], the glomerular
endothelial glycocalyx makes an important contribution
to the ‘perm-selective’ filtration properties of this barrier
[88]. This is owed to the tightly packed negative charges
and highly organized regular architecture of the glycoca-
lyx components at the endothelial surface, and possibly
also of the podocyte surface, of glomerular capillaries
[89, 90]. Removing these charges experimentally led to
the appearance of increased concentrations of the nor-
mally retained albumin in the primary urine [91]. Albu-
minuria has therefore been implicated as clinical
indicator of disturbance of the glomerular capillary gly-
cocalyx [80], in the context of either direct glomerular in-
jury or glomerular involvement in more generalized
vascular dysfunction [33, 92].

Renal disease in various forms presents with endothe-
lial dysfunction and perturbation of the glycocalyx
[32, 33, 35, 93-95]. Dialysis patients exhibited reduced
glycocalyx thickness and enhanced shedding [96]. The
low dimensions of the endothelial surface layer found
in end stage renal disease patients normalized after
successful kidney transplantation, as did elevated plasma
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levels of sdc1l and the endothelial marker throm-
bomodulin [97]. This observation is further indication of
the, presumably, tight association between shedding of
the glycocalyx and endothelial dysfunction in general
[36, 98, 99]. Such a link has been described also for
trauma severity and traumatic coagulopathy in patients
[100, 101].

Haemorrhagic viral infections such as caused by the
hanta, dengue and, probably, ebola viruses are presum-
ably accompanied by destruction of the endothelial
glycocalyx [102]. In the study of hanta virus infection,
sdc1 was significantly and positively related to severity
of disease and loss of albumin from plasma [103]. In
Crimean-Congo haemorrhagic fever, disease severity
was also linked to the level of glycocalyx degradation
[104]. Interestingly, both hanta and dengue viral
infection led to activation of matrix-metalloproteases
[105, 106], which could causally account for the shedding
of syndecan (see below). Recently, the glycocalyx has
been brought into consideration in conjunction with
the haemolytic uraemic syndrome, the atypical form of
which has been related to incorrect binding of comple-
ment factor H to heparan sulphate [41].

Perhaps the clearest association between glycocalyx
destruction and disease exists for sepsis. The increase
of sdc1 concentrations in plasma of individual patients
was negatively correlated with survival with high signifi-
cance [107-109]. Likewise, serum hyaluronan concentra-
tion was dependent on disease severity in critically ill
patients, most of whom had sepsis [110]. In another
study, treatment of human volunteers injected with en-
dotoxin lipopolysaccharide with etanercept, an antibody
against tumour necrosis factor-alpha (TNF-0), lowered
shedding of glycocalyx constituents [111]. Experiments
on isolated heart preparations have revealed massive de-
struction of the glycocalyx after application of TNF-a. This
action was prevented by pretreatment of the hearts with
either hydrocortisone or antithrombin [28].

Meta-analysis of 17 clinical studies assessing resus-
citation of patients with sepsis gave the result that use
of albumin-containing solutions lowered mortality
compared with other fluid resuscitation regimens [112].
Pertinently, human albumin affords protection of the
glycocalyx in experimental models and possesses high
affinity for the glycocalyx [2, 10]. For example, perfusion
with albumin-containing solutions elicits far more
shear-stress dependent vasodilatation and lowers fluid
flux across the vessel wall much more than other types
of colloids in clinical use (hydroxyethyl starches and
gelatines) [8, 113-115]. This exceptional ability for inter-
action probably arises from the fact that the albumin
molecule carries a net negative charge in plasma at
physiological pH, as opposed to the HES and gelatine
molecules. As schematically illustrated in Figure 3, one
potential explanation is that in vivo the glycocalyx will
be highly enriched with calcium ions, electrostatically
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space .

Schematic illustration of the endothelial surface layer in the presence of albumin (red dots), negatively charged at physiological plasma pH. The neg-
ative charges on heparan, chondroitin and dermatan sulphate glycosaminoglycan side chains of proteoglycans of the glycocalyx attract cations, espe-
cially the divalent Ca-ions, which shield the sulphate groups. Out of purely electrostatic considerations, this may provide an electrical double layer with a
positively charged ‘outer’ face, to which albumin molecules will be attracted. Binding and enrichment of albumin in the glycocalyx results, a feature
lacking for the artificial colloids in present day clinical use (all uncharged at physiological pH). For reasons of simplicity, Na*, K* and Mg2+ ions are

not included in the scheme

shielding the great amount of negative heparan, chon-
droitin and dermatan sulphate groups carried by the
syndecans and glypicans at the endothelial cell surface
[5, 27]. Needless to say, not only Ca?* but also Na*, K*
and Mg?* are attracted to the negatively charged glyco-
calyx. Indeed, the endothelial glycocalyx poses as a
buffer for sodium ions which, in turn, stabilize the struc-
ture [116]. Irrespective of charge-shielding by Na* ions,
the divalent calcium ions possess the far higher charge
density. For purely electrostatic reasons, therefore,
particularly Ca®* will be enriched in the double layer of
positive charges covering the negative surface molecules
and there, in turn, will attract albumin molecules and
allow them to intercalate in the endothelial surface layer
in preference to uncharged molecular species of colloid
(Figure 3).

At this point is seems fitting to call to attention the
great and ongoing controversy about which type of
colloidal infusion solution should be used in volume
therapy. Even the recent German Fluid Guidelines, which
were consented by 14 National Societies,, were not able
to put forward firm recommendations, owing to ‘contra-
dictory results and methodological flaws’ in the trials
conducted in septic patients [117]. From the sight of
the endothelial glycocalyx and surface layer, the scales
should tip in favour of albumin, especially in critically ill
patients. In addition, albumin should better help the
glycocalyx to maintain the important physiological inter-
action with the plasma electrolytes. There is evidence
that elevation of plasma Na* by aldosterone may lead
to deterioration of the endothelial glycocalyx [116]. In

this context, mineralcorticoids probably influence the
stability and stiffness of the endothelial glycocalyx by af-
fecting the plasma concentrations of Na*, Ca?* and pH
[118]. Here, again, there are no clinical studies enabling
clear answers to be given regarding likely actions of
mineralcorticoids or aldosterone antagonists on the en-
dothelial glycocalyx of human patients, especially under
conditions of hypo-albuminaemia.

The thickness of the endothelial surface layer in
pulmonary vessels is considered to exceed that encoun-
tered in other vascular beds [119]. This indicates an im-
portant function as a barrier in lung vessels. Respiratory
failure associated with sepsis is accompanied by higher
heparanase activity in blood and lung tissue than in
normal human biopsies and by elevated plasma heparan
sulphate and hyaluronan levels [120, 121]. In an experi-
mental mouse model of sepsis, shedding of lung
glycocalyx heparan sulphate was induced by lipopoly-
saccharide (LPS) via TNF-a. The authors presumed this
occurred via activation of an endothelial heparanase. In
any event, the ensuing pulmonary microvascular degra-
dation of the glycocalyx promoted adhesion of neu-
trophilic granulocytes (PMN) [120]. This is an interesting
finding, because PMN contain many proteolytic en-
zymes, including the serine proteases elastase and
proteinase-3. Such enzymes could perhaps account for
the cleavage of the proteinaceous cores of syndecans
and the shedding of hyaluronan via proteolysis of the
hyaluronan binding receptor CD 44 [5, 122]. Heparanase
cannot attack these molecules. To establish whether
elastase is released from PMN attached to the vascular
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wall, we infused human PMN prestimulated with fMLP
into the coronary system of guinea pig isolated hearts.
This allowed us to stain with antibody against human
elastase, thus avoiding any background interference.
Figure 4 shows an adherent human PMN in a coronary
microvessel of a guinea pig heart. Immuno-histochemical
examination revealed elastase, both in granula within
the PMN and beginning to spread out from the PMN
along the surface of the endothelial vessel lining, i.e. into
the glycocalyx. It is important to relate this observation to
the precautionary measure of removing leukocytes from
red blood cell concentrates before transfusion. This
present-day standard protocol was introduced out of
necessity, pre-activated leukocytes sometimes initiating
serious transfusion complications. One may postulate
that destruction of the glycocalyx lay at the onset of such
inflammatory complications [123].

Search for sheddases involved in
cleaving glycocalyx components
from the cell membrane

A therapeutic option to prevent degradation of the
glycocalyx/endothelial surface layer may be to inhibit
the enzymes responsible for shedding of individual
components. Whereas heparanase and its bacterial
counterpart heparinase are specific for cleaving heparan
sulphate side chains from cell surface proteins such as
syndecans and glypicans [39, 65], and hyaluronidase is
a prime candidate for removing hyaluronan from the
glycocalyx [39, 124], the precise identity of the proteases
underlying cleavage of syndecans in humans under

g ‘

10 um

Figure 4

Light microscopic picture of a slice of guinea pig heart perfused with a
bolus of 3 x 10° human polymorphonuclear neutrophilic granulocytes,
prestimulated with formyl-Meth-Leu-Phe. The heart was fixation-per-
fused with formalin, sliced and stained with antibody against human
elastase. The brown colouration identifies elastase in granules within
a PMN attached to the wall of a small venule and beginning to spread
out along the endothelial surface. For details, see [26, 134]
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many pathological situations remains obscure. Only in
the special case of tumour invasion and tumour me-
tastasis is there good evidence for shedding of
syndecans-1, -2 and -4 by matrix and membrane-type
matrix metalloproteases [125, 126]. Though several stud-
ies have shown that ortho-phenanthroline, doxycycline
and batimastat, all rather non-selective inhibitors of
metalloproteases, can attenuate syndecan and glycan
shedding and glycocalyx destruction [74, 127-130], there
is some doubt as to whether matrix-metalloproteases are
exclusively involved. According to some reports in the
literature, thrombin, plasmin and elastase can induce
shedding [131-133]. We have found enhanced release
of the enzymes tryptase (a serine protease) and cathep-
sin B (a cystein protease) in the coronary venous effluent
of post-ischaemic hearts, in parallel with deterioration of
the glycocalyx [62, 134]. These are, thus, also potential
candidates as sheddases.

In an attempt to identify enzymes that may partici-
pate in shedding of constituents of the glycocalyx,
especially of the syndecans, we devised a simple,
straightforward test. A selection of candidate proteases
was infused, singly, for 10 min into the coronary system
of guinea pig isolated hearts and the coronary venous
effluent collected for 20min. This total effluent was
quantified and subsequently analyzed (by immunoassay)
for contents of three major components of the coronary
endothelial glycocalyx, sdcl1, heparan sulphate and
hyaluronic acid [135]. The enzymes selected for these
experiments were tryptase, elastase, proteinase-3,
thrombin, tissue-type plasminogen activator, plasmin
(all serine proteases), cathepsin B and hyaluronidase.
The rationale behind this selection was that either there
were reports in the literature about their activity as
sheddases (thrombin, plasmin, elastase), or that acti-
vated mast cells, granulocytes or endothelial cells
released them, i.e. they are involved in inflammatory re-
actions [136]. Also, experimental studies had revealed
protection by antithrombin against shedding of the gly-
cocalyx under ischaemic and inflammatory conditions
[16, 28, 137]. Hyaluronidase actually served as a positive
control, to make sure that our test system was indeed
able to allow detection of shedding.

The results of these investigations are shown in
Table 1. Rather unexpectedly, none of the tested en-
zymes caused significant elevation of coronary washout
of sdc1. In fact, rates of release tended to fall in the
presence of all infused enzymes vs. control hearts. Thus,
none of the enzymes investigated here may be regarded
as likely candidates for implementing shedding of
syndecan. This finding contradicts the literature on
thrombin, plasmin and elastase, where shedding was
determined, albeit in other models [125, 131-133]. How-
ever, it does shed an interesting light on the mechanism
by which antithrombin Il protects the glycocalyx against
various forms of damage. The antithrombin molecule



Table 1

Coronary venous rates of release of glycocalyx constituents
(ng min™" g™" heart tissue) induced by 10 min intracoronary infusion of
various enzymes in guinea pig isolated perfused hearts. Values are
means + SD; for perfusion and analytical details, see [135]

Heparan Hyaluronic
Enzyme n Syndecan-1 sulphate acid
Controlt 9 11.7x7.1 654 + 254 (n = 8) 7.4+6.7
Thrombin# 8 52+43 1022 +627 (n=5) 27.9 +32.0*
Tryptase§ 11 42+32 804 + 327 (n=5) 19.0+13.9
Cathepsin BY| 12 43+26 1556 + 666 (n=5)* 30.4+19.3*
Elastase** 6 26+2.8 1413+ 70 (n =3)* 55.6 +39.3*
Proteinase 31t 3 28x%22 (n=0) 271171 *
Plasmin+# 4 25+13 (n=0) 40.1+16.5*
tPASS 3 1.7+09 (n=0) 15.0+10.3
HyaluronidaseflY 4 24z+15 (n=0) 1197.0 £ 524.7*

tControl = time matched perfusion without exogenous enzyme, + Thrombin from
human plasma (Sigma,USA), 3.3-50U/heart. § Tryptase purified from human lung
(Sigma, USA), 2-10 mU, 11 Cathepsin B from bovine spleen (Sigma, USA), 1.1-5.4U,
** Elastase from human leukocytes (Sigma, USA), 0.33-0.67U, 1 Proteinase 3 from
human neutrophilic granulocytes (Biomol international, Hamburg,Germany), 0.47U,
+# Plasmin from human plasma (Sigma, USA), 1.5U, §8 Tissue-type plasminogen ac-
tivator, recombinant human, expressed in CHO cells (Sigma, USA), 1667U, 111 Hyal-
uronidase from bovine testes (Sigma, USA), 5400U; n=number of hearts; * =
P < 0.05 vs. control, ANOVA and unpaired t-test with Bonferroni correction.

possesses, aside from its catalytic site, a heparin and
heparan binding domain (D-helix), with which anti-
inflammatory effects other than inhibiting serine
proteases are elicited [138]. Indeed, simply by binding
tightly to the heparan sulphate proteoglycans on the
membrane it could hinder enzyme access and prevent
degradation [2, 137, 139].

Surprisingly, cathepsin B and elastase evoked slight
elevations of heparan sulphate release (Table 1),
although neither one of them is a heparinase or hepa-
ranase, i.e. capable of directly cleaving the glycosidic
bond linking heparan sulphate side chains to protein
core molecules of the glycocalyx. Piecemeal degradation
of protein core molecules could explain this unexpected
finding. Stimulation of resident myocardial mast cells to
release heparanase represents another, indirect possibil-
ity for affecting glycocalyx degradation [139].

Massive release of hyaluronan was induced by
hyaluronidase (160-fold rise vs. control), as to be ex-
pected. However, enhanced washout of hyaluronan also
was induced by cathepsin B, thrombin, elastase, plasmin
and proteinase-3, albeit to a lower extent (maximum
seven-fold increase) than with hyaluronidase. Direct
attack of these proteases on the polyglycosidic molecule
of hyaluronan is impossible. On the other hand,
hyaluronic acid is held at the endothelial cell surface by
binding to the transmembrane receptor protein CD44
[5, 122, 140]. Proteolytic degradation of this molecule
could explain the release of hyaluronan observed in the
presence of cathepsin B, elastase, proteinase-3 and
thrombin (Table 1).
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Lacing of the long chain hyaluronan molecules into the
endothelial glycocalyx lends elastic resilience and helps to
maintain the protective layer above the adhesion mole-
cules for leukocytes platelets and circulating tumor cells
on the endothelial cell surface [140-142]. Removing just
some of the hyaluronic acid by inflammatory proteases
such as cathepsin B, thrombin, protease-3 and elastase
may thin out the endothelial surface layer and, thus, permit
a moderate rise in the adhesivity of blood constituents
without requiring complete destruction of the glycocalyx.
Modulation of the inflammatory response, i.e. avoidance
of an all-or-nothing reaction, could rely on such a principle.

Protective measures

Protection of the endothelial glycocalyx of isolated per-
fused hearts against damage by ischaemic insult or TNF-
a was afforded by pretreatment with hydrocortisone [16,
28, 135]. Antithrombin Il also proved to be protective in
these circumstances and in humans [57]. Both drugs are
beneficial in clinical situations involving inflammation
and ischaemia/reperfusion. Hydrocortisone stabilizes mast
cells, inhibits leukocyte activation and down-regulates in-
flammatory cytokines. Antithrombin is a potent inhibitor
of various serine proteases of the coagulation cascade,
and also interacts with elastase [138]. However, shielding
against enzymatic attack simply based on the strong bind-
ing of antithrombin to an intact endothelial glycocalyx
could be an underlying explanation [2, 137]. Along the
same line of reasoning, stabilization of the glycocalyx by
intercalation of aloumin seems to be a valid clinical option
to preserve the endothelial surface layer [2, 114, 143]. This
local enrichment provides protection against redox attack
(albumin contains an oxidizable sulphhydryl group) and
excessive binding of leukocytes and platelets, limits fluid
and colloid extravasation, and supports shear-stress
dependent vasodilatation [8, 114, 129]. Sequestering vaso-
active and inflammatory mediators such as endotoxins
and LPS could also contribute to the beneficial action of
albumin. Recently, the ability of albumin to carry
sphingosin-1-phosphate (S1P) to the endothelial cell has
been proposed as the underlying protective mechanism
[144]. Pertinently, STP itself was found to reduce shedding
of glycosaminoglycans by suppression of matrix-
metalloproteinase activity.

Etanercept has been successfully tested in humans
against inflammation (LPS)-induced destruction of the
glycocalyx [111]. Shedding of sdc1 by natriuretic pep-
tides was strongly attenuated by ortho-phenanthroline
[64]. Doxycycline inhibited glycan shedding induced by
inflammatory and oxidative stress [127-129]. However,
these two matrix-metalloprotease inhibitors have not
been studied in humans in this respect. In any case, their
specificity of action is very questionable and the thera-
peutic band width to toxicity narrow. Since knowledge
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of a specific protease responsible for shedding of the
glycocalyx has not been forthcoming, indirect measures
of protection seem more promising. These include
stabilization of mast cells, dendritic cells and leukocytes
and enhancement of anti-inflammatory signals, such as
prostacyclin synthesis. Use of the anaesthetic agent
sevofluran has proved protective for the glycocalyx in
experimental settings [17, 134]. Choice of this volatile
anaesthetic in surgical procedures may, thus, be of bene-
fit for critically ill patients.

There are a number of clinical studies testing the
potential of the agent sulodexide to improve chronic
venous disease, arterial disease, diabetic nephropathy
and chronic kidney disease [145-147]. Sulodexide is a
mixture of natural porcine heparan and dermatan
sulphates (80 and 20%, respectively), which, given orally,
are degraded to N-acetyl-glucosamine moieties in the
digestive tract [132, 148]. These presumably then serve
as precursors for the synthesis of glycosaminoglycans in
the endothelial glycocalyx. Whether sulodexide applied
intravenously or intramuscularly acts by such a mecha-
nism is uncertain. Experiments on endothelial cells in cul-
ture suggest that an alternative mode of action could be
prevention of heparan sulphate degradation [149]. In a
small study on 10 participants with type 2 diabetes vs.
10 controls, diminished dimensions of the endothelial
glycocalyx and a hightened transcapillary escape rate of
albumin in the diabetic group were normalized after
2months of oral treatment [147]. However, a larger,
placebo-controlled, double-blind investigation of over
1000 patients with type 2 diabetic nephropathy failed
to find any renoprotective benefit of sulodexide after
1029 person-years of follow-up [150]. Sulodexide is also
proposed as an endothelial-protective drug for the
treatment of numerous venous and arterial disorders
[151, 152]. Some of the uncertainty concerning the
usefulness of sulodexide may result from the fact that
studies have variously employed intravenous, intramus-
cular and oral modes of drug application [149].

Besides prevention of degradation, the possibility of
accelerated resynthesis or restoration of the glycocalyx
may be a clinical option [2]. The proposed mode of action
of oral sulodexide, mentioned above, exemplifies such an
approach. In animal studies, recovery of a haemody-
namically relevant glycocalyx in mesenterial venules
following enzymatic or inflammatory degradation re-
quired 5-7 days [153]. Structure and barrier function of
the glomerular endothelial surface layer recovered
within 4 weeks after damage by hyaluronidase, infused
into mice in vivo [154]. Conversely, human umbilical vein
endothelial cells cultured under shear stress already
showed regrowth of heparan sulphate in the glycocalyx
12h after cleavage by heparanase [155]. For humans,
there is little precise in vivo information. The treatment
of patients with type 2 diabetes with sulodexide partially
restored the dimensions of the glycocalyx after 8 weeks

396 / 80:3 / Br])Clin Pharmacol

[147]. Owing to the design of this particular investigation
(measurement of dimensions before and then not again
until after 2 months of therapy), recovery may have been
more complete and sooner in individual patients. Since
the endothelial caveolae contain rich deposits of
glycocalyx [2, 27], one may speculate that externalization
of these could very rapidly bring components of the
glycocalyx back onto a denuded endothelial surface.
However, such an approach has yet to be realized.

Conclusions

Deterioration of the endothelial glycocalyx/endothelial
surface layer is currently being associated with a growing
number of pathological states. Clinical studies confir-
ming that protection of the endothelial glycocalyx from
degradation benefits clinical outcomes in these scenar-
ios are sorely lacking. This is partly due to the fact that
therapeutic strategies retain a large speculative element,
completing a negative cycle. At present, therefore,
innovative strategies in this emerging field of experi-
mental medicine are desperately needed. The authors
are convinced that the hunt for such solutions is very
much worth the effort.
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