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Along with the recognition of a crucial role played by endothelial dysfunction secondarily igniting
cardiovascular, pulmonary, and renal complications, investigational focus has extended toward endo-
thelial glycocalyx. This delicate coating of cells, including the vascular endothelium, regulates
permeability, leukocyte traffic, nitric oxide production, and coagulation, and harbors diverse growth
and survival factors. In this brief overview, we discuss the metabolic signatures of sepsis as they relate
to the loss of glycocalyx integrity and highlight the contribution of several proteases, heparanase, and
hyaluronidase to the shedding of glycocalyx. Clinical manifestations of glycocalyx degradation in
unraveling acute respiratory distress syndrome and the cardiovascular, microcirculatory, and renal
complications of sepsis are concisely presented. Finally, we list therapeutic strategies for preventing the
degradation of, and for restoration of, the glycocalyx. (Am J Pathol 2020, 190: 791e798; https://
doi.org/10.1016/j.ajpath.2019.06.017)
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Sepsis is an ominous clinical manifestation of a severe
generalized infection leading to systemic multiorgan
sequelae such as hypotension, acute respiratory distress
syndrome, renal failure, and lactic acidosis, among others. It
afflicts >750,000 people each year in the United States
alone and has a mortality rate of 28% to 50%. One of the
key molecular causes of gram-negative septicemia is a
component of the outer membrane of gram-negative bacte-
ria, lipopolysaccharide (LPS). It binds with high affinity to
LPS-binding glycoproteins and activates Toll-like receptor
(TLR)-4 and co-receptor CD14 expressed on monocytes/
macrophages and endothelial cells to induce the secretion of
proinflammatory cytokines.1 This is, however, not the only
and, perhaps, not the main pathogenic mechanism of LPS.
Recent clinical trials of TLR4 inhibitors have not produced
an expected amelioration of severe sepsis.2,3 An alternative
intracellular LPS-sensing pathway, bypassing TLR4, that
activates caspases 4 and 5 in humans and 11 in mice and
resulting in inflammasome-3einduced pyroptosis has been
considered to be the main pathogenic mechanism of
sepsis.4,5

The incidence of sepsis is on a rise, while the mortality
rate maintains the level of about 30%.6 With the concep-
tual shift from the idea of a “disproportionate”7,pp.1743

cytokine response to infection in septic shock to that of a
stigative Pathology. Published by Elsevier Inc
“severe endothelial dysfunction syndrome in response to
intravascular and extravascular infection”7,pp.1743 came the
emphasis on the crucial role of impaired microcirculation
to vital organs as the leading mechanism of sepsis and
septic shock.

Considering the systemic nature of septicemia, vascular
endothelium represents the front line of exposure to bacte-
rial endotoxins. Endothelial dysfunction and impaired
microcirculation develop in the course of sepsis and deter-
mine its severity and duration8,9 This role of microcircula-
tion and microvascular endothelium in the pathogenesis of
septic multiorgan failure has been known for decades,1,10e12

but recent studies have implicated endothelial glycocalyx
(EG) in at least some manifestations of endothelial
dysfunction in sepsis.10e13 We and others have shown that
preventive strategies for reducing the degradation of EG
result in improved survival in mice with polymicrobial
sepsis.10,13,14 The global loss of EG in polymicrobial sepsis
has been documented by Song et al14 using dilution
. All rights reserved.
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technique with two fluorophores, glycocalyx-penetrating
and -nonpenetrating probes. All of these studies have
prompted the present focus on EG in sepsis.

EG covers most of the vascular luminal surface. Two-
photon laser scanning microscopy of murine carotid arteries
labeled with fluorescent wheat germ agglutinin and visual-
ized in areas prone and not prone to develop atherosclerotic
plaques showed labeling of >90% of the surface in non-
prone areas of the common carotid artery, with only 73% of
the surface area in atherogenesis-prone internal carotid ar-
teries15 and the thickness of glycocalyx reaching 2.3 to 2.5
mm. These findings are in part supported by the results
obtained using high-resolution confocal microscopy and
labeling of glycocalyx with antibodies against heparan sul-
fate (HS),16 which revealed the thickness of glycocalyx
varying between 0.9 and 1.5 mm. Of note, in this study the
access to the glycocalyx for ex vivo perfused wheat germ
agglutininefluorescein isothiocyanate, which binds to sialic
acid and N-acetylglucosaminyl residues, was impeded, and
labeling required prior perfusion of an air bubble, allegedly
improving the access of the fluoroprobe to its targets in the
glycocalyx.

Vicious Circle of Glycocalyx Degradation and
Endothelial Dysfunction

Asmentioned above, EG is an early victim of endotoxemia; so
is the function of endothelial cells.17The question is:Are those
two events related? We proposed the concept of a vicious
circleetype relationship between endothelial dysfunction and
the loss of glycocalyx. This concept, stemming from a score of
previous studies,8 has been formulated to explain the tight
association between the two conditions and to emphasize the
need for therapeutic interventions targeting both, as summa-
rized by Zhang et al.18 Endothelial cell dysfunctiondas
characterized by reduced nitric oxide (NO) bioavailability,
enhanced production of reactive oxygen species, activation of
sheddases, and impaired exocytosis of lysosome-related
organelles (Lysosome-Related Organelles)dtriggers degra-
dation of EG, which, in turn, leads to defective shear
stresseinduced activation of endothelial NO synthase and
further decline inNObioavailability, shedding of components
of glycocalyx endowed with proinflammatory properties, and
loss of glycocalyx-bound growth and survival factors, thus
fueling the vicious circle.

Metabolic Signatures of Sepsis as Related to
Glycocalyx

In general, sepsis is characterized as a catabolic state of
degradation of proteins, lipids, and carbohydrates.19 Remark-
ably, recent advanced metabolic gene expression systems
analysis of LPS-induced endothelial dysfunction revealed an
increase in glycan production (together with fatty acid meta-
bolism) to accompany glycocalyx loss in endothelial cells
792
exposed toLPS and an increase in their permeability by 60%.20

Confirmation of these in vitro findings in patients with sepsis
showed that upregulation of glycan synthesis was among the
worst-affected areas of metabolism, being most deranged in
nonsurvivors. The data are consistent with a view of
compensatory induction of synthesis of structural components
of glycocalyx, among others, upon application of glycocalyx-
degrading stressors such as LPS, thus suggesting a tight
feedback control mechanism coupling its synthesis and
degradation. The fact that the degradation of glycocalyx in
sepsis prevails over increased synthesis of at least one of its
components strongly favors its enhanced enzymatic degrada-
tion. It is carried out by sheddases, a disintegrin and metal-
loproteinases (ADAMs), matrix metalloproteinase (MMPs),
heparanase-1, and hyaluronidases (Figure 1).

Mechanisms of Glycocalyx Degradation

ADAM17, ADAM10, and MMPs

ADAMs show sequence similarity, yet ADAM10 is
expressed constitutively, while ADAM17 is inducible, as it is
converted into an active form upon cell stimulation.21 In
addition to the well-known conversion of tumor necrosis
factor (TNF)-a to the soluble form, ADAM17 cleaves
syndecan-4, whereas ADAM10 sheds syndecan-1. Among
other ADAM targets are receptors for IL-6, TNF, and cell
adhesion molecules ICAM-1, VCAM-1, L-selectin. All of
those receptors are expressed by leukocytes and endothelial
cells. ADAM17 activity is induced in sepsis, thus resulting in
shedding components of leukocyteeendothelial cell tether
machinery and facilitating systemic inflammation. This
shedding explains the immune paralysis and impaired mi-
crobial clearance in patients with sepsis. In contrast to
ADAM17, ADAM13 activity is suppressed in sepsis,22 thus
compromising cleavage of von Willebrand factor multimers
and predisposing to the development of intravascular platelet
aggregation and thrombosis. Members of the ADAMs family
and MMPs (a.k.a. matrixins) are zinc-dependent endopepti-
dases sharing many structureefunctional properties, as well
as substrateseextracellular matrix proteins and bound to
them growth factors (insulin-like growth factor, vascular
endothelial growth factor, transforming growth factor b,
fibroblast growth factor, and others), cytokines and chemo-
kines. In addition, they can activate TNFa and alter
CD44ehyaluronic acid (HA) interaction.23 MMPs are
induced in sepsis, leading to impairment of host defense.24

While the search for highly specific and selective inhibitors
is proceeding, it is noteworthy that systemic application of
MMP inhibitors may have a broad spectrum of untoward
effects, potentially limiting their clinical utility.

Heparanase

Heparanase gene expression is epigenetically and p53
controlled, but can be stimulated by early growth response 1
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Figure 1 Mechanisms of glycocalyx degradation, pathogenic role of liberated fragments of glycocalyx and pathophysiological consequences of the loss of
endothelial glycocalyx. The pathways of enzymatic degradation of components of glycocalyx are presented in the central gray boxed areas. Pathogenic
features of released fragments of proteoglycan core proteins, short heparan chains, and lowemolecular-weight hyaluronic acid (HA) are depicted as yellow
boxed areas. The consequences of endothelial glycocalyx degradation are summarized in the green boxed area. ADAM, a disintegrin and metalloproteinase;
DAMP, danger-associated molecular patterns; GPI, glycosylphosphatidylinositol; HS, heparan sulfate; MMP, matrix metalloproteinase; PLC, phospholipase C;
TNF, tumor necrosis factor; TLR, Toll-like receptor.

Glycocalyx in Sepsis
transcription factor, reactive oxygen species, and inflam-
matory cytokines.25 Several mutated variants of p53 induce
heparanase expression, thus explaining its overexpression in
some malignant tumors.26 The enzyme is activated in sepsis,
with the consequent degradation of HS moieties, further
aggravating the loss of glycocalyx components. The path-
ogenic role of heparinase activation in sepsis-induced res-
piratory distress has been convincingly demonstrated by
Schmidt et al10 through the application of heparinase in-
hibitors and the use of heparanase-deficient mice. Similar
observations were made in a model of ischemic acute kid-
ney injury.

Hyaluronidase

HA receptors are many and, in addition to CD44, include
receptor for HA-mediated motility, lymphatic vessel endo-
thelial receptor 1, HA receptor for endocytosis, and TLR4,
thus making HA a potent signaling molecule, with its
repertoire being further enriched by the opposing actions of
highe and lowemolecular-weight species.27,28 Hyaluronan
metabolism is affected in sepsis. Circulating levels of HA
and HS are increased fourfold in patients with sepsis,29
The American Journal of Pathology - ajp.amjpathol.org
being higher in those who did not survive 90 days, but
only HA levels were correlated with the severity of kidney
and liver functional damage. In a unilateral renal ischemia
reperfusion model in rats, HA was risen at day 1, predom-
inantly as a highemolecular-weight species, with later
dominance of loweremolecular-weight fragments. This
phenomenon is associated with a 35- to 50-fold increase in
hyaluronan synthase mRNA transcripts in the outer and
inner medullary stripes and continuing elevation of hyalur-
onan synthase 2 mRNA. In parallel, the activities of hyal-
uronidases 1 and 2 are repressed during the first 24 hours
after ischemia reperfusion.30

Lysosome-Related Organelles

Lysosome-related organelles trigger EG degradation.
Intriguingly, the luminal surface of lysosomes, as well as
late endosomes and autophagosomes, is coated with a thin
glycoconjugate-rich layer, referred to as lysosomal glyco-
calyx.31 This layer, enriched in lysosomal-associated mem-
brane proteins 1 and 2, is believed to protect the limiting
membrane from autodigestion by diverse hydrolyses
contained inside lysosomes.32 Electron microscopy and
793
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computational analysis of the crystal structure of a member
of lysosomal-associated membrane proteins posit that the
thickness of lysosomal glycocalyx approximates 5 to 12
nm.31 Although it has been suggested that exocytosis of
secretory lysosomes may assist in reconstituting plasma
membrane glycocalyx, the dimensions of lysosomal glyco-
calyx are hardly sufficient for this purpose. In fact, we
believe that the opposite is occurring under endotoxemic
stress.13,33 Exocytosis of lysosome-related organelles is
detectable within minutes after the application of the
stressor. Notably, lysosomes contain nearly 60 different
soluble hydrolases, including sulphatases, peptidases,
phosphatases, lipases, and nucleases, which, although active
in acidic pH, retain nearly 20% activity at neutral pH and
can hydrolyze glycosaminoglycans, sphingolipids, and an
array of proteins.34 This singular exocytotic event results in
the liberation of a multitude of stored components from the
Weibel-Palade bodies and secretory lysosomes. Through the
use of stochastic optical reconstruction microscopy of
cultured cells stained with anti-HS antibodies, Zullo et al13

illustrated the appearance of patchy degradation of EG
already 10 to 15 minutes after the application of LPS. This
phenomenon was associated with the increased levels of
cathepsin B in the culture medium, consistent with the
export of lysosomal cargo. When the docking of lysosome-
related organelles was inhibited with NO donor, the loss of
EG was mitigated. In addition to heparanase-mediated and
mast cellemediated sepsis-induced degradation of glyco-
calyx, these findings provide a yet another pathway of early
loss of this structure, as depicted in Figure 1. The proposed
role for exocytosed lysosomal cargo in degradation of gly-
cocalyx has multiple broad-ranging biological equivalents,
such as osteoclastic bone resorption, platelet induction of
coagulation, spermatozoan hydrolysis in fertilization, and
the defense of mast cells and eosinophils against parasites,
to name a few examples. All of those mechanisms of
shedding of glycocalyx are compiled in Figure 1.

Clinical Manifestations of Sepsis as Related to
Glycocalyx

Pulmonary Manifestations

Pulmonary manifestations of sepsis are perilous. Pulmonary
microvasculature is one of the critically damaged targets of
sepsis, leading to acute respiratory distress syndrome. A
study by Schmidt et al10 implicated the activation of hep-
aranase in degradation of glycocalyx in pulmonary circu-
latory beds. Based on the pathogenic role of circulating
histone proteins in mediating acute lung injury, Freeman
et al34 proposed that the high proportion of positively
charged amino acids in histones could be involved in their
electrostatic accumulation on the polyanionic surface of EG.
Using tagged histones, they demonstrated their preferential
and avid binding in rabbit lungs, which could be abolished
by the administration of competing polycations or by
794
heparanase, thus localizing the binding sites to the HS
moieties of endothelial glycocalyx. Moreover, a number of
HS analogues also prevented histone accumulation in the
lungs by neutralizing circulating histones. Degradation of
EG with the subsequent microcirculatory abnormalities
explain, at least in part, the development of the
ventilationeperfusion mismatch. Morphologic perturbations
in pulmonary microvasculature were comprehensively
studied by Inagawa et al.35 In endotoxemic mice, both
scanning and transmission electron microscopy of EG,
normally appearing as a mosslike structure, showed that it
was severely disrupted, peeled away and coagulated, with
numerous spherical structures, which were distinct from
exosomes and contained elements of EG, appearing within
capillary lumens.

Cardiomyopathy

Cardiomyopathy manifests in left ventricular dilatation,
reduced cardiac contractility, and systolic or diastolic
dysfunction with reduced response to volume expan-
sion.36,37 TLRs expressed on cardiomyocytes respond to
LPS and other pathogen-associated molecular patterns, such
as bacterial wall lipoproteins, to activate NF-kb signaling,
leading to the formation of proinflammatory cytokines.38

The resulting activation of sheddases leads to the degrada-
tion of glycocalyx and the release of HS fragments acting as
highly potent damage-associated molecular patterns.
Annecke et al11 attribute this step, present in ischemia
reperfusion injury, to the activation of mast cells releasing
the stored tryptase b, potentially acting as a sheddase.
Similar mechanisms may be invoked in the development of
cardiorenal syndrome type Vda concomitant cardiac and
renal dysfunction secondary to a systemic condition. It af-
flicts 40% to 60% of patients with sepsis.39

Kidney Injury

Kidney injury occurs in at least 40% patients with severe
sepsis, and their combination is associated with a higher
mortality rate.40 Some clinical features of sepsis, such as
hypoalbuminemia, reduce effective circulating blood vol-
ume. Albuminuria and edema are attributed to the endo-
toxemia- and cytokine-induced increase in vascular
endothelial permeability.1,41 The development of albumin-
uria is considered to be an indicator of damage to glomer-
ular filtration barrier and perturbed uptake of filtered
albumin by the tubular megalin and cubilin endocytic sys-
tems in the proximal tubule.42,43 A recent electron micro-
scopy study of glomerular endothelia in septic mice44

revealed endotoxemia-induced precipitous drop in the den-
sity of fenestrae and a significant increase in the diameter of
individual fenestrae. The total fenestrated area was found to
be reduced to 12%, compared to 23% in control mice.
Endothelial fenestrae are normally covered by glycocalyx.
Wheat germ agglutinin and HS antibody staining of EG
ajp.amjpathol.org - The American Journal of Pathology
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Glycocalyx in Sepsis
showed a substantial reduction in the staining pattern in
glomeruli of endotoxemic mice with the concomitant in-
crease in heparanase expression. These changes were absent
in TNF receptor 1 knockout mice. These studies convinc-
ingly demonstrated TNFa-induced damage to the endothe-
lial component of glomerular filtration barrier and
implicated EG in these abnormalities.

Therapeutic Approaches to Preventing
Degradation and Accelerating Restoration of
Glycocalyx

Earlier failure of TLR4 inhibitors to ameliorate sepsis,2,3 the
discovery of a noncanonical pathway of LPS-induced acti-
vation of inflammasome,4,5 and experimental documenta-
tion of the loss of glycocalyx in sepsis,10,13,14 together with
the realization of an important role played by glycocalyx in
microcirculatory homeostasis,15,19 have motivated an
intense search for therapeutic modalities to prevent glyco-
calyx loss and to accelerate its restoration.

Natural restoration of EG is lengthy, requiring days to
reconstitute functional EG. Attempts to accelerate EG
restoration have been entertained. The administration of
antioxidants, such as N-acetylcysteine,45 was used for pre-
venting EG shedding during hyperglycemia. Another strat-
egy consisted of the systemic use of highemolecular-weight
HA. A study by Henry and Duling46 demonstrated that
supplemental infusion of HA and chondroitin sulfate
accelerated restoration of EG. Doxycycline has been advo-
cated for the prevention of glycocalyx degradation, report-
edly due to an inhibitory effect on MMPs.47 Annecke et al48

examined the effects of volatile anesthetics on glycocalyx
and demonstrated that sevoflurane exerts glycocalyx-
The American Journal of Pathology - ajp.amjpathol.org
protective qualities against ischemia reperfusioneinduced
degradation through its ability to attenuate the release of
lysosomal cathepsin B.

In recent years, the ideas of glycocalyx restoration have
percolated. One of the examples of this trend relates to the
compound Corline heparin conjugate (Corline Biomedical,
Uppsala, Sweden) and is based on preassembled aggregates
of >20 heparin molecules using Corline heparin conjugate
technology, which itself is protected by >20 granted or
pending patents. This compound has apparent antith-
rombotic effects, but lacks the ability to mimic other func-
tions of EG. Renaparin (Horizon 2020, project ID: 756195)
is being tested for improving kidney transplantation out-
comes and is reported to be used for generating antith-
rombogenic surface of islets of Langerhans.49 Nordling
et al50 reported protection of the endothelium and improved
early outcomes in kidney transplantation in pig and mouse
models.

Wodicka et al51 developed a selectin-targeting anti-
adhesive coating (termed EC-SEAL) consisting of a derma-
tan sulfate backbone and multiple selectin-binding peptides
specifically designed for binding to inflamed endothelium
and preventing endotheliumeplatelet interaction.
Heparin-Mimetic Compounds

Heparin-mimetic compounds proposed to prevent and
restore EG include the following members. Sulodexide, a
mixture of HS and dermatan sulfate, has properties of both
glycosaminoglycans and inhibitors of sheddases. Song
et al14 demonstrated that sulodexide is capable of preventing
glycocalyx degradation and improving survival in mice
with polymicrobial sepsis. Rhamnan sulfate is another
795
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heparin-mimetic compound capable of improving HS cell
coat and vascular permeability.52

S1P/Albumin-S1P

S1P/albumin-S1P has been associated with improved gly-
cocalyx permeability, probably related to the S1P-induced
inhibition of sheddases. 53

Heparanase Inhibitors

Heparanase inhibitors are emerging, the subject discussed in
depth elsewhere10,25,26,54 and in this issue.

Cationic Copolymers

Cationic copolymers such as methacrylamidopropyl-
trimethyl ammonium chlorideebased copolymers have
been reported to improve endothelial barrier function.55

Holland et al56 proposed a biomimetic surface modifica-
tion of graphite using oligosaccharide surfactant polymers
consisting of a flexible poly (vinyl amine) with dextran and
alkanoyl side chains. This structure, according to the in-
vestigators, creates a glycocalyx-like coating. The idea of
using polymers to protect glycocalyx has found other pro-
ponents demonstrating the effects of highemolecular-
weight polyethylene glycol in human lung endothelial cell
barrier regulation57 or in the form of polyethylene
glycoleNO compound shown to normalize arteriolar
response and oxidative stress in ischemia reperfusion.58

Another modality shown to prevent EG degradation in
endotoxemia is the administration of antithrombin.59

Reconditioning Therapy

In many instances, especially in sepsis, a speedy restoration
of EG may be decisive the in life-or-death fate of patients. In
view of this requirement, a fast restoration of glycocalyx
was sought, and in this vein, a strategy for reconditioning
therapy for glycocalyx was developed. Therefore, an
attempt was made to mimic glycocalyx by injecting lipo-
somal nanocarriers of preassembled glycocalyx (LNPGs;
patent publication number US2019/0091257 A1, March 28,
2019) into the circulation, as previously described.18 Based
on the negative charge of LNPGs, they adhere with at least
sixfold higher affinity to endothelial cells with degraded
glycocalyx (Figure 2). In proof-of-concept studies in mice
injected with the lethal dose of LPS, the administration of
LNPGs 1 hour later was associated with significantly
improved survival (M.S.G. and D.S., unpublished data).
Blood pressure telemetry in these mice showed that the
administration of LNPGs significantly improved blood
pressure control and myocardial contractility, and reduced
vascular permeability (D.S., unpublished data). We hy-
pothesize that the observed beneficial effects of LNPGs
could be attributed to their fusion with the plasma
796
membrane, predominantly at the sites where glycocalyx has
been degraded, and exposing on the surface HS pro-
teoglycans, such as syndecan-1.

Conclusions and Perspectives

This brief overview integrates the lines of evidence on the
role played by glycocalyx in sepsis and advances ideas of
glycocalyx preservation and restoration as rational strategies
in mitigating manifestations of sepsis. Of course, it would
be overly simplistic to regale the multifaceted pathogenesis
of sepsis to the loss of glycocalyx integrity. Yet, a score of
pathophysiological manifestations of sepsis is attributable,
at least in part, to this singular and chronologically early
event: the degradation of glycocalyx. By interfering with all
steps of leukocyteeendothelial interaction, it hinders bac-
terial clearance. By reducing the level of glycocalyx-bound
antithrombin III, it predisposes to thrombosis. By failing to
effectively transduce mechanical forces to endothelial NO
synthase, it bestows stagnation of the blood flow and im-
parts platelet aggregation. By the loss of highemolecular-
weight hyaluronan, it increases vascular permeability. By
truncating HS moieties, it reduces the concentration of
growth and survival factors and extracellular antioxidant
defense in the outer layer of the cells and predisposes to
their apoptosis. And by generating excessive amounts of
circulating fragments activating TLRs, it invigorates the
innate immune response. These sequelae of glycocalyx
degradation are paramount for circulatory collapse and the
development of septic shock. Hence, future strategies and
pharmacologic tools for preventing degradation and
restoring the integrity of glycocalyx should be prioritized.
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