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Abstract

The glycocalyx is a polysaccharide structure that protrudes from the body of a cell. It is primarily
conformed of glycoproteins and proteoglycans, which provide communication, electrostatic
charge, ionic buffering, permeability and mechanosensation-mechanotransduction capabilities to
cells. In blood vessels, the endothelial glycocalyx that projects into the vascular lumen separates
the vascular wall from the circulating blood. Such a physical location allows a number of its
components, including sialic acid, glypican-1, heparan sulfate and hyaluronan, to participate in
the mechanosensation-mechanotransduction of blood flow-dependent shear stress, which results
in the synthesis of nitric oxide and flow-mediated vasodilation. The endothelial glycocalyx

also participates in the regulation of vascular permeability and the modulation of inflammatory
responses, including the processes of leukocyte rolling and extravasation. Its structural architecture
and negative charge work to prevent macromolecules greater than ~70 kDa and cationic molecules
from binding and flowing out of the vasculature. This also prevents the extravasation of pathogens
such as bacteria and virus, as well as that of tumor cells. Due to its constant exposure to

shear and circulating enzymes such as neuraminidase, heparanase, hyaluronidase and matrix
metalloproteinases, the endothelial glycocalyx is in a continuous process of degradation and
renovation. A balance favoring degradation is associated with a variety of pathologies including
atherosclerosis, hypertension, vascular aging, metastatic cancer and diabetic vasculopathies.
Consequently, ongoing research efforts are focused on deciphering the mechanisms that promote
glycocalyx degradation or limit its syntheses, as well as on therapeutic approaches to improve
glycocalyx integrity with the goal of reducing vascular disease.
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Introduction

All living cells have extracellular polysaccharide structures attached. These structures fulfill
a multiplicity of functions to cells, including but not limited to creating a physical and
chemical barrier, allowing for cell-cell communication, buffering extracellular compounds,
mechanosensation, etc. Glycocalyx is the universal term that describes this structure, which
in different cell types may possess additional more specific names such as “zona pellucida”
in mammalian oocytes. Within the vasculature of mammalian organisms, a prominent
glycocalyx is present on the luminal surface of the endothelium, which due to its known
roles in blood vessel function and pathophysiology has received much attention in the
scientific literature. This vascular structure is the focus of this review.

The endothelial glycocalyx is continuously synthesized by the endothelial cells and similarly
degraded by both mechanical and biochemical stimuli. It provides multiple functions for
blood vessels, including one as a semi-permeable barrier to blood constituents and another
as mechanosensor for blood flow generated shear stress forces. In this review we will
provide an in-depth examination of the composition of the endothelial glycocalyx. We

will also delve into the physiological processes mediated by the endothelial glycocalyx,
including the regulation of vascular permeability (35), shear stress mechanosensation

and mechanotransduction (330), the generation of nitric oxide (NO) (18), protection

against cell adhesion/infiltration, and inflammation (61). In addition, we will provide a
summary of the pathophysiological conditions in which glycocalyx degradation has been
implicated, including atherosclerosis and inflammation, sepsis, hypertension, aging, cancer,
and diabetes. We will also review the surrogate markers of glycocalyx degradation and,
where applicable, compare those approaches to direct assessment of glycocalyx length

(or thickness, as these terms are used interchangeably to indicate the distance glycocalyx
structures protrude from the cell surface). Furthermore, we will highlight current approaches
to therapeutically target the glycocalyx for regeneration in the context of these pathologies.
Finally, we will include an overview and an assessment of the pros and cons of the
approaches used to measure the glycocalyx and assess its function ex vivo, including
electron (287) and confocal microscopy (24), as well as alternative approaches using state of
the art atomic force microscopy (275) and clinical approaches to measure the glycocalyx /in
vivo (212, 250).

Historical background

One of the earliest recorded observations of cells was published in Micrographia: or,

some Physiological Descriptions of Minute Bodies made by Magnifying Glasses, with
Observations and Inguiries thereypon in 1665 (116). There, the author, Robert Hooke,
coined the term “cell” to describe the individual units that comprise the honeycomb structure
of cork, and set the groundwork for cell theory. The structure Hooke was able to observe
through his rudimentary lens/microscope was the plant cell wall that also had a coat mixture
of predominantly lignin and cellulose, the latter of which is a polysaccharide comprised of
D-glucose subunits. Unbeknownst to Hooke, the presence of an extracellular polysaccharide-
rich coating appears to be a universal trait of all cells, regardless of phylogenetic kingdom,
and thus includes bacteria, fungi, plants and animals. The course of scientific history would
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have to wait roughly 300 years from the time of Hooke’s publication to 1961, when the
structural cellular coat received an appropriate name and classification.

It was during a manuscript presentation to the Mexican Anatomical Society, when Dr.
Stanley Bennet first proposed the term glycocalyx, Latin for “sweet husk”, to describe the
polysaccharide-rich cellular components and products external to the plasma membrane of a
cell (23, 292). This new name and classification were important, as they differentiated other
extracellular structures from the sugar-rich coat of the plasmalemma, which possesses quite
distinct physical properties. Glycocalyx is now a universal term that describes the sugary
coat of cells and encompasses a variety of names that define the polysaccharide coat specific
to a particular cell type, e.g., cell wall, mucous coating, zona pellucida, cuticle, red-cell
antigen, etc. In addition, at the time of Bennet’s observations, the plasma membrane was
already posited to behave as a fluid mosaic, comprised of a lipid bilayer that functions as

a barrier preventing the movement of ions and aqueous-soluble molecules. For a review of
the historical development of the fluid mosaic model see (171). The glycocalyx, in contrast
to the plasma membrane, allows for the ready passage of aqueous solutes, but acts as a

filter for both the size and charge of molecules. Bennet astutely observed “...a cell wall can
exhibit the properties of the stationary phase of a chromatography column. If charged groups
are present...this coating of a cell can exhibit the properties of an ion exchange column”
(23). Thus, in its ability to selectively filter molecules, the glycocalyx is able to modify

and influence the biochemical composition at the interface of the plasma membrane and

the extracellular environment. This has profound implications in the vasculature, where the
endothelial glycocalyx acts as a signaling platform to maintain vascular health and control
vascular permeability (329).

The endothelial glycocalyx structure

It is widely accepted that all cells generate a sugar-rich coating that falls under the definition
of a glycocalyx. Many glycocalyx characteristics are common to all cells (125). However,
herein we will focus on the characteristics of the endothelial glycocalyx and the emerging
data implicating its central role in vascular function.

In the mammalian cardiovascular system, blood circulation is continuous and uninterrupted.
None-the-less, the vessels that transport blood throughout the body can be segregated into
three major distinct compartments, namely, the arterial circulation, the capillary beds, and
the venous circulation (282). Each compartment serves a different physiological function.
The arteries distribute blood and metabolic/catabolic reactants to the various distinct
capillary beds. The capillaries represent the compartment where the majority of metabolites/
catabolites are exchanged between the blood and tissues. The venous circulation returns

the blood and catabolic/metabolic products to the heart in order to be pumped out for

a subsequent cycle. Due to its downflow proximity to the heart, the arterial circulation

is subjected to much higher intraluminal pressures and rheological shear forces than the
capillaries and veins (94). This is important because shear forces play a preponderant role
in both the biosynthesis and degradation of the glycocalyx, as well as in its composition.

It is, therefore, predicted that the endothelial glycocalyx in the arterial circulation is not
identical, neither functionally nor structurally, to that of the capillary beds or venous
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circulation (298). Moreover, since shear forces are not equally distributed within the arterial
tree (e.g., conduit versus resistance arteries or laminar versus turbulent flow patterns)

(272), there are also variances in the form and function of the endothelial glycocalyx
within the arterial circulation. However, due in part to the difficulties associated with
resolving the characteristics of the glycocalyx, there has not been a systematic examination
detailing differences in the endothelial glycocalyx as one moves from the heart through the
different circulatory compartments. As an additional caveat, many of the studies focused on
increasing our understanding of the endothelial glycocalyx have been performed in cultured
cells. This has allowed for the use of techniques that permit a better characterization of

the glycocalyx, but have also introduced features that are likely different from its in vivo
structural and functional properties.

Before proceeding to the structural description of the endothelial glycocalyx, it is important
to understand the context in which the glycocalyx is synthesized and functions within the
basic architecture of blood vessels. By convention, the wall of arteries and veins consists of
three distinct layers (Figure 1). From the lumen proceeding outwardly, they are: the tunica
interna (intima), the tunica media and the tunica externa (adventitia). The first layer is next
to the lumen and blood flow. It contains the endothelium and its basement membrane. It is
also the only layer that conforms the capillary wall. This thin monolayer of endothelial cells
in all vessels is oriented in the direction of blood flow and synthesizes the components of
the glycocalyx. It also produces a plethora of signaling molecules that provide messages to
the underlying smooth muscle media layer in arteries and veins. Such messages cause acute
and chronic vascular wall responses that are responsible for vasoconstriction, vasodilation,
remodeling and inflammation among many other. For a comprehensive review on the
vascular endothelium see (2). Proceeding outwardly from the tunica interna, the media is
comprised of vascular smooth muscle cells and some extracellular matrix components. In

a number of vascular beds, there is an elastic lamina that separates the endothelial cells
from the smooth muscle cells, while allowing for the presence of myoendothelial junctions
via structural openings in the lamina (114, 255). The media is primarily responsible

for the acute regulation of arterial diameter. This is accomplished via the contraction

and relaxation of smooth muscle cells. The sum-total of vasodilatory and vasoconstrictor
signaling components in blood, as well as those generated by the smooth muscle itself, the
endothelium and the nervous system, determine the local contractile state of the smooth
muscle cells and the degree of vascular constriction or relaxation. For a review focused on
vascular smooth muscle see (148). Finally, the adventitia is the outermost vascular layer.

It is comprised of collagen-rich connective tissue containing fibroblasts and perivascular
nerves. Its function is to support growth and repair of the arterial wall. Additional evidence
suggests it plays an important role in immune surveillance and inflammatory cell trafficking,
while also allowing for communication between the local tissue environment and the more
luminally located smooth muscle and endothelial cells (178, 179).

The endothelial glycocalyx is prominently present on the apical side of the endothelium.
Its basic components include glycosylated proteins (glycoproteins) and proteoglycans,

that is, glycoproteins with attached glycosaminoglycan chains (Figure 2). Some of these
components of the glycocalyx are anchored to the cell membrane via either transmembrane
domains or covalent links to molecules that associate with the outer leaflet of the
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plasmalemma. Other components are attached indirectly to the cell via receptor molecules
such as the integrins and the hyaluronic acid receptor, CD44. Both glycoproteins and
proteoglycans provide structural support to the glycocalyx. However, due primarily to their
association with glycosaminoglycans, the proteoglycans are considered the main pillars

of the endothelial glycocalyx. Many different proteoglycans are present in the glycocalyx
including biglycan, decorins, mimecans and perlecans, but the two most prominent ones
found in the endothelial glycocalyx are the syndecans and glypicans.

The syndecans are proteoglycans that attach to the cell via membrane-spanning domains.
They also have cytoplasmic tails that undergo oligomerization and interact with protein
kinase C. There are four syndecan family members, namely, syndecan-1, -2, -3 and -4, of
which syndecan-1 is the most studied. This is likely due to the role that syndecan-1 plays in
modulating cell phenotype and inflammation. In addition, syndecan-1, as other syndecans, is
capable of allowing for the transmission of extracellular mechanical forces to the whole cell
via its cytoplasmic anchoring associations with protein members of the cortical cytoskeleton
such as a-actinin, dynamin, ezrin, syntenin, syndesmaos, tubulin, and consequently to all
actin stress fibers within the cell (307, 329).

In comparison to the syndecan family of proteoglycans, the glypicans attach to the cell
membrane via glycosylphosphatidylinositol molecules within the outer plasmalemma (40,
86, 92, 242). These anchoring moieties are sorted into discrete membrane locales, termed
lipid rafts, which contain high concentrations of caveolae, cholesterol, sphingolipids and
other signaling molecules (44, 75, 92, 307). The glypican family of proteoglycans has six
members (glypican-1 to -6). Of these, glypican-1 is asserted as the isoform with a role
mediating shear stress mechanotransduction and other signaling pathways, including those
associated with cascades that lead to endothelial NO synthase (eNOS) phosphorylation and
NO production (75).

The glycosaminoglycan chains are long repeats of disaccharide units. They are highly
polar and generally possess multiple sulfonation patterns, which modulate specific

protein attachments as well as influence glycocalyx electrical charge and functions.
Different glycosaminoglycan chains, namely, heparan sulfate, chondroitin sulfate, keratan
sulfate, dermatan sulfate and hyaluronan are present within the endothelial glycocalyx,

and form proteoglycans via N- or O-linked protein glycosylation attachments. Of

these glycosaminoglycans, heparan sulfate is the most abundant. It comprises between
50-90% of all glycosaminoglycans attached to proteoglycans on the surface of the

vascular endothelium. It is also the only glycosaminoglycan attached to the three to

four glycosaminoglycan sites present in glypican-1. Heparan sulfate is also linked to
syndecan-1, and although syndecan-1 has both heparan sulfate and chondroitin sulfate
glycosaminoglycans attached, it is classified as a heparan sulfate proteoglycan because the
ratio of heparan sulfate to chondroitin sulfate is three to four-fold greater for syndecan-1

in the endothelial glycocalyx. Of all the glycosaminoglycans present in the endothelial
glycocalyx, hyaluronan (or hyaluronic acid) is the only one not covalently attached to a
proteoglycan. It is rather anchored to the cell via CD44, its most specific cell membrane
receptor. Overall, the glycosaminoglycans are preponderant determinants of the endothelial
glycocalyx physical and functional characteristics. This is a consequence of their abundance,
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as well as their high level of interaction with themselves and with other components of the
glycocalyx.

All glycosylated proteins protruding from the endothelial cell and anchored to the cell
membrane can be considered components of the glycocalyx. These glycoproteins have
carbohydrate chains attached, which are usually short in length and capped with sialic
(neuraminic) acid sugar residues (48). A number of the glycoproteins present within

the endothelial glycocalyx are cell adhesion molecules that belong to the selectin,
immunoglobulin or integrin families of cellular receptors. All these glycoproteins have
small cytoplasmic tails, a transmembrane domain and variable extracellular domains. Their
extracellular domains are particularly important in affording them specific functions. The
selectins have terminal extracellular lectins that provide them with their characteristic
capacity to bind carbohydrate groups on other glycoproteins or glycolipids. The
immunoglobulin superfamily is characterized by the presence of immunoglobulin-like
domains within their extracellular structure. These domains participate in organismal self-
recognition. Lastly, the integrins form a and p heterodimers with extracellular domains
that serve as receptors for extracellular matrix proteins. Additional cell adhesion molecules
considered part of the endothelial glycocalyx include the intercellular adhesion molecules
(ICAM), platelet endothelial cell adhesion molecule (PCAM) and vascular cell adhesion
molecule (VCAM), which are glycoproteins with important functions associated with
inflammatory processes. Multiple other glycoproteins are present on the endothelial luminal
surface that participate in processes such as hemostasis, coagulation or fibrinolysis, and are
considered components of the endothelial glycocalyx.

In addition to all the glycoproteins, proteoglycans and glycosaminoglycans that are directly
or indirectly anchored to the endothelial cell membrane, there are soluble and insoluble
components that associate with and form part of the endothelial glycocalyx. Among them
are plasma proteins, enzymes, cofactors and enzyme inhibitors including but not limited to
albumin, superoxide dismutase, xanthine-oxidoreductase, thrombomodulin and antithrombin
I11, all of which participate in maintaining glycocalyx homeostasis (32).

With regard to the physical characteristics of the glycocalyx, reports indicate that the size
(thickness or length) of the glycocalyx is highly variable. It protrudes from the endothelial
cell membrane by a few hundred nanometers to a few micrometers. This difference in
glycocalyx size is related to its location within the vascular tree, as well as dependent on the
technique used to measure it (187, 299). As a general rule, the thickness of the glycocalyx
increases together with vessel diameter in the arterial circulation, and is greatest in the
pulmonary circulation (259).

The endothelial glycocalyx mechanosensation and mechanotransduction

Due to its protruding into the lumen of blood vessels, the apical endothelial glycocalyx is
well-positioned to serve in the process of mechanosensation and mechanotransduction of
blood-flow generated shear stress (Figure 3). Additional characteristics of the glycocalyx
that make it well-suited for sensing and transducing shear forces are its direct connections
with the cell membrane and the endothelial cytoskeleton. This is further enhanced
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by the inclusion of molecules such as integrins in the glycocalyx structure and their
relationship with signaling molecules such as ion channels, caveolae signalosomes and focal
adhesion-associated kinases (7, 14, 43, 203, 321). The primary end result of glycocalyx
mechanosensation and mechanotransduction is the activation of eNOS, the production

of NO and ultimately vasodilation (71). However, there are additional responses of the
endothelium to shear stress generated mechanotransduction that modulate endothelial cell
structure, responsiveness, remodeling and ultimately, overall vascular health (84). Evidence
that the endothelial glycocalyx functions as a mechanosensor and mechanotransducer

of blood-flow shear forces comes from studies in which a number of its specific
components were ablated. Indeed, results showing that such ablation reduces or obliterates
the endothelial responses to shear provide evidence that the glycocalyx functions as a
mechanosensor or mechanotransducer. Numerous additional endothelial molecules distinct
from the glycocalyx, including ion channels, G-protein coupled receptors, caveolae, etc. (3,
123, 137, 175, 189, 317), have been shown to partake in sensing and transducing shear
forces. However, the mechanism(s) by which the sum total of endothelial mechanosensing
and mechanotransducing molecules interact, depend on or duplicate each other’s activities
remains to be fully determined (84).

Core and associated components of the endothelial glycocalyx that have been shown to

take part in the mechanosensation and mechanotransduction of shear forces include heparan
sulfate, glypican-1, hyaluronan, sialic acids and integrins (88, 172, 177, 226, 235). The
specific level of contribution from each of these components to the mechanotransduction

of shear into endothelial biochemical signals varies from study to study and may depend

on the specific endothelial cells investigated, the vascular bed analyzed and the degree of
molecular knockdown of the glycocalyx component. It is undeniable, however, that multiple
components of the glycocalyx, if not its whole three-dimensional structure, are needed for
the vascular endothelium to appropriately respond to shear forces.

Mechanically, the endothelium is continuously exposed to pressure- and shear stress-induced
deformations. Pressure induces a compression force on the whole cell, whereas shear
represents the tangential force exerted on the cell surface by the friction of blood as it flows
adjacent to the endothelium. Under physiological conditions, endothelial cells are exposed
to pressures that range from 0 to 210 mmHg and shear stresses from 1 to 40 dyne/cm?

(84, 264). These forces evoke constant adjustments in vascular tone (active diameter) that
allow the circulatory system to rapidly provide adequate blood flow to the tissues. Prolonged
responses allow for more permanent structural changes in the form of vascular remodeling
(183, 276).

Blood flow induced shear stress is the main mechanical stimulus for glycocalyx-mediated
mechanotransduction and is usually described using Poiseuille flow considerations via the
Navier-Stokes equations (57). However, the Brinkman equation has been shown to be a
better model to determine the interaction between the glycocalyx and flow. In particular,
Brinkman’s model has been able to show that the interstitial shear stresses induced by
flow on the glycocalyx are of a magnitude capable of allowing for mechanotransduction,
while those calculated to occur at the plasma membrane solely by fluid shear stress are
not. This is because the Brinkman model considers the effects of both, solid and fluid
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mechanical stresses developed by flow within the glycocalyx and how they are transmitted
to the membrane of a cell that is embedded in and anchored to an extracellular matrix (274).
In this manner, the Brinkman equation allows for describing the interaction between flow
and the endothelium in two different but complementary ways. In an intact structure, the
core components of the glycocalyx serve as lever arms (bush-like formations) that function
to amplify torque and subsequently convert shear forces into deformations at glycocalyx—
cytoskeleton interfaces. This torque is then transmitted into the cytoplasm and nucleus of the
endothelial cell to allow for signal mechanotransduction. Alternatively, when the glycocalyx
is compromised, as is the case in multiple disease states, shear mechanotransduction relies
on the direct deformation of the cell, its cytoskeleton and its basement membrane anchoring
structures (172).

The key role of the glycocalyx in mechanosensing hemodynamic changes has been
particularly confirmed in studies focused on flow-mediated vasodilation (226, 318).
Experiments in these studies assessed endothelium-dependent NO production/vasodilation
in response to different levels of shear stress in glycocalyx-intact or -denuded endothelial
cells or isolated vessels (226, 318). The current model of an intact glycocalyx involvement
in flow-mediated vasodilation posits that a progressive increase in shear stress disturbs
glycocalyx components and this coincides with increases in membrane tension within the
endothelial lipid bilayer. It should be noted that the mechanism(s) linking shear mediated
alterations to the glycocalyx with increases in membrane tension are not clearly established.
It has been demonstrated that modifications to both the structure and concentration of the
glycocalyx protein, mucin, can generate entropic bending forces that affect both membrane
tension and shape (153, 268). Whether similar alterations in intermolecular interactions
occur within the glycocalyx in response to shear-stresses that subsequently alters membrane
tension remains to be determined. However, it is clear that additional mechanosensitive
components are activated in conjunction to the shear stress effect on the glycocalyx and/or
membrane tension. Notably, mechanosensitive ion channels are activated and followed by
intracellular cascades that ultimately increase eNOS activation and NO production (71).
Studies implicating the glycocalyx in the direct activation of ion channels in response to
shear stresses are limited. In the microvasculature, Fancher et a/. demonstrated that both the
length of the glycocalyx and the presence of heparan sulfate/hyaluronan moieties are critical
regulators for the flow activation of inwardly rectifying K* channels, which activation

is implicated in flow-induced vasodilation of human mesenteric adipose arteries (83).
Epithelial Na* channels (ENaC) present in the endothelium are also shear force responsive
and play a pivotal role in blood pressure regulation. Similar to the glycocalyx shedding
effect on inwardly rectifying K* channels, removal of hyaluronan blunts shear force induced
ENaC activity and reduces current flow in human pulmonary microvascular endothelial
cells. The mechanical activation of ENaC is, in part, predicated on N-glycosylation of
asparagines, which are thought to act as anchoring points for extracellular tethers that
interact with the extracellular matrix and/or the glycocalyx (16, 137). This hypothesis,
termed the tethered model, posits that the transmission of mechanical forces occurs via

the linkage or tethering of ion channel proteins to intracellular cytoskeletal structures

and extracellular elements that interact with the ECM/glycocalyx (326). For a thorough
review of the different mechanistic models of the mechanically activated ion channel
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model see (134). Together these studies implicate the glycocalyx in the activation of

both K* and Na* channels. The mechanism underlying this activation, whether other ion
channels are similarly affected by shear induced alterations to the glycocalyx and how

ion channel activation ultimately leads to NO production remains to be determined. For

a comprehensive review on the ion channels involved in endothelial cell shear stress
responses and subsequent eNOS activation see (98). With regard to the intracellular
components of the pathway, additional models suggest that shear stress induces the release
of acetylcholine from endothelial cells. Activation of muscarinic receptors by acetylcholine,
in turn, promote calcium release from intracellular stores, which activates eNOS (314). In
glycocalyx-denuded cells or blood vessels, shear induced NO production is mostly absent,
but there is a relatively minor contribution to flow-mediated responses from pathways such
as those associated with the production of prostacyclin (226). These data clearly indicate
that the glycocalyx is a prominent component of shear-induced mechanosensation and
mechanotransduction in endothelial cells.

In addition to studies using flow-mediated vasodilation as the main outcome of shear-
induced mechanotransduction, there is complementary supportive evidence on the role

of the endothelial glycocalyx as a mechanosensor from experiments using mechanical
deformations of cells under no flow conditions. For example, studies using atomic

force microscopy have reported increased NO production in isolated endothelial cells

or arterial explants in response to glycocalyx (glypican-1 or heparan sulfate) pulling

using functionalized cantilevers. Notably, pulling of glypican-1 induced approximately
50% greater NO production than pulling heparan sulfate (18, 75). This suggests that a
glycocalyx (glypican, heparan sulfate)-caveolae-eNOS pathway plays a major role in the
mechanosensation and mechanotransduction response to physical deformation in endothelial
cells (57). It has also been shown that different structural and mechanical characteristics
of the glycocalyx (e.g., its length and stiffness) also play a role in glycocalyx-dependent
mechanotransduction. In support of this, reductions in glycocalyx length have been
positively correlated with diminished endothelial function, including eNOS activation and
NO production (275). With regard to glycocalyx stiffness, it is posited that an excessively
soft glycocalyx would not be able to sense small mechanical perturbations. Comparatively,
an exceedingly rigid glycocalyx could be too sensitive to force perturbations, which would
likely disrupt the underlying cytoskeleton (217). Yet a complete understanding on how

all the complex mechanical and structural characteristics of the endothelial glycocalyx at
different locations of the vascular tree affect shear-mediated mechanotransduction remains
to be fully determined.

The endothelial glycocalyx and vascular permeability

The physical architecture of the vasculature functions as a conduit to deliver oxygenated
blood to meet the metabolic demands of the body’s tissues. Inherent to its design, a healthy
vasculature continually and passively leaks small molecules/solutes into the surrounding
tissue. In contrast, larger molecules (>70 KDa) are prevented from passive movement out

of the vasculature under non-pathological conditions. The two main physical parameters
regulating passive extravasation of molecules out of the vasculature are size and electrostatic
charge. The size barrier is predominantly a function of the presence or absence of cell-cell
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adherens junctions (60) and tight junctions (117) at the interface of adjacent endothelial
cells (paracellular) that line the lumen of the vasculature. Additional factors that contribute
to the specific filtration size of the barrier are the composition of basement membranes
extracellular matrices including the glycocalyx and the presence or absence of endothelial
fenestrae as well as fenestral diaphragms (224). The macrovasculature is posited to

possess limited permeability, due in part to its continuous endothelium. In contrast, the
microvascular endothelium can either be continuous or noncontinuous, with or without
fenestrae, depending upon the vascular bed. The presence of fenestra facilitates the exchange
of small molecules/solutes (245), thus a continuous fenestrated endothelium displays greater
permeability that one without fenestrae (2). In addition to the physical architecture of the
vasculature, specific cells (e.g., pericytes (9), mast cells (143, 156) and other immune cells
(68)) can further modulate the size barrier and affect permeability.

Our understanding of fluid movement across the vasculature has been evolving ever since
the Starling Principle of transvascular fluid dynamics was first proposed over 100 years ago
in 1896. In this hypothesis, it is the balance of the sum of pressures acting to push fluid out
of the vessel versus those forces acting to push fluid into the vessel that determines net fluid
movement. Starling proposed that the forces acting to push fluid out the vessel are luminal
hydrostatic and tissue oncotic pressures, and those opposing that movement are luminal
oncotic and tissue hydrostatic pressures. In this model, the net forces on the arteriolar side
of the capillary bed push fluid out, while fluid is forced back into the vasculature, as those
forces decrease in the venous side. Subsequent experiments have demonstrated shortcomings
in Starling’s hypothesis. A review of these shortcomings is detailed by Alphonsus et al.

(6), who in brief state that sustained venous reabsorption does not occur in all tissues.
Though Starling was able to measure capillary hydrostatic and oncotic pressures, he was not
able to accurately determine interstitial pressures. Subsequent assessments have shown that
tissue hydrostatic and oncotic pressures are significantly lower than intracapillary pressures.
For example, Bates et a/. demonstrated that in the human arm, the net pressure opposing
extravasation is less than the antecubital venous pressure (19). A second critique is that the
rate of capillary filtration/extravasation is much lower than that predicted by the Starling
equation. This arises from the observation that the lymphatics are the only alternative to
reabsorption for fluid to return to the circulation, coupled with the assessment that lymphatic
flow is much less than the capillary extravasation predicted by the Starling equation. A third
critique is that capillary reabsorption is much lower than that predicted from the Starling
equation, as well. Notably, a revised Starling equation that accounts for the glycocalyx
restricting extravasation/filtration resolves these conundrums. A depiction of this revised
Starling equation by Levick et al. is shown in Figure 4, where: Jv/A is volume filtered

per unit area; Lp, hydraulic conductance; Pc, capillary hydrostatic pressure; Pis, interstitial
hydrostatic pressure; o, osmotic reflection co-efficient; rp, oncotic pressure on the plasma-
side of endothelial surface layer; and mtsg, oncotic pressure in the subglycocalyx space
(159). In support for this revised version of the Starling principle, experiments examining
the barrier function of the mammalian glycocalyx suggest that it excludes macromolecules
greater than approximately 70 kDa in size. For example, in mouse mesenteric arteries, 148
kDa fluorescent probes are excluded from the glycocalyx, whereas 50.7 kDa probes are able
to cross through the glycocalyx in approximately 30 minutes (291). In hamster cremasteric
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preparations, white blood cells, which readily pass through the glycocalyx can encompass
the full anatomical width of the cremasteric capillaries. In contrast, red blood cells, as well
as a 70 kDa fluorescent probe, occupy a significantly smaller column width of the capillary,
indicating their exclusion from the glycocalyx (299).

In addition to size exclusion, there is also an electrostatic barrier impeding the flow of
charged molecules out of the vasculature. Here the glycocalyx, as a negatively charged

gel, plays a central role in regulating vascular permeability. As previously mentioned, there
are five classes of glycosaminoglycans that comprise the glycocalyx and they are heavily
sulfonated, leading to a net overall negative charge. This negatively charged barrier of

the glycocalyx impedes the flow of cationic molecules out of the vasculature. It must be
mentioned that although the glycocalyx is comprised in part of anionic oligosaccharides,
its negative charge from sulfonated glycosaminoglycans predominates and plays a central
role in regulating vascular permeability. For example, heparan sulfate, which comprises
50-90% of all the glycosaminoglycans present in the endothelial glycocalyx is a sulfonated
glycosaminoglycan. Other sulfonated glycosaminoglycans present in the glycocalyx are
chondroitin sulfate, dermatan sulfate and keratin sulfate. Therefore, glycosaminoglycan
sulfonation is a major contributor to the overall negative charge of the glycocalyx and

also provides scaffolding for binding to other proteins both from the circulation as well

as those statically embedded in the extracellular matrix. For example, hyaluronan is not
covalently attached to proteoglycans. Instead it interacts noncovalently with glycocalyx
structures via hyaluronan binding motifs (79). The carboxyl groups on its glucuronic acid
residues are negatively charged at physiological pH and thus the presence of hyaluronan in
the glycocalyx further contributes to its anionic nature (294).

An additional characteristic of the glycocalyx affecting its charge is the presence of sialic
acids. Sialic acids are the acylated derivative of the nine-carbon sugar neuraminic acid, and
are generally the terminal sugar of glycan chains attached to glycolipids and glycoproteins.
In humans the predominant sialic acids are N-acetylneuraminic acid (Figure 5) and its
hydroxylated derivative, Neu5Gc, the latter of which is solely derived from dietary sources
(253). Sialic acids are a subset of nonulosonic acids, and all nonulosonic acids carry a
negatively charged carboxylate (C-1) and a 3-carbon exocyclic side-chain (C-7 to C-9).
Early research on erythrocytes determined that sialic acids confer anionic properties to

the molecules harboring them. Consequently, erythrocytes from many different animal
species display a negative electromobility, which is indicative of a net negative charge.
This anionic property is primarily due to the carboxyl group of sialic acids present on their
surface. Indeed, it was found that removal of sialic acids, with the enzyme neuraminidase,
reduces erythrocyte electrophoretic mobility in proportion to the amount of sialic acids
removed (80). Subsequent studies on the glycocalyx have demonstrated that the presence
of sialic acids in the endothelial glycocalyx similarly contributes to its polyanionic nature.
Therefore, consistent with the role of sialic acids as a contributors to electrostatic status,
their removal by neuraminidase significantly reduces the negative charge of the glycocalyx
(136). Indeed, in pathologies that are associated with increased plasma neuraminidase
activity and reduced sialic acid content, there is also a reduction in the negative surface
charge of the vascular endothelium (209). Unfortunately, there have not been systematic
studies performed to assess the glycocalyx surface charge. Furthermore, it seems reasonable
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to assume that the localized negative charge of the glycocalyx also varies throughout the
vasculature, depending upon the integrity, robustness and composition of the glycocalyx

at specific locations. A factor contributing to this variation is that synthesis of glycocalyx
components occurs not just within the endoplasmic reticulum and Golgi compartments, but
at a number of different cellular locations. Moreover, their synthesis is contingent upon
overlapping interdependent biochemical pathways that are responsive and affected by the
metabolic state of the cell (152). For example, hyaluronan synthase isoforms act at the
plasma membrane to assemble hyaluronic acid (197), and are activated by phosphorylation
(296), ubiquitination (130) or O-GIlcNAcylation (297), and are further regulated by the
formation of intermolecular disulfide bonds (99). It is therefore reasonable to assume that
there is a high degree of heterogeneity in both the composition, electrostatic status and
concentration of glycocalyx components within the circulatory system.

The negative charge of the glycocalyx also influences the binding characteristics of proteins
that interact with its different components. These binding partners provide a complex
communication system between endothelial cells and the local chemical environment.
Furthermore, they have the ability to significantly affect vascular permeability and
intracellular signaling. In general, the electrostatic charge of the glycocalyx functions

as a barrier to repel negatively charged molecules, macromolecules and cells including
erythrocytes and activated platelets. However, it is the combined size and charge barrier
functions of the glycocalyx that prevent the extravasation of molecules greater than
approximately 70kDa, and also influences the capacity of molecules with different charges
and sizes to bind to glycocalyx components. To maintain tissue homeostasis, larger
molecules need to cross the endothelial barrier. Thus, the glycocalyx facilitates the transport
of cells, proteins, and nutrients across the endothelial barrier via highly regulated processes.
For example, immune cell extravasation is a receptor mediated process that is inhibited

by a healthy glycocalyx. In response to localized inflammation, chemokines mediate the
degradation of the glycocalyx, exposing receptors for binding to adhesion molecules, such
as E-selectin on leukocytes and thus allow for immune cells to bind the endothelium and
infiltrate the underlying tissue (241).

In aggregate, data from studies that look at the glycocalyx structure and measure vascular
permeability suggest that presence or absence of specific components of the glycocalyx
affect endothelial permeability regardless of glycocalyx length. Overall, however, a thinner
glycocalyx is generally associated with increased permeability.

The endothelial glycocalyx and immunology

In addition to establishing a filtering sieve to regulate vascular permeability, the glycocalyx
plays a central role in protecting the cardiovascular system and blood perfused tissues from
pathogens and autologous damaging constituents. The glycocalyx, and by extension the
endothelial cells to which it is attached, is subject to exposure to any and all pathogens that
enter the blood stream. As already mentioned, the glycocalyx forms a gel-like negatively
charged structure that is electrostatically opposed to infiltration by red blood cells (Figure 6).
This occurs because the erythrocyte surface carries a negative charge due to the ionization of
the carboxyl group of N-acetyl neuraminic acid (80, 233, 248).
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Under nonpathological conditions, the red blood cell column that flows through the
vasculature is not physically in contact with the endothelium. Indeed, red blood cells

flow alongside endothelial cells, separated by the physical width of the negatively charged
glycan structures (glycosaminoglycans and sialic acid) that comprise the glycocalyx. This
distance, minus the small space red blood cells are able to penetrate into the glycocalyx,
is referred to as the perfused boundary region (PBR) as shown in Figure 7 (56, 69, 299).
This PBR represents the /n vivo length or thickness of the endothelial glycocalyx, which
separates endothelial cells from the flowing blood. Using sidestream darkfield imaging Lee
et al. demonstrated that erythrocytes maintained a fixed distance from the endothelium

of capillaries in healthy subjects (155). Under conditions in which the glycocalyx is
damaged/shortened, the PBR becomes thinner allowing erythrocytes to flow closer to the
endothelium. This has the effect of increasing blood volume in capillaries and arterioles.
Capillary tube hematocrit is the ratio of the volume of packed red cells to the total blood
volume. In conditions in which the glycocalyx is degraded a reduction in glycocalyx
thickness results in an increase in capillary hematocrit (46), and decreases the distance
between the flow of erythrocytes and the endothelial cell membrane (155).

Similarly, one of the first lines of defense against pathogen invasion is the physical distance
that separates the red blood cell column, and whatever has infiltrated that column, from

the apical membrane of endothelial cells. For example, bacteria that enter the bloodstream
use the circulation as a conduit to traverse through the body, and in order to successfully
colonize/infect the underlying tissue, they must interact with and penetrate the endothelium.
Similar to red blood cells, most bacteria are also enveloped in a negatively charged
glycocalyx structure, the characteristics of which vary from strain to strain (315). This
causes electrostatic charges in bacteria and endothelium to repel and prevent the pathogen
from accessing the surface of endothelial cells. Indeed, most bacteria have negatively
charged walls. Both gram-positive and -negative bacteria contain a cell wall, comprised

of a disaccharide peptidoglycan, external to the cell membrane. Two glucose derivatives:
N-acetylglucosamine and N-acetylmuramic acid comprise the backbone of this disaccharide
peptidoglycan molecule. Gram negative bacteria possess an additional endotoxin membrane
of lipopolysaccharides distal to the cell wall, which contains negatively charged head groups
and the anionic lipid lipoteichoic acid (260). Gram-positive bacteria lack this structure but
possess anionic lipids (180). In addition, gram-positive bacteria generally have many more
layers of peptidoglycans and phosphate containing anionic teichoic acid, which contribute
to an overall net negative surface charge (315). As such, the structure of both the bacterial
and endothelial glycocalyx result in a physical distance defense as well as an adhesion
defense. This has been corroborated in studies that demonstrate the greatest degree of
bacterial adhesion occurs on substrates that are positively charged and hydrophilic, whereas
negatively charged substrates are the least amenable to adhesion (219).

With regard to viruses, their surface charge is also mostly negative at a physiological pH
of 7.4. This observation is derived from a review of published isoelectric points (the pH
at which the net charge is zero) that found the point range was 1.9 - 8.4 with the greatest
frequency found within 3.5 - 7 (190). Thus, similar to bacteria, there is an electrostatic
charge barrier impeding adsorption onto the endothelial glycocalyx for most viruses, f.e.,
those with an isoelectric point less than 7.4. Indeed, studies on silica matrices have
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determined that viral adsorption to negative surfaces occurs only in solutions with a pH
less than the isoelectric point (331).

Conceivably, the importance of the structural integrity of the glycocalyx in preventing
pathogen infection is best highlighted by the plethora of microbial mechanisms that attempt
to circumvent this structural defense. For example, once in circulation, Dengue virus infects
target cells such as monocytes/macrophages and triggers the secretion of a protein that
activates endothelial sialidases, cathepsin L, and heparinase, which subsequently degrade the
endothelial glycocalyx (20, 237). Analogous mechanism(s) involving endothelial glycocalyx
disruption have been adopted by other agents, including food borne pathogens such as
Salmonella (8) and Listeria (247), air borne pathogens such as betacoronavirus SARS-
CoV-2, the virus that causes COVID-19 (279), as well as blood borne pathogens like the
malarial parasite Plasmodium falciparum (112).

In addition to the central role electrical charge plays in protecting against pathogen
adherence and invasion, other characteristics and components of the endothelial glycocalyx
also participate in immunological capacities. For example, sialic acids, the terminal

moieties on the branching proteoglycans and gangliosides that comprise the glycocalyx

are implicated in a diverse range of immunological functions. These functions include

their being antigens in immune reactions and contacts for glycan binding proteins that
mediate both cell-cell and cell-pathogen interactions. Sialic acids also mediate cell-cell
adhesions between immune cells and the vascular endothelium, in part via the regulation

of selectin binding. They further modulate the function of other important endothelial
proteins implicated in immune responses, including intercellular adhesion molecule-1,
platelet endothelial cell adhesion molecule-1, vascular endothelial growth factor receptor-2
and lymphatic vessel endothelial hyaluronan receptor-1 (51). An additional function of sialic
acids in the immune system is to help differentiate native, host cells from foreign pathogens.
This is achieved, in part, by their interfering with the complement pathway to prevent the
immune system from targeting native cells (27, 258). Other examples of components of the
glycocalyx mediating immune responses include the role of heparan sulfate oligosaccharides
in the regulation of immune cell adhesion, migration, and activation, in part by its inhibiting
proteases of the lectin activated complement pathway (273). Heparan sulfate has also been
shown to bind to and modulate cytokines and growth factors, as well as to establish chemical
gradients for morphogens, growth factors and cytokines (256). Furthermore, it can function
as a co-receptor to stabilize receptor/ligand binding events as well as to mediate immune
response signal transduction pathways (230). Yet additional glycocalyx components, namely
hyaluronic acid and its fragments are well documented molecules involved in pathological
states (41). The lower molecular weight fragments of hyaluronan have been shown to

induce inflammatory responses in macrophages and promote angiogenesis (115, 216). In
contrast, the higher molecular weight fragments have the opposite effect on angiogenesis
(309). Furthermore, the hyaluronan receptor, CD44, when bound to E-selectin, facilitates
the process of leukocyte rolling and adhesion to the endothelium (59, 186). Overall, all
these examples highlight the plethora of mechanisms by which diverse components and
characteristics of the endothelial glycocalyx participate in immunological responses and host
defense.
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The endothelial glycocalyx and signal transduction molecules

Sphingosine-1-phosphate

The close relationship that exists between glycocalyx structures and the cell membrane
provides numerous avenues in which membrane-associated signaling molecules are
modulated by the glycocalyx and vice versa. For example, bioactive sphingolipids have been
shown to be involved in membrane signal transduction and in a variety of cellular processes
(17). Among others, sphingosine-1-phosphate (S1P) is a notable one, as it can modulate
several biological functions, such as cell contraction, survival, proliferation and migration
(234). S1P is a sphingolipid derived from sphingosine, which is a product of ceramide
hydrolysis generated in a process that originates from the degradation of the plasma
membrane glycosphingolipids and sphingomyelin (234). Once formed, sphingosine can be
reconverted to ceramide by ceramide synthase or further degraded to S1P in a reaction
regulated by two sphingosine kinases (SPHK1 and SPHK?2) (234). Upon its formation,

S1P can be recycled to ceramide through S1P dephosphorylation, further degraded into
hexadecenal and phosphoethanolamine, or released to the extracellular environment (234).
Although platelets and endothelial cells can produce S1P (295), erythrocytes are the main
source of S1P, contributing approximately 70% of the 0.3 to 0.5 pM S1P found in human
plasma (28, 220). S1P can be transferred from erythrocytes to endothelial cells by direct
contact or via high-density lipoprotein (HDL) and albumin transport (283, 327). In fact,
the majority of S1P is bound to these protein carriers, with HDL carrying around 60%

and albumin 30% of the circulating S1P (28). The binding of S1P to HDL or albumin
prevents its degradation by circulating sphingosine phosphatases, thereby allowing S1P to
bind to its receptors on the cell membrane of the targeted tissue (146). So far, five S1P
receptors (S1PR) have been identified (S1PR-1-5) with S1PR-1, -2, and -3 being expressed
in most organs and tissues, including the vascular endothelium (170). The vascular action
of S1P may vary according to the receptors it binds, with S1IPR-1 and -3 activation

being associated with blood vessel stability and glycocalyx homeostasis (170, 305). As
previously mentioned, the endothelial glycocalyx is constantly exposed to conditions that
cause glycocalyx degradation and shedding, such as disturbed blood flow, inflammation,
hyperglycemia, trauma, and removal of blood proteins (30, 167, 213, 239). This requires
continuous glycocalyx repair in order for it to remain functional. In this regard, S1P has
been shown to play a crucial role in maintaining blood vessel and glycocalyx homeostasis
by inducing NO release and preventing syndecan-1 shedding (39, 327). Previous findings
suggest that S1PR activation, inhibits the activity of matrix metalloproteinases (MMPS),
specifically that of MMP-9 and MMP-13 (327). When active, these MMPs can cleave
syndecan-1 below the chondroitin sulfate attachment site, thereby inducing the shedding of
syndecan-1 ectodomains and consequently the loss of chondroitin sulfate and hyaluronic
acid. MMP-9 and MMP-13 inhibition has been shown to abolish syndecan-1 shedding in
rat-fad-pad endothelial cells, reinforcing the major role of these proteases in glycocalyx
shedding (327). Zeng et al. also found that S1IPR-1 plays a major role in glycocalyx
recovery, mainly via activation of the PI3K pathway (328). They performed a series of
experiments in which glycocalyx-depleted endothelial cells were treated with S1P in the
presence or absence of the PI3K inhibitor, Y294002 (328). Results showed that presence of
Y294002 reduced the content of syndecan-1, chondroitin sulfate and hyaluronic acid on the
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cell surface. This suggests that S1P signalling via a SIPR-1/PI3K-dependent pathway is an
important contributor to glycocalyx recovery.

Notably, evidence also shows that the endothelial glycocalyx may function as a signalling
platform connecting hemodynamic forces and S1PR. For example, a study from Jung et al.,
demonstrated that the mechanosensing properties of the endothelial glycocalyx contributes
to S1IPR-1 homeostasis by integrating alterations in blood flow and the receptor’s activity.
They also found that increases in shear stress promote glycocalyx stabilization via increases
in endothelial S1IPR-1 activation and that deletion of endothelial S1IPR-1 was associated
with reductions in the transduction of blood flow into downstream vascular protective
cellular chemical signaling (128). It further appears that specific components of the
glycocalyx positively regulate S1P signaling. High molecular weight hyaluronan binds

to its receptor, CD44, which in turn induces clustering in caveolin-enriched lipid raft
microdomains. Evidence suggests that CD44 enriches S1PR1 within these lipid rafts leading
to activation of the receptor. This interaction is required to maintain vascular barrier
function (271). Additionally, Kriippel-like factor 2 is a transcription factor that regulates
expression of hyaluronan synthase 2 (304), which synthesizes hyaluronan and increases
surface hyaluronan production and S1PR1 (11). Thus, mechanical stimuli, e.g., shear stress,
that activates Krippel-like factor 2 positively regulates both glycocalyx synthesis and S1P
signaling via increases in endothelial cell hyaluronan synthase 2 and S1PR expression.

As for SIPR-2, there is currently no evidence that the endothelial glycocalyx directly
affects its expression or activity. Conversely, activation of SIPR-2 has been associated

with PI3K pathway suppression through an increase in Rho-dependent/PTEN phosphatase
activity (254). Whether there is a direct link between S1PR-2 and shedding of glycocalyx
constituents is uncertain, but activation of S1IPR-2 has been shown to be detrimental to

the endothelium by disrupting adherens junctions, and consequently exacerbating vascular
permeability (254). The increased expression of SIPR-2 in vascular tissues exposed

to disturbed blood flow, inflammation and hyperglycemia may explain, in part, some
controversial findings showing elevated circulating S1P levels in conditions associated with
glycocalyx depletion, such as diabetes and insulin resistance (90, 142).

Reactive oxygen species

Similar to many other tissues, the vascular wall is in a constant process of molecular
oxidation and reduction. Multiple signaling pathways involve production of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) that are subsequently reduced or
inactivated by tissular antioxidant systems, which protect molecular components from
oxidative stress. ROS and RNS are derived from balanced physiological redox cellular
processes. However, an imbalance in favor of oxidation occurs in several pathological
conditions. In the vasculature, oxidative stress is commonly associated with proteolysis,
glycocalyx degradation, increased permeability, and endothelial dysfunction due to the
scavenging of NO by ROS, which diminishes NO bioavailability, impairs vasodilation and
promotes inflammation (Figure 8).

Main sources of ROS in the vascular wall include the NADPH oxidase(s) (NOXes),
uncoupled eNOS, xanthine oxidase (X0O), and mitochondrial respiratory chain enzymes (73,
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77,97, 126, 149, 151, 251). Under physiological conditions, ROS production by the NOXes
prevails. Additional ROS come from NOXes’ interactions with other sources including
xanthine oxidase, uncoupled eNOS, mitochondria, cyclooxygenases and lipoxygenases (228,
251, 306). Superoxide anion is the main form of ROS produced by NOX-1 and -2, impaired
mitochondria and uncoupled eNOS. This superoxide is readily converted into hydrogen
peroxide by superoxide dismutase (SOD) either in the cytosol (SOD1), inside mitochondria
(SOD2) or outside the cell (SOD3). Superoxide is also converted to peroxynitrite upon its
reaction with NO, and peroxynitrite reacts with proteins, lipids, and nucleic acids to form
3-nitrotyrosine, which is used as an indirect index of oxidative stress in tissues (95, 277,
335). The toxicity of hydrogen peroxide is suppressed by its conversion to oxygen and water
by catalase or glutathione peroxidase. In turn, the effectiveness of glutathione peroxidase
depends on the availability of reduced glutathione, in conjunction with that of vitamin E,
vitamin C and lipoic acid (5, 157, 302). Ultimately, oxidative stress occurs when the amount
of ROS produced overwhelms antioxidant mechanisms.

At the level of the endothelial glycocalyx, ROS are either inactivated by antioxidant
mechanisms (particularly SOD3) or participate in glycocalyx degradation. Degradation
occurs mostly via either direct oxidation or via ROS-dependent activation of enzymes

that shed glycocalyx components. Direct oxidation results in fragmentation and
depolymerization of the major glycosaminoglycans that comprise the glycocalyx, including
chondroitin and dermatan sulfate (202), heparan sulfate (63) and hyaluronan (66); whereas
the enzymes that shed glycocalyx components include the neuraminidases, heparanase,
hyaluronidases, MMPs, and a disintegrin and metalloproteinases (ADAMS) (1, 127, 168,
199, 201, 290). Additional more intricate signaling cascades, initiated by stimuli that
increase ROS production, also culminate with shedding of glycocalyx components. In
particular inflammatory signals that induce the expression of cytokines such a tumor
necrosis factor (TNF)-a also increase the activity of multiple sheddases including ADAM10
and ADAM17. These proteolytic enzymes have been shown to shed glycocalyx components
including endomucin and glypican-1, which when depleted, favor leukocyte-endothelium
interactions and impaired mechanosensation, respectively (132, 323). It is posited that
oxidative stress and excessive shedding of glycocalyx components initiates a vicious cycle
that increases the production of ROS and promotes glycocalyx degradation. This occurs in
part because the glycocalyx is protected against oxidation by the presence of SOD3 within
its structure (4). Consequently, shedding of glycocalyx components is accompanied by loss
of SOD3, a condition that favors oxidative stress, glycosaminoglycan degradation and MMP
activation (4). This further increases glycocalyx destruction and the increased production of
ROS by the NOXes present in the endothelium (72).

It should be emphasized that presence of an intact glycocalyx structure favors the production
and activity of antioxidant molecules and pathways. This is because, in addition to the
presence of SOD3 within the structure of an intact endothelium, stimulation of an intact
endothelial glycocalyx with laminar flow has been shown to increase antioxidant signaling.
In particular, it has been reported that unidirectional laminar flow increases the amount

and phosphorylation of nuclear factor erythroid 2-related factor 2 (Nrf2) which is a well-
known positive modulator of antioxidant molecules and pathways (235). This pathway is
dependent on the presence of sialic acid residues in the glycocalyx, as removal of these
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moieties attenuates Nrf2 activation by laminar shear stress. Furthermore, the endogenous
neuraminidase enzymes that cleave sialic acid from glycan chains are upregulated in
response to hypoxia as well as in pathologies associated with increased ROS in the
vasculature including diabetes, atherosclerosis and cancer (232). Thus, loss of glycocalyx
components not only reduces the anti-oxidant properties inherent to the glycocalyx structure
itself, but also results in dampening of signaling pathways that maintain anti-oxidant enzyme
homeostasis.

Lastly, evidence suggests that individual components of the glycocalyx possess intrinsic
anti-oxidant properties. For example, sialic acid is an effective scavenger of hydrogen
peroxide (119). Similarly, glycosaminoglycans in general also possess intrinsic anti-oxidant
properties against both hydrogen peroxide and metal-induced oxidative stress (36, 37). In
sum, data indicate that a healthy glycocalyx plays a protective role against oxidative damage
via direct anti-oxidant effects, tethering of anti-oxidant enzymes within its structure or via
the positive regulation of signaling pathways that dampen ROS. In conditions in which these
defenses become compromised, ROS facilitate the direct degradation of the glycocalyx and
activate sheddases that strip away its components. Further deterioration of the glycocalyx
promotes inflammation and increased generation of ROS through processes thought to play
a causative role in the development and progression of multiple cardiovascular pathologies
including atherosclerosis (37, 162), diabetes (100, 262) and aging (108).

The endothelial glycocalyx degradation

Hyaluronic acid and hyaluronidase

Hyaluronan (or hyaluronic acid) is an ubiquitous polysaccharide that accounts for 5 to

20% of the total glycosaminoglycans present within the endothelial glycocalyx. Its structure
consists of repeating disaccharides composed of N-acetylglucosamine and glucuronic acid.
In contrast to the other glycosaminoglycans, hyaluronan preserves its chemical composition
across species because it is not further modified by sulfonation or epimerization (111). Its
indeterminate and extensive degree of polymerization makes hyaluronan a long, unbranched,
negatively charged highly anionic polymer (96). In solution, under physiological conditions,
hyaluronan is stabilized by hydrogen bonds. This allows the polymer to assume a stiffened
helical configuration and an overall coiled structure that occupies a vast three-dimensional
space. Hyaluronan lies on the luminal surface of endothelial cells forming a hexagonal-like
network within the glycocalyx structure. Its localization in the same plane as the endothelial
cell surface, positions hyaluronan in the inner portion of the glycocalyx and provides for its
function as a molecular sieve (82). All these characteristics of hyaluronan contribute to the
selective permeability of the endothelial barrier as described before (66).

Three membrane-bound enzymes, named hyaluronan synthase 1-3, make hyaluronan. The
enzymes link the cytosolic substrates uridine diphosphate-glucuronic acid and uridine
diphosphate-N-acetylglucosamine through glycosidic bonds to form the polymer (124,
304). This synthesis occurs primarily at the inner surface of the plasmalemma, and the
growing polymer is extruded through the membrane to form extracellular matrices (111).
Once released from the enzyme, hyaluronan integrates into the endothelial glycocalyx via
a number of different mechanisms, including binding to the CD44 receptor, associating
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with chondroitin sulfate and forming a fibrous network by self-assembly (65). In
mammals, hyaluronan synthase-2 is the most common enzyme isoform that correlates well
with hyaluronan distribution and plays a determinant role in vascular development and
endothelial homeostasis (289, 304).

Hyaluronan is synthesized as a high (>500 kDa) or low molecular weight (10-500 kDa)
polymer (45, 52). Additionally, the low molecular weight form of hyaluronan can result
from the degradation of its higher molecular weight forms (278). High molecular weight
hyaluronan prevails under physiological conditions and, as previously stated, provides
anti-inflammatory, antiangiogenic and immunosuppressive properties to the endothelial
glycocalyx. In contrast, the concentration of low molecular weight hyaluronan increases
under pathological conditions, and is highly inflammatory, angiogenic and stimulatory of the
immune system. In particular, small hyaluronan fragments are known for their capacity to
stimulate proliferation and migration of endothelial cells, and their presence in circulation is
associated with disruption of the endothelial barrier and endothelial dysfunction (66).

The tissue half-life of hyaluronan ranges from a few hours to several days (93).

Both, enzymatic and non-enzymatic degradation of hyaluronan are responsible for

its catabolism and fragmentation. In mammals, hyaluronidase-1 and -2 are the main
enzymes responsible for the degradation of this glycosaminoglycan into fragments of 2-6
disaccharides up to 20 kDa, respectively. Mice deficient in these two enzymes present

with increased plasma hyaluronan levels in addition to a thicker endothelial glycocalyx
structure. Hyaluronidase-1-deficient mice are also protected from the endothelial glycocalyx
alterations and endothelial dysfunction associated with the early stages of diabetes mellitus.
This underlies the relevance of hyaluronan degradation and this enzyme system in
regulating endothelial glycocalyx function and diabetic vascular complications (64, 223).
Nonenzymatic degradation of hyaluronan mostly results from oxidation associated with the
presence of ROS, including superoxide anion, hydrogen peroxide, NO, and peroxynitrite
(66). Once in circulation, 85-90% of hyaluronan fragments are eliminated by the liver and
the rest by the kidneys (93). This efficient system can handle the degradation of 10 to

100 mg of hyaluronan fragments per day in the human blood (93). Therefore, the levels of
hyaluronan in the bloodstream at any single moment result from the balance between the
rapid formation and removal of hyaluronan fragments from the circulation.

Overall, a healthy endothelium is associated with hyaluronan stability. Laminar shear stress
imposed on cultured endothelial cells increases hyaluronan synthesis and its incorporation
into the endothelial glycocalyx (181, 304). In comparison, disturbed flow patterns are
associated with reduced endothelial glycocalyx thickness (106), and low shear stress
exposure activates hyaluronidase-2 resulting in shedding of hyaluronan from the endothelial
glycocalyx (140). This indicates that hemodynamic forces play a key role in modulating
glycocalyx stability and endothelial health.

Sialic acid and neuraminidase

As previously stated, the glycocalyx is constantly undergoing a process of degradation
and biosynthesis. It is the sum total of each of those processes that dictates the size
or thickness, as well as presumably the overall composition of the glycocalyx structure.
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Shear forces generated by the flow of blood influence both the synthesis of endothelial
glycocalyx components, as well the degradation of the structure. Endothelial cell culture
assays have shown that under static (non-flow) conditions, generation of the glycocalyx is
highly irregular and discontinuous, indicating a wide degree of heterogenous thickness and
coverage. Moreover, expression of individual glycocalyx components is considered to be
down-regulated under static conditions. In contrast, flow appears to stimulate expression

of glycocalyx components. However, this is not a binary relationship in which flow has a
positive effect on glycoprotein and glycosaminoglycan expression and no-flow a negative
effect; rather it is a much more complex relationship that reflects a high level of feed-back
between biosynthetic processes and the specific type of flow in the local environment
imparting shear stress forces on the endothelium. For example, Dai et a/. analyzed the

flow pattern in atherosclerosis-susceptible and atherosclerosis-resistant regions of the human
carotid artery and found two distinctly different shear stress wave forms. They classified
them as either athero-protective or athero-prone (53). Notably, when applied to human
endothelial cells in cell culture, the two waveforms, which differed in amplitude, had
markedly different effects on cell architecture, inflammatory responses and biosynthesis

of glycocalyx components (53, 141). In addition, the frequency of the shear force wave

also appeared to result in further differences in glycocalyx biosynthesis outcomes. A
constant, steady (laminar) shear stress promoted the synthesis of glycocalyx components,
whereas a low, oscillatory shear stress was implicated in glycocalyx degradation (107, 304).
This emphasizes the complex role that hemodynamics play on glycocalyx synthesis and
degradation. As stated before, an additional compounding issue includes that, hyaluronidase,
the enzyme that degrades hyaluronic acid, is activated under conditions of low shear stress
and leads to glycocalyx degradation (304, 322).

Overall, the process(es) that regulate the differential endothelial responses to laminar vs.
disturbed flow have not been fully determined. However, emerging evidence suggests that
sialic acids play a role in cellular glycocalyx biosynthesis and degradation responses to
shear stresses. In particular, the Nrf2 pathway is activated by laminar flow, resulting in
upregulation of Nrf2 and its translocation to the nucleus, where it promotes the expression
of a number of cytoprotective proteins, including a suite of antioxidant genes (54). The
proteins downstream of Nrf2 activation generate intracellular and extracellular conditions
that are conducive to biosynthesis of glycocalyx components. In contrast, oscillatory shear
stresses promote glycocalyx degradation, and this is accompanied with shedding of sialic
acid residues from glycocalyx structures. Interestingly, exogenously applied neuraminidase,
which cleaves sialic acid, attenuates Nrf2 activation in cells exposed to laminar flow

and enhances the expression of pro-inflammatory cytokines associated with glycocalyx
degradation. In contrast, silencing of endogenous neuraminidase-1, enhances Nrf2 signaling
in response to laminar flow degradation (235). These findings have important implications
in human health as plasma neuraminidase activity and its product, sialic acid, are elevated in
humans with, and animal models of, pathologies associated with reduced NO bioavailability,
including aging (243), diet-induced obesity (89) and diabetes (209). Moreover, a number of
studies have demonstrated that exogenously applied neuraminidase impairs flow-mediated
vasodilation and increases oxidative stress (144).
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Another process associated with glycocalyx degradation includes the capacity of cells

to dismantle their attached glycan chains once the lifespan of the molecules has been
reached. Recycling of sialic acids from cell surface glycoconjugates occurs in endosomes
and lysosomes, and is mediated by the neuraminidase family of enzymes. These enzymes
are exoglycosidases as they mediate the removal of terminal sialic acids (also referred to

as neuraminic acids) from glycoproteins, glycolipids and oligosaccharides. In an attempt

to standardize the nomenclature, the preferred name for these enzymes is sialidases, with
the term neuraminidase reserved for the viral enzymes due to historical reasons (influenza
virus subtypes are identified by an H number (for hemagglutinin) and an N number (for
neuraminidase)). There are 16 different HA antigens (H1 to H16) and nine different NA
antigens (N1 to N9) for influenza (312). In humans, there are four identified sialidases that
despite the preferred nomenclature are known as neuraminidase 1-4, and are differentially
expressed within subcellular locations of the cell. Neuraminidase-1 is posited to release
sialic acids from glycoconjugates recycled from the plasma membrane in endosomal and
lysosomal compartments whereas neuraminidase-2 has been demonstrated to function in the
cytoplasm (200, 236). Neuraminidase-3 is associated with the plasma membrane as well

as with endosomal membranes and has been shown to exhibit extracellular activity (246).
Neuraminidase-4 isoforms are found in both intracellular membranes and the mitochondria
(200, 319). At this time, there has not been a systematic evaluation of human sialidase
expression in different cell types or tissues. Thus, it is not known how the expression

of these isoforms may vary in different organs. Anecdotally, there are a few studies
examining the specific isoforms found in human plasma/serum, which suggest that only
neuraminidase-1 and neuraminidase-3 are present in plasma at measurable levels, and that
plasma activity is predominantly due to neuraminidase-3 (324). In addition to differences in
subcellular localization, the enzymes also appear to have varying degrees of specificity
towards different glycoconjugates. Moreover, enzymatic activity fluctuates between the
different isoforms depending on the type of glycosidic linkage (a 2-3, a 2-6, etc.) of

the substrate as well as the local pH (194, 240, 280). Although their direct activity is

well characterized, the roles these enzymes play in various cellular processes has not

been thoroughly investigated. The membrane-associated neuraminidases are posited to play
a role in signaling pathways, apoptosis, and cell—cell interactions, whereas the others

are speculated to mediate cell differentiation and proliferation processes. Interestingly,
neuraminidase isoforms are found to be upregulated in a number of cardiovascular diseases
associated with glycocalyx degradation and endothelial dysfunction. These pathologies
include diabetes (42, 257), sepsis (229), hypertension (266), atherosclerosis (101, 104, 311)
and obesity (89, 211). In addition, aberrant neuraminidase activity is also observed in a
number of diverse malignancies (193).

Heparan sulfate and heparanase

Heparanase is an endoglycosidase that cleaves internal heparan sulfate polymeric chains
at sites of reduced sulfonation, and thus facilitates degradation and remodeling of the
glycocalyx (231). To date only one heparanase with catalytic activity has been identified in
mammals. However, there is a second nonenzymatic protein, heparanase-2 that is closely
related, and appears to inhibit heparanase activity (160). The nonenzymatic function(s)

of heparanase are mainly linked to pro-angiogenesis pathways that positively modulate
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vascular endothelial growth factor signaling pathways (138, 300). Conversely, the enzymatic
activity of heparanase functions to promote angiogenesis via the release of molecules

such as vascular endothelial growth factor and epidermal growth factor that are associated
with the heparan sulfate moieties cleaved by the enzyme. In addition to its effect on

growth factors, heparanase also mediates the release of chemokines and cytokines that are
embedded within the glycocalyx and are also associated with heparan sulfate residues.
Additional physiological functions attributed to heparanase include the transcriptional
upregulation and expression of the pro-inflammatory cytokines, TNF-a,, interleukin (IL)-1,
IL-6, as well as the activation of the innate immunity system, exosome formation,

and positive regulation of autophagy (300). Pathologically, heparanase upregulation is
implicated in the progression of cancer via positive modulation of cellular growth pathways,
angiogenesis and metastasis (300). It is also implicated in mediating chronic inflammatory
responses and atherosclerosis in diabetic and nondiabetic settings (12, 102, 301). In addition,
a specific variant of heparan sulfate that contains a pentasaccharide motif and is synthesized
by endothelial cells plays a primary role in anticoagulation pathways, via its high affinity
interaction with the protease inhibitor, antithrombin 111 (269). The latter, negatively regulates
coagulation under physiological and pathological settings via inhibition of pro-coagulant
pathways (225). It is important to note that the heparins secreted by mast cells, also regulate
ant-coagulation pathways. However, albeit similar in structure, they are biochemically
distinct from the heparan sulfates generated by endothelial and other cell types (267).

With regard to its numerous associations with pathological conditions, degradation of
heparan sulfate is particularly implicated in the promotion of thrombosis and pro-coagulant
signaling pathways in atherosclerosis and sepsis, due to its positive role in maintaining an
anti-coagulant state (13, 208, 313).

Glycocalyx components and other sheddases

In addition, to the three main enzymes that target specific components of the glycocalyx,
there are additional sheddases with promiscuous activities towards multiple targets that
encompass components of the glycocalyx. These enzymes include the ADAM and MMP
families of proteases with the former implicated in shedding of cell surface proteins and
receptors and the latter characterized by their ability to digest collagen, fibronectin, elastin,
laminin and other extracellular matrices (238). Notably, both families of enzymes are
positively regulated by ROS (207), a common by-product of inflammatory pathologies,

and are upregulated under pathological conditions associated with inflammation, including
hypertension (58, 81, 118), diabetes (154, 281), atherosclerosis (105, 127), sepsis (87),
obesity (10, 185) and aging (70). With respect to specific glycocalyx targets, the ADAMSs
are implicated in shedding syndecan-4, as well as with increasing vascular permeability

and inflammation in sepsis (169, 325). As for the MMPs, they are implicated in shedding
syndecan-1 and -4 in the setting of diabetes (164). In addition to shedding components of the
glycocalyx, these enzymes also release inflammatory cytokines, including TNF-a., soluble
Toll-Like Receptor 2, interferon-y, transforming growth factor-g, 1L-4, IL-10, IL-13, IL-6,
and fractalkine (26, 58, 150). This sets up a feed forward cascade of events, as inflammatory
cytokines have been shown to mediate glycocalyx shedding (113, 227), and upregulate
MMPs (50, 161) and ADAMs (91, 303).
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The endothelial glycocalyx in vascular health and disease

As studies into the structure and function of the glycocalyx accumulate, it is becoming
more apparent that the endothelial glycocalyx plays a central role in maintaining vascular
health. Indeed, numerous pathological conditions with concomitant vascular disfunction
are also associated with endothelial glycocalyx shedding or degradation (Figure 9). The
major pathophysiological effects of an impaired or damaged endothelial glycocalyx are
threefold: 1) increased vascular permeability, 2) reduced NO bioavailability and 3) increased
inflammation. Due to the difficulty in assessing the glycocalyx integrity and lack of a
systematic investigation on the topic, it remains to be determined whether glycocalyx
degradation precedes the development of cardiovascular pathologies, is a consequence of
alterations in vascular homeostasis that occur in response to various pathologies or results
from a combination of the two. Below, we highlight some pathologies in which glycocalyx
degradation is implicated in disease progression.

Atherosclerosis

Sepsis

Atherosclerotic lesions occur via the deposition of cholesterol-rich lipids within the vessel
wall, initiating an inflammatory response that leads to the formation of vascular lesions,
termed plaques that evolve over time and become susceptible to rupture (122). During
disease progression, remodeling of the vasculature in response to plaque formation restricts
the flow of blood and mediates arterial stenosis. In the later stages of the disease, thrombosis
and myocardial infarction with significant mortality risks may occur subsequent to plaque
rupture. One of the first steps posited to play a role in the development of atherosclerosis is
degradation of the endothelial glycocalyx. Within the vasculature, areas of disturbed blood
flow, such as bends or branch points in the arterial tree, are not conducive to maintenance
of a healthy glycocalyx structure (288). It is in these areas (termed athero-prone) of a
degraded glycocalyx that plaques are most likely to form (38). Mechanistically, one of

the initiating steps in the progression of atherosclerosis involves an inflammatory response
mediated by the adhesion of leukocytes to the endothelium. The electrostatic and barrier
(steric hindrance) nature of the glycocalyx impedes leukocyte adhesion and functions to
dampen inflammatory responses (21). In athero-prone regions of the vasculature, damage to
the glycocalyx has been demonstrated to significantly enhance leukocyte adhesion, in the
hamster cremaster and post-capillary mesenteric venules in the rat (113, 205). These areas
also correlate with an increase in cholesterol-rich lipid uptake (192), which is an important
initiating step in triggering inflammatory responses and promoting disease progression
(166).

Sepsis is a systemic inflammatory state that results from exposure to an infectious agent and
carries a significant mortality risk. Mortality arises either from septic shock and multiple
organ failure in response to the direct release of cytokines triggered by the inflammatory
response or from the secondary infection caused by immunosuppression in response to

the cytokine release. Sepsis is characterized by increased vascular permeability that in

turn mediates extravasation of proteins and molecules out of the blood’s fluid phase.

The resulting change in solute concentration from within the lumen to the surrounding
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tissue decreases oncotic (aka colloid osmotic) pressure leading to decreased water uptake
within the fluid phase, which is a key contributor to sepsis-induced organ failure. The
mechanism of sepsis induced edema is posited to be due to increased vascular permeability
via degradation of the endothelial glycocalyx. Potential mediators of glycocalyx degradation
in sepsis include oxidative stress, upregulation of TNF-a signaling, and increased sheddase
activity by enzymes such as the ADAMs, MMPs, heparanase-1, hyaluronidases and
neuraminidase (103, 259, 263).

Hypertension

The American Heart Association defines Stage-1 hypertension as presence of systolic/
diastolic blood pressure above 130-139/80-90 (310). These parameters are considered high
normal blood pressure by the International Society of Hypertension (284). Though there
are a number of independent mechanisms implicated in the development of hypertension,
sodium-dependent (high salt sensitivity) hypertension is linked to endothelial glycocalyx
degradation (221). The glycocalyx is posited to function as a reservoir for positively
charged sodium ions. Thus, in the absence of a healthy glycocalyx, excess sodium

ions enter endothelial cells and activate cell signaling pathways that positively regulate
production of F-actin cytoskeletal fibers (85). This has the dual effect of increasing cell
stiffness and decreasing NO production, which increase vascular resistance and blood
pressure (218). Additional observations suggest that the glycocalyx may also play other
roles in the development of hypertension. Results from the Framingham study indicate
that arterial stiffening precedes the development of hypertension (76, 176, 191), and
glycocalyx degradation is posited to play a key role in arterial stiffening. Using an in

vivo imaging technique (GlycoCheck) researchers demonstrated an association between
reduced glycocalyx thickness and increased central aortic blood pressure, coupled with the
observation that a reduced endothelial glycocalyx was also associated with reduced arterial
elasticity or increased arterial stiffness (120). It was also demonstrated in a rat model of
induced pulmonary arterial hypertension that supplementation with heparin to increase the
integrity of the glycocalyx attenuated the development of hypertension (109). Reduced NO
bioavailability is also implicated in the development of hypertension (163). Degradation of
the glycocalyx is posited to lower eNOS activation by diminishing shear mechanosensation/
mechanotransduction. In support of this hypothesis, VanTeeffelen et a/. demonstrated that
degradation of the glycocalyx in mice with hyaluronidase induced baseline arteriolar
vasoconstriction and led to reduced arteriolar diameters at the end of a vascular occlusion
intervention and at peak reactive hyperemia (293). Additional studies in canine femoral
arteries demonstrated that hyaluronidase treatment significantly decreased flow induced-NO
production, but not acetylcholine induced NO production (195). These studies support the
premise that a healthy glycocalyx positively regulates blood pressure. More studies are
necessary to determine the mechanism(s) by which the glycocalyx protects against the
development of hypertension. Specifically, whether protection against hypertension is due to
the glycocalyx’s barrier, anti-inflammatory or NO generating properties (or a combination
thereof). Interestingly, preeclampsia, a life-threatening elevation in blood pressure that
occurs during pregnancy, is associated with a degraded glycocalyx (308). In addition, three
pathologies related to glycocalyx degradation are also present in preeclampsia: increased
vascular permeability with proteinuria (25), reduced NO bioavailability (173, 261) and
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an increased inflammatory response or chronic immune activation (47, 198). It is unclear
whether these impairments are individually or collectively responsible for the observed
elevation in blood pressure, or whether other mechanism(s) are also responsible.

To consider aging a pathology is a bit of a misnomer, as the determination of whether
old-age is a disease itself is a topic of much debate. Suffice it to say that as organisms

age there is an overall reduction in fitness at all levels of organization 7.e., from organs

and tissues down to individual cells. The same generalization holds true for the glycocalyx.
In older mice, it was observed that mesenteric and skeletal muscle microvessels have a
significantly reduced glycocalyx thickness than that of microvessels from young mice.
Using /n vivo imaging with the GlycoCheck, the same trend was observed in the sublingual
arteries of older vs. younger humans (174). It remains to be determined whether the
mechanisms mediating this reduction in glycocalyx integrity are due to aberrant biosynthesis
of glycocalyx components or an increased activity or concentration of the components and
processes that degrade its structure. Alternatively, there are a number of pathophysiological
changes associated with aging, including hyperglycemia, dyslipidemia and increased
oxidative stress, which have the potential to degrade the glycocalyx. For example, red
blood cell sialylation decreases with age in humans via a process associated with increased
ROS, specifically lipid peroxidation (188). Presumably, the glycocalyx, which experiences
the same insults as red blood cells, is similarly desialylated in old age. ROS are well
documented to deleteriously impact glycocalyx structure and function (168, 270). This
hypothesis dovetails well with the oxidative stress theory of aging, which posits that the
accumulation of oxidative damage to macromolecules mediates functional losses in old age
(165).

Cancer encompasses a range of malignancies with a multitude of distinct etiologies
characterized by a singular deleterious outcome: unchecked cellular growth. The evolution
of a cell into a cancerous lesion that threatens the health of the host involves the
accumulation of genetic mutations that facilitate proliferation, local invasion within its
immediate surroundings, intravasation into the fluid phase of blood, extravasation to
secondary sites and the subsequent colonization of new tissue. To varying degrees, the
glycocalyx and specific modifications to it by the cancer itself play a role in each

one of these steps of cancer progression. The fate of cells, including cancer cells, is
significantly influenced by their biochemical interactions with the extracellular matrix
including the glycocalyx (110, 129). Herein we will highlight the role of the endothelial
glycocalyx in vascular adhesion in cancer biology, but for a more in-depth review of

the glycocalyx in cancer see (33). Increased selectin expression is associated with cancer
metastasis, and is linked to deleterious health outcomes (210). Selectins are a family of
carbohydrate binding proteins, classified as lectins, expressed on the surface of leukocytes
(L-Selectin), endothelial cells (E-selectin) and platelets and endothelial cells (P-selectin),
which facilitate adhesion processes within the vasculature. This adhesion is thought to be
critical in metastasis by facilitating tumor cell adhesion to the vasculature. Studies have
demonstrated that tumor cells are able to bind at least one class of selectin, and that tumors
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in animal models deficient in selectin(s) have attenuated growth profiles and a decreased
metastatic phenotype (22). One of the moieties involved in selectin binding are sialylated
glycan epitopes (51), which implies that increased sialylation favors adhesion processes and
metastasis. Indeed, it has been documented that the tumor cell glycocalyx is characterized
by aberrant glycosylation and an increased degree of sialylation (129, 333). Hypersialylation
is observed in tumors when compared to normal, nonmalignant tissue of the same kind,

and in the serum of patients with a wide range of distinct cancers when compared to

plasma from noncancerous subjects (34, 332). In addition, sialic acid is elevated in the
plasma of patients with head and neck, breast, endometrial, colorectal, lung and oral cancers
(285). Hypersialylation is posited to arise from increases in biosynthetic pathways, such as
increased sialyltransferase activity (55). Notably, the neuraminidase enzymes that remove
sialic acid are differentially regulated in cancer. For example, the neuraminidase-3 isoform
is upregulated in a number of cancers (29, 133) and is posited to positively influence
metastatic potential and invasiveness (193, 265). In contrast, neuraminidase-1 has been
reported to be down-regulated in a number of cancers, indicating opposing or differential
activation of signaling pathways by these distinct neuraminidase isoforms. With respect to
neuraminidase-2, studies suggest it has anti-metastatic effects related to apoptotic pathways
when transfected into tumor cell lines, but its /n vivo role in human cancer pathologies

is unclear (194). Similar to neuraminidase-2, neuraminidase-4 has been shown to increase
sensitivity to apoptotic pathways, when transfected into human cancer cell lines (320).
Neuraminidase-4 mRNA has also been shown to be reduced in some human tumors, which
may influence tumor invasiveness (320). This suggests that neuraminidase-4 also has a
negative effect on cancer progression, but its complete role in cancer remains to be fully
determined. Suffice it to say that alterations in the glycocalyx, specifically in sialic acid
residues play critical roles in the development and progression of cancer. Moreover, in
addition to mediating adhesion of cancer cells to the vasculature, hypersialylation appears
to assist tumor cells in evading immune surveillance by binding siglecs, which signal to

the immune system that the tumor is part of the host’s healthy tissue (49, 135). Priming

the immune system to recognize tumors is emerging as a powerful therapeutic tool to
eliminate cancerous lesions. One of the approaches undertaken to target the tumor for
immune recognition is by blocking siglecs specifically or more generally by removing sialic
acids from the tumor via inhibition of the sialyltransferases in the biosynthetic pathway (15,
206, 286).

Cardiovascular complications in diabetes mellitus

Diabetes mellitus is associated with severe and progressive cardiovascular disease (CVD).
A key mechanism implicated in the pathogenesis of diabetic CVD is endothelial
dysfunction, which is characterized by oxidative stress, chronic inflammation, reduced

NO bioavailability, and impaired endothelium-dependent vasodilation. As glycocalyx
degradation results in endothelial dysfunction, investigators have explored the role of
glycocalyx degradation as a central contributor to the development of CVD associated with
diabetes.

Indeed, several studies provide evidence of glycocalyx degradation in diabetes. For example,
in a preclinical model of diabetes, Szymonski and collaborators showed that db/db male
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mice exhibit decreased glycocalyx length (assessed by atomic force microscopy) coupled
with endothelial dysfunction (275). Similarly, Zuurbier et a/. found that hyperglycemia
(25mmol/L) is associated with increased glycocalyx permeability with parallel augmentation
of vascular permeability (336). In a rodent model of diabetic retinopathy, Kumase and
collaborators reported diminished glycocalyx thickness in the retinal vessels of diabetic mice
compared to controls (145). Similarly, in a model of nephropathy (streptozotocin-induced
DBA2J mice), loss of glomerular glycocalyx length has been documented (222). In support
of the role of glycocalyx degradation in the genesis of endothelial dysfunction in diabetes,
Dogné et al. showed that deletion of hyaluronidase-1 in male hyperglycemic mice resulted
in increased glycocalyx thickness and preservation of its structure, which paralleled with
amelioration of the endothelial dysfunction induced by hyperglycemia (67).

Metformin, a first-line antidiabetic agent, has been investigated as a strategy to prevent
glycocalyx degradation in a diabetic model (78). In that study, db/db mice treated with
metformin in the drinking water for two weeks displayed improvements in glycocalyx
barrier properties when compared to control mice. Notably, this short course of metformin
did not produce significant changes in glycemia (78).

In humans, similar findings have been reported. Nieuwdorp et a/., induced transitory
hyperglycemia in healthy men via a hyperglycemic clamp (16mmol/L) and observed a
profound reduction in glycocalyx volume that coincided with increased circulating plasma
levels of glycocalyx constituents, such as hyaluronan, as well as impaired brachial artery
flow-mediated dilation. Importantly, and pointing toward oxidative stress as a mechanism
implicated in hyperglycemia-induced glycocalyx degradation, the reduction in glycocalyx
volume was largely prevented by treatment with an antioxidant agent (214). It has also been
reported that men with type 1 diabetes have reduced endothelial glycocalyx volume when
compared to healthy controls (212). Moreover, this diabetic population has also been shown
to have elevated circulating markers of glycocalyx degradation (214), and a significant
correlation between plasma hyaluronan levels and carotid intima media thickness (215).

Different therapeutic strategies have been used to lessen glycocalyx degradation in diabetes.
For example, Vink and collaborators showed that administration of sulodexide for two
months is effective at partially restoring the endothelial glycocalyx in well-controlled type

2 diabetic men without history of CVD (31). Sulodexide therapy results in availability

of glycocalyx components for adsorption as well as that of precursors needed for
glycosaminoglycan synthesis. More recently, a large clinical trial examined the effects

of commonly use antidiabetics agents on glycocalyx volume (121). One hundred sixty
patients with type 2 diabetes were randomized to receive insulin, liraglutide (glucagon-like
peptide-1 receptor analog), empagliflozin (sodium glucose transporter type 2 inhibitor) or

a combination of liraglutide + empagliflozin as add-ons to metformin. Subjects underwent
assessments at baseline, and at 4 and at 12 months of treatment. At 12 months, all three
treatment groups displayed improvements in the PBR of the sublingual arterial microvessels
(marker of endothelial glycocalyx integrity using the GlycoCheck) and pulse wave velocity
(marker of arterial stiffness). However, and despite similar glycemic control when compared
to the insulin group, the liraglutide and empagliflozin-treated subjects demonstrated greater
improvements in glycocalyx volume. It is important to note that subjects in the combined
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treatment also demonstrated greater weight loss during the trial (121). Notably, multiple
clinical trials in type 2 diabetic patients have now demonstrated that use of liraglutide and
empagliflozin therapy is associated with decreased CVD events and cardiovascular death
(182, 334). However, to what extent the cardiovascular protection afforded by liraglutide and
empagliflozin is attributed to glycocalyx restoration remains to be determined.

The endothelial glycocalyx integrity assessment

Historically, the importance of the endothelial glycocalyx had not been fully realized as

its main function was thought to be limited to a protective cover, encapsulating cells in

a sugar coat, and independent of interacting with and regulating biochemical signaling
pathways. However, that naive perspective has been rapidly changing, as the importance of
the glycocalyx in maintaining vascular health becomes more apparent. One of the factors
impeding the study of the glycocalyx, and why its importance in vascular health has not
been fully characterized, is that it is a very difficult structure to study. The difficulty in
imaging and assessing the glycocalyx is attributable to a number of technical issues that
have prevented a full characterization and understanding of its structure and function in
maintaining vascular homeostasis, as well as how its degradation contributes to a myriad

of different pathologies including diabetes, hypertension and inflammation. The problems
inherent in studying the glycocalyx are well characterized in a review by Mockl et al. (196).
In brief, they ascribe three main impediments. First, the depth of the glycocalyx is posited to
extend to not much more than the diffraction limit of light ~250nm. Therefore, conventional-
light microscopy techniques are unable to adequately approximate the dimensions of the
glycocalyx, and are not suitable for identifying fine structures within the glycocalyx. Use of
electron microscopy techniques to overcome this diffraction limitation have not adequately
addressed this problem. Notably, the oligosaccharides that comprise the glycocalyx are quite
labile and are likely affected by the fixation needed in electron microscopy processing.
Moreover, this approach is unable to differentiate individual components of the glycocalyx,
as the majority of stains used to visualize the glycocalyx are cationic molecules such as
lanthanum, Alcian blue and ruthenium red, thus their binding properties are contingent

upon charge and not a specific glycan (204). A second impediment is the fact that the
oligosaccharides that comprise the glycocalyx are secondary gene products. That is, their
genesis is not the simple result of gene expression followed by protein translation. Rather
their assembly and attachment to proteoglycans occur within multiple cellular compartments
as well as within the extracellular space. This makes them subject to regulation by a
multitude of factors, including but not limited to the metabolic and redox state of the cell
(62, 139), as well as hemodynamic-associated phenomena such as metabolite concentrations
and shear forces occurring within the fluid phase of blood (304, 316). Furthermore, there is
a large degree of functional overlap in the enzymes involved in the biosynthesis of all of the
glycocalyx components. This intertwined complexity in both machinery and assembly is not
conducive to traditional genetic approaches to either label components or utilize knockout
technologies to identify regulatory pathways. A final impediment, is that the difference in
monosaccharides can be chemically subtle, /.e, the substitution of a single functional group.
None-the-less, these small differences can have profound functional consequences. This
makes it incredibly difficult to label unique glycan molecules.
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Over time, there has been a number of innovative approaches generated to overcome the
obstacles that impede glycocalyx assessments, with mixed results. Various microscopic
techniques have been used to visually assess the glycocalyx including electron, intravital and
confocal microscopy. Van Den berg et al., used a modified electron microscopy approach to
generate some incredibly detailed images of a rat left ventricular myocardial capillary that
allowed for estimates of glycocalyx length in the range of 200-500 nm. Our own attempts to
recapitulate this approach (Figure 10), has led to mixed results, with heterogenous staining
across different samples. That there are only a few examples of this approach being used

in the literature, highlights the difficulty in using this technique to image the glycocalyx
(158, 287). Moreover, as previously mentioned, it is unclear how the glycocalyx is affected
by the fixation and dehydration process, and this approach cannot differentiate individual
glycan structures. There have been a number of intravital approaches developed to image the
glycocalyx /n vivo. Fluorescently labelled wheat germ agglutinin lectin, that selectively
binds sialic acid, has been used to stain the glycocalyx (131, 147, 244, 252). In our
experience, this approach is not very amenable to accurately assess glycocalyx dimensions
due to variations in staining intensity between samples. To overcome this limitation,
researchers have coupled distinct fluorescent dyes in which one dye labels the fluid phase
of blood and the other the surface of endothelial cells. The difference in peak intensity of
the two fluorophores is used to infer the width or length of the glycocalyx (24). Salmon

et al. used this approach to assess glycocalyx length in exposed mouse mesenteric vessels.
One of the shortcomings of this approach, is that the lipophilic dye (R18) used to label

the luminal endothelial membrane is not constrained to the luminal (apical) surface, and
will eventually label the basal membrane of the endothelial cell as well as the underlying
smooth muscle cells. Thus, factors independent of the glycocalyx that affect membrane
fluidity can impact the results. Recently, an analogous approach has been employed using
light microscopy to measure by proxy the endothelial glycocalyx width in human subjects.
In brief, this approach measures the vascular wall as well as the red blood cell column width
in sublingual capillaries using the GlycoCheck instrument. An algorithm then calculates the
width of the glycocalyx that is excluding the red blood cells from contacting the vessel wall
(249). Additional imaging approaches have used super resolution microscopy (196), as well
as novel freeze fracture techniques coupled with transmission electron microscopy (74). The
limitations of these approaches include that these are usually nonnative investigations of

the glycocalyx in cultured cells. Therefore, it is unclear how cell culture models accurately
recapitulate the endogenous structure, as they lack the specific hemodynamic as well as
metabolic and structural frameworks found /in vivo.

Notably, all the above approaches have yielded different length measurements for

the glycocalyx. Standard transmission electron microscopy in cell culture assessed the
glycocalyx length at around 40nm. In contrast, the freeze/fracture electron microscopy
approach estimated the length of the glycocalyx as being close to 11 pm in bovine aortic
endothelial cells (74). The intravital techniques in animal models indicate the average length
of the glycocalyx is between 1.5 - 2.5um (24, 244). All these results highlight the difficulty
in determining glycocalyx length using diverse optical microscopy approaches.

In addition to visualizing the glycocalyx, there have been alternative approaches that attempt
to measure glycocalyx length using atomic force microscopy that also probe substrate
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stiffness. In this approach isolated aortae are opened en face and the exposed glycocalyx
covered surface is indented with a spherical atomic force microscopy probe (Figure 10). An
algorithm, using the Brush model, then analyzes the indentation curves to determine both
glycocalyx length as well as the underlying cellular stiffness. This approach has been used to
demonstrate a reduction in glycocalyx length in an animal model of diabetes compared

with control animals (275). One critique of this approach is that it is not an /n vivo
measurement, and it is unclear what changes occur in sample preparation. Since fixation

and dehydration are not required in the sample preparation, these effects are predicted to be
fairly minimal when compared to other ex vivo methods. A clear advantage to this approach,
is that it is possible to design experiments that are unbiased (an algorithm determines
glycocalyx length) and thus allows for more precise assessments of pathologies that affect
the glycocalyx.

Conclusion

The endothelial glycocalyx plays a central role in maintaining vascular health via its
regulation of vascular permeability and its mechanical ability to transduce shear stress and
facilitate production of NO. Moreover, these processes function in tandem to maintain
vascular homeostasis and act as a bulwark to inhibit inflammation, a root cause in

the development and progression of cardiovascular pathologies. In this review, we have
highlighted the glycocalyx biochemical components that are implicated in mediating these
processes and have identified, in a number of pathologies, how these processes go awry,
following degradation of the glycocalyx. In addition, we have presented current best
practices for assessing glycocalyx integrity and measuring its physical dimensions using
an array of approaches amenable to both /7 vivoand in vitro models. As the realization of
the glycocalyx’s primary role in preventing and/or ameliorating cardiovascular pathologies
continues to emerge, many therapies targeting either increased biosynthesis (adsorption) or
decreased degradation are currently in development to target the structure for protection or
restoration.
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Didactic Synopsis

Major teaching points:

All cells have attached a polysaccharide extracellular structure, called the
glycocalyx.

The glycocalyx on the apical surface of endothelial cells is primarily
conformed of glycoproteins and proteoglycans that provide a physical,
chemical and electrostatic boundary between the vascular wall and circulating
blood components.

Endothelial glycocalyx components such as glypican-1, heparan sulfate,
hyaluronan and sialic acid are involved in shear stress mechanosensation and
mechanotransduction.

The endothelial glycocalyx functions as a permeability barrier preventing
macromolecules (>70 kDa) and cationic molecules from flowing out of the
vascular lumen.

The shedding and reconstruction of glycocalyx structures is regulated by the
activity of key regulatory enzymes, such as the neuraminidases and nuclear
factor erythroid 2—related factor 2, respectively.

Numerous diseases are associated with endothelial glycocalyx degradation
including atherosclerosis, hypertension, vascular aging and diabetic
vasculopathies. Consequently, the endothelial glycocalyx is considered a
potential target for the diagnosis, prevention and treatment of cardiovascular
and metabolic diseases.
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Figure 1.
Schematic illustration of the structural components of a small artery. The vascular wall

consists of three distinct layers: the tunica externa (adventitia), the tunica media and the
tunica intima. The adventitia is composed of collagen-rich connective tissue containing
fibroblasts and perivascular nerves. The tunica media contains mainly vascular smooth
muscle cells and extracellular matrix components including elastic laminas between smooth
muscle layers as well as an internal elastic lamina that separates the tunica media and

from the intima. The tunica intima contains a basement membrane and a monolayer

of endothelial cells (endothelium) that synthesizes and anchors all components of the

e

ndothelial glycocalyx. The figure was modified from (184).
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Figure 2.
Schematic representation of the endothelial glycocalyx components. The endothelial

glycocalyx is prominently present on the apical surface of the vascular endothelium. It

has a brush-like structure conformed of glycoproteins (e.g., CD44), some of which have
attached glycosaminoglycan chains (e.g., heparan sulfate) that together form proteoglycan
components (e.g., syndecan-1). The glycocalyx components can be directly anchored to the
cell membrane via transmembrane domains or via covalent links to molecules that associate
with the endothelial plasmalemma. These anchoring associations include those with caveolin
(Cav), protein kinase C (PKC), and other plasma membrane and intracellular molecules.
They allow the glycocalyx to participate in the mechanotransduction of physical forces and
the subsequent activation of intracellular pathways. Such pathways include the formation

of calcium-calmodulin (Ca-Cam) complexes, the phosphorylation of endothelial nitric oxide
(NO) synthase (eNOS), the modulation of cytoskeletal structures, and the formation of
endothelial focal adhesions. Overall the characteristics of the vascular endothelium are
modulated by shedding and adsorption processes that change the abundance of each
glycocalyx component present on the cell surface.
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Figure 3.
Schematic representation of the endothelial glycocalyx exposed to blood flow-generated

shear stress and the signaling cascade that results in shear stress-generated nitric oxide
(NO). The endothelial glycocalyx is exposed to laminar, oscillatory or disturbed blood
flow patterns that deform, stimulate or shed glycocalyx components resulting in diverse
outcomes, including the activation of endothelial NO synthase (eNOS), the production of
NO and the subsequent induction of vasodilation.
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Figure 4.
Illustration of the forces that drive vascular permeability and their relationship with the

endothelial glycocalyx. Under non-pathological conditions, the intact endothelial glycocalyx
contributes significantly to the vascular permeability process as a physical and electrostatic
barrier. Although the filtering of molecules is predominantly a function of cell-cell adherens
junctions and paracellular tight junctions, the negatively charged bush-like structure of the
glycocalyx, prevents the extravasation of macromolecules greater than approximately 70
kDa, as well as that of cationic molecules.
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Figure 5.
Two of the major sialic acid residues present in the endothelial glycocalyx are N-

acetylneuraminic acid and N-glycolylneuraminic acid, which vary on their linkage to sugar
moieties present in glycoprotein members of the glycocalyx.
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Figure 6.
The endothelial glycocalyx is negatively charged. This allows for the formation of a diffuse

electrostatic barrier that separates the endothelium from other negatively charged blood
components, such as red blood cells.
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Figure 7.
Schematic representation of the perfused boundary region (PBR) that allows for assessment

of in vivo endothelial glycocalyx thickness. Flowing red blood cells (RBC) form a column
as they travel within the vascular lumen. Blood velocity and the electrostatic charges of
the endothelial glycocalyx as well as those of RBCs form a PBR, where only a few

RBCs occasionally penetrate. The size of the median RBC column width subtracted from
the vascular luminal diameter represents a measure of the PBR and the thickness of the
endothelial glycocalyx. The figure was modified from (56).
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Figure 8.
Schematic representation of the mechanisms that promote endothelial glycocalyx

degradation. The endothelial glycocalyx undergoes a constant process of synthesis

or adsorption and degradation or shedding. Degradation occurs in response to
glycosaminoglycans (GAG) oxidation by reactive oxygen species (ROS) such as nitric
oxide (NO), superoxide (O°5), and HoO», as well as by reactive nitrogen species

(RNS) such as peroxynitrite (ONOO), N,O® or N,O3. These reactive molecules are
produced by multiple cellular components including mitochondria, endothelial NO synthase
(eNOS), xanthine oxidase, and the NADPH oxidases (NOXes). Glycocalyx degradation
also occurs by proteolysis or shedding mediated by enzymes such as the matrix
metalloprotienases (MMPs) and the a disintegrin and metalloproteinases (ADAMS), amongst
others. Glycocalyx degradation in turn increases vascular permeability and allows for
exposure of proinflammatory receptors (e.g., P-Selectin, ICAM, PE-CAM, V-CAM) that
promote leukocyte rolling and adhesion to the vascular endothelium.
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Figure 9.
Homeostasis of the endothelial glycocalyx relies on an appropriate balance between

glycocalyx degradation or shedding and biosynthesis or adsorption. However, numerous
conditions tilt the balance towards glycocalyx degradation. Such conditions include
disturbed blood flow patterns, hypertension, aging and diabetes. Exacerbated glycocalyx
degradation exposes the vasculature to infiltration and adhesion of pathogens and pro-
inflammatory molecules, thus leading to vascular inflammation, atherosclerosis, and
endothelial dysfunction. A, schematic depiction of a healthy endothelial glycocalyx (left
panel) and one in which disturbed blood flow, hypertension, aging or diabetes has favored its
degradation. B, Confocal microscope generated images of an isolated small artery showing
the endothelial glycocalyx (stained with wheat germ agglutinin (WGA), green) and vascular
cell nuclei (stained with 4”,6-diamidino-2-phenylindole (DAPI), blue) before (left) and after
(right) enzymatic degradation of the glycocalyx.
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B TEM Assessment of Endothelial Glycocalyx

Vascular
Lumen

200 nm

The endothelial glycocalyx is very fragile and difficult to measure. Today two commonly
used techniques that provide ex vivo direct measurements of the /n situ endothelial
glycocalyx characteristics include atomic force microscopy (AFM) and transmitted electron
microscopy (TEM). A, AFM allows for the measurement of glycocalyx length and stiffness
as assessed by the force curves generated when an AFM cantilever approaches and deforms
the glycocalyx structures of en face isolated vascular preparations or cultured endothelial
cells. B, TEM allows for visualization of endothelial glycocalyx structures at the highest
resolution currently available in microscopy, albeit, requiring complex sample preparation
(Bar =200 nm).
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