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Abstract

The evidence shows that endothelial glycocalyx exerts an important role in inflammation and
atherosclerosis. We previously demonstrated that hydrodynamic force such as shear stress
induces the remodeling of the major component of glycocalyx including glypican-1 with attached
heparan sulfate, and that sphingosine-1-phosphate (S1P) protects the glycocalyx against syndecan-1
ectodomain shedding and induces the synthesis of HS. Actually, both shear stress and S1P imposed
significant influence on inflammatory disease such as atherosclerosis. Therefore, it can be
concluded that glycocalyx is a critical signaling platform for determining the fate of endothelial cells
and atherosclerosis. This review integrated our current understanding of shear stress, SIP and
glycocalyx, and also provided new insight/issues into the role of the glycocalyx in the process of

forming and developing atherosclerosis.
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Introduction

Endothelial glycocalyx mediates the endothelial
mechanotransduction of shear stress and serves as a
selective  permeability, anti-inflammatory and
anti-adhesive barrier at the luminal side of the
endothelial cells (ECs) [1-3], showing a protective
effect on vascular functions. The endothelial
glycocalyx is reduced in atherosclerosis (AS) [4, 5]. AS
is the major pathological basis causing cardiovascular
and cerebrovascular diseases. Thrombosis and
atherosclerotic plaque rupture lead to acute coronary
syndrome, including wunstable angina, acute
myocardial infarction and heart attack [6-8].

In the vascular remodeling due to AS, the
structural and functional adaptive changes in vessels
adapt to the mechanical (such as shear stress) and
chemical (such as vasoactive mediators and cytokines)
microenvironments, which involve various cell

activities such as cell phenotype conversion [9] and
remodeling of the extracellular matrix and endothelial
glycocalyx [10-14]. It is well-known that flow patterns
with shear stress magnitude are changed with
development of AS [15]. Shear stress induces
clustering of the major components of endothelial
glycocalyx including glypican-1 with attached
heparan sulfate (HS) [11, 16].

S1P is a lipid mediator and mostly present in
plasma that induces various cellular effects, including
proliferation, differentiation, survival, and migration
[17]. S1P is also emerging as a potent modulator of
endothelial barrier function and vascular tone [18].
Recent studies demonstrated that sphingosine-1-
phosphate (S1P) protects the endothelial glycocalyx
against shedding and induces the synthesis of
glycocalyx [11, 16].
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Both shear stress and S1P play critical roles in
modulating the structure and function of the
glycocalyx, and have multiple roles in vascular
homeostasis and remodeling. In the present study, we
review the research progress on the structure and
function of the endothelial glycocalyx, and dual
effects of shear stress and SIP in AS. Finally, we
conclude that the glycocalyx is a critical signaling
platform for deciding the fate of ECs and vascular
diseases, which may be helpful for elucidating the
complicated pathological mechanism of
atherosclerosis.

Structure of endothelial glycocalyx

The endothelial glycocalyx covers the apical
surface of the vascular endothelial cell and directly
contact with blood. The major components of the
endothelial glycocalyx include glycoproteins bearing
acidic oligosaccharides and terminal sialic acids (SA),
and proteoglycans (PG) like heparan sulfate
proteoglycans (HSPG; including syndecans and
glypican-1 core proteins), and glycosaminoglycan
(GAG) side chains. In the vasculature, GAGs are
mainly comprised of three types, namely, heparan
sulfate (HS; >50% of the total GAG pool), chondroitin
sulfate (CS) and hyaluronic acid or hyaluronan (HA).
HA is a kind of non-sulfating GAG, which does not
connect to PG core protein, but binds with receptor
CD44.

In HSPGs, there are four members in the
syndecan family, including syndecan-1, -2, -3 and -4.
Syndecan-1 contains five potential GAG attachment
sites, three near its NH,-terminal ectodomain and two
adjacent to the transmembrane domain near its
COOH terminus. Only CS is found near the COOH
terminus of syndecan-1 [19]. Syndecan-3 contains
eight potential GAG attachment sites, five near its
NHos-terminal ectodomain and three adjacent to the
transmembrane domain near its COOH terminus.
Syndecan-2 and 4 contains three potential GAG
attachment sites near their NH-terminal ectodomain
[20, 21]. Syndecan-4 can also contain CS [22].
Glypican-1 is an extracellular glycosylphosphatidy-
linositol (GPI)-anchored protein, which only binds
with HS. In resting conditions, syndecans mRNA and
glypican-l mRNA in human umbilical vein
endothelial cells (HUVECs) are expressed in the
order: syndecan-1>syndecan-4>syndecan-3>
syndecan-2>glypican-1 [23].

The glycocalyx is modified under several
conditions including disturbed flow exposure in large
vessels [24], protease degradation [24-26], and
removal of plasma components, particularly albumin
[27].

Function of the endothelial glycocalyx

The glycocalyx has various functions [5, 28]. The
negatively charged glycocalyx surface forms an
electrostatic barrier for plasma cells and proteins, like
albumin. Increased serum levels of syndecan-1 are
associated with acute coagulopathy following trauma
[29].

The dominant mechanism that defines
widespread endothelial dysfunction is impaired
expression of constitutive endothelial nitric oxide
synthase (eNOS) and production of nitric oxide (NO)
[30]. Knockdown of glypican-1 inhibits the activation
of eNOS under shear stress [31].

Both HS-ligand binding and interactions of the
PG core protein with cytoskeletal and/or signaling
molecules are required for cell adhesion and
migration. The endothelial alignment in flow required
syndecan-1 [31] and -4 [32].

Syndecan-1, 2- and -3 might contribute to
angiogenesis. Syndecan-1 plays important roles in EC
survival, proliferation, and organization into
capillary-like  structure [33]. Shed syndecan-2
regulates angiogenesis by inhibiting EC migration via
CD148 (PTPR]J) signaling [34].

A recent study demonstrated that HS is essential
for the interleukin (IL)-8 induced cell migration [35].
After enzymatic removal of HS, we observed
significant suppression of the IL-8-upregulated Rho
GTPases including Cdc42, Racl and RhoA,
CXCLB8-increased Racl/Rho activity, as well as the
abolishment of the IL-8 induced polymerization and
polarization of actin cytoskeleton and an increase in
stress fibers. In cell recruitment, it has been thought
that both chemokine oligomerization and binding to
GAGs are required. Also, their interactions with
GAGs facilitate the formation of the chemokine
gradients, which provide directional cues for
migrating cells [36]. Thus, the glycocalyx could be a
good platform to integrate various signals.

Dual effects of shear stress on
atherosclerosis

It was well known that vascular endothelial
injury in the susceptible location for atherosclerosis in
vessels was the prerequisite for AS formation, while
the atherosclerotic plaque was the consequence of
subsequent vascular repair reaction induced by shear
stress [37-39]. Thus, dysfunctional endothelium in the
atherosclerosis-susceptible location is an early
manifestation of atherosclerosis [40].

In the atherosclerosis-susceptible location, such
as branches, bifurcation, and curvatures (e.g. the
aortic arch) of the arterial tree, the blood stream is
subject to tremendous interference and the flow
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departs from pulsatile, unidirectional shear stress to
create flow separation zones that include flow
reversal, oscillatory shear stress and sometimes
turbulence (chaotic flow) [30, 41]. In contrast, flow in
adjacent undisturbed flow regions of the arteries is
pulsatile and has well-defined directions.

Low shear stress induced irregularly
arrangement of vascular ECs and secretion of
vasoconstrictors Endothelin-1 (ET-1), Angiotensin-
converting enzyme (ACE), adhesion molecules (i.e.
VCAM-1, ICAM-1, P-selectin, and PECAM-1) and
proinflammatory cytokines [42, 43], impaired the
endothelial permeability, and facilitated the
recruitment and infiltration of inflammatory cell [40].
The inflammatory monocytes further differentiate
and proliferate into macrophages that ingest the
oxidized low-density lipoprotein forming foam cells.
The foam cells accumulate within the subintimal
region to form fatty streaks. The accumulated foam
cells undergo apoptosis and necrosis leading to
formation of a soft, destabilizing lipid-rich necrotic
core within the intima region. The abnormal
proliferation and migration of the vascular smooth
muscle cells was accelerated, leading to the formation
of fibrous cap over the necrotic core consisting of
collagen type I and III.

The AS plaque grows into the lumen of the
vessel and prone to rupture, leading to gradual
vascular stenosis and to form a high shear stress
region [44, 45]. The features of such vulnerable plaque
include greater vascularization, larger necrotic lipid
core, lack of endothelial lining, and thinner fibrous
cap with reduced smooth muscle density, decreased
collagen content and increased inflammatory cells.

Increasing evidence suggest that high shear
stress induces atherosclerotic vulnerable plaque
formation through angiogenesis [46]. High shear
stress can promote the growth of the collateral vessel
that has stopped growing, and increase the number of
the microvessel in canine myocardial infarction region
[47, 48]. In addition, high shear stress can increase the
thickness of the endodermis through
anti-inflammatory  reaction, inhibit the cell
proliferation and promote the cell apoptosis of
smooth muscle cell, might induce the expression of
matrix metalloproteinases (MMPs) and the
degradation of extracellular matrix [46].

Therefore, it can be speculated that low shear
stress induces the initial lesion, and high shear stress
promotes the formation of vulnerable plaque (Fig. 1).
However, high shear stress is thought to be
atheroprotective as the high shear stress region
(>10~15 dyn/cm?) in the normal artery is not likely to
develop AS [30]. It also well known that high shear
stress induces the fusiform body arrangement of

vascular ECs, and secretion of active substances such
as nitric oxide (NO), prostacyclin (PGI2) and
superoxide dismutase (SOD), thus protecting the
vessels [11, 28, 49]. It is worth to investigate why high
shear stress plays distinct roles in atherosclerotic
lesions and normal vessels. High shear stress induced
the NO, which subsequently lead to vasodilatation,
reducing shear stress [17]. In the lesion location in
vessel, a continuous exposure of EC to high shear
stress might induced an abnormal increase in NO
production, which further induce extracellular matrix
and glycocalyx degradation through MMPs [50], as
well as inflammation.

Dual effects of S1P on atherosclerosis

S1P is a kind of membrane phospholipid
metabolite, which is an important signal molecule in
multiple cells, such as vascular EC, smooth muscle
cell and fibroblast [18], and plays vital roles in cell
survival, cell phenotype conversion, angiogenesis,
thrombosis, wound healing, and inflammation [51].
S1P also closely associates with atherosclerosis. S1P
levels are elevated in diverse tissues including liver,
skeletal muscle, adipose tissue, and cardiovascular
tissues, as well as plasma in high-fat diet fed mice
[52].

S1P is emerging as a potent modulator of
endothelial function in response to injury [18]. S1P
exerts a variety of biological actions through binding
with the specific G protein-coupled receptor (S1Pi.5)
on cell surface to activate signaling cascades or
serving as a second messenger [53]. Receptor S1P13
prevails among all kinds of tissues in the
cardiovascular system [54, 55] and has been widely
investigated. S1P and its receptor S1P; was required
for embryonic angiogenesis and vascular stabilization
[55]. S1P can promote the formation of actin ring
around the vascular ECs and strengthen the cell-cell
and  cell-matrix  interactions through  SI1Py,
maintaining the permeability of the vascular wall [56].
The specific agonist of S1P; significantly inhibits the
formation and development of AS, but does not
influence the S1P level in plasma [57]. By fed with a
high fat diet, abnormal vascular phenotype and
development of plaque was obvious in the
descending aorta in the Apoe~/- and EC-specific S1PR;
null mice (S1PR:/f VE-cadherin-Cre-ER™?), but was
not in the Apoe”/- and S1PR; wild-type mice [58].
Therefore, S1P could maintain the vascular
homeostasis and prevent the development of
atherosclerosis through S1PR;.

Although receptors S1P, and SI1P; are not
required for embryonic angiogenesis and vascular
stabilization, they cooperate with S1P; in the process
of developing embryonic vasculature [55]. The
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physiological levels of S1P, and S1P; are lower than
S1P; in vivo. Under atherosclerotic conditions, the
levels of S1P and endothelial S1P; is markedly
increased [59]. S1P impairs cell-cell communication
[60] and induces increases in vascular permeability
and inflammation through S1P,[61, 62]. Feeding with
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high cholesterol diet, the macrophage content and
inflammatory cytokines such as IL-1 and IL-18 in
plasma were greatly lower in the Apoe”/- and S1PR»”/-
mice than that in the Apoe”/- and S1PR, wild-type
mice [63], suggesting a proatherogenic role of S1IPR>
in atherosclerosis.

Proliferation and differentiation of monocytes Fatty streak formation

Plaque rupture/thrombosis

Figure 1. Alteration of shear stress during the development of atherosclerosis. From initiation to plaque rupture: (A) After endothelial dysfunction and
loss of glycocalyx in the flow separation zone where the atherosclerotic lesions formation, the barrier permeability was increased, which lead to the accumulation of
low-density lipoprotein, and the increase of proinflammatory cytokines and adhesion molecules under low shear stress (Low SS). This is followed by recruitment and
infiltration of inflammatory monocytes. The monocytes further differentiate and proliferate into macrophages that ingest the oxidized low-density lipoprotein forming
foam cells. The foam cells accumulate within the subintimal region and form fatty streaks. (B) The accumulated foam cells undergo apoptosis and necrosis leading to
formation of a soft, destabilizing lipid-rich necrotic core within the intima region. The abnormal proliferation and migration of the vascular smooth muscle cells was
accelerated, leading to the formation of fibrous cap over the necrotic core. The AS plaque grows into the lumen of the vessel and prone to rupture, leading to gradual
vascular stenosis and to form a high shear stress region. (C) High shear stress promotes the formation of vulnerable plaque. The continuous exposure of high shear
stress increased vasoactive mediators (such as S1P) and inflammatory cytokines, leading to calcification below the necrotic core, release of protease such as MMPs and

neovascularization.
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So, SIP exerts both protective role in
atherosclerosis via S1P;, and proatherogenic role in
atherosclerosis through S1P> and S1P;. The
maintaining of vascular permeability by S1P is in a
concentration-dependent manner. What is the
significance of increased S1P in atherosclerosis? How
do the cells determine which receptor binds to S1P?
Further investigations are needed to resolve these
fundamental issues and the underlying mechanisms.

New insights on endothelial glycocalyx
and atherosclerosis

Weinbaum et al. [64] pointed out that the
existence of endothelial glycocalyx could weaken the
shear stress on the vascular EC surface to a negligible
level by theoretical analysis. Thi et al. [65] further
proved that endothelial glycocalyx is required for the
response of EC cytoskeleton to shear stress.
Furthermore, selectively degradation of some specific
components (such as HS) of the endothelial
glycocalyx or silence of the specific gene (such as
glypican-1) can inhibit the shear stress-induced
activation of eNOS [66] and the production of NO in
EC [67]. By using confocal microscopy, we discovered
that 15 dyn/cm? shear stress induces remodeling of
endothelial glycocalyx [11, 16]. At initial 30 min, 15
dyn/cm? shear stress induces the junctional clustering
of HS via mobility of GPI-anchored glypican-1 in lipid
rafts (rapid change). After 24 h, 15 dyn/cm? shear
stress induces the recovery of HS (adaptive
remodeling), which shows similar distribution as
present in the aorta of the rats and mice in vivo [68]. In
recent, we detected the transcriptional expression of
HSPGs (syndecan family and glypican-1) in human
umbilical vein endothelial cell (HUVEC) responded to
the distinct magnitudes of shear stress [23]. During
the initial 0.5h of exposure, syndecan-1 mRNA was
greatest upregulated by 4 dyn/cm? of shear stress,
and syndecan-4 mRNA was significantly upregulated
by 10 dyn/cm? and 15dyn/cm?2. After 24h of
exposure, the greatest increased HSPG mRNA was
syndecan-4 under 4 dyn/cm? and was syndecan-3
under 15 dyn/cm?. The changes of those molecules
that may associate with the vascular homeostasis and
endothelial dysfunction revealed the potential
candidate components of the glycocalyx in response
to cardiovascular diseases. The increases of syndecan-
3, syndecan-4 and glypican-1 might contribute to the
adaptive remodeling of glycocalyx [23].

The remodeling of glycocalyx might associated
with changes in various EC function, such as
proliferation, migration, adhesion, and the activation
of eNOS and production of NO. Degradation of HS
significantly inhibited the motility and proliferative
responses of EC to shear stress [69], and greatly

enhanced the adhesion of leukocyte on endothelium
[70]. The NO production increased significantly
within minutes under 15 dyn/cm? shear stress [16].
Removal of glypican-1 inhibited the 15 dyn/cm? shear
stress-induced activation of eNOS, and further
reduced the 4 dyn/cm?inhibited eNOS activity.
Glycocalyx could potentially be a good platform to
integrate the signals (i.e. chemokine and shear stress)
to slow or prevent the development of atherosclerosis
by structure remodeling. Once the platform impaired,
the interplay of signals as well as the involved
mechanism might change.

The glycocalyx was modified after removal of
plasma components, particularly albumin [27]. In
recent, it was demonstrated that albumin carried S1P
inhibits shedding of the syndecan-1 ectodomain via
activation of S1P; receptor [71], and thus maintains
the normal vascular permeability in intact
microvessels [72]. The depletion of plasma protein
induces syndecan-1 shedding through
MMP-mediated proteolytic cleavage close to the
plasma membrane on the external face [71]. The
shedding of syndecan-1 ectodomain also takes away
the attached HS and CS [71]. After completely
shedding of glycocalyx components (including
syndecan-1 with attached HS and CS) by depletion of
plasma protein, the addition of S1P induced the
recovery of endothelial glycocalyx via PI3K pathway
[73]. It was suggested that the stability of glycocalyx
by S1P is at least partially due to the synthesis of
glycocalyx. It can be conducted that S1IP maintains the
stability of glycocalyx through inhibiting the
shedding and promoting the synthesis of glycocalyx
together, thereby contributes in maintenance of
normal vascular permeability [72], and in controlling
the cardiovascular and immune functions [56].

The exact intracellular signaling pathway
involved in the S1P preserved/induced glycocalyx is
still not completely understood. The S1P;
phosphorylation-inhibited MMP activation might be
mediated by a pathway involving phosphati-
dylinositide 3-kinase (PI3K)/Akt and Racl. It was
demonstrated that Akt-mediated phosphorylation of
S1P; receptor (T236) is indispensable for S1P-induced
Rac  activation, endothelial migration, and
morphogenesis [74]. In addition, activation of S1P;
promotes endothelial barrier integrity, migration and
survival through PI3k/Akt,, eNOS and Rac [75, 76].
However, the activation of endothelial S1PR3; and
S1PR> could counteract the anti-inflammatory actions-
mediated by S1PR;-PI3K/Akt-eNOS pathway. As
glycocalyx is critical for activation of eNOS, it is
interesting to understand if glycocalyx is
indispensable for roles of S1P in endothelial function
and atherosclerosis.
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Figure 2. Glycocalyx integrated the shear stress and S1P signals. Gag/11 activation independent of S1P; activation in endothelial cells (ECs). Glycocalyx might play
important role in mechanotrasduction and interaction between Gagq/11 and PECAM-1. SIP protects the integrity of glycocalyx via SIP; in ECs. Thus, the glycocalyx
could potentially be a signaling platform that integrated the S1P and shear stress signals for maintaining vascular homeostasis.

Thus, it was demonstrated the interaction
between S1P1 and hemodynamics in vivo [58].
Vascular endothelial S1P; receptor can respond to
hemodynamic force, transduce the signals into the
cellular promoting the stabilization of the newly
formed vascular network [58]. Knockout of S1P; gene
in mouse manifests as injured vessel maturation and
embryonic mortality. In areas of laminar flow with
high shear stress, S1P; is present on the membrane,
whereas it is internalized in areas of disturbed flow
with low shear stress. S1P; regulates the directional
migration of lymphatic endothelial cells in response to
fluid shear stress, which is required plasma or S1P
[77]. The change in S1P; might associate with
remodeling of the glycocalyx. However, Frangos et al.
[78] reported that Gaq/11 activation independent of
S1P; activation in coronary artery endothelial cells.
Glycocalyx might play important role in
mechanotrasduction and interaction between Gaq/11
and PECAM-1 [79]. Therefore, the glycocalyx could
potentially be a signaling platform that integrated the
S1P, shear stress, chemokines and cytokines for
maintaining vascular homeostasis (Fig. 2). Once the
platform is destructed, the interplay among these
factors and the underlying signaling pathways might
be changed, which further contributes to the
endothelial dysfunction and the development of
atherosclerosis. Furthermore, investigations into the
mechanoglycobiological mechanism underlying the
remodeling of the glycocalyx could bridge the effects
of shear stress and SIP on atherosclerosis. The
innovations in the mechanoglycobiology field will
provide new insight into developing novel prevention
and treatment strategies for cardiovascular diseases.
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