
 

 

Introduction 
 
Vascular integrity (i.e. the maintenance of blood 
vessel continuity) is required for normal cardio-
vascular homeostasis [1, 2]. Several mecha-
nisms regulate basal vascular integrity including 
the endothelial glycocalyx, a meshwork of hyalu-
ronan (HA), proteoglycans, glycolipids and pro-
teins between the vascular luminal space and 
the endothelial cell (EC) surface, endothelial cell
-cell junctions which are controlled by tight junc-
tions, adherens junctions and caveolin-enriched 
microdomains (CEM) [1-9]. Certain pathologies 
induce degradation of the glycocalyx and disrup-
tion of EC-EC junctions causing leakage of fluids 
and proteins into the underlying tissue [1, 2, 10-
15].  
 
The major non-sulfated glycosaminoglycan in 
most tissues, hyaluronan (HA), plays a funda-
mental role in the maintenance of vascular in-
tegrity [4, 16-28]. HA is composed of a linear 
repeat of disaccharide units consisting of D-
glucuronic acid and N-acetylglucosamine [19-
22] (Figure 1). The major form of HA in vivo, 
high molecular weight HA (HMW-HA), has a mo-

lecular weight >1 million Da. HMW-HA exhibits a 
random coil structure that can expand in aque-
ous solutions [23-25]. Aqueous HMW-HA is 
highly viscous and elastic, properties which con-
tribute to its filtering functions in the glycocalyx 
[26-28]. HA is a dynamic molecule with a high 
rate of metabolism. In humans, the turnover 
rate for HA is 5 grams per day of the 15 total 
grams in the body [29]. The majority of HA in the 
vasculature is incorporated into the endothelial 
glycocalyx and the extracellular matrix of the 
underlying tissue [17, 27, 28, 30]. The levels of 
soluble HA are low in normal human plasma 
due to rapid removal by the liver and kidneys 
[29].  
 
In EC, as in other cell types, HA is synthesized 
by hyaluronan synthases (HAS) [31]. The three 
main HAS (HAS1, HAS2 and HAS3) differ in the 
Km values for their substrates (D-glucuronic 
acid and N-acetylglucosamine) leading to differ-
ential rates of hyaluronan synthesis and secre-
tion from the plasma membrane [32]. HAS1 and 
HAS2 produce HA with a molecular weight > 
500 kDa and HAS3 produces < 500 kDa HA 
[31]. HAS2 deletion results in embryonic lethal-
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ity due to cardiac developmental defects and 
vascular abnormalities, effects which are res-
cued by addition of exogenous HMW-HA 
[33,34]. 
 
HA is degraded in certain disease states by hya-
luronidases and ROS to produce lower molecu-
lar weight fragments (<500 kDa) (24). There are 
six hyaluronidase genes encoding HYAL-1,2,3,4, 
PHYAL1 (a pseudogene) and PH-20 [35,36]. 
HYAL enzymes have different cellular localiza-
tion and optimal pH activity which can lead to 
generation of different sized HA fragments [35, 
37-39]. Degradation of HA in the vasculature 
occurs in multiple pathological conditions [24, 
39, 40]. Our laboratory has demonstrated that 
HMW-HA (~1 million Da) promoted Rac1-
dependent cortical actin formation and EC bar-
rier enhancement while low molecular weight 
HA (LMW-HA, ~2,500 Da) induced RhoA-
dependent actin stress fiber formation and dis-
ruption of the EC barrier in vitro [18] (Figure 2). 
The differential mechanisms of HA’s regulation 
of vascular integrity in normal and disease 
states are discussed below. 
 
HA regulation of the endothelial glycocalyx 
 
The endothelial glycocalyx is a negatively 
charged “mesh” of membrane glycoproteins, 
proteoglycans and glycosaminoglycans 
(including HA) which is located on the luminal 
side of the endothelium in all blood vessels {8, 
13, 15, 27, 41]. Endothelial glycocalyx thick-
ness varies with vessel size and can range from 
0.5 μm in capillaries up to 4.5 μm in the carotid 
arteries [8]. Newly synthesized HA may be incor-

porated in to the glycocalyx as it is extruded 
from the cell membrane and then bound by 
CD44 or other HA-binding proteins. There are 
several novel techniques currently utilized to 
determine the contribution of HA to the EC gly-
cocalyx including fluorescent correlation spec-
troscopy and atomic force microscopy [14, 41-
44]. The endothelial glycocalyx also incorpo-
rates serum proteins such as albumin, fibrino-
gen and extracellular superoxide dismutase 
[15]. The glycocalyx has a number of important 
vasculoprotective functions in vivo, including a) 
regulation of vascular permeability, b) modula-
tion of leukocyte rolling and adhesion, c) trans-
duction of shear stress leading to NO release 
and d) inhibition of coagulation [13, 14, 45-48]. 
 
Vascular permeability 
 
The glycocalyx can be described as a molecular 
sieve along the capillary wall, with pore size de-
pendent on the spacing between the glycocalyx 
fibers. Proteins, peptides and even lipids may 
penetrate this “sieve” to various degrees 
thereby establishing a dynamic equilibrium be-
tween components in the flowing blood and 
those retained within the glycocalyx. According 
to this model proposed by Adamson et al., an 
almost protein-free space should exist beneath 
the outer face of the glycocalyx next to the lu-
minal surface of the endothelial cell as plasma 
is forced outwards hydrostatically, but proteins 
are retained or excluded from the glycocalyx 
[49]. Because the fluid passing thorough the 
glycocalyx is therefore extremely low in protein, 
an inwardly directed oncotic gradient will be 
generated across the glycocalyx limiting net out-

Figure 1. The Chemical Structure of hyaluronan (HA). HA is composed of linear repeating disaccharide units consist-
ing of D-glucuronic acid and N-acetylglucosamine [19].  
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flow of filtrate towards the interstitial space [15, 
50-52]. Degradation of the coronary glycocalyx 
with hyaluronidase leads to myocardial edema 
in perfused rat hearts [53]. Gao and Lipowsky 
also investigated the effects of hyaluronidase 
treatment on glycocalyx permeability in post-
capillary venules in the rat [27]. They reported 
that although heparinase, chondroitinase and 
hyaluronidase treatment all decreased the 
thickness of the glycocalyx, only treatment with 
hyaluronidase and chrondroitinase increased 
the diffusion of FITC to the sublayer of the glyco-
calyx [27]. This indicates that HA and chrondro-
itin (CN) contribute a significantly greater 
amount to glycocalyx permeability than HS, and 

may indicate HS is more concentrated in the 
upper portion of the glycocalyx while HA and CN 
contribute to a denser sublayer adjacent to the 
EC. 
 
Leukocyte rolling and adhesion 
 
The dimensions of the glycocalyx are such that 
it can sterically hinder firm attachment of leuko-
cytes and platelets to the endothelial cells [52, 
54-56]. Disruption or shedding of the glycocalyx 
leads to increased leukocyte adhesion [56, 57]. 
Inhibition of hyaluronan synthesis using 4-
methylumbelliferone (4-MU) in the ApoE defi-
cient mouse led to decreased glycocalyx forma-

Figure 2. Hyaluronan Regulation of Endothelial Barrier Function and the Actin Cytoskeleton. HMW-HA (~1 million Da) 
induces a dose-dependent increase in human pulmonary microvascular EC barrier function (A) and promotes cortical 
actin ring formation (B). The arrows indicate areas of cortical actin associated with EC contacts. In contrast, LMW-HA 
(~2,500 Da) promotes a biphasic response resulting in EC barrier disruption (C) and actin stress fiber formation (D). 
The arrows indicate gap formations between ECs. This research was originally published in The Journal of Biological 
Chemistry (Singleton et al., J. Biol. Chem., 2006, 10;281(45):34381-93) © the American Society for Biochemistry and 
Molecular Biology [18]. 
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tion and increased adhesion of leukocytes in 
the carotid artery which ultimately led to in-
creased artherosclerosis [58]. HA fragments, 
which may be released with glycocalyx disrup-
tion, act as pro-inflammatory molecules [59]. 
 
Shear stress 
 
HA is an important factor in mechanosensing 
and mediating nitric oxide (NO) release within 
the endothelium [60-62]. Mochizuki et al., com-
pared NO levels in isolated canine femoral arter-
ies before and after hyaluronidase perfusion to 
degrade the HA component of the glycocalyx 
[60]. The NO production rate increased linearly 
with perfusion rate before enzyme treatment; 
and they observed a significant decrease in the 
rate of NO production following hyaluronidase 
treatment (0.084 to 0.009 nmol/ml) [60]. How-
ever acetylcholine-induced NO production was 
unaffected [63]. A later study by Pahakis et al., 
reported that removal of hyaluronan, heparan 
sulfate or sialic acid but not chondroitin sulfate 
could individually block shear induced NO pro-
duction in primary bovine endothelial cells [61]. 
However in vitro studies using human vascular 
umbilical endothelial cells demonstrated that 
shear stress leads to an increase in hyaluronan 
(but not heparan sulfate) incorporation into the 
glycocalyx and the media of cultured cells [30]. 
Taken together, these studies would seem to 
indicate that hyaluronan is a key component in 
transducing shear stress leading to NO produc-
tion in the endothelium. 
 
Inhibition of coagulation 
 
Closely linked to its role in leukocyte adhesion 
and shear stress mechanosensing is the role of 
the glycocalyx in inhibiting coagulation. The gly-
cocalyx harbors a wide range of proteins in-
volved in coagulation, fibrinolysis and haemo-
stasis including antithrombin III, thrombo-
modulin and tissue factor pathway inhibitor 
which all help to maintain an anti-thrombotic 
environment [8]. However, damage to the glyco-
calyx results in a loss of these factors (and also 
exposes the endothelium to platelet adhesion) 
and is believed to be a first step in the develop-
ment of a pro-thrombotic environment [8]. 
 
Glycocalyx recovery after injury 
 
Although there is currently no data available on 
rates of glycocalyx recovery in humans, a study 

using mouse models following hyaluronidase or 
TNF-α treatment indicates that it can take up to 
seven days for full reconstitution of the glycoca-
lyx to occur [42]. Mulivor and Lipowsky have 
demonstrated that an infusion of pertussis 
toxin, which inhibits G-protein stimulated shed-
ding of glycosaminoglycan chains could signifi-
cantly attenuate glycocalyx loss in response to 
e i ther  ischemia/reperfusion or  N-
formylmethionyl-leucyl-phenylalanine (fMLP) 
administration [12]. A number of studies have 
used a perfusion of exogenous HMW-HA to re-
store the glycocalyx following degradation with 
by hyaluronidase [28] or in response to ische-
mia/reperfusion injury [64]. In contrast, HA deg-
radation products can induce ROS production 
(and vice versa), a crucial factor in glycocalyx 
degradation in numerous vascular disease proc-
esses [40, 64, 65]. Perhaps most promising 
from a clinical standpoint, Nieuwdrop et al., 
have used an infusion of the antioxidant NAC to 
protect again hyperglycemic induced glycocalyx 
shedding, which further indicates a role for ROS 
in glycocalyx disruption [14].  
 
HA regulation of endothelial caveolin-enriched 
microdomain dynamics  
 
In endothelial cells, as in many other cell types, 
there are specialized cholesterol- and sphingol-
ipid/glycolipid-enriched microdomains called 
lipid rafts which have been implicated in numer-
ous cellular functions [66-69]. EC contain a sub-
set of lipid rafts termed caveolin-enriched micro-
domains (CEM) which are 50 to 100 nm plasma 
membrane microdomains containing the scaf-
folding protein, caveolin-1 [6, 18, 69, 70]. We 
and others have demonstrated that CEM are 
important regulators of vascular integrity. Cave-
olin-1 knockout mice do not have CEM 
(caveolae) formation in EC and exhibit microvas-
cular hyper-permeability [71-74].  
 
CEM are crucial for HA regulation of vascular 
integrity [4, 18]. Our previous published data 
indicate that HMW-HA recruited CEM containing 
the HA binding protein, CD44, and actin cy-
toskeletal regulatory proteins to areas of EC-EC 
contact [4, 18] (Figure 3). Abolishing CEM for-
mation by cholesterol depletion (MCD) or si-
lencing caveolin-1 expression blocked HMW-HA-
mediated human pulmonary microvascular EC 
Rac1 activation, cortical actin formation and 
barrier enhancement in vitro [18]. In addition, 
we observed that HMW-HA protection from LPS-
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Figure 3. Hyaluronan Regulation of Normal and Impaired Vascular Integrity. High molecular weight hyaluronan (HMW-
HA), the major non-sulfated glycosaminoglycan in the body, maintains vascular integrity through endothelial glycoca-
lyx modulation, caveolin-enriched microdomain (CEM) regulation and interaction with endothelial HA binding proteins 
(upper panel). In the glycocalyx, HMW-HA interacts with proteoglycans (including versican) and glycoproteins to form a 
negatively charged “mesh” located on the luminal side of the endothelium in all blood vessels [8]. This glycocalyx 
regulates vascular permeability and incorporates serum proteins such as albumin, fibrinogen and extracellular super-
oxide dismutase [15]. HMW-HA binds to and inhibits the EC barrier disrupting activity of the extracellular serine prote-
ase HABP2 [130]. In addition, HMW-HA binds to the transmembrane receptor, CD44s (standard form), in CEM which 
results in Akt-mediated Tiam1 activation and Rac1-GTP formation leading to cortical actin formation and strengthen-
ing of EC-EC contacts [18]. Further, HMW-HA recruits several other actin regulatory proteins to CEM including annexin 
A2, protein S100-A10, filamin-A and filamin-B which enhance cortical actin formation and vascular integrity [4]. In 
disease states such as atherosclerosis, ischemia/reperfusion, tumor angiogenesis, cancer metastasis, diabetes, 
sepsis and acute lung injury, there is impaired vascular integrity (lower panel). Damage to the endothelium generates 
reactive oxygen species (ROS) and hyaluronidase activation lead to generation of low molecular weight HA fragments 
(LMW-HA) [17, 28, 100]. In addition to CD44v10 (variant 10) ligation, LMW-HA binds to and activates HABP2 which 
induces protease-activated receptor (PAR) activation in EC [18. 130]. These events promote RhoA-GTP formation and 
stimulation of rho kinase (ROCK) activity leading to actin stress fiber formation and EC barrier disruption [18, 130]. 
Disruption of the endothelium promotes leakage of fluid and protein into the underlying tissue [1, 2, 6, 106, 134]. 
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induced pulmonary vascular hyper-permeability 
was blocked in the caveolin-1 knockout mouse 
[4]. These data indicate the crucial regulatory 
role of caveolin-1 and CEM in HMW-HA-
mediated enhancement of vascular integrity. 
 
HA involvement in vascular disease 
 
In certain vascular disease states, HMW-HA is 
degraded by hyaluronidases and ROS to low 
molecular weight fragments [20]. The differen-
tial activities of HMW-HA and its degradation 
products on vascular integrity are due to 
changes in endothelial glycocalyx dynamics, 
regulation of EC-EC contacts and CEM dynamics 
and the relative expression of specific HA-
binding proteins in normal and disease states 
which are discussed below. 
 
Atherosclerosis 
 
The initiating step in atherosclerosis is EC bar-
rier dysfunction followed by accumulation of low 
density lipoproteins, cholesterol and monocytes 
to form a plaque [75-77]. Subsequently, there is 
augmented EC barrier dysfunction and vascular 
smooth muscle cell proliferation eventually 
leading to plaque rupture and thrombosis [78].  
 
HA regulates EC barrier function and atheroscle-
rosis [18, 58, 79, 80]. Nagy et al., demon-
strated that inhibition of HA synthesis with 4-
methylumbelliferone (4-MU) in pro-
atherosclerotic (apoE knockout) mice resulted 
in glycocalyx damage and accelerated athero-
sclerosis [58]. 
 
The main receptor for HA, CD44, and the HA-
binding proteoglycan, versican, are upregulated 
in atherosclerotic lesions [79, 81, 82]. When 
CD44 knockout mice are bred with apoE knock-
out mice, there is a 50-70% reduction in aortic 
lesions [82]. Since CD44 is expressed in multi-
ple cell types, the role of endothelial CD44 in HA 
regulation of vascular integrity with atheroscle-
rosis remains to be determined. 
 
Ischemia/Reperfusion 
 
Ischemia/reperfusion injury leads to tissue 
damage caused when a blood supply is re-
turned to a tissue/organ after a period of dis-
rupted blood flow (ischemia) [83-85]. Reperfu-
sion of previously ischemic tissue induces reac-
tive oxygen species (ROS) production, activates 

inflammatory and blood coagulation cascade 
responses and increases microvascular perme-
ability [84]. Ischemia/reperfusion is important 
in numerous processes including cardiac arrest, 
stroke and organ transplantation [84].  
 
Ischemia/reperfusion injury can stimulate shed-
ding of the glycocalyx [12]. Although the exact 
mechanism triggering ischemia/reperfusion 
glycocalyx disruption is unknown, it is believed 
that increased free radical production along 
with TNF-α and mast cell degranulation may 
combine to induce shedding and enzymatic deg-
radation of the glycocalyx [10, 51, 52, 86]. In 
addition, HA and CD44 expression are upregu-
lated in the microvascular endothelium during 
ischemia/reperfusion [87, 88].  
 
Toll-like receptors (TLR) have been implicated in 
the pathology observed in ischemia/reperfusion 
[89-93]. TLR2 and TLR4, expressed in many cell 
types including EC, can bind hyaluronan frag-
ments [20, 94]. Zanotti et al., demonstrated 
that treatment of human pulmonary microvas-
cular EC monolayers with a competitive TLR4 
inhibitor protected against simulated ischemia/
reperfusion-induced actin cytoskeletal reorgani-
zation and gap formation [95]. However, the 
role of TLRs in HA regulation of vascular integ-
rity during ischemia/reperfusion remains to be 
determined. 
 
Diabetes 
 
Diabetes refers to a group of metabolic dis-
eases involving hyperglycemia, either caused by 
insufficient insulin production (Type I diabetes) 
or because of decreased cellular responses to 
insulin referred to as insulin resistance (Type 2 
diabetes) [96, 97]. Hyperglycemia damages 
vascular integrity through direct and indirect 
effects resulting in EC barrier disruption [45, 46, 
97-99].  
 
Hyperglycemia has also been shown to stimu-
late shedding of the glycocalyx 45, 46, 100]. 
Increased levels of plasma HA and decreased 
glycocalyx volume were observed in healthy vol-
unteers following a 6 hour glucose infusion [45]. 
Increased plasma concentrations of HA and 
hyaluronidase have also been detected in type 
1 diabetes patients compared to matched con-
trols [80, 100]. In addition, administration of 
HMW-HA reduced the pathology observed in 
diabetic (Cg-m+/+Lepr(db)) mice [101]. 
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CD44 (HA-binding receptor) plays a substantial 
role in diabetes. In animal models of diabetes, 
CD44 expression is increased [101, 102]. In the 
transfer model of NOD mice (Type 1 diabetes 
model), treatment of mice with CD44 antibodies 
or hyaluronidase induced resistance to insulin-
dependent diabetes mellitus (IDDM) [103, 104]. 
 
Sepsis 
 
Sepsis refers to a systemic microbial infection 
characterized by inflammation, activation of the 
blood coagulation cascade, blood stagnation 
and clot formation leading to hypoxia and organ 
failure [11, 105]. Recently, defects in EC barrier 
function have been suggested as a causative 
factor in sepsis pathology [106].  
 
Systemic inflammatory response syndrome 
(SIRS) and sepsis promote damage to the glyco-
calyx resulting in increased circulating levels of 
HA, increased inflammatory response and inter-
stitial edema [107]. Increased levels of glycoca-
lyx components in the blood positively corre-
lated with mortality in these conditions [11, 
107]. 
 
Toll-like receptors (TLR) are crucial in the host 
response to sepsis [108-112]. TLR sense exoge-
nous and endogenous danger-associated mo-
lecular motifs called pathogen-associated mo-
lecular patterns (PAMPs) [113-115]. EC mainly 
express TLR2 and TLR4 [116, 117]. Besides 
bacterial lipoprotein and lipopolysaccharide, 
TLR2/4 can bind to a variety of other PAMPs 
including hyaluronan fragments [20, 94]. Inter-
estingly, Muto et al., 2009 demonstrated that 
200-500 kDa HA and CD44 suppress TLR4-
mediated septic responses in mice [118]. 
 
Acute lung injury 
 
Acute lung injury (ALI) and acute respiratory dis-
tress syndrome (ARDS) are the leading causes 
of death in pediatric and adult critical care pa-
tients with a mortality rate of ~40% [119, 120]. 
An important feature of ALI is endothelial barrier 
disruption resulting in leakage of fluids, proteins 
and inflammatory cells into alveoli with conse-
quent pulmonary edema [121].  
 
The main receptor for HA in EC, CD44, is a type 
1 transmembrane glycoprotein that undergoes 
alternative exon splicing between exons 5 and 
15 leading to a tandem insertion of one or more 

variant exons (v1-v10, or exons 6 through exons 
14) within the membrane proximal region of the 
extracellular domain [122, 123]. We have dem-
onstrated that human pulmonary microvascular 
EC express the CD44 isoforms, CD44s 
(standard form) and CD44v10 [18]. In vitro 
models of pulmonary EC barrier function indi-
cate that HMW-HA (~1 million Da) activates 
CD44s signaling and promotes barrier enhance-
ment through its interaction with the S1P1 re-
ceptor and activation of Rac1 signaling leading 
to cortical actin formation while HA fragments 
(~2.5 KDa) activate CD44v10 signaling and 
induce barrier disruption via the S1P3 receptor 
and RhoA-mediated actin stress fiber formation 
[18] (Figure 3).  
 
We have demonstrated that targeted deletion of 
CD44 in the mouse pulmonary vasculature in-
creases basal leakiness in the lungs [4]. Fur-
ther, intravenous administration of HMW-HA 
protects against pulmonary vascular leakiness 
in a CD44- and caveolin-1 dependent manner in 
a mouse model of LPS-induced ALI [4]. 
 
Lipopolysaccharide (LPS) is a potent endotoxin 
from Gram-negative bacteria that, when admin-
istered intratracheally, produces an inflamma-
tory reaction which includes disruption of the EC 
barrier and consequent leakage of fluid, protein 
and immune cells into lung airspaces [16, 124, 
125]. Recently, it has been demonstrated by 
our laboratory and others that CD44 knockout 
mice have increased BAL protein and HA con-
centration and exaggerated inflammatory cell 
recruitment of both macrophages and neutro-
phils with LPS-induced lung injury [6, 126]. 
CD44 knockout mice also have increased NF-B 
nuclear translocation and cytokine production 
[126]. These data suggest that CD44 limits the 
in vivo response to LPS and prevents excessive 
tissue damage.  
 
Toll-like receptor 4 (TLR4) is expressed in multi-
ple cell types including EC and can bind hyalu-
ronan fragments in addition to other ligands 
including LPS [94, 124]. Inhibition of TLR4 in 
animal models and TLR4 loss-of-function muta-
tions in humans protect against LPS-induced 
lung injury [111, 127, 128] Interestingly, CD44 
deficient mice have decreased expression of 
negative regulators of TLR including IL-1R-
associated kinase M (IRAK-M), Toll-interacting 
protein (Tollip) and TNF-induced protein 3 
(A20) [129]. 
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Although mainly produced in the liver, we and 
others have demonstrated that the pulmonary 
endothelium expresses the extracellular HA-
binding serine protease, HABP2, which is 
upregulated with lung injury [130-132]. HABP2 
promotes LPS- and LMW-HA-mediated human 
pulmonary endothelial cell barrier disruption 
through a mechanism that involves protease-
activated receptors (PAR) [130]. Conversely, 
HMW-HA inhibits HABP2 activation (Figure 3). 
We determined the contribution of vascular 
HABP2 to lung injury in mice by inhibiting 
HABP2 through intravenous administration of 
HABP2 siRNA and observed attenuation of LPS-
induced acute lung injury [130]. In addition, 
vascular inhibition of HABP2 expression attenu-
ates another mouse model of lung injury with 
pulmonary vascular hyper-permeability, ventila-
tor-induced lung injury, demonstrating an impor-
tant role of HABP2 in the regulation of vascular 
integrity [130]. 
 
Concluding remarks 
 
Hyaluronan (HA) plays a crucial role in the main-
tenance and enhancement of vascular integrity. 
HA maintains vascular integrity through endo-
thelial glycocalyx modulation, caveolin-enriched 
microdomain regulation and interaction with 
endothelial HA binding proteins [4, 18, 28, 
130]. Defects in vascular integrity are a causa-
tive factor in several disease processes includ-
ing atherosclerosis, ischemia/reperfusion, tu-
mor angiogenesis, cancer metastasis, diabetes, 
sepsis and acute lung injury [1, 2, 106]. In dis-
ease states such as diabetes and sepsis, in-
crease hyaluronidase activity and reactive oxy-
gen species (ROS) generation which break down 
HMW-HA to LMW fragments causing damage to 
the endothelial glycocalyx [17, 20, 80, 107]. HA 
fragments can activate specific HA binding pro-
teins upregulated in vascular disease including 
CD44, HABP2, TLR2 and TLR4 to promote actin 
cytoskeletal reorganization and inhibition of 
endothelial cell-cell contacts [18, 20, 94, 130, 
133](Figure 3). CD44 also regulates the EC bar-
rier-enhancing ability of other agents including 
hepatocyte growth factor (HGF) [6]. In addition 
to EC, vascular integrity can be regulated by 
other cell types including vascular smooth mus-
cle cells and pericytes which are beyond the 
scope of this review. Further, disruption of vas-
cular integrity is crucial for other disease proc-
esses including tumor angiogenesis and cancer 
metastasis. HA plays an important role in these 

processes and is described elsewhere [122, 
134-141]. The ability of exogenously adminis-
tered HMW-HA to restore damaged glycocalyx 
function and enhance EC barrier integrity make 
it a novel potential therapeutic strategy for dis-
eases with defects in vascular integrity [4, 17, 
142, 143].  
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