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Large body of evidence supports the idea that microenvironment plays a critical role in several pathologies including atherosclerosis
and cancer. The amount of hyaluronan (HA) is involved in the microenvironment alterations and the concentration of this polymer
reflects the progression of the diseases promoting neoangiogenesis, cell migration, and inflammation. The HA synthesis is regulated
by several factors: UDP sugar precursors availability and the phosphorylation of synthetic enzyme HAS2 as well as specific drugs
reducing the UDP precursors. The HAS2 phosphorylation is done by AMP kinase, a sensor of cell energy. When the cells have
low energy, AMP kinase is activated and modifies covalently the regulatory enzymes, blocking all biosynthetic processes and
activating the energy producing metabolism. It was recently reported that the hexosamine biosynthetic pathway (HBP) may
increase the concentration of HA precursor UDP-N-acetylglucosamine (UDP-GIcNAc) leading to an increase of HA synthesis.
We demonstrated that the increase of HA synthesis depends on the HAS2 post translational modification O-GlcNAcylation, which
increases HA secretion modifying a residue different from the phosphorylation site of AMP kinase. In this report we highlighted

the critical aspects of the post translational HAS2 regulation and its influence on HA synthesis.

1. Introduction

Cardiovascular diseases are among the major causes of pre-
mature death in modern society, and its impact is increasing
due to rising rates of obesity and diabetes [1].

Chronic inflammation of the blood vessel wall in con-
junction with dysfunctional lipoprotein homeostasis is the
underlying cause of atherosclerosis. Limited success of
pharmacological and invasive-surgical (i.e., angioplasty and
bypass grafting) treatments may be a result of the incomplete
understanding of the biological mechanisms which control
and contribute to the development of atherosclerosis. In this
context the extracellular matrix (ECM) components may play
a critical role.

2. Extracellular Matrix

ECM not only gives the mechanical support to the cells, but
also can interact with soluble factors (such as nutrients and

signaling compounds) modulating the amount of molecules
that reach the cells. Under this point of view, ECM remodel-
ing due to physiological and pathological processes is critical
to control cell response and the study of the ECM composi-
tion and that of enzymes involved in ECM remodeling (i.e.,
synthesis, degradation, and modification) can bring to the
identification of new pivotal players controlling a particular
event.

Among the different ECM components, glycosaminogly-
cans (GAGs) or mucopolysaccharides represent probably the
most variable compounds. GAGs are composed of repeating
disaccharide subunits that are assembled into linear polysac-
charide chains. These polysaccharides are often covalently
attached to proteoglycan proteins at the cell surface or in the
ECM. There are several major classes of glycosaminoglycans,
including heparan sulfate (HS) and heparin, chondroitin sul-
fate (CS), dermatan sulfate, and keratan sulfate, which differ
in their core disaccharide subunit. HS and heparin contain



d-N-acetyl-glucosamine (GlcNAc) and either d-glucuronic
acid (GIcUA) or l-iduronic acid (IdoUA) subunits joined
by «(1,4) and p(1,4) linkages. CS has N-acetylgalactosamine
(GalNAc¢) and GIcUA subunits and alternating f(1,3) and
B(1,4) linkages.

The main function of GAGs is the maintenance of the
support of the collagen and elastin and turgidity (bounce)
in the cellular spaces, keeping those protein fibers in balance
and proportion. It also promotes the ability of the collagen
and elastin fibers to retain moisture and therefore remain
soluble. In addition to these functions, which are merely
linked to their chemical and physical properties, GAGs have
specific effects on cells. Variations in GAGs relative amount,
size, and modification have been described in several patho-
physiological processes such as neuronal development, tumor
growth and metastasis, viral invasion, spinal cord injury, and
cardiovascular diseases.

GAGs, with the exception of hyaluronan, are assembled
on core proteins by enzymes in the Golgi, using nucleotide
sugars imported from the cytoplasm. During their assembly,
they undergo a series of processing reactions involving
N-deacetylation, N-sulphation, epimerization of GIcUA to
IdoUA, and O-sulphation that generate relatively short seg-
ments of modified sugars interspersed by variable tracts of
unmodified sugars. More than 30 enzymes are required to
properly synthesize GAGs and recent evidences suggest the
presence of a complex multienzymatic structure dedicated to
GAGs synthesis and processing into the Golgi named GAGo-
some. There is great structural heterogeneity in terms of chain
length and size, the spacing of the modified tracts, and the
extent of sulphation and epimerization within the modified
segments. Processing also can occur by plasma-membrane-
bound endosulfatases, which remove specific sulphate groups
from the chains. Moreover, PGs and their GAGs on the
cell surface can be shed by proteolytic cleavage of the core
protein and by endoglycosidic cleavage of the GAGs chains
by extracellular enzymes. In this way, bound ligands can be
liberated and allowed to diffuse away from a cell.

Many factors determine the vascular disease progression
but alterations in the extracellular matrix (ECM), which
modifies the vascular cells microenvironment and induces
abnormal cell behavior, are known to play a critical role in
atherogenesis. Specifically, migration and growth of vascular
smooth muscle cells (SMC) within the arterial intima coupled
with deficient reendothelialization often lead to restenosis
and/or thrombosis of treated arteries. In cardiovascular dis-
eases there is an endothelial vascular damage that deeply
compromises its functionality. Experimental and clinical data
have shown a close link between endothelial dysfunction
and inflammation. Proinflammatory cytokines are the pri-
mary responsible for the atheromatous plaque formation,
the presence of which reduces vascular functionality. The
endothelium is a functional barrier between the blood vessels
and the blood stream, whose cells, by delimiting the vascular
internal lumen, belong to complex system which modulates
vascular tone, vascular smooth muscle cells, inflammation,
and haemostasis, maintaining a proper blood sprinkling
to tissues and regulating inflammatory mechanisms and
coagulation [2]. The endothelium modulates vascular tone
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through several factors including nitric oxide (NO) and the
development of vascular lesions is associated with a reduction
of NO levels and increased amount of inflammatory markers

(2].

3. Hyaluronan Role

Hyaluronan (HA) is quite different from other GAGs. In
fact HA is a linear, unsulfated GAG that is composed of
2,000-25,000 disaccharides units of D-glucuronic acid and
N-acetylglucosamine linked together through alternating
B(1,4) and f3(1,3) glycosidic bonds. Differently from other
sulfated GAGs that can show complex sulphation pattern,
the information linked to HA is associated with the length
of the polymer and, therefore, the amount and its molecular
weight are important factors regulating the pathophysiologi-
cal effects that this molecule displays on cells [2]. Moreover,
HA is the only GAG to be not bounded to PG core protein
and HA is synthesized by enzymes located in the cell plasma
membrane that directly extruded it in the extracellular space
[3]. The mechanisms controlling HA synthesis and molecular
assembly are yet not completely known. HA catabolism in the
ECM is attributed to various hyaluronidases and its half-life
in mammalian tissues may vary from one day in the skin to
up to 2-3 weeks in the cartilage [4].

ECMs in which HA is abundant are very hydrated
creating an ideal environment in which cells can move, pro-
liferate, and receive nutrients and other signaling molecules.
Moreover, HA is an important space filling molecule as is
evident in the vitreous humor, the dermis, and the synovial
fluid of joints. HA content differs in tissues depending on the
type and the metabolic situation, being greater in foetal and
cicatricial tissues [5, 6] and in very early tissue remodelling
[7, 8] suggesting its major role in tissue repair processes. In
addition, it has been shown that intact HA molecule may act
as a free radical scavenger [9].

Besides its chemical and mechanical properties, HA inter-
acts with several receptors at the cellular level that specifically
trigger various signal transduction responses [10]. The HA
receptor CD44 is expressed on the surface of most cells,
including immune system cells, and it mediates cell adhesion,
proliferation, and migration [11]. Receptor for HA-mediated
motility (RHAMM) mediates cellular motility [12]. Lyve-1 is
the specific HA receptor of the lymphatic system although
very recent evidences indicate a more complex function of
this protein unrelated to HA [13]. HA receptor for endocytosis
(HARE) mediates the endocytosis of HA [14, 15]. Recently,
Toll-like receptors 4 and 2 (TLR4/2) were shown to recognize
HA fragments [16] and modulate the inflammation response
in the lung [17]. Although it has a very simple structure, it is
clear that HA can modulate many cellular responses, and the
amount of this GAG has to be strictly regulated.

In mammals, HA synthesis depends on the activity of
three different enzymes called HA synthases (HAS], 2, and 3).
In other animals this enzymatic pattern seems conserved; for
instance in our laboratory we were able to isolate in Xenopus
laevis the three hyaluronan synthases, cloning HAS3 for the
first time [18]. Nevertheless, the regulation of HA synthases
activity is still unclear; we reported that substrates (UDP
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sugars) availability plays an important role in inducing HAS
transcription in human cells [19].

Hyaluronic acid (HA), a prevalent component of the
extracellular and pericellular matrixes, plays a key role in
several biological processes [20]. Although the HA function
and extracellular organization were deeply examined in a
wide number of microenvironments, its presence in the
endothelium was not fully explained. The binding between
HA and the cell surface is mediated by HA-binding pro-
teins, such as CD44 and receptor for HA-mediated motility
(RHAMM), of which CD44 is considered as a major HA
cell surface receptor [21]. Notably, generation of an active,
HA-binding form of this receptor is responsible for most of
CD44’s biological functions, such as myelo- and leukopoiesis
and leukocyte extravasation and activation [10]. There is
an emerging evidence that HA associated with vessel wall
contributes to targeting lymphocytes to inflammatory sites
[22]. In fact, HA on endothelial cells can initiate contact
and mediate rolling of circulating cells bearing active form
of CD44 [22]. The involvement of the CD44-HA complex
in promoting chronic inflammatory conditions is also sup-
ported by findings showing that administration of anti-CD44
antibodies, which specifically blocks the CD44-HA inter-
actions, results in a reduction of inflammatory symptoms
such as T cell infiltrates and tissue oedema in a number
of experimental models of inflammation [12-14]. Indeed,
CD44-mediated HA binding has been implicated in the adhe-
sion of a leukemic cell line to vascular endothelial cells [15].
As the HA-mediated interactions between endothelium and
leukocytes or disseminating tumor cells play an important
role in extravasation of circulating cells, there is a great need
to determine the potential of endothelial cells to express HA
as well as the need for identifying mechanisms underlying
HA-mediated migration across vascular endothelium.

It has been reported that some inflammatory cytokines,
such as tumor necrosis factor-alpha, (TNF-alpha), interleu-
kin I-beta (IL-lbeta), and interferon-gamma (IFN-gamma),
can differently induce and modulate HASes expression
in human skin fibroblasts [16, 17]. Analogue results were
obtained using endothelial cell cultures treated with TNEF-
alpha, IL-1beta, IL-15, and lipopolysaccharide (LPS) [4, 8, 9].
In addition, this modulation seems to be closely restricted
to endothelial cells derived from microvasculature and not
from big vessels, coherently with a fundamental role played in
the vasculature where the most leukocyte traffic occurs. The
increased HA levels induced by cytokines may also facilitate
adhesive interactions between leukocytes and endothelial
cells.

The HA also appears to have a direct role in the mod-
ulation of the inflammatory mechanism. It has been shown
that HA, in relation to its molecular weight, can play a
dual action. Low molecular weight HA seems to promote
inflammation, whereas high molecular weight HA seems
to inhibit inflammation. The inflammatory action occurs
through activation, by small fragments of HA, of the CD44
and TLR-4 receptors [8, 9]. For TLR-4, the anti-inflammatory
action is due to long chains of polymerized HA directly
blocking the TLR-4 receptor, therefore, preventing the fact
that fragments of HA may bind TLR-4 [8]. For CD44 the

high molecular weight HA does not seem to target directly
the receptor, rather a product of its activation, the protein
kinase C (PKC) [8]. It appears that the fragments resulting
from HA degradation/depolymerization produced by the
chondroitinase, hyaluronidase, and ROS, in the initial phase
of inflammation, may increase and amplify inflammation
through the direct stimulation of the receptors CD44 and
TLR-4 [8]. This stimulation is able to induce protein mediator
activation, such as some isoforms of PKC (particularly
PKCdelta and PKCepsilon) following CD44 stimulation, and
the myeloid differentiation factor 88 (MyD88) and the TNF
associated factor (TRAF-6) following TLR-4 stimulation, all
together converge in the activation of NF-«xB [18, 23]. The
activation of NF-«B in turn produces the transcription of a
series of inflammatory mediators such as proinflammatory
cytokines and metalloproteases (MMPs) that amplify inflam-
mation and apoptotic precursors that lead to cell death [24,
25]. Several reports have shown that the proinflammatory
cytokines and MMPs, produced by activated cells, play a key
role in cardiovascular disease.

The secreted product of tumour necrosis factor-stimu-
lated gene-6 (TSG-6) is an HA-binding protein, the expres-
sion of which is very tightly regulated [26]. There is little
or no constitutive expression of TSG-6 in adult tissues,
but the protein is synthesized by fibroblasts, chondrocytes,
monocytes, and vascular endothelial and smooth muscle cells
in response to stimulation with proinflammatory mediators
or certain growth factors. It has been suggested that TSG-
6 might modulate cellular interactions with HA at sites of
inflammation [27]. The HA binding domains of TSG-6 and
CD44 both contain a “link module;” a structural unit of about
100 amino acids that is present in many other members of the
hyaladherin family including the proteoglycan aggrecan [28]
and cartilage link protein [26, 29, 30]. Although TSG-6 binds
HA with high affinity [31], the binding between CD44 and
HA is much weaker [32] and seems to depend on multivalent
interactions [33]. However, recent studies have shown the
involvement, in this mechanism, of a protein factor called
inter-alpha-inhibitor (Ial). Ial comprises a light chain which
may exist in a free form called bikunin, which is a serine
protease inhibitor, and at least six closely related heavy chains.
Among them the heavy chains called HC1 and HC2 are the
most studied [33]. In vitro studies have shown that these
chains, Hl and H2, form covalent binding with TSG-6 or HA.
The TSG-6-heavy chains (TSG-6-HCI and TSG-6-HC2) act
as intermediates during HC1 and HC2 transfer from Ial to HA
in order to form HC-HA complex. TSG-6, which is released
upon the transfer of HCs from TSG-6 onto HA, was shown to
combine with IaI to generate new TSG-6-HC complexes and
thus acts as a true catalyst for the formation of HC-HA [32].

4. Conclusion

In relation to vascular pathologies, SMC and endothelial cells
have a pivotal role in neointima formation and HA plays a
critical role in this process. In fact, the intima thickening is
determined by SMC proliferation and migration from the
tunica media, which are strongly dependent on HA content.
One of the earliest events is SMC dedifferentiation from



contractile to synthetic phenotype. In this latter state SMC
start to synthesize a large amount of ECM components such
as GAGs and HA, particularly after oxidized LDL exposure
[34]. Moreover, EC can modulate immune cells infiltration
by regulating the rolling and the extravasation of monocytes
and leucocytes. Although this event is mainly controlled by
adhesion molecules like integrins and selectins, HA is to be
considered a new player in inflammation as it was discovered
that immune cells can interact with HA synthesized by
EC through CD44. In fact the inflamed tissue develops a
dramatic increase of HA and the HA overproduction occurs
at the very early phase of the process, as the first step of the
pathological overproduction of ECM components. Therefore,
ECM remodeling represents a crucial event in the onset of
vascular diseases and to know how the synthesis of such
GAGs is regulated could bring to the identification of new
molecular target for vasoprotective drugs.
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