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Antioxidant Profile of Hyaluronan: Physico-Chemical Features and its

Role in Pathologies
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Abstract: Many findings have evidenced antioxidant properties of hyaluronan, both in vitro and in vivo, by means of
which it can scavenge free radicals and exert its effect on pathologies. The aim of this review is to summarize the avail-
able data on the features and clinical profile of hyaluronan, with regard in particular to its antioxidant capacity and to its
related physico-chemical properties. Additionally, hyaluronan and its derivatives are examined, with the focus on their
therapeutic uses, protection against cellular damage, and their role as inflammatory mediators. Finally, therapies associ-

ated to the antioxidant effect of hyaluronan are discussed.
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INTRODUCTION

Hyaluronan (HA) is a high molecular-weight (MW),
highly anionic glycosaminoglycan (GAG), which appears
ubiquitously distributed in vertebrates’ tissues, being most
abundant in the extracellular matrix of soft connective tis-
sues [1].

HA can interact with enzymatic and chemical systems,
with important consequences in the cellular environment [2].
HA acts as an antioxidant since it is a substrate of ROS and
reduces the production of ROS by chelating metal cations

[3].

In spite of its simple chemical structure, HA is a fascinat-
ing macromolecule due to its physiological effects and its
role in a wide range of pathologies, both at molecular and
cellular levels. Its involvement and its effects in such a vari-
ety of events are a direct consequence of its physicochemical
properties, which are highly important for its biomedical and
biotechnological applications.

In this review we briefly summarize and update data on
the application or the potential benefits of HA and its deriva-
tives, from a chemical point of view.

PHYSICOCHEMICAL PROPERTIES OF HA

HA is a linear high MW non-sulfated natural polysaccha-
ride comprised of strictly alternating sequences of 3-linked
2-acetamido-2-deoxy-p-D-glucopyranose and 4-linked B-D-
glucuronic acid residues (Fig. (1)). Its MW is typically be-
tween 0.2-100 MDa. It is synthesized at the inner face of the
plasma membrane as a free linear polymer without any pro-
tein core [4]. It usually appears as a polyanion, not as a free
acid.

Despite its relatively simple structure, HA behaves as an
unusually stiff polymer in solution. Local conformation is,
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on average, that of an approximately 4-fold helix with disac-
charide as the fundamental unit. The weak and transient hy-
drogen bonds within its structure appear to allow rapid inter-
change with local water molecules at glycosidic bonds level,
which lends some stability to the HA molecule in solution as
well as substantial local dynamics. The involvement of water
molecules gives the linkage more flexibility, and can engen-
der relatively large and rapid changes in conformation [5].

Among HA physicochemical characteristics, viscoelastic
and rheological properties are the most relevant and support
most of its physiological and therapeutic functions [5,6]. The
rheological behavior is of decisive importance for almost all
applications, and the MW of the molecule emphazises its
viscosity. Furthermore, in aqueous solutions HA shows high
viscoelastic behavior and water binding capacity due to the
high MW and the high number of polar, charged groups [6].

In this sense, rheological and scattering studies have con-
cluded that HA chains are semiflexible in solution. HA is
therefore an excellent space-filling molecule that can un-
dergo deformation as required during rapid growth and tissue
remodelling, while entrapping water and ions to maintain
tissue hydration and buffer the local environment [7]. Its
viscoelasticity allows it to move unhindered into vacant
spaces where it can keep cells partially localized and give
them a substrate on which to move. There is little evidence
for specific interactions between chains in saline solution,
suggesting the lack of a firmly established HA network un-
der these conditions, which would be stabilized by chain
entanglement. On the other hand, the enormous HA hydro-
dynamic volume and the simple and transient intermolecular
interactions, which are more common with the superposition
of molecular domains, determine HA viscosity [8]. HA is
synthesized by HA synthases bounded to the plasma mem-
brane of bacteria and eukaryotic cells. It is a dynamic and
continuous process, just like catabolism. HA degradation is
also sustained, yielding an extraordinarily rapid turnover of
HA in vertebrates. HA degradation in vivo can proceed by
two main, and simultaneous, mechanisms: enzymatic degra-
dation and chemical depolymerization.

© 2009 Bentham Science Publishers Ltd.
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Fig. (1). Chemical structure of hyaluronan (acid form), esterified
hyaluronan, carboxymethylcellulose and hydroxypropylmethylcel-
lulose. GIcA= Glucuronic Acid; GIcNAc = N-Acetyl-Glucosamine.

HA enzymatic degradation is a step-wise process per-
formed by hyaluronidases, some of their isoforms being
functional not only intracellularly but also extracellularly. In
the ECM of most mature tissues, HA has a high MW. To-
gether with other structural macromolecules, HA contributes
to the mechanical properties of the meshwork. Hence, in
order to be released from this firm network, the polymer has
to be at least partially degraded. Subsequently, the cells can
take up intermediate-sized chains either by receptor-
mediated mechanisms or by endocytosis. In consequence,
HA is sorted into the lysosomal compartment, where it be-
comes hydrolyzed to small oligosaccharides by intracellular
hyaluronidases. These fragments are eventually degraded to
monosaccharides by exoglucosidases present in lysosomes

[9].

However, in HA catabolism reactive oxygen species
(ROS) also take part. In some organs and in synovial fluid,
hyaluronidases appear at very low concentrations, in spite of
its rapid turnover, so it is accepted that HA chemical catabo-
lism is a well-established process in joints [10]. In some pa-

Mendoza et al.

thologies, such as acute inflammatory conditions or tissue
damage, HA catabolism by ROS is a common process [11].
In inflammation, the release of chemical mediators, i.e. ROS,
is the first stage of the inflammatory response. These reac-
tive species can lead to oxidative stress, which means the
alteration of the intracellular redox homeostasis, resulting in
a serious imbalance between production of reactive species
and antioxidant defense [12]. This alteration leads to damage
in a wide range of structures and molecules, including lipids,
proteins and nucleic acids [13]. The excessive amount of
ROS in inflammatory conditions also affects HA integrity,
resulting in its degradation. This depolymerization depends
on the type of ROS that attacks HA. For instance, superoxide
radicals (O, ) and hydrogen peroxide (H,O,) seem to pro-
duce other more reactive species which depolymerize HA by
different mechanisms [14]; O, also works together with
other ROS, like HCIO [15]; and hydroxyl radicals ('OH),
mainly formed by a Fenton, or an analogous, reaction [16],
attack glucuronic acid subunits, breaking the stability of the
molecule and generating final open-chain products [17],
which leads to a reduction in HA MW [18].

Degradation products obtained from enzymatic or chemi-
cal mechanisms highlight the differences between both proc-
esses. Though the result of both processes is the destabiliza-
tion of the HA chemical structure and its depolymerization,
hyaluronidase attack yields fragments with identical struc-
ture of the parent chain, while fragments generated by
chemical attack differs from the structure of the parent poly-
mer.

HA ANTIOXIDANT CAPACITY

Halliwell and Gutteridge [19] define antioxidant as any
substance that, when present in low concentrations compared
to that of an oxidisable substrate, significantly delays or in-
hibits the oxidation of that substrate. Physiologically, the
role of antioxidants is to prevent damage to cellular compo-
nents arising as a consequence of chemical reactions involv-
ing free radicals.

As we described above, HA is susceptible of ROS attack,
which leads to changes in its structure and its degradation,
modulating oxidative damage [20]. Recent literature reveals
a relation between HA depolymerization by ROS and its
capacity to scavenge these species, and therefore, exert its
antioxidant ability [21-23].

In this sense, HA capacity to scavenge "OH, peroxynitrite
(ONOO-), O, and peroxyl radicals in a dose-dependent
manner has been demonstrated [21]. Among ROS, "OH is
the most effective species in HA degradation, which is in
agreement with the studies that show this ROS as responsi-
ble for HA depolymerization in inflammation [2,24-29]. Be-
sides the direct HA antioxidant effect, other authors have
highlighted the importance of the HA antioxidant role based
on the chelation or elimination of Fe®*, as well as the re-
moval of proteins bound to Fe* [19,23,30]. Both processes
are important in the protection against cell damage.

The relation between HA antioxidant ability and its MW
[3,22] is specially interesting. The effect of 'OH and O,
produced in vitro by no cellular systems or by polymor-
phonuclear leukocytes points to the higher antioxidant capa-
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bility of high MW HA (3-6 MDa), which also exerts a con-
centration-dependent role, as compared to low MW HA (0.3
MDa). In fact, HA antioxidant properties are attributed to the
formation of a viscous, pericellular meshwork around cells
that restricts ROS movement in close proximity with cells or
other biomolecules. The ability of HA to achieve this func-
tion has been shown to be MW- and concentration-
dependent, as high MW HA forms a more effective exclu-
sion zone than low MW HA [3,22,31-33]. MW is also a key
factor in the ability of HA to directly compete with other
cellular and molecular targets for ROS attack, with the sec-
ondary radical formed being confined within the HA struc-
ture, thus preventing attack of alternative sites. During such
antioxidant activity, HA is known to lose viscosity, and un-
dergo modification and chain depolymerisation [22].

HA DERIVATIVES AND THEIR ANTIOXIDANT
PROPERTIES

HA association with metal ions, molecules or compounds
involves modification of its chemical structure and, there-
fore, changes in its properties as antioxidant. Moreover, the
concomitant use of HA with other antioxidants has revealed
the protective role of these antioxidants in HA depolymeriza-
tion by ROS.

Due to the presence of free carboxyl groups on glucu-
ronic units, HA has a polyanionic character that allows the
formation of associates with cations. Because of the potential
advantageous effect of the different cations, several HA-
counterion compounds have been prepared for medical pur-
poses [34-38]. The most common HA associates in intraar-
ticular injection solutions for osteoarthritis (OA) therapy are
sodium HA. Bivalent cations, such as Zn*, Co** and Cu?*,
have a protective effect against ROS-induced HA degrada-
tion. It has been reported that these compounds are more
effective antioxidants than HA [21], though the mechanisms
by which they can exert antioxidant properties are not fully
understood.

Other studies have pointed to the antioxidant activity of
HA derivatives used in wound healing and ophthalmology,
such as hylans (HA further enhanced by cross-linking) [39];
HA derivatives which comprise other compounds (methyl-
prednisolone, hydrocortisone, steroids, alcohols) via esterifi-
cation of the carboxyl groups in glucuronic acid residues
[3,22]; and compounds composed of HA and carboxymeth-
ylcellulose [3] and of HA and hydroxypropylmethylcellulose
[40] (Fig. (1)).

Antioxidant capacity of hylans has been highlighted,
mainly against "OH, as well as its ability to inhibit O," gen-
eration by polymorphonuclear leukocytes [39].

Esterified HA also exerts antioxidant properties against
"OH and O, produced by no cellular in vitro systems [3]
and by polymorphonuclear leukocytes [22]. Antioxidant ca-
pacity of this type of compounds is based on the aromatic
groups contained within their structure, which scavenge ROS
and act as chain-breaking antioxidants [41]. So esterification
of benzyl groups offers numerous aromatic targets to com-
pete for O, compared to HA.
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Compounds built of HA and carboxymethylcellulose
show higher antioxidant capacity than HA [3], just like a
viscosurgical device based on sodium HA and hydroxypro-
pylmethylcellulose, revealing the protective effect of hy-
droxypropylmethylcellulose on HA [40].

The studies cited have highlighted HA antioxidant capac-
ity through its degradation by ROS, which is dependent on
the HA derivative tested. These properties are highly impor-
tant in therapeutic applications of these compounds. How-
ever, another scene opens up with the concomitant use of
well-known antioxidants and HA, giving HA protection
against ROS attack under e.g. inflammatory conditions,
maintaining the structure and allowing HA to continue exert-
ing its physiological and therapeutic functions, such as a
viscoelastic device in viscosurgery and viscosupplementa-
tion.

In this respect, several authors have demonstrated the
effect of a wide range of antioxidants which can protect HA
against oxidative damage. A list of antioxidants including
their chemical structure is depicted in Fig. (2).

Among antioxidants, probably the most tested, in relation
to HA protection against ROS, is mannitol [42-46]. This
polyol has been studied in different ROS generating systems,
e.g. in a myeloperoxidase-H,0, system [42], with ONOO-
[43], H,O, [45], and by an analogous Fenton reaction in
which Cu?" and H,0, were involved [43,44,46]. In all these
experiments, mannitol exerted an antioxidant role in a con-
centration-dependent manner, protecting HA against ROS
depolymerization. However, its effects were quite different,
showing an inhibition of 50% from 2 mM [42,44] to 20-26
mM [43,46], regardless of the ROS generating system.

Thiourea is another efficient antioxidant in HA protection
[43,46], with different results from a maximum inhibition of
27% [46] to a total inhibition (no degradation) at a concen-
tration of 2 mM [43]. Vinpocetine is an indole derivative
with antioxidant properties; its highly protective role has
been shown in HA degradation, inhibiting "OH attack to
50% at concentrations lower than 2 uM [44,46]. Propofol, a
widely used anaesthetic agent, also develops antioxidant
activity against "OH [46,47], as well as stobadine [44], D-
penicillamine [48], superoxide dismutase (SOD) [42,49],
desferrioxamine, histidine, and iodide and bromide ions [42].

Various anti-inflammatory agents have shown a clear
protective role of "OH-mediated HA degradation [42,50,51].
A comparative study of the inhibition of the viscosity-
decreasing effect of a myeloperoxidase degrading system of
HA [42], revealed that paracetamol, lidocaine, salicylic acid,
p-hydroxybenzoic acid, ibuprofen, and acetylsalicylic acid
exert antioxidant properties in this order, from higher protec-
tive effect to lower. Other studies [50] have shown the in-
hibitory effects of naproxen and acetylsalicylic acid in "OH-
mediated HA damage, revealing a concentration-dependent
effect and a higher antioxidant role of naproxen than acetyl-
salicylic. The study of "OH scavenging activity of ibuprofen
enantiomers has highlighted the dose-dependent protective
role against HA degradation, demonstrating that R-ibuprofen
has slightly greater activity than the drug S-enantiomer [51].
The effect of these anti-inflammatory agents inhibiting HA
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Fig. (2). Chemical structure of antioxidants protecting HA against oxidative damage.

depolymerization indicates an influence on the formation of
"OH or on the radical itself [42].

These studies reveal the preventive or decreasing effect
of a wide range of compounds in ROS-mediated HA degra-
dation, which may be a good reason for putting into practice
the supplementation of HA clinical preparations in order to
maintain its integrity, though only mannitol is being used in
viscosurgical devices.

THERAPEUTIC USES

HA therapeutic uses are related to physicochemical prop-
erties and cell biological functions, which depend on HA
MW. Table (1) includes a compilation of the overall thera-

peutic and potential uses of HA and its derivatives, mainly
related to their antioxidant profile.

There are large HA polymers which are space-filling,
anti-angiogenic, immunosuppressive, and which impede
differentiation, possibly by suppressing cell-cell interactions,
or ligand access to cell surface receptors. HA chains, which
can reach 20 MDa in size, are involved in ovulation, em-
bryogenesis, protection of epithelial layer integrity, wound
repair, and regeneration. Smaller polysaccharide fragments
are proinflammatory, immuno-stimulatory and angiogenic.
They can also compete with larger HA polymers for recep-
tors. Low MW polymers appear to function as endogenous
“danger signals”, while even smaller fragments can amelio-
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rate these effects. Tetrasaccharides, for example, are anti-
apoptotic and inducers of heat shock proteins [4,52].

Modification of HA allows the regulation of its proper-
ties depending on its usage: isolation of a certain range of
HA MW, depolymerization of HA to obtain oligosaccharides
and linkage of HA molecules to make a sponge, sheet or gel
of HA. All these modifications have the same aim: to
broaden and improve the therapeutic field of HA (Table (1)).

Degradation and depolymerization processes of high-
molar-mass HA affect primary chemical structures of HA
component units by producing fragments containing double
bonds, opened sugar rings, scission of glycosidic linkages,
abstraction of protons and production of unsaturated HA
fragments [2]. Polymer fragmentation by free radicals de-
pends on radical flux and occurs in a site-selective way [53].
Tetra and hexasacharides are the predominant products of
hyaluronidase mediated degradation. Enzymatic cleavage
mechanisms are in general more sparing of the HA macro-
molecule than free radical degradation. All these molecules
would be recognized and an immune reaction might be trig-
gered by such modified biomaterials [2,4]. Inhibition of HA
degradation therefore may be crucial in reducing disease
progression with an important therapeutic potential [4].

HA fragmentation mediated by free radicals could be a
suitable methodology. It has been demonstrated in a redox
system containing ascorbic acid and transition metal ions
(Fe** and Cu?") that the reactive species generated were able
to degrade high-molar mass HA [54]. The biogenic nature of
this system would provide its application in biomaterials.

In addition, the several biological functions of HA corre-
spond to the existence of different types of HA-binding pro-
teins (hyaladherins). The most important is the main HA
receptor, CD44. CD44 has diverse functions including not
only the organization and metabolism of ECM, but it also
engages the cytoskeleton and co-ordinates signaling events
to enable cell response to changes in the environment [4].

Table 1.

Therapeutic and Potential Uses of HA and its Derivatives
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HA Antioxidant Capacity Protecting Against Cellular
Damage

Since cells within tissues are embedded in the ECM, it is
of interest to know whether its components possess proper-
ties capable of modulating ROS. HA inhibits lipid peroxida-
tion caused by oxidative stress and thereby decreases in-
flammatory reactions mediated by oxidants [55-57]. Anti-
inflammatory effects after administration of different types
of HA solutions into arthritic joints have also been reported,
probably due to restoration of elastoviscosity of the synovial
fluid [58]. However, some authors point out the protective
effect of this biopolymer through neutralization of ROS gen-
erated during inflammation-driven oxidative burst by leuko-
cytes and macrophages [59]. The suppression of inflamma-
tory cytokine activity within the joint might be one important
mechanism of the clinical action of intraarticular injection of
HA in the treatment of OA [60].

In fact, the biological function of HA providing protec-
tion against cellular damage caused by radicals has been
shown, both in vitro and in vivo [21,54,56,57], through its
capacity to chelate transition metals [21,61]. Interleukin-1
(IL-1) induced oxidative stress and O, was also reduced by
HA in bovine chondrocytes in a dose-dependent manner
[62]. HA reduced cell damage induced by ‘OH in a MW- and
dose-dependent manner in avian embryonic fibroblasts [31]
and in articular chondrocytes by oxygen-derived free radicals
[32].

Zhao et al. [63] showed the protective effect of HA on
oxidative DNA damage. Two possible mechanisms may ac-
count for the observed protective effect. One mechanism
may be associated to the ability of HA to chelate ions [21].
Another mechanism may involve direct scavenging by HA
of ROS, particularly the reactive products of Fenton's reac-
tion, such as -OH. The observed in vitro fragmentation of
HA by H,0, in the presence of FeSO, in tissue culture media
is consistent with the second mechanism. In effect, the radi-
cal scavenging activity by HA results in its breakdown and

Type of Compound

Therapeutic and Potential Uses

Lower MW HA (<0.5 MDa)

Angiogenesis regulation [98-101], inhibition of their function as danger signals [4,52], im-
mune-stimulation and proinflammatory-effect inhibition [70, 80, 83], ciliary beat frequency

stimulatory in lung disease [91].

Medium MW HA (0.5-1 MDa)

Viscosupplementation [58,72].

Higher MW HA (>1MDa)

Anti-angiogenic [98], antiinflammatory [82,96], cartilage protector [73-77], cell differentia-
tion, cell migration, epithelial cell layer protector, immunosuppresive, regeneration, space-
filling, stimulated HA synthesis [71], viscosupplementation [58,72], wound repair.

HA + Cations

Viscosupplementation [21,34-38].

Hylan

Viscosupplementation [39,72].

Esterified HA

Wound healing [3,22,41].

HA + Carboxymethylcellulose

Wound healing [3,22].

HA + Hydroxypropylmethylcellulose

Ophthalmic viscosurgical device [40].

HA + Mannitol

Ophthalmic viscosurgical device [42-46].
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depletes the pool of oxidants that otherwise would damage
DNA [63].

It is known that stem cells are equipped with a variety of
defense mechanisms, particularly to protect their DNA from
oxidative damage [64]. The presence of CD44 on the surface
of stem cells is a well recognized fact [65], together with a
highly effective efflux pump that rapidly removes genotoxic
agents from the cell [66], and possibly internalization of HA,
which protects DNA from oxidants.

Role of HA on Inflammatory Mediators

The role of HA in inflammatory mediators, including
cytokines, proteases and their inhibitors, and prostaglandins
may consist of cartilage protection and related therapeutic
uses [67].

In synovial fluid from knee osteoarthritic joints, HA con-
centration is lower than in synovial fluid from normal knee
joints. Additionally, experiments using rabbit synovial cells
showed that the proinflammatory cytokines IL-1 and tumor
necrosis factor a (TNF-ao) regulate the expression of HA
synthase [68], as well as contributing to the fragmentation of
HA under inflammatory conditions by ROS [69]. Cleavage
of HA results in the generation of variably sized fragments
that stimulate multiple angiogenic and inflammatory re-
sponses [70].

Exogenous HA may facilitate the production of newly
synthesized HA. When synovial fibroblasts from OA knees
were cultured with HA formulations of various MWs (340-
4700 kDa), the amount of newly synthesized HA was both
concentration- and MW-dependent. Higher MW stimulated
the synthesis of HA more than lower MW formulations and
an optimal concentration was noted for each MW [71].

On the other hand, Moreland [72], on his review about
mechanisms of action of HA in OA, reported a compilation
of in vitro studies which have shown that HA alters the pro-
file of inflammatory mediators, in such a way that the bal-
ance between cell matrix synthesis and degradation is shifted
away from degradation. The proinflammatory cytokine TNF-
a and its receptor were not evident in canine atrophied ar-
ticular cartilage treated with HA but were observed in un-
treated cartilage [73]. In the synovium of rabbits in the early
development of OA, HA also reduced the expression of IL-
1B and stromelysin (matrix metalloproteinase 3 (MMP-3))
[74], two mediators known to play a role in cartilage degra-
dation. The cartilage protective effect of high MW HA has
been demonstrated in bovine articular chondrocytes, through
the stimulation of the production of the tissue inhibitor of
metalloproteinases 1 (TIMP-1). Although HA also stimu-
lated stromelysin activity in the same study, the increase was
inconsistent and lower with high MW than low MW HA.
Furthermore, the stromelysin/TIMP-1 ratio was reduced
[75]. The plasminogen activator system, shown to be active
in synovial fibroblasts of rheumatoid arthritis, is also influ-
enced by HA, as has been reported in synovial fibroblasts
from OA and rheumatoid arthritis patients [76,77]. HA re-
duced the secreted antigen and activity of urokinase plasmi-
nogen activator, as well as its receptor.

The effects of HA on nitric oxide (NO), well recognized
for its role in inflammation, may be tissue specific. Produc-
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tion of NO from the meniscus and synovium of a rabbit OA
model was significantly reduced by HA treatment [78,79].
Other experiments have shown that HA did not affect NO
production from articular cartilage [78]. In hepatic cells,
fragments of HA increased the expression of the inducible
form of NO synthase, while high MW HA did not have ef-
fects on its expression [80].

HA participates actively in the regulation of inflamma-
tory and apoptotic processes, inhibiting the nuclear factor xB
(NF-xB) and caspase activation during oxidative stress [81].

Recently, Campo et al. [82] showed that HA was able to
improve chondrocyte survival and reduce NO levels in a
dose dependent manner, although at the limit of the threshold
of significance. Furthermore, the higher HA concentration
slightly reduced proinflammatory cytokines, induced nitric
oxide syntethase (iNOS), MMPs and caspase-3, while the
lower concentration failed. Therefore, the lower HA concen-
tration reduced NO levels without any effect on iNOS
mRNA expression and protein production. This paradox may
be justified by the fact that HA possesses a free radical scav-
enger activity and, consequently, may also directly bind to
NO at this low concentration. Recently Zhou et al. [60], re-
ported the effect of HA on IL-1-induced chondrocyte apop-
tosis in a rat model of OA. They showed that the addition of
HA to the medium was able in a dose-dependent way to re-
duce the impairment of the mitochondrial membrane poten-
tial and to restore mitochondrial ATP production, and sup-
press chondrocyte apoptosis.

New Therapies Associated to HA

It has been established that HA can be an important regu-
lator of the inflammatory process. As we described above,
high MW HA can participate in restraining inflammation,
while low MW possesses proinflammatory effects and acti-
vates immune cells. Through interaction with surface recep-
tors (CD44, RHAMM, TLR4), HA fragments stimulate im-
mune cells and enhance cytokine and ROS production as
well as other factors participating in inflammation [83].
Therapies which can control or regulate this degradation
seem able to reduce these pathologies.

The therapeutic use of HA, either by its direct effect
(scavenging) or by its indirect role through cellular mediator,
is revealed mainly in OA due to its higher affection in popu-
lations [72]. However, there are other diseases and patholo-
gies associated to oxidative stress and immune cellular re-
sponse that affect HA. Some aspects of these interactions
remain to be elucidated, so it is not easy to find the link be-
tween hyaluronan receptors or some inflammatory mediators
with the presence of HA from a therapeutic point of view. It
is well-known that CD44 is considered the main HA receptor
and HA-CD44 interactions participate in a wide range of
cellular functions. In addition, CD44 is transcriptionally up-
regulated by proinflammatory cytokines such as IL-1 and
growth factors. Some therapeutic approaches are based on
the administration of HA-oligomers which compete for en-
dogenous polymeric HA-receptor interaction [1,4]. The
therapeutic role of CD44 adhesion to HA has also been
shown since it mediates in chondrocyte proliferation and
function [84]. When expression of CD44 was suppressed in
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bovine articular cartilage slices, a near-complete loss of pro-
teoglican-rich matrix was observed [85]. A similar decrease
was found when very small HA molecules were used to
block the binding of HA to the CD44 receptor [86].

Oxidants have been reported to play a role in both asthma
and other lung diseases [87]. Accumulation of HA frag-
ments, potentially arising from radical-mediated reactions at
the site of injury in a CD44-deficient mouse model of pul-
monary fibrosis [88], provides evidence for damage to lung.
HA depolymerization by radicals may play a role in airway
obstruction through activation of tissue kallokrein and epi-
dermal growth factor receptors [89]. Protection from lung
damage by extracellular superoxide dismutase (EC-SOD),
which is highly expressed in the lung, is suggested [90]. The
therapeutic role may reside in EC-SOD inhibition of pulmo-
nary inflammation, in part by preventing O, -mediated
fragmentation of HA to low MW fragments. A recent study
[49], shows that EC-SOD directly binds to HA, inhibiting
significantly its degradation. In addition, high MW HA is
broken down by ROS to form low MW fragments, which
can act as a signal to stimulate ciliary beat frequency [91].

A reduction in HA MW of inflamed tissue in periodontal
disease [92] has also been reported, and it has been sug-
gested that oxidative damage may contribute to this. The
protective actions of the SOD-mimetics [93] support a role
for oxidant formation.

The dysregulation of HA metabolism is a typical feature
of diabetes complications, and increased glucose level is
considered to be the main cause of this phenomenon. HA
depolymerization due to the effect of free radicals and ad-
vanced glycation end products leads to vitreous body lique-
faction, and may be the reason for proliferative retinopathy
in diabetes. The enrichment of ECM with high MW HA un-
der the action of a high glucose level has been demonstrated
for vascular smooth muscle cells, skin fibroblasts, endothe-
lial and mesangial cells [94]. This effect is considered to
accelerate the development of atherosclerosis [95], stimulat-
ing the proliferation of vascular smooth muscle cells, and to
promote the transformation of acute wounds into chronic
ulcers, deepening the pathological state of dermal fibroblasts
in diabetes. And, conversely, the accumulation of high MW
HA on the surface of endothelial cells may have a positive
value for glycocalyx integrity.

Stern et al. [52] established that wound healing is an ex-
ample of the precise regulation required of HA fragmenta-
tion. HA appears to have important biological roles in skin
wound healing, by virtue of its presence in high amounts in
skin, especially in granulation tissue during the wound heal-
ing process. High MW HA gel decreases the number of
monocytes and macrophages in the early inflammatory phase
of healing, as Schimizzi et al. [96] have demonstrated in the
treatment of postlaminectomy wounds.

The ability of HA to create and fill space by organizing
and modifying the ECM is widely used for soft tissue aug-
mentation to limit age-related and photoinduced skin aging,
but it may also be used for correction of facial lipodystrophy
and to prevent recurrence of hypertrophic scars or keloids.
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Other Therapeutic Uses of HA

Its wide range of biological functions allows HA to per-
form other therapeutic uses. Several of the physicochemical
properties described above constitute the essential require-
ments for developing other HA applications. For instance,
the capacity of steric exclusion of other macromolecules is
another attribute of the molecular meshwork generated by
HA by attracting water up to 99% of its own weight. In this
sense, HA is essential in matrices to expand extracellular
space. Some studies indicate that the expanded ECM present
in the developing heart requires HA for stabilization [97],
where HA binding motif interactions with proteins are de-
terminant in stabilizing HA-rich matrices.

HA is also an angiogenic factor, with two different roles
as a function of its MW [98]. High MW HA has been impli-
cated in the differentiation and migration of many cell types,
in the attraction of progenitor cells to sites of differentiation
and in the inhibition of blood-vessel invasion. Oligosaccha-
rides composed of 3 to 10 disaccharide units are able to
stimulate angiogenesis [99]. These HA oligosaccharides spe-
cifically act on endothelial cells in vitro, stimulating cell
proliferation and migration, and therefore contributing to
capillary sprouts. This effect is related to HA role in tumori-
genesis and metastasis [98], where HA levels are found to be
increased. In this sense, the control of these levels may be a
therapeutic target to reduce or inhibit tumor proliferation and
invasiveness by inhibiting neovascularization [100,101].
Slevin et al. [100] also highlight the possible role of the cas-
cade of reactions triggered by the interaction of HA with its
receptors CD44 and RHAMM in angiogenesis and tumor
spreading, and the difficulties arising from this to find new
therapeutic approaches until these interactions and the asso-
ciated intracellular signaling mechanisms are elucidated.

In this sense, the regulation of HA synthases appears to
be important in inflammation and cancer progression. It has
been demonstrated that HAS isoforms show different HA
size distribution, probably in order to perform specific bio-
logical purposes [102]. The inhibition of low MW HA syn-
thesis may imply a reduction in proinflammatory effects, as
well as the inhibition of neovascularization, diminishing tu-
mour progression. The significant role of the family of
HAS1 protein in multiple myeloma progression [103] has
been described, suggesting that HAS1 regulation may be a
good approach in the treatment of this disease. On the other
hand, the transfecting inhibition of HAS in prostate tumour
cells has shown a reduction in tumour growth kinetics [104].
A better understanding of HA and HASs may facilitate the
design of novel therapeutic strategies to counter presumptive
cancer- and inflammation-promoting effects.

CONCLUSIONS

Current research on the physiological and pathological
role of HA is opening up an exciting area of experimental
therapeutics. The physical properties of HA are used as the
basis for solutions for viscosurgery and viscosupplementa-
tion. On the other hand, chemical properties, mainly relating
to its antioxidant capacity, give HA its scavenger role, pro-
tecting other macromolecules and structures. Moreover, in-
teractions of HA with its receptors constitute a wide range of
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cellular signalings involved in several biological, pathologi-
cal and therapeutic processes. Further understanding of its

effects
fruitful

and HA-receptor interactions may imply potentially
therapeutic approaches in diseases as diverse as OA,

diabetes or lung disease.
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ABBREVIATIONS

ECM = Extracellular matrix

EC-SOD =  Extracellular superoxide dismutase
GAG =  Glycosaminoglycan

HA =  Hyaluronan

H,0, =  Hydrogen peroxide

IL-1 = Interleukin-1

iNOS = Induced nitric oxide syntethase
MMP =  Matrix metalloproteinase

MW =  Molecular weight

NF-xB = Nuclear factor kB

NO = Nitric oxide

0, = Superoxide radical

OA =  Osteoarthritis

OH =  Hydroxyl radical

ONOO~ = Peroxynitrite

ROS =  Reactive oxygen species

SOD =  Superoxide dismutase

TIMP =  Tissue inhibitor of metalloproteinases
TNF-a = Tumor necrosis factor o
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