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ABSTRACT

Purpose of review
Atherosclerosis is a chronic inflammatory disease of the vessel wall. Although it has 
become common knowledge that hyaluronic acid (HA), an important component of 
the extracellular matrix, is strongly involved in atherosclerotic disease development 
it has only recently become evident that HA, instead of being a static matrix polymer, 
is an active modulator of proliferation and inflammation of the atherosclerotic plaque. 
This review discusses the regulatory capacity of HA in atherosclerotic lesions and 
its effects on plaque stability.  

Recent Findings
The mechanisms by which HA might alter plaque stability are diverse. It regulates 
cellular migration and proliferation, lipid accumulation, and intraplaque angiogenesis. 
Smooth muscle cell migration is enhanced upon accumulation of HA, potentially 
stabilizing atherosclerotic plaques. On the other hand, HA is an important ligand for 
CD44, which stimulates inflammatory cell recruitment to lesions, leukocyte migration 
and cell proliferation in atherosclerotic plaques. Furthermore, HA forms complexes 
with low density lipoproteins, and uptake of these complexes by macrophages is 
increased compared to native LDL, indicating a more detrimental effect on 
atherosclerosis. The dynamic functional role of HA might be based on the functional 
difference between short and larger size fragments of this polymer, with either an 
inflammatory or an anti-inflammatory besides a pro-mitogenic and anti-mitogenic 
effect. Low molecular weight HA has been shown to be pro-angiogenic, whereas 
high molecular weight HA has an anti-angiogenic effect. The cause of these differential 
actions might be that HA synthesis is regulated by three different genes: HAS1, 2 
and 3 leading to different size HA products. These genes are specifically expressed 
under certain conditions, e.g. HAS1 and HAS3 are selectively induced in inflammation, 
suggesting an important role of their products in this process.  

Summary
Hyaluronic acid is an active regulatory component of atherosclerotic lesions. Further 
studies are warranted to gain more insight into the mechanisms which decide on the 
role of HA in atherosclerosis and plaque stability. 
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INTRODUCTION 

Atherosclerosis is nowadays considered as a chronic inflammatory disease of the 
vessel wall, leading to accumulation of lipids and protease activity in the vascular 
wall 1-3. Progression of the atherosclerotic disease process eventually results in 
narrowing of the artery or even plaque rupture, resulting in clinical events such as 
cerebral vascular accidents or myocardial infarction 4,5. Plaques prone to rupture, 
also referred to as unstable plaques, are characterized by a diminished smooth 
muscle cell content, a high number of inflammatory cells, a thin fibrous cap covering 
the lesion, and a large lipid pool 6. The vast majority of studies on the basic 
mechanisms of atherosclerosis have focused on the role of smooth muscle cells, 
macrophages, endothelial cells, and the extracellular component collagen. Collagen 
belongs to the fibrous proteins, which are one of the two main constituents of the 
extracellular matrix. The second class is formed by certain polysaccharides, known 
as glycosaminoglycans. Hyaluronic acid (HA) belongs to the latter class, but so far 
has received relatively little attention in the context of atherosclerosis 7. 

Experimental and morphological studies have demonstrated that both in early as 
well as late atherosclerotic lesions, HA is highly upregulated, especially in the 
proximity of proliferating and migrating smooth muscle cells 8-11. Several studies 
suggest that HA is an active regulatory component of the atherosclerotic plaque, 
which is involved in immune modulation, cellular mitosis, cellular migration and 
angiogenesis. This review discusses the different roles hyaluronic acid exerts in 
atherosclerosis and focuses on potential therapeutic targets. 

HA: Form and function 
Hyaluronic acid (hyaluronan) is a negatively charged, large linear glycosaminoglycan 
composed of the repeating disaccharide structure D-Glucuronic acid (UDP-GlcA) 
and N-acetylglucosamine  (UDP-GlcNac). Hyaluronic acid is an important component 
of the extracellular matrix 12 expressed throughout the body in many different tissues, 
such as the skin, the central nervous system, and blood vessels 13. Hyaluronic acid 
is highly hygroscopic, and thereby plays an important role in tissue hydration and 
osmotic balance 14,15. Presence of high amounts of HA can lead to tissue swelling. 
This might be of importance in the context of atherosclerosis as swelling of 
atherosclerotic tissue might lead to an increase in stenosis diameter. HA is degraded 
at a rather high level, with one third of the total body HA being turned over each day. 
In contrast to the original assumption that HA is a static extracellular matrix molecule, 
it is now generally considered to be dynamically involved in a variety of different 
biological processes, including cellular motility, proliferation and inflammation 7.  
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HA is synthesized by smooth muscle cells, endothelial cells and adventitial 
fibroblasts in the proximity of the inner membrane by Hyaluronic Acid Synthase 
(HAS) 16-18. This enzyme is closely linked to the plasma membrane with four of the 
HAS membrane domains passing through the membrane. Hence, two loops of the 
molecule are exposed to the extracellular region. The HAS gene is highly conserved 
during evolution 19,20. Hyaluronic acid is principally degraded by hyaluronidases 
(HYALs). In humans, in somatic cells, three functional isoforms have been identified: 
HYAL1, HYAL2 and HYAL3 and a sperm cell specific form, PH20 (or SPAM1) 21-23. 
Whereas HYAL1 and 2 are expressed throughout the body, HYAL3 expression in 
mammalians appears to be limited to the testis and bone marrow cells 24,25. The 
proposed model for HA degradation consists of two steps, leading to differently 
sized small HA fragments. Initially, HYAL2, the mainly membrane bound 
hyaluronidase 26, attaches to hyaluronic acid, potentially in cooperation with the 
HA-receptor CD44 27,28. HYAL2 degrades HA into small fragments of specific length 
of 20 kD, which equals approximately 50 disaccharides 29,30. After internalization, 
these fragments are further degraded in lysosomes by the acid-specific enzyme 
HYAL1 into small tetrasaccharides 21,22.  

A number of studies point towards a strong involvement of HA in cellular mitosis. 
Hyaluronan production is significantly increased in the proximity of dividing cells 
preceding cellular mitosis. During the G2/M phase, synthesis of hyaluronan is 
increased 31, and mitotic cells show an increased accumulation of hyaluronan both 
pericellularly and intracellularly 8,32. The functional role of the intracellular hyaluronan 
is unclear and it seems likely that a large part of it is destined for breakdown as the 
majority contains a lysosomal label. However, a recent study demonstrated that a 
small amount of the intracellular hyaluronan colocalizes with microtubules and the 
microtubule-associated protein, RHAMM (Receptor for Hyaluronic Acid Mediated 
Motility), at the mitotic spindle and the nucleolar area, and thus might be actively 
involved in cellular mitosis 33. Furthermore, it has been demonstrated that HA induces 
a Ras-dependent activation of the mitogen-activated protein (MAP) kinase. This 
mitogenic response of the cell after HA stimulation is at least partly transduced into 
the cell by the HA receptors CD44 and RHAMM, as blocking of these receptors 
results in a decreased mitogenic response.

Hyaluronic acid differs from other glycosaminoglycans like versican or chondroitin 
sulphate in the fact that it is neither sulphated nor covalently bound to proteins, 
although a group of proteins, the hyaladherins, can non-covalently bind to HA, 
forming a HA-protein complex. The hyaladherins consist both of receptors like CD44, 
RHAMM and Lyve-1 (Lymph endothelial vessel-1) as well as proteoglycans like 
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aggrecan, versican, neurocan and inflammation regulating proteins like TSG-6 (TNF-
stimulated gene 6 protein). Binding of these hyaladherins to HA leads to conformational 
changes of the HA polymere 34-37. A recent study showed the ternary structure of HA 
to be influenced by binding of the hyaladherins to HA, leading to helical structures, 
whose specific functional profile remains to be determined 38. Hyaluronan expression 
in atherosclerotic lesions is often associated with the ex-pression of another 
glycosaminoglycan, versican, as well as TSG-6 and its main receptor CD44. 
Hyaladherins, such as TSG-6 are thought to modulate the cellular response to 
hyaluronic acid. For example, pre-incubation of hyaluronic acid with TSG-6 increases 
the binding capacity of cell surface CD44 to hyaluronic acid and might thereby 
modulate the cellular response to hyaluronic acid, expressed in the plaque 39. 

HA is produced by three different HAS-genes 
Hyaluronic acid is synthesized by three different HA synthase (HAS) isoforms, HAS1, 
HAS2 and HAS3. The three hyaluronan synthases are encoded by genes on different 
chromosomes but nonetheless share a high level of sequence similarity. The HAS-3 
gene is approximately 57 % and 71% identical to HAS1 and HAS2 respectively [40]. 
All three HAS-proteins synthesize hyaluronic acid 19,41, although it still is unclear 
whether the HA produced by the different HAS-isoforms differs in function. In vitro 
studies demonstrated that HAS1 and 3 activity predominantly produces a HA polymer 
of approximately 2-10*5-106 Da, whereas HAS2 is involved in synthesis of HA chains 
larger than 2*106 Da 41. The three HAS isoforms all have different Km values for the 
two hyaluronic acid substrates, UDP-GlcA and UDP-GlcNAc, as was demonstrated 
by kinetic analysis. The Km value of recombinant HAS1 is higher for both UDP-
GlcNAc and UDP-GlcA compared to HAS2 and HAS3, although the Vmax values of 
the HAS-isoforms does not differ significantly in the presence of saturating 
concentrations of UDP-sugars. At cellular UDP-concentrations, the disparity in Km 
value of the different HAS isoforms might result in a lower synthetic rate of HAS1 
compared to HAS2 and HAS3. This is in line with the observed smaller HA coat 
surrounding HAS1 transfectants 41. It has been assumed that during the elongation 
of the HA-chains, parts of the chain are protruding through the plasma membrane 
42. If this is correct, quick turnover of the hyaluronic acid synthase protein might lead 
to a rapid release of HA from the plasma membrane and also result in a decreased 
size of the hyaluronic acid matrix 41. 

Interestingly, HAS-isoform expression is influenced by inflammatory stimuli and 
prostaglandins. This effect appears to be cell type dependent. It was shown that in 
synoviocytes, the HAS1 gene is the only HAS-isoform susceptible to inflammatory 
chemokines, such as Tumor Necrosis Factor-alpha (TNF-alpha) and interleukin-8 

proefschrift Pieter Bot.indd   23 09-12-2010   13:53:22



Chapter 2

24

(IL-8), whereas the other two HAS-isoforms were not influenced by the stimulation 
of these cells 43. In a study using human fibroblasts, it has been demonstrated that 
in unstimulated cells, HAS1 expression could not be detected whereas HAS2 and 
HAS3 showed to be constitutively active. HAS2 levels were relatively low compared 
to HAS3 levels. Interleukin-1 and IL-8, as well as TNF-alpha and TGF-beta application 
resulted in increased HAS1 levels, with TGF-beta exerting the strongest effect. 
Interestingly, TGF-beta application resulted in a marked reduction in HAS3 mRNA 
levels. None of these stimuli led to an increase in HAS2 expression levels 43. On the 
other hand, a recent study using venous smooth muscle cells showed that HAS1 
gene activity was increased after stimulation with prostaglandins, whereas no effect 
of the pro-inflammatory cytokine IL-1B was observed. In contrast, IL1-B stimulation 
resulted in a significant increase in HAS3-expression levels. HAS2 expression was 
also increased after adding prostaglandins to these cells 44. HAS1 gene activity has 
been shown to be dependent of NF-kB activation 45. Several pro-inflammatory 
signaling cascades result in activation on the NF-kB transcription factors. Many pro-
inflammatory genes depend on NF-kB activation. Moreover, a wide variety of anti-
inflammatory drugs, such as NSAIDs, hydrocortisone, and leflunomide reduced 
cellular expression levels of HAS-1 46-49. These findings suggest that specific gene 
expression of the different HAS-isoforms might lead to the formation of a pro-
inflammatory cellular matrix.  

Thus, it might be of interest to analyze the correlation of HAS-isoform expression 
and plaque stability characteristics, and monocyte accumulation in human 
atherosclerotic plaques or in a (conditional) HAS-isoform knock-out model for 
atherosclerosis. One promising route of a better understanding of the functional 
differences of the HAS-genes is by the development of specific HAS  knock-out 
mice. HAS2 knock out mice die at embryonic day 10.5 50. In contrast, HAS1 and 
HAS3 knock-out animals are viable, and might be a useful tool for a better 
understanding of the role of these HAS-isoforms in different disease processes. A 
recent study already showed that vascular smooth muscle cell specific overexpression 
of HAS2 in mice with ApoE deficiency resulted in accelerated progression of 
atherosclerosis. However, overexpression of HAS2 on a neutral C57 background, 
did not initiate an atherosclerotic response 51. Whether or not this pro-atherosclerotic 
effect is HAS-isoform specific or a general result of increased hyaluronic acid levels 
in the vessel wall remains to be elucidated.  

HA and smooth muscle cells interactions 
Smooth muscle cells (SMCs) are the main component of the healthy vascular wall, 
maintaining vascular tone and production of the extracellular matrix scaffold of the 
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artery. In atherosclerotic plaques, richness in smooth muscle cell content is 
associated with plaque stability partly due to the involvement of these cells in 
collagen homeostasis by production of collagen and matrix degrading enzymes 
such as matrix metalloproteinases. Next to fibroblasts, SMCs are the primary source 
of extracellular HA. Stimulation of SMCs by growth factors such as PDGF (Platelet 
Derived Growth Factor), Transforming Growth Factor-B (TGF-beta) and Epidermal 
Growth Factor (EGF) leads to increased production of HA (molecular weight 2*105 
to 2*106 D) 18,52.  

In SMCs HAS2 is the main isoform responsible for HA synthesis. To date, little is 
known about functional differences of the three HA synthases and the regulatory 
mechanisms which stimulate their activation. However, recent studies indicate a 
specific functional profile of the different HAS-gene products. In 2006, Wilkonson et 
al. found that overexpression of the three different HAS-genes influenced smooth 
muscle cell phenotype and the characteristics of the HA-matrix. In this study, retroviral 
overexpression of the HAS- genes in rat arterial smooth muscle cells was used. The 
ECM produced by HAS-1 consisted of large intercellular cable like structures 53. 
Previous studies have provided evidence that these cable-like structures act as 
ligands for monocytes 54-56. HAS-2 transduced cells also produce intercellular cables; 
however, the network is much less dense. HAS-3 overexpression results in HA 
staining which is restricted to the cell surface and the edges of the SMCs, with no 
evidence for cable like structures. Accordingly, the ECM of HAS-1 transduced smooth 
muscle cells shows a significantly increased density of monocytes compared to the 
ECM produced by HAS-2 or HAS-3, which is comparable to non-transduced cells 
53. Hence, HAS-1 potentially is involved in the production of a pro-inflammatory 
extracellular matrix.  

Furthermore, the degradation products of HA show different functional characteristics. 
Several studies have indicated diametrically different effects of low molecular weight 
hyaluronic acid (LMW-HA) and high molecular weight hyaluronic acid (HMW-HA). 
Degradation of HA by hyaluronidases (HYALs) or reactive oxygen species can lead 
to different size HA products, which show a specific functional profile. The exact 
mechanisms which induce hyaluronidase activity are yet unknown, however a recent 
study demonstrated that HYAL activity is regulated by different growth factors, e.g. 
TGF-beta 57. The LMW-HA fragments have been shown to be involved in inflammation 
via activation of the NF-kB signaling cascade and to stimulate cellular migration. 
Binding of LMW-HA fragments to CD44 expressed by macrophages induces 
expression of several pro-inflammatory genes like Tumor Necrosis Factor-alpha, 
Insulin Growth Factor-1, Interleukin-8 and Interleukin-1B58. Interestingly, aortic injury 
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in a rat model for Non Insulin Dependent Diabetes Mellitus resulted in an increased 
expression of these hyaluronidases, which was accompanied by increased levels of 
LMW-HA, which links vascular damage to increased activity of the hyaluronidases 
resulting in a pro-inflammatory stimulus 59.  

Moreover, stimulation of smooth muscle cells with LMW-HA dose dependently 
increases proliferation, while HMW-HA exerts a dose dependent inhibitory effect on 
smooth muscle cell proliferation. These effects appear to depend on the expression 
of CD44, as the induction of proliferation by LMW-HA is significantly reduced in CD44 
deficient SMCs, as well as in cells treated with anti CD44-antibodies 60.  

Size dependent effects of HA on angiogenesis 
Intra-plaque angiogenesis has deleterious effects on plaque stability. Most of the 
newly formed vessels in the plaque are leaky and thereby promote the development 
of intraplaque thrombi, which are strongly associated with plaque instability 46. 
Numerous angiogenic growth factors have been detected in atherosclerotic plaques, 
e.g. vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) and 
are associated with plaque destabilization 61,62.  

In its native, high molecular state, HA displays anti-angiogenic effects 63,64. Although 
the exact mechanisms are unclear, high molecular weight HA inhibits endothelial cell 
proliferation, migration as well as capillary formation 64,65. In contrast, LMW-HA 
degradation fragments induced the formation of new blood vessels in the chick 
chorioallantoic membrane and in the porcine heart which was injected with LMW-HA 
fragments 66. It has been demonstrated that the LMW-HA fragments specifically 
stimulate endothelial cell proliferation, migration, collagen synthesis and sprouting 

66-72. Interestingly, absence of the HA-receptor CD44 resulted in a strong decrease 
in angiogenesis 73. This might indicate that the pro-angiogenic effect of LMW-HA is 
at least partly regulated through CD44. Furthermore, it has been demonstrated that 
small fragment HA degradation products stimulate VEGF production 74. Intra-plaque 
VEGF expression levels are strongly associated with an unstable plaque phenotype 

62. These observations suggest that intra plaque angiogenesis can be positively 
influenced by modulation of the accumulation of LMW-HA in the plaque. 

The interface of the endothelial layer and the circulation contains high 
amounts of HA 
On the luminal side, the endothelium is coated with a layer of extracellular 
polysaccharides, known as the glycocalyx. The glycocalyx is a negatively charged 
layer composed of glycoproteins such as selectins, adhesion molecules (e.g. CD44), 
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proteoglycans as well as glycosaminoglycans, which is involved in vascular 
homeostasis and inhibition of the attachment of circulating blood cells and the uptake 
of macromolecules such as LDL. After activation of adhesion molecules by 
inflammatory stimuli the endothelial surface loses its nonadhesive propensity 75-77. 
HA is the principal constituent of the endothelial glycocalyx 77. HA is not attached to 
the endothelium by a core protein, but binds to the CD44 receptor, expressed on 
endothelial cells or is attached to HAS 78,79. Based on its interactions with circulating 
inflammatory cells, the endothelial glycocalyx might be involved in the development 
of atherosclerotic lesions. Interestingly, removal of the glycocalyx using hyaluronidase 
results in an increased adhesion of leukocytes to the endothelium 76. Additionally, 
recent experimental evidence showed that the glycocalyx is vulnerable to exposure 
of cardiovascular risk factors 80. In an atherosclerotic mouse model it has been 
demonstrated that at atherosclerosis prone sites such as the aortic arch, the 
endothelial glycocalyx was significantly thinner   compared to sites with a low risk 
for atherosclerosis development 81. Furthermore, a recent study showed that in 
patients suffering from uncomplicated type 1 diabetes mellitus the endothelial 
glycocalyx size is reduced, which was associated with increased plasma levels of 
HA as well as hyaluronidase 82. These data indicate that endothelial hyaluronan 
homeostasis is critically involved in the maintenance of the endothelial glycocalyx 
and disturbances of this delicate balance might promote atherosclerotic lesion 
development. 

HA mediates inflammatory cell adhesion and migration 
After secretion, HA is capable to interact with its main receptors CD44 and RHAMM, 
expressed by e.g. SMCs, inflammatory cells and endothelial cells. Both resting as 
well as activated endothelial cells express the cell adhesion molecule CD44. However, 
after activation of the endothelium, CD44 expression is upregulated, leading to 
increased adherence of inflammatory cells. During their interaction with endothelial 
cells, HA functions as a bridging molecule, connecting the CD44 molecules which 
are expressed by the endothelial cells and circulating leukocytes 78,83-86. As 
inflammatory cell recruitment to the activated endothelium is considered to be one 
of the first steps in atherosclerosis, it seems likely that HA is already involved in the 
earliest stages of atherosclerosis. 
In later stages of atherosclerotic plaque formation, HA might impair plaque stability 
as it facilitates inflammatory cell migration, while the absence of the HA receptor, 
CD44, results in a markedly reduced atherosclerotic response. CD44 deficient mice 
which were cross bred with ApoE -/- mice showed a 50–70% reduction in aortic 
lesion size compared with CD44 heterozygote and wild-type littermates 60. 
Furthermore, the recruitment of macrophages partly depends on the expression of 
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CD44. Lack of functional CD44 resulted in 90 % fewer CD44 -/- macrophages 
detected in atherosclerotic aortic arch lesions compared to CD44 wild type 
macrophages.  Besides the involvement of HA in cellular motility and adhesion, 
hyaluronan also directly influences the inflammatory response of monocytes. Linkage 
of CD44 expressed on monocytes to LMW-HA causes the release of different pro-
inflammatory cytokines and chemokines such as IL-1B and TNF-alpha 87,88. The 
inflammatory reaction is stimulated to an even higher level by HA, as a recent study 
provided evidence that HA stimulates secretion of Granulocyte Macrophage Colony 
Stimulating Factor (GM-CSF) and stabilization of its mRNA in eosinophiles 89. Future 
studies will be necessary to provide insights into the mechanisms which eventually 
lead to this increased production of pro-inflammatory cytokines, eventually offering 
potential new therapeutic targets for atherosclerotic lesion stabilization.  

HA and innate immunity 
Recent evidence suggests that the innate immune system is highly involved in the 
progression of atherosclerosis 90-92. The functionality of the innate immune system is 
based on pattern recognizing receptors (PRRs) which display a high affinity for 
triggers of injury or danger, such as bacterial derived lipopolysaccharides or 
peptidoglycans. Besides bacterial components, these PRRs also recognize 
endogenous ligands which are released during tissue damage 93. Toll Like Receptor-4 
(TLR-4) is such a PRR which has been shown to be expressed in atherosclerotic 
lesions. Activa- tion of TLR-4 initiates a pro-inflammatory cascade leading to induction 
of NF-kB activation 94-96. A recent study has provided evidence that in endothelial 
cells, LMW-HA can induce an inflammatory reaction, mediated by TLR-4 97. Blocking 
of TLR4 by a specific antibody abolished IL-8 release by human EC after exposure 
of these cells to short fragment HA while control IgG had no effect. Hence, HA 
breakdown might serve as a signal for tissue damage resulting in an inflammatory 
cascade. Both in human and murine atherosclerotic lesions TLR-4 is expressed, 
mainly by macrophages in the shoulder region of the plaque. Cross-breeding of 
TLR-4 deficient mice with atherosclerotic prone ApoE-/- mice, resulted in significant 
decreased lesion formation compared to ApoE-/- mice 95.  

Furthermore, it has been shown that small HA-fragments interact with another TLR: 
TLR-2 98. This TLR has been identified as an important receptor for another bacterial 
wall component: peptidoglycan 99. The involvement of TLR-2 in the process of 
atherosclerosis was demonstrated using TLR-2/ApoE double knock-out mice 100. 
Similar to the TLR-4/ApoE knock outs, these mice showed a decreased plaque 
development and a reduced macrophage recruitment compared to ApoE knock-out 
mice. As low molecular weight HA can adhere to both TLR-2 and TLR-4, thereby 
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initiating a pro-inflammatory cascade of events, these observations suggest a role 
for LMW-HA in induction of TLR-induced pro-inflammatory signaling which might 
influence plaque stability negatively.  

HA and plaque erosion 
It has been estimated that plaque erosion is the underlying mechanism responsible 
for approximately 30% of all acute thrombotic events 101. Until recently, it was generally 
thought that rupture of an atherosclerotic plaque is the leading cause of sudden 
coronary death. Recent studies suggest that some acute coronary events which were 
accompanied with thrombi were not associated with plaque rupture. These plaques 
displayed characteristics which were identified as superficial erosion. Eroded plaques 
are mainly composed of SMCs and proteoglycans, such as versican and HA, with 
little inflammation and endothelial cell loss 102. The observed endothelial denudation 
might be attributed to a direct effect of HA on endothelial cell adhesion as well as 
an increase in endothelial cell apoptosis in the eroded plaques. Experimental evidence 
demonstrated a decreased potential of endothelial cells to adhere, grow and survive 
on hyaluronan substrates. Endothelial cell apoptosis might expose the superficial 
extracellular matrix components such as hyaluronic acid to circulating cells, thereby 
promoting platelet adhesion. Plaque erosion thus might be considered a process of 
chronic wound healing. In these eroded lesions the thrombus was localized at the 
most luminal side of the plaque, although there were no signs of plaque rupture. 
However, the luminal side underneath the thrombus lacked endothelial cells. In 
eroded plaques, an increased expression of proteoglycans such as hyaluronic acid 
and versican has been observed at the interface between the erosion and the vascular 
lumen 103. The exposure of circulating platelets to the extracellular proteoglycans 
might lead to increased platelet adhesion and thrombogenicity. Thus, HA and versican 
expression in these eroded lesions might be associated with an increased risk of 
acute thrombotic events. The expression of HA on the eroded lesion is considered 
to stimulate fibrin polymerization, leading to an increased thrombotic risk. As platelets 
express the HA adhesion molecule CD44, the exposure of HA to circulating platelets 
might further increase the thrombogenicity of these lesions.  

Foam cell uptake of LDL is increased by HA 
Lipid uptake by macrophages results in their transformation into foam cells. Foam 
cells can aggregate to form the atheromatous core of an atherosclerotic lesion and 
during this process, the atheromatous centers of a plaque can become a necrotic 
core, consisting of lipids, cholesterol crystals and cell debris 104. Plaques with a large 
atheromatous core are generally considered unstable. Although they originate from 
monocytes, foam cells show different functional characteristics than monocytes/
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macrophages. After their differentiation into foam cells their production of the pro-
coagulant protein tissue factor is induced as well as the synthesis of apolipoprotein 
B, and a high number of pro-inflammatory cytokines. When exposed to LDL-
complexes, intra-plaque macrophages are capable of internalization of these 
complexes, leading to a change in phenotype towards foam cells 105. Factors which 
modulate the uptake of LDL-particles by macrophages could be interesting 
therapeutic targets. In a recent study it was shown that hyaluronic acid forms 
complexes with LDL and these complexes are more rapidly internalized by 
macrophages compared to native LDL 106. Thus, hyaluronic acid might promote foam 
cell formation in the atherosclerotic lesion. However, in this study it was not assessed 
whether LMW-HA or HMW-HA affected foam cell formation differently, which might 
offer a target in the future.  

CONCLUSION AND FUTURE PERSPECTIVES 

Hyaluronic acid is involved in atherosclerotic plaque progression at many levels. 
Hyaluronic acid provides a potential target for modulation of atherosclerotic lesion 
formation, although a sharp distinction has to be made between low and high 
molecular weight HA. Whereas low molecular weight hyaluronic acid promotes 
angiogenesis, TLR-2 and TLR-4 stimulation, inflammatory cytokine release, high 
molecular weight HA exerts opposing effects on plaque stabilization by inhibition of 
angiogenesis. Reduction of the synthesis of low molecular weight HA variants by 
local inhibition of hyaluronidase activity might provide a therapeutic target for plaque 
stabilization therapy, which might prove to have additional beneficial effects on the 
endothelial glycocalyx as well. Several hyaluronidase inhibitors have been described 
e.g. heparin, aminoglycosides, salicylates, antihistamines, vitamin C and flavonoids, 
although so far no studies have been executed in which the effect of pharmacological 
inhibition of hyaluronidase activity on cardiovascular disease was evaluated 107,108.  
In eroded plaques, HA is expressed at the luminal side, which might increase platelet 
adhesion to the lesion and thereby compose a thrombogenic risk factor. Three 
different HAS genes have been identified producing differently sized high molecular 
weight HA. However, HAS-gene regulation is influenced by pro-inflammatory and 
vasodilatory stimuli, suggesting a specific functional profile of the different HAS-gene 
products. Increased expression of HAS2 in an atherosclerosis mouse model resulted 
in an aggravated atherosclerotic response. Plaque stabilization could potentially be 
positively influenced by modulation of HAS-isoform expression.  
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