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Abstract: Maintenance of the integrity of entire endothelium, glycocalyx included, and therefore of tissue aorta’s
homeostasis, depends on the expressions of several molecular pathways and their interactions, such as
syndecans molecules. Alterations in syndecans, i.e. quantitative or linking to their shedding, contributes to
evocate endothelium dysfunction, which causes damage in the vessel wall due to the increased production of
growth-stimulating and pro-inflammatory gene products. Inflammatory processes negatively affect the integrity
of the endothelial glycocalyx, a dynamic layer of the luminal portion of endothelial cells composed of
proteoglycans, glycoproteins, and glycosaminoglycans, i.e. syndecans. In turn, structural alterations of
endothelial glycocalyx influence the coagulative state, increasing pro-thrombotic processes. The family of
syndecans constitutes the major component of glycocalyx, or better the major source of cell surface heparan
sulfate. It encompasses 4 components: syndecan-1, syndecan-2 and syndecan-4 (since syndecan-3 is expressed
only in neural tissue), which have a fundamental role in regulating the events of acute and chronic aorta damage
subsequently correlated with the formation of aneurysms. Considering such, the aim of our review is to highlight
the current knowledge on the roles of syndecans, and based on the most recent literature, to analyze their
relationship with the pathological processes of the aortic wall.
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1. Introduction

Aortic aneurysm is a usually silent clinical condition that progresses slowly until it reaches a
critical point, beyond which the progression of the diameter can be very rapid, leading to dissection
or rupture [1,2]. For this reason, the 5-year survival of untreated patients is 10-20% due to the high
rate of lethal ruptures [3].

Unlike abdominal aortic aneurysm, which recognizes etiopathogenesis mostly related to
atherosclerotic pathology, in thoracic aortic aneurysm the etiology is extremely variable. Therefore,
based on the responsible etiological agent, we can distinguish different categories (sporadic,
syndromic and familial non-syndromic aneurysms). In the case of sporadic form, the precise
pathogenetic processes related to degeneration of the medial tunica and remodeling of entire aorta
wall, are not fully known [3,4]. However, our group has evidenced in the last years the role of diverse
pathways, differentially expressed, including for example Notch, TLR4, eNOs, RAS, TGF-$3 and MMP
pathways, as well as the crucial involvement of inflammatory pathways [5-8]. They have been
demonstrated to induce the remodeling of the aorta wall, including infiltration of leukocytes,
increased levels of systemic parameters related to chronic inflammation, and augmented release of
enzymes able to degrade the aortic wall, and to determine thoracic aortic aneurysm formation [9-11].

Recently, numerous data in the literature has demonstrated how the alteration of the endothelial
glycocalyx (eGCX) increases inflammatory processes, leukocyte adhesion which augment the risk of
vascular diseases [12-16]. The endothelial glycocalyx is a proteoglycan complex, composed of a
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protein core (syndecans) and glycosaminoglycans, such as heparan sulfate, chondroitin sulfate and
hyaluronas, lining the luminal surface of endothelial cells (ECs) in all blood vessels [17,18]. The
integrity of the endothelial glycocalyx is essential for maintaining the homeostasis of the
cardiovascular system, as it plays an important role in several functions for blood vessels: semi-
permeable barrier, shear stress mechanosensation and mechano-transduction, stimulating the
production of nitric oxide, protecting from cellular infiltration and activation of inflammatory
processes [19].

Thus, the aim of our review is to analyze the role of endothelial glycocalyx dysfunction, and
particularly the relationship of syndecans, in aortic aneurysm (AA) pathogenesis. This might help to
identify new biomarkers and targets.

2. Syndecans and Their Role in Disease: What Is the Role in Aortic Aneurysm?

Emerging evidence has demonstrated the contribution of eGCX, with pleiotropic roles, in the
onset and progression of cardiovascular diseases (CVD), aneurysm included. eGCX dysfunction is
characterized by its degradation and has been observed to happen in diverse CVD, such as AA [20];
therefore, circulating levels of related eGCX degradation products have been proposed as CVD
biomarkers. In addition to their role as diagnostic biomarkers, some eGCX fragments act as
pathogenic factors in disease progression thus representing potential prognostic biomarkers. This is
leading to the development of pharmacological interventions and potential strategies to attenuate
eGCX degradation or restore its integrity, maintaining endothelial health into adult life. Among the
eGCX degradation products, the syndecans (SDCs), heparan sulfate proteoglycans (HSPGs), have
attracted the attention of several researchers [21,22]. The components of the glycocalyx are
glycoproteins with short acid oligosaccharides and terminal sialic acids (SA), oligosaccharides and
heparan sulphate proteoglycan (HSPGs), such as SDCs, and glycosaminoglycans (GAGs).

The SDCs family include four members: SDC-1, SDC-2, SDC-3, and SDC-4, consisting of a core
protein modified by heparan sulfate (HS) chains. Each SDC has defined expression patterns and
functions in their respective target tissues. SDC3 is expressed in neuronal and musculoskeletal cells.
SDC-3 (N-SDC or neuronal SDC) is a transmembrane protein 442 amino acid long. Analysis of SDC-3
in experimental models of inflammation and AD showed that patients with AD have overexpression
of SDC-3, not only in the brain but also in the periphery. Consequently, SDC-3 could serve as a basis
for the development of future AD diagnostics. Syndecans, core proteins of the endothelial glycocalyx,
are a family composed of four cell surface proteoglycans (namely, syndecan-1, -2, -3 and -4).
Syndecans interact with a wide variety of molecules, including growth factors, cytokines, proteases,
adhesion receptors, and extracellular matrix components, mainly via pendant glycosaminoglycans,
such as heparine solfate and chondroitin sulfate, which sequester and regulate the activity of heparin-
binding growth factors, pro-inflammatory chemokines, and proteases [23,24].

2.1. SDCs and Their Expression in Inflammatory Conditions

SDCs expression depends on the release of growth factors and inflammatory molecules. It has
been observed that SDC-1 mRNA levels increase in conditions of improved release of growth factors,
such as platelet-derived growth factor (PDGF), FGF-2, TGF-B. On the contrary, the SDC-1 levels
appear reduced, in the presence of factors that inhibit cell growth (e.g. IFN-y). Moreover, SDC-2
mRNA increases in response to TGF-f31 and IL-1f3, while decreases in response to IFN-y, and remains
stable in the presence of other growth factors [25]. SDC-4 synthesis is positively regulated by FGF-2,
TGF-f1, and hypoxia-inducible factor-1 pathway and the p38 MAPK pathway. In case of endothelial
damage, an increased release of FGF-2 occurs and evocates an increased cell migration and
proliferation to the aim of repairing the damaged site. However, it has been shown that increased
synthesis of SDC-1 downregulates SDC-4 synthesis by suppressing the ERK1/2 and p38 MAPK
signaling pathways to ensure tissue homeostasis [26].

2.2. SDCs and Aorta Aneurysms Formation
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In Table 1, we summarize the data on the role of SDCs in the onset of aorta aneurysms.
Precisely, Wen and colleagues have studied the expression of SDC-1, -2, -4 using 8-week-old male
Apo-E deficient mice (mice subjected to an atherogenic diet), and after stimulation of arterial
hypertension by infusion of angiotensin II with the aim of inducing the formation of aortic
aneurysms. Initially, only the presence of SDC-4 was detected within the smooth muscle cells of the
aortic wall media, while the presence of SDC-1 and -2 was not detected. After a week of treatment,
and especially during the process of aortic aneurysm formation, an increased synthesis of SDC-1
emerged associated with the infiltration of macrophages, mainly at the level of the periadventitial
aorta. Precisely, in the created aneurysms an increase in the expression of SDC-2 was evident, while,
due to the fragmentation of smooth muscle cells, a heterogeneous distribution of SDC-4 was
observed. Considering these results, the authors have hypothesized that the increased release of SDC-
1, with associated macrophage infiltration, may stimulate the inflammatory process, which, together
with the increase in proteolytic activity, raises the degradation of the ECM, constituting the basic
pathogenic process of aneurysm formation [27]. Conversely, SDC-2 enhances the expression of TGF-
B I and II [28], resulting in increased synthesis of collagen and elastin fibers, smooth muscle cell
proliferation and inhibition of metalloproteases. Thus, its increased expression during the aneurysm
formation process could be explained as a compensatory mechanism to reduce dilation. Similar
results emerged from the work of Zalghout et al. They conducted an in-vitro study on the aortic wall
of twenty-five patients undergoing thoracic aortic replacement surgery and compared it with the
aortic wall of eleven healthy subjects and it emerged, through RT-qPCR evaluation, ELISA and
histological analysis. The data that emerged was a greater expression of syndecan-1 in the media of
patients affected by aneurysm especially within the smooth muscle cells. Furthermore, they
conducted a further in vivo analysis on 3-week-old SDC-1 +/+ a SDC 1 -/- divided into 3 groups: the
first group without treatment up to 8 weeks of life, the second and third groups treated with -
aminopropionitrile fumarate for 28 days, then infused subcutaneously of angiotensin II. Analyzing
the onset of aneurysms in the 3 different groups, they demonstrated an equal incidence of thoracic
and abdominal aneurysms in the two different populations; after 3 days from the infusion of
angiotensin Il no relevant different incidence of aneurysms; after 28 days of treatment an increase in
the incidence of thoracic aneurysms in the syndecan-1 +/+ population compared to the syndecan-1 -
/- population and finally an increased incidence of abdominal aneurysms (8%) of the SDC 1 -/-
population compared to the SDC- 1 +/+ population (no presence of abdominal aneurysm),
demonstrating the protective role of SDC-1 in the onset of abdominal aneurysms. Finally, no
significant differences were highlighted between the two populations (SDC-1 +/+ and SDC-1 -/-) in
terms of elastin degradation, collagen fiber fragmentation and leukocyte infiltration [29].

Likewise, Xiao et al, through the administration of elastin and angiotensin II in SDC 1 -/- mice,
highlighted during aneurysm formation an increase in macrophages associated with SDC-1, an
increase in proteolytic activity, with an increase in MMP-9 and MMP-2 within the aortic wall and,
furthermore, the reduction in the expression of IL-10 and Foxp3 demonstrates how the deficit of SDC
1 determines a reduction in the ability to limit the inflammatory process [24].

A key role has emerged for SDC-4 demonstrated in the manuscript by Hu and colleagues. In
addition to the reduced expression of SDC-4 in the aortic wall of patients with abdominal aneurysm,
they emphasized a very high incidence of abdominal aneurysms and a greater degradation of elastic
fibers in SDC4-/-Apo E-/- mice treated with angiotensin II infusion, compared to the ApoE-/- group.
Furthermore, by constructing SDC4 knockdown (SDC4-KD) and SDC4 overexpression (SDC4-OE)
viruses capable of infecting smooth cells, they observed in physiological conditions a reduction in the
levels of paxillin (cell adhesion protein) in SDC4-KD, an increase in the levels of MMP2, MMP9 and
areduction in the levels of alpha-SMA, calponinl and SM-MHC in SDC4-KD treated with angiotensin
II. On the contrary no difference was identified in the SDC4-OE population. Similarly, stimulation
with angiotensin II determined a rise in the production of IL-1p, IL6 and TNF-a (inflammatory
cytokines) both in the control group, but especially in SDC4-KD, while strongly reduced in the SDC4-
OE group. Finally, phenotypic changes in VSMCs via the RhoA- F/G-actin -MRTF-A pathway in the
SDC4-KD group were found. These last, by enhancing the secretory characteristics of smooth muscle
cells, further increased the risk of abdominal aneurysms [30].
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3. Considerations on the Experimental Results Obtained Until Now

Important results have been obtained in the above-mentioned studies. However, their limited
number encourages implementation for clearing all gaps in the research on SDCs in aorta aneurysm,
and understanding how they can mediate diverse biological effects, having a differential
inflammatory or anti-inflammatory character, and in other words, how can modulate the onset and
progression of aorta aneurysm. The data described evidence of a differential role of SDCs during the
medial degeneration and the consequent remodeling of aorta wall, as well as the activation and
inhibition of diverse cytokines and pathways. Consequently, the study of epigenetic factors able to
influence the levels of expression of SDCs in relation to systemic and microenvironmental conditions,
and for example in relation to inflammatory conditions, might also be of help. For example, the
group of Li and coworkers has recently evidenced the crucial role of miR-17-3p in the interaction of
vascular endothelial cells and inflammatory cells, in turn linked to abodominal aorta aneurysm
formation [31]. The prominent miR-17-3p expression has been, indend, associated with the shear
stress, representing a significant induction mechanism significantly linked to onset of abdonminal
aorta aneurysm. However, the precise role of miR-17-3p on and its impact on the glycocalyx remains
unclear. Thus, Li and coworkers have used astragaloside IV (AS-IV) (a small-molecule saponin
(molecular weight =784) derived from Astragalus, is noted for its anti-inflammatory properties), in
40 Sprague-Dawley rats with abdominal aorta aneurysm, established using porcine pancreatic
elastase. Their aim was to elucidate the AS-IV mechanism of action, focusing on the shedding of the
glycocalyx in aortic endothelial cells. The results obtained have evidenced that AS-IV limited aortic
damage in such rats, by decreasing both the aortic diameter and glycocalyx damage. In addition, AS-
IV inhibited the boost in miR-17-3p expression and induced the SDC1 expression. Thus, they have
affirmed that miR-17-3p may damage the glycocalyx of aortic endothelial cells by targeting SDC-1.
AS-IV may raise SDC1 expression by inhibiting miR-17-3p, thereby protecting the glycocalyx and
alleviating the onset of aorta aneurysm. In another recent study, Zhang and coworkers have
demonstrated that SDC-4 is a target of miR-629-5p in case of pediatric acute respiratory distress
syndromes (PARDS). While the group of dos Santos has shown that miR-126 in case of laminar shear
stress (LSS) on human endothelial cells (HUVECs), has a role in up- and downregulation of genes
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involved in atherosclerosis, by evocating a high SDC-4 expression. Such evidence demonstrates that
further and deep research is imperative, and it might clear the role as biomarkers and targets of aorta
aneurysm.

4. Conclusions and Perspective: SDCs as Biomarkers and Targets in Aorta Aneurysms

Therefore, eGCX injury appears to be a fundamental driver in the onset and progression of the
diverse CVDs, including AA. This evidence has led researchers to hypothesize that its products of
degradation, such as SDCs, as abovementioned, can represent potential biomarkers of CVDs, AA
included, despite the limited evidence until now. In addition, the heterogeneous expression of such
molecules in course of AA leads to propose that SDCs can also constitute optimal prognostic
biomarkers. Certainly, further studies are needed to support such clinical applications. Furthermore,
the researchers suppose that they can represent optimal targets to develop new approaches and
therapeutic strategies to restore eGCX and its functions. Accordingly, an approach might be
represented by the reduction of the activity of cytokines and leukocyte extravasation, considered to
be an emerging therapeutic strategy to limit tissue-damaging inflammatory responses and restore
immune homeostasis in inflammatory diseases, AA included. For example, it has been proved that
soluble forms of SDC-1 exert helpful anti-inflammatory effects by removing chemokines, suppression
of proinflammatory cytokine expression and leukocyte migration, and induction of autophagy of
proinflammatory macrophages [32]. In contrast, endogenous SDC-2 appears to exert
proinflammatory effects, and SDC-4 to mediate beneficial anti-inflammatory effects and regulates Hh
and Wnt signaling pathways involved in systemic inflammatory responses. Taken together, targeting
the vascular eGCX -derived products, such as soluble SDC-1, SDC-2, and SDC-4, might represent a
potential therapeutic strategy to suppress overstimulated cytokine and leukocyte responses in aorta
wall, by limiting or stopping the consequent degeneration and remodeling.
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