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Abstract

The vascular endothelial glycocalyx (EGX) is a gel-like, negatively charged mesh of
membrane-bound proteoglycans, glycosaminoglycans, glycoproteins and adsorbed plasma
proteins that covers the luminal surface of the endothelium and orchestrates vascular
homeostasis through regulation of permeability, leukocyte trafficking, mechanotransduc-
tion and anti-thrombotic signalling. Progressive thinning, heterogeneous remodelling
and accelerated shedding of the EGX are now recognised as hallmarks of vascular age-
ing and early drivers of age-related cardiovascular disease. Here, we synthesise current
evidence linking EGX integrity to biological ageing, with emphasis on age-dependent
remodelling of heparan-sulfate proteoglycans, endothelial progenitor-cell dysfunction,
and the heightened susceptibility of the aged EGX to oxidative, inflammatory and in-
fectious insults. We discuss signalling pathways driving EGX shedding—including the
IQGAP1/PAR1-2/PI3K/ Akt axis—and clinical correlates such as vulnerable coronary
plaque in older patients with coronary artery disease and microvascular endotheliopathy
in severe COVID-19. Finally, we review emerging anti-ageing strategies targeting the
EGX, including direct oral anticoagulants, glycocalyx-mimetic and nitric-oxide-releasing
biomaterials, bioinspired antithrombogenic surfaces and microbiome-based modulation,
and consider their translational potential for extending cardiovascular healthspan.

Keywords: endothelial glycocalyx; vascular ageing; cardiovascular disease; heparan sulfate
proteoglycan; oxidative stress; anti-ageing; direct oral anticoagulant; endothelial progenitor cell

1. Introduction

Population ageing is among the most profound demographic shifts in the twenty-
first century, and cardiovascular disease (CVD) remains the principal cause of premature
mortality and loss of healthy life-years in older adults. A central feature of the ageing
cardiovascular system is progressive endothelial dysfunction, which is increasingly traced
to structural and functional deterioration of the vascular endothelial glycocalyx (EGX) [1,2].
The EGX is a highly hydrated mesh of membrane-bound proteoglycans, glycosaminogly-
cans (GAGs), glycoproteins and adsorbed plasma proteins that covers the luminal face of
every endothelial cell; its multifaceted roles include regulation of vascular permeability,
leukocyte and platelet adhesion, mechanotransduction of shear stress into nitric oxide (NO)
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release, and anti-thrombotic signalling [1,3-5] (Figure 1). Recent comprehensive reviews
have further emphasised the critical role of glycocalyx turnover in maintaining vascular
homeostasis and how its dysregulation contributes to endothelial dysfunction [6].

Age-Related Changes in the
Vascular Endothelial Glycocalyx
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Figure 1. Age-related changes in the vascular endothelial glycocalyx. Author-generated conceptual
schematic integrating current experimental and clinical evidence regarding endothelial glycocalyx
biology in ageing. The figure is intended as a conceptual model and does not represent a definitive
or fully validated mechanistic pathway. (Left panel) Schematic illustration of a young vessel with
an intact, healthy glycocalyx (~0.5-3 um thick) showing eNOS activity, repulsion of leukocytes and
platelets, sequestration of antithrombin and adsorbed albumin, and the core components heparan
sulfate (HS), syndecan, and glypican anchored to the subendothelial layer. (Right panel) Aged vessel
demonstrating characteristic age-related glycocalyx deterioration, including shedding of syndecan-1
and heparan sulfate fragments (shedding biomarkers), increased reactive oxygen species (ROS)
production, leukocyte and platelet adhesion, and activation of the IQGAP1/PAR1-2/PI3K/Akt
pathway. The bottom bar indicates the major glycocalyx constituents (heparan sulfate, chondroitin
sulfate, hyaluronan, syndecan, and glypican).

Over the past decade, glycocalyx biology has emerged as a unifying framework
for understanding why the endothelium becomes maladaptive with age. Age-related
alterations in heparan-sulfate proteoglycans (HSPGs) impair homing and migration of
endothelial progenitor cells (EPCs), attenuating the intrinsic vasculo-reparative capacity [2].
At the clinical level, reduced EGX thickness and increased shedding products correlate
with coronary plaque vulnerability in patients with coronary artery disease (CAD) [6] and
contribute to the systemic inflammatory microvascular endotheliopathy observed in severe
COVID-19 [3,4], a syndrome that disproportionately affects older adults.

This review integrates recent progress in EGX biology with an ageing-centred perspec-
tive. We first summarise the composition and function of the endothelial glycocalyx, then
review how the EGX is remodelled with age and disease, and finally discuss emerging
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pharmacological, biomaterial and microbiome-based strategies that preserve or restore the
EGX as a promising anti-ageing target for cardiovascular healthspan.

Literature Search Strategy

This narrative review was based on a structured literature search conducted in PubMed
through March 2026. The search strategy included combinations of the following terms:

"o ”ou i

“glycocalyx”, “vascular endothelial glycocalyx”, “vascular ageing”, “cardiovascular disease
prevention”, “endothelial dysfunction”, “heparan sulfate proteoglycan”, “oxidative stress”,
“microvascular disease”, and “cardiovascular ageing”. Additional articles were identified
through manual screening of reference lists from relevant reviews and original studies.
Priority was given to recent reviews, mechanistic studies, translational investigations,
and clinical studies examining glycocalyx structure, function, ageing-related alterations,
assessment methodologies, and therapeutic interventions. Given the narrative nature of
this review, formal systematic-review methodology and quantitative meta-analysis were

not performed.

2. Structure and Function of the Vascular Endothelial Glycocalyx

The EGX is organised as a dense, negatively charged layer extending approximately
0.5-3 um from the endothelial plasma membrane into the vessel lumen, with regional variation
between macro- and microvessels [1]. Membrane-bound core proteoglycans—principally
syndecans (syndecan—1 to —4) and glypicans—anchor GAG side chains such as heparan
sulfate (HS), chondroitin sulfate and hyaluronan, which together with adsorbed plasma
proteins (albumin, antithrombin III, and extracellular superoxide dismutase) constitute a
functional barrier coupled to the endothelial cytoskeleton.

The EGX performs at least five critical functions that converge on vascular homeostasis.
First, its dense, hydrated meshwork restricts passage of macromolecules and modulates
permeability. Second, it shields the endothelium from leukocyte and platelet adhesion
under quiescent conditions, and its selective shedding exposes adhesion molecules during
inflammation. Third, it transduces shear stress into NO release by coupling flow-sensing
to endothelial NO synthase (eNOS) activation. Fourth, it sequesters antioxidant and
anticoagulant proteins on the luminal surface. Fifth, it binds growth factors, chemokines
and cytokines, regulating vascular signalling [1,7]. Loss of any of these functions contributes
to vascular ageing and age-related disease.

3. The Ageing Endothelial Glycocalyx
3.1. Age-Related Structural Remodelling of Heparan-Sulfate Proteoglycans

HSPGs are particularly sensitive to the biological ageing process. Williamson et al.
demonstrated that age-related impairment of EPC migration correlates with structural
alterations in HSPG sulfation patterns, indicating that ageing remodels the extracellular
glycan landscape in ways that disable a key vascular-repair mechanism [2]. Longitudinal
studies further document reduced EGX thickness and increased circulating shedding
products—including syndecan-1 and heparan sulfate fragments—with advancing age,
and these biomarkers are associated with endothelial dysfunction, arterial stiffness and
microvascular rarefaction [1].

3.2. Endothelial Progenitor Cell Dysfunction

EPCs contribute to ongoing endothelial maintenance by engrafting and replenishing
denuded or senescent endothelium. Because EPC homing depends critically on interactions
between CXCR4 and glycocalyx-associated HS moieties, age-dependent remodelling of
HSPGs compromises EPC migration and impairs endothelial repair [2]. This creates a
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feed-forward loop in which diminished EGX quality both promotes endothelial damage
and attenuates its repair, accelerating vascular senescence.

3.3. Glycocalyx Shedding as a Biomarker of Vascular Ageing

Several techniques, including sidestream dark-field imaging, GlycoCheck® (Microvas-
cular Health Solutions, Alpine, USA) analysis and circulating biomarker assessment, have
been developed to estimate glycocalyx integrity. Sun et al. synthesised mounting ev-
idence that the EGX is a sensitive early indicator of vascular ageing and age-related
cardiometabolic disease, including hypertension, diabetes, heart failure and ischaemic
stroke [1]. Non-invasive measurement of EGX thickness via sidestream dark-field or
GlycoCheck® imaging, combined with circulating biomarkers, offers a readout of vascular
health that may serve as an adjunctive marker of vascular ageing.

4. Mechanisms Linking Glycocalyx Damage to Age-Related
Cardiovascular Disease

4.1. Oxidative Stress and IQGAP1/PAR1-2/PI3K/Akt Signalling

Oxidative stress is a central driver of age-related endothelial dysfunction. Kitasato et al.
demonstrated that oxidative stress disrupts the EGX through a PAR1-2/IQGAP1/PI3K/ Akt
signalling axis, and that the direct-acting factor Xa inhibitor rivaroxaban preserves
EGX integrity by modulating this pathway [8]. IQGAPl—originally characterised as
a VEGFR2 scaffold linking Racl- to Nox2-dependent reactive oxygen species (ROS)
generation—thereby integrates redox and coagulation signals at the glycocalyx, providing
a mechanistic bridge between the procoagulant and pro-oxidant environment of ageing
and glycocalyx loss (Figure 2). These findings raise the possibility that drugs acting at the
endothelial scaffolding network may exert glycocalyx-protective effects well beyond their
canonical indications.

Signalling Pathways of Glycocalyx Damage with Ageing
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ii::g @ Increased ROS Production (Nox2 Activation)

’J @ 1QGAP1 Activation

Rivaroxaban

(DOAC) —] m (3 PAR1-2 Signal Transduction

Protective
Effect

@ PI3K/Akt Phosphorylation

(& MMPs (Matrix Metalloproteinase) Activation

‘¢7) ® Shedding of Glycocalyx Components
1 (Syndecan-1 - Heparan Sulfate Fragments)

EPC . .~
Increased B
lncreas.eq PromOteq Leukocyte EPC Homing Impairment
Permeability | | Thrombosis | | aghesion (CXCRA/HS Axis)

Figure 2. Signalling pathways of glycocalyx damage with ageing. Author-generated conceptual
schematic integrating current experimental and clinical evidence regarding endothelial glycocalyx
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biology in ageing. The figure is intended as a conceptual model and does not represent a definitive
or fully validated mechanistic pathway. Flow diagram illustrating the molecular cascade initiated
by ageing, chronic inflammation, and oxidative stress. Key sequential steps are: (1) increased ROS
production via Nox2 activation; (2) IQGAP1 activation; (3) PAR1-2 signal transduction (inhibited
by rivaroxaban/DOAC with protective effects); (4) PI3K/ Akt phosphorylation; (5) matrix metallo-
proteinase (MMP) activation; and (6) shedding of glycocalyx components (syndecan-1 and heparan
sulfate fragments). Downstream consequences include increased vascular permeability, promoted
thrombosis, increased leukocyte adhesion, and impaired endothelial progenitor cell (EPC) homing
via the CXCR4 /HS axis.

In addition to the IQGAP1/PAR1-2/PI3K/ Akt pathway, glycocalyx degradation is
promoted by heparanase activation, matrix metalloproteinases, inflammatory cytokines,
and impaired shear-stress signalling.

4.2. Systemic Inflammation and Endotheliopathy: Lessons from COVID-19

The COVID-19 pandemic revealed the EGX as a critical interface between systemic
inflammation and microvascular dysfunction. Yamaoka-Tojo reviewed evidence that SARS-
CoV-2 infection produces widespread glycocalyx damage that underlies a systemic inflam-
matory microvascular endotheliopathy, with disproportionate impact on older patients
and those with pre-existing endothelial dysfunction [3]. More recent work by Martino et al.
demonstrated that bacteria can enzymatically groom the host glycocalyx and thereby
modulate SARS-CoV-2 infectivity, implicating the microbiome as a third partner in EGX
biology and immunity [9]. Because the EGX is simultaneously an age-sensitive tissue and
a portal for pathogen entry, its preservation is pivotal to resilience in older adults during
infectious insults.

4.3. Atherosclerosis and Coronary Plaque Vulnerability

Clinical data from Nemoto et al. demonstrated that glycocalyx damage, assessed
by sidestream dark-field imaging of the sublingual microcirculation, correlates with the
severity and vulnerability of coronary plaque on intravascular imaging in patients with
CAD [6]. This situates the EGX as both a barrier against atherogenesis and an early
sentinel of disease progression, supporting the potential utility of EGX assessment as an
emerging marker of vascular ageing and cardiovascular risk, as illustrated in the conceptual
model shown in Figure 3. Recent studies have also highlighted the role of glycocalyx
dysregulation in impairing the blood-brain barrier during ageing and neurodegenerative
disease, underscoring the systemic impact of EGX deterioration [10].

An author-generated conceptual schematic is shown above, integrating current ex-
perimental and clinical evidence on the mechanisms involved in age-related deterioration
of the vascular endothelial glycocalyx (EGX). Ageing promotes EGX dysfunction through
several interrelated mechanisms, shown as the major contributing pathways at the top
of the figure: oxidative stress (increased reactive oxygen species [ROS] generation and
Nox2 activation), chronic low-grade inflammation (“inflammaging”; tumour necrosis
factor-oe [TNF-¢], interleukin-6 [IL-6], and C-reactive protein [CRP]), heparanase activation
with heparan sulfate (HS) degradation, matrix metalloproteinase (MMP) activation with
syndecan shedding, reduced shear stress with endothelial nitric oxide synthase (eNOS) dys-
function and decreased nitric oxide (NO). These mechanisms converge on the EGX (centre),
promoting glycocalyx shedding (release of syndecan-1 and HS fragments), which in turn
increases vascular permeability, enhances thrombosis, and facilitates leukocyte adhesion.
The resulting endothelial dysfunction contributes to vascular ageing and cardiovascular
disease (CVD) [11]. Potential therapeutic and protective targets are shown flanking the
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EGX, acting to restore or stabilise the glycocalyx: rivaroxaban (protease-activated recep-
tor 1/2 [PAR1/2], IQGAP1, and Akt modulation), sulodexide (glycocalyx restoration),
statins (anti-inflammatory effects), sodium-glucose cotransporter 2 (SGLT2) inhibitors
(vascular anti-inflammatory effects), glucagon-like peptide-1 receptor agonists (GLP-1RA;
endothelial protection), albumin preservation (glycocalyx stabilisation), nitric oxide (NO)-
releasing glycocalyx-mimetic biomaterials and bioinspired antithrombogenic surfaces, and
microbiome modulation (experimental). Representative examples of glycocalyx-preserving
interventions are shown for illustrative purposes and do not constitute an exhaustive list
of all potential therapeutic approaches discussed in the text and Table 1. This figure is
intended as a conceptual framework and does not represent a definitive or fully validated
mechanistic pathway.
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Figure 3. Conceptual model of mechanisms contributing to age-related endothelial glycocalyx
dysfunction and potential therapeutic targets.

Table 1. Glycocalyx-targeted interventions for vascular ageing and cardiovascular healthspan.

Intervention Proposed Mechanism Evidence Level Clinical Development Stage
PAR1-2/IQGAP1/PI3K/ Akt pathway
Rivaroxaban [8] modulation; Cell, animal, and Approved dru
reduction in oxidative stress-induced observational human studies pp &
glycocalyx shedding
Sulodexide [12-14] Glycocalyx restorat}on; Clinical and o‘pservatlonal Clinically available
endothelial protection studies
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Table 1. Cont.

Intervention

Proposed Mechanism

Evidence Level

Clinical Development Stage

Anti-inflammatory effects;

Clinical and experimental

Statins [15-17] improved endothelial . Widely used
. studies
function
ACE inhibitors/ ARBs [18,19] Reduction in oxidative stress and Clinical studies Widely used
endothelial injury
GLP-1 receptor agonists [20] Endothelial and glycocalyx protection Emerging clinical evidence Approved drug class
SGLT?2 inhibitors [20,21] Endothelial protection and vascular Emerging clinical evidence Approved drug class

anti-inflammatory effects

Albumin supplementation [22,23]

Glycocalyx stabilisation and oncotic

Limited clinical evidence

Investigational for

support glycocalyx preservation
N.O—re'leas'ing glyt?ocalyx— Biomimetic replacement of glycocalyx Preclinical Experimental
mimetic biomaterials [24] functions
Bioinspired Reduction in thrombosis and Preclinical Experimental
antithrombogenic surfaces [7] endothelial injury P
Nanomedicine Targeted drlllg dehlvery through il . |
hes [25] glycocalyx Preclinica Experimenta
approaches [2* interactions
Regulation of host glycocalyx .
Microbiome modulation [9,26-29] composition and Mechan1§ tic and ee}rly Exploratory
. translational studies
inflammatory responses
Low molecular weight Heparanase inhibition; glycocalyx Preclinical Clinically avalla'ble
h . e - . (glycocalyx-protective use
eparin [30,31] stabilisation (in vivo animal model) investigational)

Abbreviations: ACE, angiotensin converting enzyme; Akt, protein kinase B; GLP-1, glucagon-like peptide-1;
IQGAP1, IQ motif-containing GTPase-activating protein 1; NO, nitric oxide; PAR, protease-activated receptor;
SGLT2, sodium—glucose cotransporter 2.

5. Anti-Ageing Strategies Targeting the Glycocalyx
5.1. Pharmacological Protection: Direct Oral Anticoagulants and Beyond

Beyond anticoagulation, rivaroxaban preserves the EGX under oxidative stress via
PAR1-2/IQGAP1/PI3K/ Akt signalling [1,8], suggesting a vasculoprotective effect that
may be especially relevant for older patients who are prescribed direct oral anticoagulants
(DOAC:sS) for atrial fibrillation or venous thromboembolism. Other pharmacological can-
didates with reported EGX-protective effects include statins, renin—angiotensin system
inhibitors, sulodexide and incretin mimetics, each of which may contribute to a broader
anti-ageing vasculoprotective portfolio in older adults [1].

5.2. Glycocalyx-Mimetic and Nitric-Oxide-Releasing Biomaterials

Biomimicry of the glycocalyx in biomaterials offers a direct engineering strategy to
compensate for age-related EGX loss at the interface between blood and vascular devices.
Zheng et al. described a NO-releasing zwitterionic glycocalyx-mimetic hydrogel coating
for bioprosthetic valves with integrated anti-thrombotic, endothelialisation-promoting and
immunomodulatory activities [24]. Similar concepts are being applied to stents, vascular
grafts and extracorporeal oxygenator circuits to replicate the surface properties of the native
endothelium, potentially improving outcomes in older patients in whom intrinsic EGX
repair is compromised.

5.3. Bioinspired Antithrombogenic Surfaces

Hong and Waterhouse reviewed bioinspired approaches to engineering antithrom-
bogenic medical devices for vascular intervention [7], including zwitterionic polymers,
slippery liquid-infused porous surfaces and HS-mimetic coatings. Because older patients
are both the major recipients of vascular devices and the least able to repair device-induced
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endothelial injury, bioinspired glycocalyx-mimetic surfaces represent a particularly attrac-
tive anti-ageing technology.

5.4. Nanomedicine and Microbiome-Based Modulation

Nanoparticle formulations that exploit glycocalyx binding—such as bovine serum
albumin-coated niclosamide-zein nanoparticles investigated as injectable medicines against
COVID-19 [25]—illustrate the therapeutic potential of EGX-targeted drug delivery. In
parallel, Martino et al. have shown that commensal bacteria can enzymatically modify the
host glycocalyx and thereby alter viral infectivity [9], raising the intriguing possibility of
microbiome-based interventions to fine-tune EGX composition and immune function in
the ageing host (Figure 4). Emerging clinical data also reveal sex differences in glycocalyx
thickness and response to glycocalyx-targeted therapies among older adults, suggesting
the importance of personalised anti-ageing approaches [32].

LEFT RIGHT
Aging & Disease Anti-Ageing
Inputs Interventions

Chronic NO-releasing
Inflammation / Zwitterionic
COVID-19 Glycocalyx-Mimetic
Endotheliopathy » Hydrogel

Bioinspired
. Vascular Antithrombogenic
. Endothelial Devic ot
Atherosclerosis / __a_ Glycocalyx cvisames ngs
Vulnerable Coronary P (EGX)
Plaque ” _\

> g

pe

EPC Dysfunction

Microbiome Modulation
(CXCR4/HSPG remodelling)

(bacterial glycocalyx
grooming)

Arterial Stiffness / Statins / Sulodexide /

Microvascular Incretin Mimetics
Rarefaction

Figure 4. Aging and disease inputs and potential glycocalyx-preserving strategies. Author-generated
conceptual schematic integrating current experimental and clinical evidence regarding endothelial
glycocalyx biology in ageing. The figure is intended as a conceptual model and does not represent
a definitive or fully validated mechanistic pathway. Central hub diagram positioning the vascular
endothelial glycocalyx (EGX) as the key interface. The left side (red/orange) lists major ageing and
disease inputs: oxidative stress, chronic inflammation/COVID-19 endotheliopathy, atherosclero-
sis/vulnerable coronary plaque, EPC dysfunction (CXCR4/HSPG remodelling), and arterial stiff-
ness/microvascular rarefaction. The right side (green/blue) summarises anti-ageing interventions:
DOAC s (rivaroxaban acting on the PAR1-2/ Akt axis), NO-releasing zwitterionic glycocalyx-mimetic
hydrogel, bioinspired antithrombogenic device coatings, microbiome modulation (bacterial gly-
cocalyx grooming), and pharmacological agents (statins, sulodexide, and incretin mimetics). The
overarching therapeutic goal is to preserve the glycocalyx for cardiovascular healthspan.
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6. Current Limitations and Challenges in Glycocalyx Assessment
and Translation

Despite growing recognition of the endothelial glycocalyx (EGX) as a central regulator
of vascular homeostasis and a potential biomarker of vascular ageing, several important
limitations currently restrict its application in both research and clinical practice.

First, direct assessment of the glycocalyx remains technically challenging. Most
currently available approaches, including sidestream dark-field (SDF) imaging and
GlycoCheck®-based measurements, evaluate glycocalyx properties indirectly through
estimates of the perfused boundary region rather than direct visualisation of glycocalyx
thickness. Although these methods have provided important insights into microvascu-
lar health, measurement variability, operator dependency, and limited standardisation
continue to affect reproducibility across studies.

Second, circulating biomarkers such as syndecan-1, heparan sulfate fragments,
hyaluronan, and heparanase activity are increasingly used as indicators of glycocalyx
injury. However, these markers are not specific to vascular ageing and may be influ-
enced by acute inflammation, infection, trauma, heart failure, renal dysfunction, and other
systemic conditions. Consequently, interpretation of circulating glycocalyx biomarkers
requires careful clinical context and remains insufficient for standalone risk stratification.

Third, the relationship between glycocalyx alterations and cardiovascular outcomes
remains largely associative. Although reduced glycocalyx thickness has been linked to
coronary plaque vulnerability, microvascular dysfunction, hypertension, diabetes, heart
failure, and stroke, most evidence derives from observational studies. Whether glycocalyx
deterioration directly contributes to disease progression or primarily reflects underlying
vascular injury remains incompletely understood.

A further challenge concerns translational development of glycocalyx-targeted thera-
pies. Several promising interventions—including direct oral anticoagulants, sulodexide,
nitric oxide-releasing biomaterials, glycocalyx-mimetic coatings, nanomedicine approaches,
and microbiome-based modulation—have demonstrated beneficial effects in experimental
models. However, the majority of these strategies have not yet been validated in large
prospective clinical trials specifically designed to evaluate glycocalyx preservation as a
therapeutic endpoint.

The concept of glycocalyx preservation as an anti-ageing strategy should therefore
be interpreted cautiously. While maintenance of glycocalyx integrity may contribute to
preservation of vascular function and cardiovascular healthspan, current evidence remains
insufficient to conclude that glycocalyx-targeted interventions directly modify biological
ageing processes or extend lifespan. Future studies will require standardised assessment
methods, validated biomarkers, longitudinal ageing cohorts, and randomised clinical
trials to determine whether glycocalyx-directed therapies can translate into meaningful
clinical benefit.

Taken together, the endothelial glycocalyx represents a promising but still evolving
field. Addressing these methodological and translational challenges will be essential before
glycocalyx assessment can become integrated into routine cardiovascular risk evaluation
or anti-ageing clinical practice.

7. Future Directions and Conclusions

The vascular endothelial glycocalyx has emerged as a key regulator of endothelial
homeostasis and an important mechanistic link between vascular ageing and age-related
cardiovascular disease. Growing evidence suggests that age-associated glycocalyx dete-
rioration contributes to impaired mechanotransduction, inflammation, oxidative stress,
thrombosis, and defective vascular repair.
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Recent advances in glycocalyx biology have also identified multiple potential thera-
peutic approaches aimed at preserving or restoring endothelial function, including phar-
macological interventions, glycocalyx-mimetic biomaterials, bioinspired vascular-device
surfaces, and emerging microbiome-based strategies. However, these approaches currently
exist at different stages of translational development, ranging from mechanistic laboratory
investigations to early clinical applications.

Although glycocalyx assessment using imaging technologies and circulating biomark-
ers shows promise as a tool for evaluating vascular health, significant challenges remain
regarding standardisation, reproducibility, clinical validation, and integration into estab-
lished cardiovascular risk assessment frameworks.

Therefore, while preservation of glycocalyx integrity may represent an attractive strat-
egy for maintaining cardiovascular healthspan, further mechanistic studies, longitudinal
ageing cohorts, and adequately powered clinical trials are required before glycocalyx-
targeted interventions can be incorporated into routine clinical practice.

Future research should focus on establishing standardised assessment methodologies,
identifying validated ageing-related glycocalyx biomarkers, and determining whether
therapeutic preservation of the glycocalyx can translate into measurable improvements in
cardiovascular outcomes among older adults.
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DOAC Direct oral anticoagulant

EGX Endothelial glycocalyx

eNOS Endothelial nitric oxide synthase
EPC Endothelial progenitor cell

GAG Glycosaminoglycan

HS Heparan sulfate

HSPG Heparan-sulfate proteoglycan
IQGAP1  IQ motif-containing GTPase-activating protein 1
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