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Background. The endothelial glycocalyx (EGX) is a dynamic carbohydrate-rich structure located at
the blood-endothelium interface that regulates vascular permeability, mechanotransduction, inflammation,
coagulation, and endothelial signaling. Its complex molecular architecture makes the EGX highly susceptible
to enzymatic degradation, oxidative stress, and inflammatory mediators, making its disruption a key mecha-
nism of endothelial dysfunction in diverse pathological conditions. Objective. To synthesize current evidence
on the molecular architecture of the endothelial glycocalyx, the biochemical mechanisms underlying its deg-
radation, its role in cardiovascular and stress-associated disorders, and emerging glycocalyx-targeted thera-
peutic strategies. Methods. This integrative review synthesizes evidence from 93 scientific studies identified
through a systematic search of ten electronic databases. Results. The analysis demonstrates that glycocalyx
degradation contributes to impaired endothelial nitric oxide signaling, increased vascular permeability, en-
dothelial inflammation, and microvascular dysfunction in cardiovascular pathology. Recent evidence further
suggests that chronic psychological stress and post-traumatic stress disorder may promote EGX disruption
through sustained sympathetic activation, oxidative stress, and low-grade inflammation. The review also dis-
cusses therapeutic strategies aimed at preserving or restoring glycocalyx integrity, including inhibition of en-
zymatic degradation and glycocalyx-targeted regenerative approaches. Conclusions. These findings support
a shift toward targeting the glycocalyx as an upstream regulator of vascular health rather than exclusively
focusing on downstream vascular complications.

Keywords: endothelial glycocalyx, vascular permeability, glycocalyx shedding, cardiovascular disease,
post-traumatic stress disorder.

T he vascular endothelium represents a highly
specialized regulatory interface that inte-
grates mechanical, biochemical, and immu-
nological signals to maintain tissue perfusion and
systemic homeostasis. At the blood-endothelium in-
terface lies the endothelial glycocalyx (EGX), a spe-
cialized gel-like layer composed of proteoglycans,
glycosaminoglycans, glycoproteins, and associated
plasma proteins [1-3]. Rather than acting as a passive
surface coating, the EGX regulates multiple vascular
functions discussed in this review.

By reversibly binding plasma proteins such
as albumin, the EGX contributes to the formation

of the endothelial surface layer (ESL), an interface
that stabilizes the vascular barrier and modulates
microcirculatory flow [4]. Disruption of this struc-
ture is increasingly recognized as a common feature
of diverse pathological conditions including sepsis,
trauma, and ischemia-reperfusion injury, in which it
is associated with endothelial dysfunction, increased
permeability, and inflammation [5-7].

The EGX undergoes continuous remodeling
in response to shear stress, enzymatic activity, and
inflammatory signaling. Accumulating evidence in-
dicates rapid, context-dependent alterations in gly-
cocalyx thickness and composition, highlighting its
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sensitivity to systemic stressors and its potential as a
therapeutic target [8, 9]. In addition, pronounced or-
gan-specific heterogeneity of the glycocalyx reflects
adaptation to local physiological demands.

While inflammatory and hemodynamic mecha-
nisms of EGX disruption are well established, the
contribution of neuroendocrine stress remains insuf-
ficiently explored [10-13]. We further propose that
stress-related neuroendocrine dysregulation consti-
tutes an underexplored driver of EGX injury.

The purpose of this review is to conceptualize
the EGX as an integrative interface of mechanical,
inflammatory, and neuroendocrine signals for vascu-
lar function. We further propose that stress-induced
glycocalyx degradation contributes to endothelial
dysfunction and cardiovascular risk, as a part of an
integrated EGX-endothelium-immune glycan axis.

Review Methodology

This review was conducted as an integrative
literature review, aiming to generalize 93 scientific
studies on the molecular mechanisms and the role
of EGX integrity in health and disease. The search
strategy employed a combination of 52 controlled
vocabulary terms and free-text keywords, using
Boolean operators (AND, OR). The main search
terms were: glycocalyx; vascular permeability; gly-
cocalyx shedding; cardiovascular disease; post-trau-
matic stress disorder (PTSD).

Original studies, review articles, and patents
published in English were included, focusing on the
molecular structure, functional roles, and regulatory
mechanisms of the EGX, as well as its involvement
in endothelial dysfunction, cardiovascular disease,
trauma, and stress-related conditions, including
PTSD. Publication Period: Priority was given to lite-
rature published in the last 10 years (2015-2026),
with inclusion of classic and fundamental articles
from earlier periods, based on their relevance. Ex-

clusion Criteria: conference abstracts, letters to the
editor, and articles that did not directly address the
molecular mechanisms, functional significance, or
pathological alterations of the endothelial glycocalyx
were excluded. The article selection was performed
in two stages: (1) initial screening by title and ab-
stract; and (2) full-text reading of pre-selected arti-
cles to confirm eligibility.

1. Structural components of the
endothelial glycocalyx

The EGX is a structurally complex interface
composed of multiple classes of macromolecules that
collectively determine its mechanical properties and
biological functions (Fig. 1). Its major components
include proteoglycans, glycoproteins, glycosamino-
glycans, glycosphingolipids, and plasma proteins,
which interact synergistically to maintain glycoca-
lyx integrity and function [3, 14].

Proteoglycans (PGs) constitute the principal
structural framework of the EGX and function as
key regulators of endothelial signaling. They consist
of core proteins covalently linked to glycosamino-
glycan chains, whose length, sulfation, and spatial
organization determine binding affinity for plasma
proteins, cytokines, and growth factors [15, 16].

Among endothelial PGs, syndecans (1-4) and
glypicans (1-6) represent the major membrane-asso-
ciated families, each contributing distinct regulatory
functions.

Syndecans are transmembrane PGs composed
of an extracellular ectodomain, a single-pass trans-
membrane domain, and a cytoplasmic tail that in-
teracts with intracellular signaling machinery.
Their ectodomains carry heparan sulfate and, in
some isoforms, chondroitin sulfate chains, enabling
interactions with extracellular matrix components
and circulating mediators [17, 18]. Through their
cytoplasmic domains, syndecans couple extracel-
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Fig. 1. Structural and functional organization of the endothelial glycocalyx (EGX). Schematic representation
of the luminal endothelial surface showing membrane-bound proteoglycans (syndecans, glypicans) bearing
heparan sulfate and chondroitin sulfate chains, hyaluronan anchored via Cluster of Differentiation 44 (CD44),
and glycoproteins including adhesion molecules. Secreted proteoglycans and plasma proteins contribute to

the formation of the endothelial surface layer

lular cues to intracellular pathways, linking ligand
binding to cytoskeletal organization and kinase-de-
pendent signaling [19].

Experimental evidence demonstrates that
syndecan-mediated signaling regulates endothe-
lial barrier integrity and leukocyte recruitment.
Under inflammatory conditions, syndecan-1 shed-
ding modulates leukocyte-endothelium interac-
tions through chemokine availability and inte-
grin-dependent adhesion, contributing either to
resolution of inflammation or to vascular dysfunc-
tion depending on context [20-22]. In addition,
modulation of syndecan expression alters endothelial
responses to cytokines and shear stress, supporting
its role as a context-dependent signaling regulator
[23-24].

Glypicans (GPC), in contrast, are glycosylphos-
phatidylinositol-anchored PGs located in membrane
microdomains such as caveolae [25, 26]. GPC-1
plays a central role in mechanotransduction by fa-

cilitating shear stress-induced activation of endothe-
lial nitric oxide synthase (eNOS) [27, 28]. The mal-
functioning of GPC-1 or enzymatic degradation of
heparan sulfate impairs flow-mediated nitric oxide
(NO) production, demonstrating a direct link be-
tween glycocalyx integrity and endothelial mecha-
nosensing [29, 30]. In experimental models, GPC-1
deficiency alters glycocalyx architecture and reduces
eNOS phosphorylation, further supporting its role in
flow-dependent signaling [29].

In addition to membrane-bound PGs, large
extracellular PGs such as perlecan, decorin, and
versican contribute to glycocalyx organization and
interactions with plasma proteins [3, 31-33]. In sum-
mary, PGs function as signaling platforms that in-
tegrate mechanical and inflammatory cues and are
highly susceptible to enzymatic shedding during
pathological conditions.

Glycosaminoglycans (GAGS) are linear, nega-
tively charged polysaccharides composed of re-
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peating disaccharide units of uronic acids and hex-
osamines. Their sulfation and acetylation generate
substantial structural heterogeneity, which deter-
mines ligand-binding specificity and signaling func-
tions [34].

Heparan sulfate (HS) is the predominant gly-
cocalyx GAG, accounting for approximately 50—
90% of proteoglycan-associated chains. It consists
of alternating uronic acid residues (B-D-glucuronic
acid or a-L-iduronic acid) and glucosamine deriva-
tives that undergo extensive N- and O-sulfation
[35, 36]. HS chains are organized into distinct sul-
fation domains that govern binding to growth fac-
tors, chemokines, and coagulation-related proteins,
thereby regulating endothelial signaling, vascular
permeability, and inflammatory responses [37]. Ex-
perimental evidence shows that HS-dependent inter-
actions modulate growth factor activity, particularly
in VEGF-related pathways [ 20, 38, 39]. Moreover,
enzymatic degradation of HS (e.g., by heparinase)
impairs mechanotransduction and reduces shear
stress-induced nitric oxide production, highlighting
its central role in endothelial signaling [40].

Chondroitin sulfate (CS) and dermatan sulfate
(DS) contribute to glycocalyx structure and func-
tion. Both consist of repeating disaccharide units
containing N-acetylgalactosamine and uronic acids.
On the other hand, DS is characterized by epimeri-
zation of glucuronic acid to iduronic acid, which
increases chain flexibility and interaction potential.
CS has been shown to enhance barrier properties of
extracellular matrices, supporting its role in vascular
barrier regulation [41].

Keratan sulfate (KS) is less abundant and com-
posed of repeating galactose and N-acetylglucosa-
mine units with variable sulfation. Recent studies in-
dicate that altered KS metabolism may contribute to
chronic inflammatory microenvironments through
modulation of TLR4/NF-kB-dependent signaling
and chemokine expression, although these mecha-
nisms remain insufficiently characterized in the vas-
cular endothelium [42].

Hyaluronan (HA) is uniqgue among GAGs as
a non-sulfated, non-proteoglycan-associated poly-
mer synthesized at the plasma membrane. It forms
highly hydrated networks that contribute to glycoca-
lyx viscoelasticity and interacts with CD44 to regu-
late leukocyte adhesion and inflammatory signaling
[43]. Experimental studies indicate that HA-CD44

interactions facilitate leukocyte recruitment within
inflamed vascular beds [44].

Thus, GAGs serve not only as structural com-
ponents of the glycocalyx but also play an active role
in regulating endothelial signaling. Their sulfation
patterns influence interactions with proteins and
contribute to the control of mechanotransduction and
inflammatory responses [34].

Glycoproteins (GPs) within the EGX carry
short, branched carbohydrate chains typically at-
tached via N- or O-linked glycosylation. These
glycans contribute to protein stability, ligand recog-
nition, and receptor-ligand specificity, thereby regu-
lating cell-cell and cell-matrix interactions [45].

A major functional class comprises cell ad-
hesion molecules (CAMs), including selectins (E-
and P-selectin), integrins (e.g., aVB3), and mem-
bers of the immunoglobulin superfamily (ICAM-1,
VCAM-1, PECAM-1). Together, these molecules
coordinate leukocyte rolling, firm adhesion, and
transendothelial migration, forming the molecular
basis of vascular inflammatory responses [46-48].

Selectins mediate transient leukocyte tethering
through carbohydrate-dependent interactions, there-
by initiating leukocyte rolling along the endothelial
surface. Subsequent integrin activation promotes
firm adhesion and intracellular signaling, while im-
munoglobulin-like CAMs coordinate controlled leu-
kocyte transmigration and maintenance of endothe-
lial barrier integrity under physiological conditions.
[47]. In inflammatory vascular conditions, increased
expression of selectins, particularly E-selectin, re-
flects endothelial activation and contributes to leu-
kocyte recruitment and vascular dysfunction [49].

In addition to PGs and GPs, the EGX contains
glycosphingolipids and reversibly bound plasma pro-
teins. Glycosphingolipids contribute to the formation
of membrane microdomains, thereby influencing
receptor localization, membrane organization, and
intracellular signal transduction. Recent experi-
mental evidence further suggests that altered sphin-
golipid signaling, particularly involving ceramides
and sphingosine-1-phosphate (S1P), contributes to
endothelial dysfunction and vascular pathology.
Plasma proteins such as albumin and antithrombin
modulate glycocalyx thickness, charge, and barrier
properties [50]. Together, membrane-bound glycoca-
lyx components, glycosphingolipid-rich membrane
domains, and reversibly associated plasma proteins
contribute to the formation of the ESL, whose thick-



I. S. Fomenko, V. A. Turkina, T. A. Alyokhina et al.

ness (approximately 0.5-4.5 um) varies depending
on vessel type and physiological conditions.

2. Functions of the endothelial glycocalyx

First, the glycocalyx serves as a size- and
charge-selective barrier, limiting the passage of plas-
ma proteins and regulating fluid exchange. Nega-
tively charged components, HS, play a key role in
maintaining endothelial junction integrity and vas-
cular permeability (Fig. 2) [51, 52].

Second, the EGX regulates interactions be-
tween circulating blood elements and the vessel
walls [48, 53].

Third, the glycocalyx functions as a mecha-
nosensory interface. Shear stress generated by blood
flow is transmitted through glycocalyx-associated
molecules, leading to activation of eNOS, NO pro-
duction, and regulation of vascular tone and blood
pressure [51].

Fourth, the EGX contributes to anticoagulant
and antithrombotic balance by binding proteins such
as antithrombin 111 (AT1II) and masking procoagu-
lant endothelial surfaces, thereby limiting platelet
adhesion and fibrin formation [52].

Finally, the glycocalyx acts as a dynamic
reservoir for bioactive molecules, including chemo-
kines, growth factors, and plasma proteins. By
concentrating these ligands it enhances signaling ef-
ficiency and modulates inflammatory responses [3].

3. Mechanisms of glycocalyx
degradation and remodeling

The EGX undergoes continuous remodeling
through a balance between biosynthesis, enzymatic
degradation, and mechanical shedding. Biosynthesis
of glycocalyx components occurs in the endoplasmic
reticulum and Golgi apparatus, where PGs and GAG
chains are assembled and modified. These processes
generate structurally diverse glycoconjugates whose
sulfation patterns determine binding specificity for
growth factors, chemokines, and coagulation-related
proteins.

In contrast, glycocalyx degradation may occur
rapidly and is strongly influenced by inflammatory
signaling, enzymatic activity, and oxidative stress.
Under pathological conditions, these processes pro-
mote accelerated shedding and structural disruption
of the EGX. Importantly, glycocalyx degradation
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can be induced much more rapidly than its restora-
tion, which explains why shedding and degradation
are considered major drivers of acute glycocalyx re-
modeling. Among these mechanisms, protease-me-
diated ectodomain shedding represents a key path-
way linking inflammatory and mechanical stimuli
to rapid structural and functional alterations of the
endothelial surface layer [55].

Ectodomain shedding is a principal mechanism
of EGX turnover, rapidly altering the surface presen-
tation of membrane-bound PGs, GPs, and adhesion
molecules. As a result, it directly influences leuko-
cyte—endothelium interactions, vascular permeabili-
ty, coagulation, and vascular tone.

Shedding is primarily mediated by matrix met-
alloproteinases (MMPs) and members of the ADAM/
ADAMTS family, which cleave extracellular do-
mains of key glycocalyx components, including syn-
decans and adhesion molecules such as ICAM-1, a
process that is present under physiological conditions
but markedly accelerated during inflammation, oxi-
dative stress, ischemia—reperfusion injury, and cy-
tokine exposure [56-58]. Protease activity is tightly
regulated by tissue inhibitors of metalloproteinases
(TIMPs), particularly TIMP-1 and TIMP-3, which
contribute to the control of glycocalyx remodeling.
This balance ensures spatiotemporal regulation of
protease activity; however, under pathological con-
ditions, it becomes disrupted, leading to excessive
glycocalyx shedding [59].

In addition to biochemical regulation, mechani-
cal forces contribute to glycocalyx remodeling.
Shear stress can modulate protease activity, linking
hemodynamic forces to structural alterations of
the endothelial surface. Loss of glycocalyx compo-
nents, particularly HS, impairs NO production and
endothelial mechanotransduction, underscoring the
functional consequences of shedding [60].

Clinically, excessive glycocalyx shedding is
observed in trauma and hemorrhagic shock, where
it is associated with a transition from an anti-inflam-
matory, anticoagulant endothelial surface to a pro-
inflammatory and pro-thrombotic phenotype [61].
This shift is accompanied by increased vascular per-
meability, enhanced cytokine interactions, oxidative
stress, and microvascular dysfunction, and correlates
with adverse outcomes.

Circulating biomarkers of shedding, including
syndecan-1, HA, and HS, provide indirect measures
of glycocalyx degradation. Among these, synde-
can-1 is the most extensively studied and correlates

10

with the severity of endothelial injury and clinical
prognosis [14, 62].

Protease-mediated shedding connects me-
chanical, inflammatory, and biochemical signals
with rapid glycocalyx remodeling. Although it may
be adaptive in acute settings, prolonged activation
promotes endothelial dysfunction and disease pro-
gression.

In addition to proteolytic shedding, glycocalyx
remodeling also occurs through enzymatic degrada-
tion of GAG chains. Enzymes such as heparanase,
hyaluronidases, and endosulfatases cleave or modi-
fy GAGs, altering the structural and electrostatic
properties of the glycocalyx and reducing its capaci-
ty to bind signaling molecules [15].

Heparanase is a key mediator of HS degrada-
tion and is upregulated by inflammatory cytokines
and oxidative stress. Endosulfatases (Sulf-1 and
Sulf-2) selectively remove sulfate groups from HS,
modifying its interactions with growth factors and
chemokines, while hyaluronidases regulate HA
turnover [63].

Importantly, enzymatic degradation of GAGs
not only alters the structural integrity of the gly-
cocalyx but also disrupts its regulatory functions,
including barrier properties, mechanotransduction,
and inflammatory signaling.

4. EGX dysfunction in disease

Despite its essential role in vascular homeosta-
sis, the EGX is a fragile structure highly susceptible
to inflammatory and oxidative injury. Glycocalyx
degradation has been observed in a broad range of
pathological conditions, including sepsis, diabetes,
chronic kidney disease, hypertension, atherosclero-
sis, cardiovascular disease, and COVID-19 [64, 65].

Activation of inflammatory pathways, particu-
larly via TNF-a signaling, can induce rapid EGX
collapse through upregulation of proteases and
glycosidases [66]. In acute infection, this response
promotes controlled interactions between the en-
dothelium, leukocytes, and platelets, supporting
pathogen clearance and tissue repair. In systemic in-
flammation, pathogen-associated molecular patterns
(PAMPs), such as lipopolysaccharide (LPS), activate
Toll-like receptor signaling, promoting glycocalyx
degradation. Experimental evidence indicates that
inflammatory activation enhances shedding of gly-
cocalyx components through protease- and oxidative
stress—dependent mechanisms [56, 62, 67] (Fig. 3).

Similar mechanisms have also been described
in COVID-19, where elevated circulating syndecan-1
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levels are associated with endothelial dysfunction,
disease severity, and adverse clinical outcomes,
further supporting the role of glycocalyx injury
in systemic inflammatory conditions [68]. SARS-
CoV-2 demonstrates pronounced endothelial tro-
pism mediated through ACE2, TMPRSS2, CD147,
and neuropilin-1 signaling pathways, contributing
to endothelial dysfunction, inflammatory activation,
and microvascular injury, which are considered cen-
tral mechanisms of vascular complications associa-
ted with COVID-19 [69]. In addition, recent clinical
studies support the involvement of inflammatory and
profibrotic pathways in cardiovascular complications
associated with COVID-19 and arterial hypertension
[70].

In contrast, persistent exposure to inflam-
matory, metabolic, or mechanical stress results in
chronic glycocalyx disruption. This state is charac-
terized by sustained shedding, impaired regenera-
tion, and a shift toward a pro-inflammatory and pro-

thrombotic endothelial phenotype. In cardiovascular
disease (CVD), EGX disruption functions both as a
contributor to and as a consequence of pathological
vascular remodeling [71].

Hemodynamic stress is considered one of the
major factors contributing to glycocalyx remodeling.
Disturbed flow patterns, sustained shear stress, and
elevated transmural pressure promote enzymatic
degradation and impair glycocalyx synthesis. These
changes disrupt endothelial mechanotransduction,
reduce nitric oxide bioavailability, and favor vaso-
constriction. Loss of HS and other GAGs further
compromises barrier function, facilitating low-den-
sity lipoprotein (LDL) infiltration and early athero-
genic changes [9, 71].

Glycocalyx degradation also contributes to the
early stages of atherosclerosis. Increased endothelial
permeability facilitates lipid retention within the
vascular wall, while impaired mechanotransduction
and reduced nitric oxide signaling promote endothe-
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lial activation and vascular dysfunction [72, 73]. In
parallel, exposure of adhesion molecules such as
VCAM-1 and ICAM-1 enhances leukocyte adhe-
sion and transmigration, sustaining chronic vascular
inflammation and progression of atherosclerotic re-
modeling [74].

Inflammatory signaling further amplifies EGX
injury. Cytokines such as TNF-a and IL-6 activate
sheddases, including MMPs, ADAMs, and hepara-
nase, thereby accelerating glycocalyx degradation
and perpetuating vascular inflammatory responses.

Myocardial ischemia-reperfusion injury repre-
sents a setting of rapid and pronounced EGX dis-
ruption. Reperfusion-induced oxidative stress and
inflammatory activation lead to acute glycocalyx
loss, contributing to capillary leak, microvascular
obstruction, and platelet activation. Experimen-
tal models demonstrate that EGX shedding occurs
within minutes and is associated with impaired mi-
crovascular perfusion, whereas preservation of the
glycocalyx improves vascular integrity and limits
tissue injury [75-77].

In chronic heart failure, particularly heart
failure with preserved ejection fraction (HFpEF),
sustained neurohormonal activation, comorbidity-
driven low-grade inflammation, and oxidative stress
maintain persistent glycocalyx injury [75]. Current
concepts of HFpEF pathophysiology emphasize cor-
onary microvascular endothelial dysfunction and re-
duced NO bioavailability as central mechanisms pro-
moting cardiomyocyte stiffness, interstitial fibrosis,
and impaired ventricular relaxation. Recent clinical
studies further suggest that glycocalyx degradation
may represent an early event in HFpEF development.
Increased circulating levels of glycocalyx-associated
biomarkers, including perlecan and thrombomodu-
lin, have been associated with features of diastolic
dysfunction and adverse cardiovascular outcomes in
patients with HFpEF [76]. Experimental and clini-
cal data demonstrate reduced glycocalyx thickness,
elevated circulating markers of shedding such as
syndecan-1, and impaired mechanotransduction in
patients with heart failure [77, 78].

Overall, EGX disruption in CVD involves the
integration of multiple factors, including hemody-
namic stress, inflammation, oxidative damage, and
enzymatic degradation. Importantly, the glycocalyx
acts not only as a marker of endothelial injury but
also as an active regulator of disease progression,
making it a potential therapeutic target in cardiovas-
cular pathology.

12

Chronic psychological stress and PTSD are in-
creasingly recognized as independent cardiovascular
risk factors, characterized by persistent low-grade
inflammation, oxidative stress, and endothelial dys-
function. Epidemiological studies demonstrate asso-
ciations between PTSD and increased incidence of
coronary artery disease, hypertension, arrhythmias,
and adverse cardiovascular outcomes. These effects
converge on sustained sympathetic activation, ab-
normal hypothalamic-pituitary-adrenal (HPA) axis
activity, and immune dysfunction [60].

We propose that the EGX represents a critical
interface linking stress-related neuroendocrine ac-
tivation to vascular dysfunction. The glycocalyx is
highly sensitive to catecholamines, inflammatory
cytokines, and reactive oxygen species, all of which
are elevated under chronic stress conditions. Stress-
induced neurohumoral surges (e.g., norepinephrine,
epinephrine), together with downstream inflam-
matory signaling, can activate proteases (MMPs,
ADAMS) and glycosidases (heparanase, hyaluroni-
dases), accelerating glycocalyx degradation and ec-
todomain shedding. This results in EGX thinning,
vascular hyperpermeability, leukocyte adhesion, and
microthrombosis — early events in atherogenesis and
heart failure pathogenesis [12].

In addition to neuroendocrine and catecho-
lamine-mediated mechanisms, persistent immune
activation may further contribute to endothelial in-
jury in PTSD [13]. Persistent immune activation is
increasingly considered an important component of
PTSD pathophysiology and may partially explain
the elevated cardiovascular burden observed in af-
fected individuals. Clinical studies have reported
increased circulating levels of inflammatory me-
diators, including C-reactive protein, interleukin-6,
and tumor necrosis factor-a, in patients with PTSD
relative to control populations. These mediators are
closely linked to endothelial dysfunction, oxidative
stress, and progression of atherosclerotic processes,
thereby providing a mechanistic connection between
chronic psychological stress and CVD [79].

In addition to systemic cytokine imbalance,
growing attention has been directed toward innate
immune signaling pathways, particularly activation
of the NLRP3 inflammasome complex. Experimen-
tal models of traumatic stress indicate that NLRP3-
associated signaling may amplify inflammatory
responses linked to both neural and vascular dys-
function [80].

Although direct experimental evidence in
PTSD remains limited, studies in trauma and acute
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stress conditions provide strong support for this hy-
pothesis. Clinical and experimental data demonstrate
that sympathoadrenal activation is closely associated
with glycocalyx shedding and endothelial injury, as
reflected by elevated circulating levels of syndecan-1
and impaired microvascular function [81, 82]. These
findings indicate that catecholamine-driven and in-
flammatory pathways are sufficient to induce rapid
EGX degradation and suggest that similar mecha-
nisms may operate in chronic stress and PTSD.

In PTSD, persistent hyperarousal and sympa-
thetic overdrive likely sustain a pro-shedding en-
dothelial environment. Simultaneous changes in
HPA axis activity, including dysregulated cortisol
signaling, together with elevated pro-inflammatory
cytokines, may further modulate endothelial glyco-
sylation pathways [11]. These changes could alter HS
sulfation patterns and hyaluronan turnover, thereby
impairing barrier integrity and antithrombotic func-
tion. Such mechanisms are consistent with broader
evidence of endothelial dysfunction and increased
cardiovascular risk in PTSD populations [10, 83].

Beyond the vascular surface, chronic stress is
also associated with systemic glycan remodeling.
Immunoglobulin G (IgG) N-glycosylation profiles
shift toward reduced galactosylation and sialylation
with increasing inflammatory burden, enhancing
pro-inflammatory effector functions. Large-scale
population studies have established these glycan
patterns as markers of biological aging, forming the
basis of the “GlycanAge” concept [84]. These bio-
markers are particularly relevant in stress biology,
as glycan remodeling integrates neuroendocrine
and inflammatory signals over longer time scales
(weeks to months), complementing acute markers of
glycocalyx shedding. Together, they provide a dual
perspective on vascular injury: rapid EGX degrada-
tion reflecting acute endothelial stress, and gradual
IgG glycan changes reflecting cumulative biological
aging.

Previous studies have demonstrated an associa-
tion between PTSD and altered 1gG N-glycosylation
profiles, supporting the concept of accelerated bio-
logical aging in individuals exposed to severe psy-
chological trauma [85, 86]. Although exploratory,
these findings support the hypothesis that trauma-
related stress accelerates biological aging through
immune glycan remodeling. When integrated with
existing evidence linking PTSD to CVD, they sug-
gest that GlycanAge, together with circulating EGX-
derived biomarkers (e.g., syndecan-1, HA, HS), may

provide a strategy for improved vascular risk stratifi-
cation and monitoring of therapeutic responses.

Overall, PTSD and chronic emotional stress
appear to converge on an integrated EGX-endothe-
lium—immune glycan axis. Sustained neuroendo-
crine and inflammatory activation promotes gly-
cocalyx degradation and endothelial dysfunction,
while slower glycan remodeling reflects cumulative
stress exposure. Together, these processes may con-
tribute to the excess cardiovascular risk consistently
observed in individuals with PTSD (Fig. 4).

In addition to chronic stress-related mecha-
nisms, acute traumatic injury represents a major
trigger of EGX disruption. Severe trauma, par-
ticularly when accompanied by hemorrhagic shock
and ischemia-reperfusion, is associated with rapid
and extensive glycocalyx degradation [1, 60]. This
process is characterized by increased shedding of
glycocalyx components, including syndecan-1 and
HS, which correlates with injury severity, systemic
inflammation, vascular hyperpermeability, and ad-
verse clinical outcomes. Experimental and clinical
evidence indicates that glycocalyx damage occurs
early after trauma and contributes to microvascular
dysfunction and coagulopathy. In critical illness and
trauma settings, elevated circulating levels of glyco-
calyx-derived biomarkers are consistently associated
with worse prognosis, supporting their role as indi-
cators of endothelial injury and disease severity [87].

5. Therapeutic perspectives on
EGX protection and restoration

Therapeutic strategies targeting the EGX are
being considered for the treatment of vascular dys-
function and CVD. Interventions aimed at limiting
glycocalyx degradation primarily focus on reducing
inflammatory, oxidative, and mechanical stress [8§].
Experimental evidence indicates that antioxidants,
NO donors, and inhibitors of proteases and glycosi-
dases can attenuate EGX shedding and preserve en-
dothelial function [71].

Restorative approaches aim to reconstitute
glycocalyx structure and function. Sulfated poly-
saccharides, HS mimetics, and HA-based therapies
have demonstrated potential in preclinical models to
restore barrier integrity, improve microvascular per-
fusion, and reduce leukocyte adhesion and vascular
permeability [9].

Recent strategies also explore direct restora-
tion of glycocalyx components. Experimental ap-
proaches include administration of HS mimetics,
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sentation of neuroendocrine and inflammatory pathways activated during chronic stress and PTSD, including
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S1P analogues, and plasma-based therapies, which
have been shown to stabilize the endothelial surface
layer and reduce glycocalyx shedding. In addition,
preliminary studies suggest that targeting proteo-
glycan turnover, including modulation of syndecan
shedding or use of recombinant ectodomains, may
represent a potential avenue for glycocalyx restora-
tion, although these approaches remain at an early
experimental stage [89].

Several pharmacological agents already used
in clinical practice may influence EGX integrity in-
directly through their endothelial-protective effects.
Although most of these drugs were not originally de-
signed as glycocalyx-targeted therapies, their ability
to improve NO bioavailability, suppress inflamma-
tory signaling, and modulate vascular permeability
may contribute to preservation of the endothelial
surface layer.
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Among clinically relevant agents, sulodexide
has the strongest direct association with glycocalyx
protection [90]. As a glycosaminoglycan-based drug,
sulodexide may support endothelial barrier function
by promoting glycocalyx reconstruction, reducing
vascular permeability, and attenuating inflammato-
ry endothelial activation. In experimental models of
sepsis-associated endothelial injury, sulodexide at-
tenuated syndecan-1 shedding, restored glycocalyx
integrity, reduced endothelial hyperpermeability,
upregulated zonula occludens-1, and improved sur-
vival in septic animals. These effects were associa-
ted with modulation of NF-kB-dependent inflamma-
tory signaling, supporting the concept that part of
the vascular protective effects of sulodexide may be
mediated through preservation and restoration of the
EGX [91].
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Other widely used cardiovascular drugs may
also contribute to glycocalyx preservation through
indirect mechanisms [92]. Statins exert pleiotropic
endothelial effects beyond lipid lowering, including
enhancement of eNOS-dependent NO production,
attenuation of oxidative stress, and suppression of
inflammatory signaling. Experimental and clini-
cal studies have demonstrated that statins improve
endothelial function, reduce expression of adhe-
sion molecules, and attenuate vascular inflamma-
tion. These mechanisms are relevant to glycocalyx
homeostasis, since oxidative stress, NF-kB activa-
tion, matrix metalloproteinases, and heparanase are
recognized drivers of glycocalyx degradation and
endothelial barrier dysfunction. Therefore, although
direct evidence for statin-induced glycocalyx resto-
ration remains limited, their anti-inflammatory and
antioxidant endothelial effects may reduce the patho-
logical conditions that promote glycocalyx shedding
[8, 9]

Angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers may have a more di-
rect rationale in conditions associated with renin—-an-
giotensin system activation. Excessive activation of
the renin-angiotensin system is increasingly recog-
nized as a contributor to endothelial dysfunction
and microvascular injury. Angiotensin Il promotes
endothelial oxidative stress, inflammation, and im-
paired NO bioavailability, all of which contribute to
glycocalyx damage. Experimental evidence from
diabetic nephropathy models demonstrated that ACE
inhibition with lisinopril attenuated glycocalyx loss
and improved microvascular endothelial integrity,
suggesting a protective effect on the endothelial
surface layer under conditions of chronic metabolic
injury [93]. These findings support the concept that
inhibition of angiotensin 11 signaling may protect the
microvascular glycocalyx, particularly in metabolic
and inflammatory vascular injury.

L-arginine may be considered mainly as an in-
direct endothelial-supportive strategy rather than a
specific glycocalyx-restoring agent. The rationale is
based on its role as a substrate for eNOS. The EGX
participates in shear stress mechanotransduction
through heparan sulfate proteoglycans and glypican-
1-dependent signaling pathways that regulate eNOS

activation and NO production; therefore, impaired
glycocalyx structure and reduced NO signaling are
functionally interconnected [27-29,40]. However,
direct evidence demonstrating restoration of glyco-
calyx structure by L-arginine remains limited, and
its potential relevance should be interpreted through
improvement of endothelial NO bioavailability and
microvascular regulation.

Taken together, these findings support a shift
toward targeting the glycocalyx as an upstream
regulator of vascular health rather than exclusively
focusing on downstream vascular complications.
However, translation into clinical practice requires
further investigation to establish efficacy, optimal
timing, and long-term outcomes.
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Beryn. EnporenianbHui  TIIIKOKalike —
JUHAMIYHUH TOBEPXHEBUH LIap SHIOTENIIO, SKHM
BiJlirpa€e KIIOYOBY pOJib y MiATPUMaHHI Oap’epHOi
(GYHKLIT CyTUHHOT CTIHKH, CHPUHAHSATTI MEXaHIYHUX
CHTHAJIB 13 KPOBOILTMHY, PETYJIALIi 3amajeHHs, Te-
MoOcCTa3y Ta KIITHHHOI curHanizanii. CkiiagHa MoJe-
KYJISIpHA OpraHi3alis IIiKOKaliKcy 3yMOBIIOE HOTo
BHCOKY YYTJIUBICTh 10 €H3UMATHYHOI JAerpaiaii,
OKCHJIATUBHOTO CTpecy Ta il MejiaTopiB 3ara-
JICHHSI, a HOTO YIIKOMKEHHS € OAHHUM 13 KJIIFOUYOBUX
MEXaHi3MiB PO3BUTKY €HIOTeianbHOi AUCHYHKIIT
3a pI3HHUX MNATOJOriYHMX cTaHiB. Merta. Y3araib-
HUTH CyYacHi JaHi mono OyJ0BH €HI0TEeialbHOr0
[JIIKOKAJIIKCY, OIOXIMIYHUX  MEXaHi3MiB  HOro
Jerpajariii, poyii y pO3BUTKY CEepIEBO-CYAUHHUX 1
CTpec-acoliHOBaHUX 3aXBOPIOBaHb, & TAKOX Mep-
CIEKTUBHUX TEPANCBTUYHUX MiJIXOJiB, CIPIMOBA-
HUX Ha 3aXUCT 1 BIHOBJICHHS TJIiKOKaJikcy. MeTo-
au. Orisin aiTepaTypy BAKOHAHO Ha OCHOBI aHaJi3y
93 naykoBuX myOuiKalii, BiiOpaHuX 3a pe3yybTa-
TaMU CUCTEMAaTHYHOTO MOUIYKY B IECSTH €JIEKTPOH-
Hux 0azax ganux. PesyabraT. AHai3 Jiteparypu
MOKa3aB, 10 Jerpaaallis MiKOKaJIiKCy MPU3BOAUTH
J0 TIOpYLIEHHS EeHJOTeiaNbHOi CUTHami3alii 3a
y4acTIO HITPOT€H OKCHAY, MiJABHILEHHS CyIWHHOI
MPOHUKHOCTI, PO3BUTKY €HAOTENiaJIbHOTO 3anaieH-
HS Ta MIKpOCYIMHHOI TUCYHKIIT y pa3i cepueBo-
cynuHHOi natosorii. Cy4acHi JaHi TaKOX CBiI4aTh,
IO XPOHIYHUN TICHXOEMOLIMHMI CTpec 1 TOCT-
TPaBMAaTUYHUN CTPECOBHUM PO3JIaJl MOXKYThb CIpHU-
SITH YUIKOJKEHHIO €HJIOTEJIaIbHOrO TIIIKOKaJIKCy
4yepe3 TpUBally CHMIATHYHY aKTHBAIil0, OKCH-
JMATUBHUN CTpeC 1 XPOHIYHE 3amajieHHS HU3bKOI
iHTeHcuBHOCTI.  OKpiM  [BOTO,  PO3TJISHYTO
CydYacHI MiJXO/IH, CIPSIMOBaHI Ha 30€pPEKCHHS Ta
BIJIHOBJICHHSI I[IJTICHOCTI TJIIKOKAJIIKCY, BKJIHOYa-
FOYM 1HTIOyBaHHS WOro €H3MMHOI jerpajaiii Ta
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CTUMYJISIIIF0 TPOIECIB BiJIHOBJICHHS. BHCHOBKMH.
OTpuMaHi gaHi OOTrpyHTOBYIOTh AOUIIBHICTH CIIPSI-
MyBaHHS TEpAaleBTHUHUX IT1IX0/IiB Ha 30epeKeHHs
Ta BIJHOBJICHHS €HJIOTEJIaJbHOIO TIIIKOKAJIKCY K
KJIFOYOBOT'O PETYNATOpa CYJUHHOTO TOMEOCTasy, a
HE JIUIIC Ha KOPEKI[II0 HACIIJKIB CYAMHHOIO YIII-
KOJKEHHSI.

KnwuoBi CJOBa: €HII0OTEeNIaIbHUN
TIIKOKAIKC, CyAWHHA NPOHUKHICTB, Aerpajaais
TIIIKOKAIKCY, CEpIeBO-CYIMHHI 3aXBOPIOBaHHS,
MOCTTPAaBMATUYHUN CTPECOBUU PO3JIa,.
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