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Abstract

Objectives: Sepsis is a significant cause of morbidity and mortality. Children with sepsis often
have alterations in microcirculation and vascular permeability. Our objective is current evidence
regarding the role of the endothelial glycocalyx as a determinant of capillary leakage in these
patients.

Data Sources: We reviewed PubMed, EMBASE, and Google scholar using MeSH terms
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“glycocalyx”, “fluids”, “syndecan”, “endothelium”, “vascular permeability”, “edema”, “sepsis”,

“septic shock”, “children”.

Study Selection: Articles in all languages were included. We include all studies in animals and
humans related to glycocalyx and vascular permeability.

Data Extraction: Studies in children and adults, as well as animal studies, were included.

Data Synthesis: One of the fundamental components of the endothelial barrier structure is the
glycocalyx. It is a variable thickness layer distributed throughout the whole body, which fulfills a
very important function for life: the regulation of blood vessel permeability to water and solutes,
favoring vascular protection, modulation, and hemostasis. In the last few years, there has been a
special interest in glycocalyx disorders and their relationship to increased vascular permeability,
especially in patients with sepsis in whom the alterations that occur in the glycocalyx are unknown
when they are subjected to different water resuscitation strategies, vasopressors, etc. This review
describes the structural and functional characteristics of the glycocalyx, alterations in patients with
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sepsis, with regard to its importance in vascular permeability conservation and the possible impact
of strategies to prevent and/or treat the injury of this fundamental structure.

Conclusions: The endothelial glycocalyx is a fundamental component of the endothelium
and an important determinant of the mechanotransduction and vascular permeability in patients
with sepsis. Studies are needed to evaluate the role of the different types of solutions used

in fluid bolus, vasoactive support, and other interventions described in pediatric sepsis on
microcirculation, particularly on endothelial integrity and the glycocalyx.
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Sepsis is characterized by an inadequate and progressive response of the organism to an
infection. It is one of the main health problems affecting human beings all over the world,
with costs exceeding 20 billion dollars per year in the United States, which is equivalent, on
average, to 5.2% of all hospitalization costs in that country (1). In spite of multiple efforts
using evidence-based medicine strategies, the average mortality in children continues to be
disturbingly high in developed (19.3%) and developing (31.7%) countries (2, 3).

A fundamental characteristic of the pathophysiologic process associated with sepsis is the
individual’s abnormal immunologic response, where an imbalance in the production of
pro- and anti-inflammatory cytokines is typically seen, leading to significant multisystemic
involvement (4). One of the organs which is usually affected by this involvement in

the initial phases of the disease, in particular by the prothrombotic, inflammatory, and
fibrinolytic phenomena associated with sepsis, is the vascular endothelium. Injury to this
organ leads to increased vascular permeability, vasodilation, and extravasation of fluid from
the intravascular to the interstitial space, producing a state of relative hypovolemia which
affects tissue perfusion pressure and oxygen delivery to the tissues (5, 6).

The structure responsible for helping to control and avoid the exit of this fluid is the
endothelial glycocalyx (4, 5). This layer of proteoglycans and glycosaminoglycans, located
on the intraluminal face of the blood vessels and covering the endothelial cells, plays a
determining role in numerous physiologic processes including inflammation, microvascular
permeability, and endothelial mechanotransduction (i.e. detection and transduction of
mechanical forces) (6-8). However, the precise glycocalyx disruptions in the septic patient,
along with their triggers, recovery, and the possibility of damage secondary to therapeutic
interventions (such as balanced and unbalanced crystalloid boluses, vasoactive medications,
etc.), are unknown. Recognizing the glycocalyx’s role in the pathophysiology of this disease
will allow us to understand it better and proposes a therapeutic approach to sepsis beginning
with the microcirculation rather than the macrocirculation, as is currently done. The goal

of this article is to review the basic science of the glycocalyx and its alteration related to
vascular permeability in patients with sepsis.
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SEARCH STRATEGY AND ARTICLE SELECTION

A systematic literature search in English was performed using the PubMed, EMBASE

and Google scholar using MeSH terms “glycocalyx”, “fluids”, “syndecan”, “endothelium”,
“vascular permeability”, “edema”, “sepsis”, “septic shock”, and “children” between January
1990 and January 2019. A total of 235 articles were found, of which the most relevant ones
were selected: articles which discussed the basic science of the glycocalyx and the clinical
aspects related to vascular permeability, sepsis, biomarkers and therapeutic strategies aimed

at preventing and repairing damage.

Structure of the Glycocalyx: Protective Barrier

The glycocalyx is a fine layer which covers the interior of human blood vessels, from the
capillaries to the arteries and veins, forming an interface between the endothelial cells and
blood stream (7, 9). It was initially described by Luft in 1966 when it was observed in

its totality using electron microscopy and special stains such as ruthenium red and alcian
blue, which permitted the visualization of carbohydrates. With the first stain it is seen as an
amorphous or grainy material, and with the second as a net of fine filaments (Fig. 1) (10).

The glycocalyx constitutes a structural portion of the endothelium which contributes
substantially toward maintaining its integrity (11). Its thickness may vary, depending on

its location and the blood vessels studied, but tends to range from 0.1 to 1 micron. It

has been isolated in endothelial cell cultures beginning the first week of culture, both

under physiologic as well as pathologic conditions, such as those seen in septic patients.
Animal and human models have shown that, under inflammatory conditions, the glycocalyx
takes 5-7 days to begin its recovery, after which it can reestablish its endothelial and
microcirculatory functions (12-14).

The glycocalyx is composed of proteoglycans, glycosaminoglycans, and glycoproteins, as
the nonsoluble, endothelial cell-dependent components (Fig. 2) (13). Of the first component,
50-90% are heparan sulfate proteoglycans (e.g., syndecans, glypicans, perlecans) which

are anchored to the endothelial cell through the transmembrane domain of its protein core
(4, 9). Proteoglycans are considered to be the main axis of the glycocalyx, to which the
glycosaminoglycan chains are joined, leading to the production of soluble proteoglycans,
which are located in the upper portion of this structure. The glycosaminoglycans which

are joined to proteoglycans include heparan sulfate, chondroitin sulfates, dermatan sulfates,
and keratin sulfates. The sulfate and the glycosaminoglycans have given them a negative
charge, enabling electrostatic interaction with plasma proteins. Hyaluronan (hyaluronic acid)
is another glycosaminoglycan which is not sulfated and does not have a negative charge (it
is not joined to the transmembrane protein) but interacts with other glycosaminoglycans to
retain water and stabilize the gel-like structure of the glycocalyx. As shown in Figures 2 and
3, proteins such as albumin, fibrinogen, thrombomodulin, antithrombin I11, and fibronectin,
as well as cell adhesion molecules, can interact with the glycosaminoglycans, and this
interaction may be responsible for many of the functional properties of these proteins.
Hyaluronan is synthesized and degraded at a rate of 5 grams/d (14-16).
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The glycoprotein component is dominated by cell adhesion molecules (e.g. E-selectin,
P-selectin, integrins), as well as protein complexes relevant to hemostasis (glycoprotein
Ib-1X-V complex, which binds to the von Willebrand factor and P-selectin), mediating
the interaction of the platelets with the activated endothelial cells (17). Microenvironment
disruptions such as pH modification or the elevated temperature which occurs in septic
patients may affect these fundamental components of the glycocalyx and magnify the
severity of the disease.

In addition, the glycocalyx has a soluble component which interacts with those anchored to
the endothelial cell in order to give good stability, being in dynamic equilibrium with the
blood flow, and dependent on special microenvironmental conditions such as pH and the
production of membrane-bound elements by the Golgi bodies and endoplasmic reticulum
of the endothelial cell (14). The soluble component of the glycocalyx is made up of a
broad range of molecules, such as proteins and proteoglycans, which are produced by the
endothelium or come from the systemic circulation. They may bind to the component
joined to the endothelial cell through receptors or enzymes (fibroblast growth factor
receptors, lipase lipoproteins, and low-density lipoproteins) or also by binding to the
glycosaminoglycans, especially heparan sulfate, which has numerous protein binding sites
due to its specific patterns of sulfation, as was previously explained (18, 19).

The Glycocalyx’s Role in Vascular Permeability

From a functional perspective, the glycocalyx acts as a protective layer of the endothelial
cell; it also regulates the permeability of various molecules into and out of the endothelial
cell, as well as the processes associated with glomerular filtration. It is a fundamental
element in vascular mechanotransduction (i.e. the detection and transduction of mechanical
forces) and also acts in hematocrit regulation (i.e. blood flow toward the capillaries),
processes of cellular adhesion to the endothelium (i.e. of platelets and leukocytes), and
hemostasis (20-22). Accordingly, the glycocalyx is thought to contribute to leukocyte
migration through endothelial cells in patients with sepsis, which has been proven in
pulmonary sepsis models. Lipopolysaccharide may be a useful tool for triggering glycocalyx
degradation. This damage exteriorizes intercellular adhesion molecule (ICAM)-1 and/or
vascular cell adhesion molecule 1 (VCAM-1) in the blood vessel lumen, which facilitates
the interaction of leukocytes with the endothelium. The rolling leukocytes on the vessel wall
may be seen in sepsis models where the leukocytes are labeled with rhodamine 6G, which
helps to understand the importance of the glycocalyx in the various phases of leukocyte
transmigration from the blood vessels to the site of infection (23-25) (Table 1).

One of its most important functions is regulation of permeability to water and solutes (20,
21). Using special enzyme and dextran application techniques to degrade the glycocalyx,
Van Haaren et al (22) showed that this structure is responsible for changes in water
permeability caused by tension forces, and, when intact, is responsible for protecting
against edema and protein filtration. Likewise, Henrich et al (8) have demonstrated that
some proinflammatory cytokines (such as tumor necrosis factor alpha, which is elevated in
patients with sepsis) may injure the glycocalyx, thus increasing vascular permeability and
affecting tissue perfusion.
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By the same token, the glycocalyx is known to play an important role in the
mechanotransduction of forces applied to endothelial cells due to blood flow, especially
stress and shear forces, which are fundamental determinants of endothelial morphology

and functionality (15, 31-34). It appears that all of the glycocalyx’s components carry out
this function together, as a whole. However, heparan sulfate and hyaluronic acid play a
fundamental role in the detection and amplification of shear forces caused by blood flow,

as shown by Mochizuki et al (19). This author and his group demonstrated, in a canine
model, that the release of nitric oxide from the endothelial cell is regulated in part by the
endothelial glycocalyx, conditioning a change in its structure related to shear-stress forces.
This indicates that the glycocalyx has vasculoprotective effects which are mediated by the
release of nitric oxide from the endothelial cell, facilitated by shear-stress forces, and the
inhibition of leukocyte adhesion as well as by the activation of coagulation under various
physiologic and pathologic circumstances, such as may occur in patients with sepsis (24, 26,
35, 36). Under inflammatory conditions, the activation and/or externalization of proteases

or glycosidases can lead to the degradation of the glycocalyx through the digestion of
proteoglycans and/or glycosaminoglycans. Loss of the endothelial glycocalyx, or glycocalyx
shedding, may facilitate ligand-receptor interactions that promote the adhesion of leukocytes

().

Likewise, the glycocalyx also regulates the passage of macromolecules, such as high-density
lipoproteins and albumin, toward the extravascular space (12, 35, 35). The most superficial
portion of the glycocalyx has a negative charge, related to the glycosaminoglycans (some
acidic mucopolysaccharides) which contain a large quantity of carboxyl groups and sulfates.
Many of the proteins found in plasma, such as albumin, also have a negative charge, which
causes the glycocalyx layer to generate electrostatic repulsion to them, thus impeding their
passage into the interstitial space. This situation is influenced in part by the thickness of the
glycocalyx, which changes according to the blood vessel region in which it is found (25).
Recently, Ueda et al (24) found that the passage of aloumin out of the intravascular space

in a bovine endothelial cell culture, related to increased exogenously applied shear-stress
forces, depends on the thickness of the glycocalyx and its superficial negative charge.

According to these considerations, the glycocalyx plays a fundamental role in the

passage of fluid and macromolecules from the intravascular space to the interstitial and
intracellular spaces (Fig. 3) (31). With its discovery, the capillary theory proposed by the
British physiologist Ernest Starling in 1886 has been reformulated and, to some extent,
complemented. In this regard, with the current evidence, it is thought that blood flow in high
intravascular pressure blood vessels is maintained, thanks to tight endothelial junctions and
the oncotic pressure gradient produced by the glycocalyx by virtue of its negative surface
charge. On the other hand, in low pressure blood vessels, there is a highly effective exchange
of nutrients and waste products due to the free passage of the plasma constituents toward
the cells, thanks to the low hydrostatic and oncotic pressure gradients determined by the
glycocalyx (32).

In this regard, some authors, based on modern technology, have suggested that Starling’s
Law does not fully explain some physiologic findings such as the fact that there is no venous
fluid reabsorption, the interstitial protein concentration has little effect on fluid flux, and
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the transcapillary flow rate is lower than previously thought (31-33). These findings and the
understanding of the role of the glycocalyx in vascular permeability suggest that this theory
should be updated, specifically in the following aspects:

1

Experiments have found that although there is an initial transient capillary
response, in which the liquid is seen to be absorbed following a sudden drop

in luminal hydrostatic pressure, this changes rapidly again to outward filtration,
even in the venous end of the capillary (33).

The subglycocalyx space is a small protein-free zone located between the
glycocalyx and the endothelial cell (Fig. 1). This zone creates a gradient with the
luminal osmotic pressure, contrary to what was formerly believed, that there was
a gradient between the luminal osmotic pressure and the subglycocalyx osmotic
pressure (31, 33). The original Starling theory assumes that the interstitial
osmotic pressure is lower than the luminal osmotic pressure. This concept
warrants being reevaluated. The physiologic extravasation of plasma proteins
through large pores located in the venule segments of the capillaries causes the
interstitial osmotic pressure to be very similar to the luminal osmotic pressure. It
is suggested that the movement of fluid across the endothelium explained by the
classical Starling Principle may be updated to the following formula (9, 33):

v A =Lp[(P; — Pj) - 6(r, — mg)]

where JV/A is the outward filtration force for a given area, Lp is the membrane
hydraulic conductivity (i.e., how hard or easy it is for the liquid to pass through
the medium by unit of area transverse to the direction of flow), Pc is the

luminal hydrostatic pressure, Pi is the interstitial hydrostatic pressure, o is the
macromolecule reflection coefficient of the membrane, m is the luminal osmotic
pressure, and mg is the subglycocalyx osmotic pressure. This mg is very low with
respect to m; thus, the osmotic pressure gradient is close to ¢ (9, 33).

The endothelial glycocalyx is a significant determinant of hydraulic conductivity
because it reduces Lp by mechanically resisting fluid flow. It also affects Lp

by being a mechano-transducer of the forces induced by shear-stress which
stimulates the endothelial cell to release nitric oxide and alters junctional
proteins resulting in an increase in Lp (31, 32).

Glycocalyx Alterations in Sepsis

The pathophysiologic processes in the septic patient are multicausal and quite complex
(1). At the microcirculation level, there is often endothelial dysfunction with glycocalyx
damage in the initial phases of sepsis (3). The loss of this barrier conditions the activation
of coagulation, capillary leakage, and leukocyte contact with the endothelium through the
up-regulation of ICAM-1 and VCAM-1 which facilitate neutrophil adherence, clustering
and migration out of the intravascular space, in an effort to control the ongoing infectious
process. In addition, at the endothelial level, nitric oxide synthase is activated, leading to
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nitric oxide release with its consequent vasodilation, a characteristic frequently seen in
patients with sepsis (4, 18, 27).

In addition, the release of proinflammatory cytokines facilitates the activation of enzymes
such as heparanase 1 which plays a fundamental role in the conversion and cleavage

of heparan sulfate from the glycocalyx proteoglycans. This enzyme is synthesized as an
inactive precursor of 65 kDa which undergoes proteolytic cleavage, yielding 8 and 50 kDa
protein subunits that heterodimerize to form an active enzyme, heparanase (38, 39). This
enzyme is also implicated in neovascularization, inflammation, and autoimmunity, involving
migration of vascular endothelial cells and activated immune system cells. When cleaved,
these become smaller molecules (50 kDa) with potent damage-associated molecular patterns
(DAMPS) activity (39, 40). These are endogenous signs of damage which are produced
during inflammatory processes by live injured cells or on cellular death with a necrotic
pattern. Likewise, animal models of lipopolysaccharide-induced sepsis have demonstrated
by both electron and intravital microscopy that there is glycocalyx damage and increased
vascular permeability, which is associated with elevated glycocalyx injury biomarkers such
as syndecan-1 (28).

Likewise, this inflammatory response increases the endothelial cell’s porosity and favors the
paracellular movement of albumin toward the interstitial space leading to increased oncotic
pressure outside of the intravascular space. This facilitates the development of edema and
capillary leakage, a phenomenon frequently seen in septic patients (24). This situation may
be magnified depending on the type of liquid used in fluid resuscitation. Clinical studies are
needed to evaluate the effect of different crystalloid bolus regimens on glycocalyx integrity.
Fluid resuscitation with crystalloids to repair macrohemodynamic disruptions increases the
pressure in the intravascular space and contributes to transcapillary fluid leakage which
leads to greater interstitial edema, as demonstrated by Bark et al (34) in an animal model.
These authors, in a sepsis model, showed that 0.9% saline solution boluses administered

in 15 minutes increased plasma volume to a lesser degree than a continuous infusion of

4% albumin over 3 hours, due to its rapid passage toward the interstitial space because

of the endothelial dysfunction associated with sepsis (34). These findings suggest that the
volume of colloids needed to sustain normovolemia could be lower when administered

as a continuous infusion rather than as boluses. The explanation for this could be related

to the stabilization and progressive recovery of the glycocalyx triggered by the colloids,
which would improve the negative charge of the heparan sulfate optimizing the intravascular
oncotic pressure and thus improving microcirculation volume, tissue perfusion pressure, and
oxygen delivery to the tissues, as was recently suggested by Torres et al (35) in an animal
model of hemorrhagic shock (36).

Similar results have been found in humans related to glycocalyx damage. Steppan et

al (26) evaluated glycocalyx abnormalities in postoperative abdominal surgery patients,
healthy subjects, and people with a sepsis diagnosis. In a total of 150 individuals, of whom
104 had severe sepsis principally of pulmonary etiology, they found significantly elevated
inflammatory mediators such as interleukin-6, ICAM-1, and VCAM-1 compared with the
other groups, while postoperative patients only had elevated interleukin-6. However, when
they assessed markers suggestive of glycocalyx injury, such as syndecan-1 and heparan
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sulfate, they found that these were significantly elevated in septic and surgical patients
compared with the healthy controls.

The glycocalyx cannot be seen in vivo, which is why special techniques and equipment
have been developed to visualize the space between the erythrocytes and the endothelium

in sublingual and retinal vessels, thus determining the breadth of the glycocalyx (4, 13).
More recently, the measurement of fundamental components of the glycocalyx by enzyme-
linked immunosorbent assay techniques (such as syndecan-1, endocan, and heparan sulfate)
has been employed (27, 38-40) along with sublingual videomicroscopy measurement.
Recently, a model of patients with sepsis showed that there can be glycocalyx involvement
without evident damage of other variables that would indicate microcirculation involvement
suggesting that the measurement of glycocalyx components may be useful as early
biomarkers of endothelial damage in sepsis (27).

THERAPEUTIC STRATEGIES FOR PREVENTING GLYCOCALYX DAMAGE

As has been discussed, the endothelial glycocalyx is injured in patients with inflammatory
disorders, especially in patients with sepsis. It is very important to recognize this

situation because frequently therapeutic efforts are aimed exclusively at managing the
macrocirculation, without taking into account that the microcirculation is very altered (39).
In this regard, the consideration of a good, rational resuscitation of this microcirculation
based on the ongoing pathophysiologic alterations could contribute to better outcomes.

Research studies have been carried out from different perspectives. Recently, sulodexide
has been described, which is a mix of glycosaminoglycan precursors, with 80% heparan
sulfate and 20% dermatan sulfate, obtained from porcine intestinal mucosa (28, 41,

42). Sulodexide acts as a heparanase inhibitor, blocks the release of leukocyte matrix
metalloproteinases (MMPs), inhibits interleukin-6, stimulates lipoprotein lipase activity and
modulates coagulation/fibrinolysis. It is therefore considered to be an anti-inflammatory and
antithrombotic medication (41). Gambaro et al (42) have demonstrated that this medication,
administered for at least two months, reverses the kidney injuries established in diabetic

rat models, increasing the glycocalyx thickness, stability, and function. Recently, Song

et al (16), in an animal sepsis model, demonstrated that this medication accelerates the
regeneration of the glycocalyx with better control of vascular permeability and improves
survival when it is administered 2 hours after inducing the disease.

Research studies on patients with sepsis have focused on taking preventive measures to
avoid greater injury because when physicians are faced with this disease, usually the
damage to the glycocalyx is already ongoing. In this context, it has been shown that
maintaining a good level of plasma proteins, especially aloumin, promotes the restoration

of the endothelial glycocalyx and the progressive recovery of its functions, thus avoiding
greater blood vessel damage due to inflammatory cell adherence and migration (34). An
animal model has shown that a low-protein environment produces a complete absence of the
endothelial glycocalyx, caused by damage to the MMPs which are responsible for damage
to the fundamental components of the glycocalyx. The protective effect of the proteins
could be mediated by a substance joined to them, which is a lipid mediator known as
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sphingosine 1-phosphate. This mediator inhibits MMPs through its receptor located in the
cell membrane, preventing endothelial glycocalyx shedding. RBCs and platelets are the
main sources of sphingosine-1-phosphate in humans, and it has been demonstrated that, in
the absence of albumin, this lipid mediator is released up to 25 times less from these cells
(18).

In this regard, studies in animals with 20% albumin infusions have shown that they attenuate
glycocalyx damage in models of ischemia/reperfusion of transplanted organs, decreasing
interstitial edema, and increased leukocyte adhesion following cold ischemia (29, 43).
Likewise, Job et al (44) recently demonstrated, in a bovine endothelial cell model, that

the use of exogenous albumin can improve glycocalyx thickness and decrease its stiffness,

a phenomenon which in clinical practice can help control the capillary leak syndrome and
edema seen in septic patients. Studies in humans are needed to demonstrate that continuous
albumin infusions can aid endothelial glycocalyx recovery.

Finally, fluid resuscitation plays a fundamental role in the glycocalyx’s preservation and
injury (29, 44). The administration of balanced and unbalanced solution boluses is the
cornerstone of the initial treatment of patients with sepsis and is part of the sepsis bundle
which has proven to have an important effect on clinical outcomes in various studies (1, 45).
The number, composition, and duration of administration of these boluses we consider may
be factors which influence the stability of the glycocalyx and may contribute to its injury
and be a significant determinant of greater inflammation. This could be one of the possible
biological explanations for why crystalloids spend less time in the intravascular space,
temporarily recovering tissue perfusion pressure but with limited and transient clinical
effects as recently demonstrated Long et al (46). These authors found that following fluid
bolus therapy in children with sepsis the cardiac index improved 18% at 5 minutes, but
after 60 minutes, it decreased 6% with respect to the baseline, suggesting that its effect was
transient and it rapidly passed to the interstitial space. Studies are needed to evaluate the
effect of fluid resuscitation in children with sepsis on the endothelial glycocalyx and the
clinical consequences which could be associated.

In a normovolemic hemodilution model, Chapell et al (21) recently found that following the
administration of a 20 cc/kg bolus of 6% hydroxyethyl starch 130/0.4, there was a 100%
increase in atrial natriuretic peptide (ANP) levels. This was significantly associated with an
80% increase in syndecan-1 and hyaluronan, with greater interstitial edema and capillary
leakage, suggesting that hypervolemia increases the release of ANP and causes enhanced
shedding of the endothelial glycocalyx.

FUTURE DIRECTIONS

The endothelial glycocalyx is a fundamental structural part of the endothelium and is
responsible for maintaining the flow and dynamics in perfect equilibrium within the
intravascular space. It is affected by acute and chronic inflammation, hyperglycemia and,
especially in septic patients, is responsible for capillary leak syndrome. A rapid diagnosis
using biomarkers such as syndecan would permit the development of therapeutic strategies
aimed at controlling the so-called endothelial failure syndrome, where glycocalyx injury
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and involvement plays a fundamental role in its clinical spectrum and severity. Studies are
needed in patients with severe sepsis and septic shock to determine which medications have
a direct effect on glycocalyx recovery and regeneration as well as the effect of balanced and
unbalanced solution boluses and endothelial integrity and its relation to clinical outcomes.
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Figure 1.

Electron micrograph of a goat coronary capillary stained with alcian blue. Courtesy of B.M.

van den Berg, Leiden University Medical Center, The Netherlands.
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Figure2.

An approximate graphic representation of the glycocalyx. A, A graphic representation of
the healthy glycocalyx and its relation to vascular structures and plasma proteins. B, An

enlargement of the image. The proteoglycans are shown, principally syndecan with its

transmembrane protein core joined to the glycosaminoglycans (GAGS) and interacting with
proteins such as albumin (ALB-green). The other glycocalyx component is also shown as

the glycoproteins (adhesion molecule).
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Figure 3.
Glycocalyx damage and increased permeability in sepsis. The figure depicts the passage

of molecules and fluids through the damaged glycocalyx as well as the release of

its degradation products (syndecans) into systemic circulation. A platelet, RBC, and
macrophage are shown interacting with plasma proteins (green points) and the glycocalyx.
Green points represent the transendothelial migration of proteins when the glycocalyx is
injured.

Pedlatr Crit Care Med. Author manuscript; available in PMC 2022 May 09.




Page 16

Fernandez-Sarmiento et al.

aWN|oA 8y “Auferiow e3dsoyur Yum pajeldosse si pue

T-UBJBPUAS

SPINI} Al 0 8WNJOA 8y} YIM

(0g)

3o0ys a11das pue sisdas ul $In290 uolepelBap XA[ea0dA|9 ‘aley|ns ueledaH paje1o0sse s uoirepelfiap XA|e200A|9 00T 6102 synpy  uewnH |e 10 [9a1suaddiy
6
82—t Bulybram
‘Ajigeawlad Jejnasen Bunoaye suoioeiaiul MM 0T-8)
|e113Y10pua—a)A20xNa| Ul 8sealdul Ue pue uisjoid 8102 T-UBIBPUAS (ueder ‘exonziys
T-UedapuAs ay Jo Buippays Ag paluedwodde ‘xA[ea0dA|6 ‘Adoasoloiw [elinesul ‘|apow s1sdas OAIA Ul ue ‘au] ‘7S ueder)
ay1 Jo uonepelbap o1bojoydiow paonpul-sisdas a1ansS  pue AdoosoJolw U081 Ul XA[ed02A|6 [eljaylopus ay) arenjens 9z 1102 20IW o/gvg  ewiuy  (BZ) e 19 eYoRIeY]
'sisdas
u1 aouepodwir onnadesayy pue onsouboud J1ay) se Jjam
se ‘Juawredw Jejnasenodiw pue abewep xA[ea0dA|6 ‘sisdas
30 diysuoIre[al 8y} [aABIUN 0} papasu aJe sjuaiied U1 UOIIOUNYSAp UOIIRINJI20II1W
111 A|1e211112 Ul Sa1pn1s Jayun4 "siajawered Snsuasuod Adoasouo1w 32104 10 sJa1awe.ted paysi|gelsa pue
|eaisse]d Aq painseaw se jusw.redwi A101e|no4100101W olWwoje pue [enburjgns suolsuawip xA[ea02A|6 usamiaq
10 Apuapuadapui Jn220 ued abewep XA[e209A|1D ‘Ad02so0Jo1W08pIA SUOIeI0SSE 3y} a1ebIIsaAu| o7  6T0Z synpy  uewnH (82) e 10 senoy
"ayey|ns
ueJseday ‘T-uedapuAs
‘g-upynajJaiul
‘T-8|N23J0W UoISaype
39 Jejnosen
‘T-8]NJ3joW UoIsaype ‘A1abins [euiwopae Jofew Buimojjoy
‘awoIpuAs yea| Asejjides ayy urejdxa pjnod yaiym ‘A1sbins  rejn|aolalul :siaylewolq sjuaired pue s1aajunjon Ayyjeay
Jeurwopge Jofew Buimojjoy pue sisdas yym siuaiyed Ainlur xA[e202A|6 yum patedwod sisdas yim syuaiyed
Ul punoy aam siayewolq abewep xA[ea02A|6 parens|3 pue Alojewiwejjul u1 abewep xA[ea09A|6 arenfens 0ST T102 synpy  uewnH  (22) [e 19 ueddais
"abexes) Arejjides se |jam se uoisaype [1ydolinau SIoAe) ‘|apow sisdas e
puUE S3|NJ3JOW UOISAYPe 89eLINS [eI[ay1opus JO uolssaldxa u1 abexes) Alejjided pue uonewwejul
3} Sasealoul umopsealq xA[eaodA|h ferjpyiopus AdodsoJolw [eiAeU]  Ylm pareldosse si abewep XAe20dA19 eV 2102 IN  Jewiuy  (SZ) [e 19 IpIWYdS
'SSaJIS aAlrepIXo Bulinp
abewep xA[e209A|6 sI 218y "SalIdLe |[ews palejos! “XA1e209A16 a8y}
Ul WiN1[3YI0pUa 8y} JO 3pIS [eUIWN| 3Y} UO S3IN|0S 0} 10 sanadoud Aujigeswuad [erjayiopua (6 052-002 (z2)
Janreq Aujigeawad e Jo aduasald ayy pajesisuowaq Ado2souo1w uoda|3 pue odsues) 31n|0s ay sulwIalRdg ¥Z €002 ybram) sjes sfe|y  [eWIUY |e 19 uaJeeH UeA
"9PIX0 ILIIU PAALIBP-WINI[BYIOPpUD '$3010} SS8U1S-1eays |el1jayiopua
s1a66113 1Y) poojq Buimoly Jo 82104 Jeays ayy BuiAyrjdwe 0} asuodsai ur uononpoid apIxo dLHU (B
pue Bunoalap ui ajo4 [ejonld e Aejd xAe209A|6 10 1366113 [e21URYIBW pUE JOSUSS B Se 2€-0T Buiybram) (6T)
3y} urynm sueaA|BoulwesodA|b pioe oluoinfeAH UOIIRJIUSIU0D SN XA[e209A16 8y} Jo aj01 8y} ajebiisanu| 1€ €002 sbop Jnpy  Jewliuy Ie 18 YNZIY2oN
'suonoe oluabolbueo.d "asuodsas Aloyewwejjul
INOYNM INg ‘UOITRWIWE}JUI Ul UONdNpPal e ybnoiyy 3y} UM UOIIRII0SSE S} pue
S|apoW UOIIUNYSAP JejnaseA paonpul-eILSX0Iopus Ul ‘|]apouw sisdas e Ul UoI1e|Na190401W
T-unaiodoibue-T-uljLew Jo uoneasiuiWpe Buimojjoy Uo aAIeALIap T-unalodolbue ue m
s|apouw sisdas ul uor9a104d UOITRINDIIN0IdBW S| 8I8Y | Adosouoiw feynenu| 10 S198a aInoe ay} ajebnsanu| vz 2102 0T—.) DIW BRIN  [ewiuy (92) e 18 LYY
'SUOIIN|OS UOIShyuI [ePI0]|0d
'SPI0]|02 pUB J3)em 10} 10 UOI1BSeARIIXD 8U} 10} XA[2200A|6 6 052-00z yb1am
Jarlreq 1us1adwon e se sjoe xA[e209A|6 |eljayiopus ay L Adoosoloiw uoJ128|3  [el1jayIopua ayl uo 1oedwi ay) arenjens /T 002 sBid eauing  ewiuy (5) 1e 18 wyay
suosnPUoD oWl Insea N oA [0 aziS Teap uolre|ndod Apnis S90UR BJBY
XA[e200A |9 a|dwes Apnis JjoadA1L

Author Manuscript

Author Manuscript

JejnaseA pasealou] pue sisdes ul Ainfu xA[ea09A|19 Bulpiebay s3Iy Ule|A

‘T31avl

Author Manuscript

Author Manuscript

available in PMC 2022 May 09.

Pedlatr Crit Care Med. Author manuscript



Page 17

Fernandez-Sarmiento et al.

‘uonepesfap
XA1e202A16 Jo 8a1Bap ayr yum pajerdosse Ajpuapuadapul
S1 UoIeNosnSal sisdas BuLnp palaisiulwpe spinjy Al 4o

"uoIeISNSaI
sisdas AjJea Burinp paaisiuipe

suosnpUOD

uoire|ndod
Apnis

Apnig
joadA1L

SNec](efo) ZIS  IesA
a|dwes

JuswR Inses
XA[e202A|19

S0UB BPRY

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Pedlatr Crit Care Med. Author manuscript; available in PMC 2022 May 09.



	Abstract
	SEARCH STRATEGY AND ARTICLE SELECTION
	Structure of the Glycocalyx: Protective Barrier
	The Glycocalyx’s Role in Vascular Permeability
	Glycocalyx Alterations in Sepsis

	THERAPEUTIC STRATEGIES FOR PREVENTING GLYCOCALYX DAMAGE
	FUTURE DIRECTIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	TABLE 1.

