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Abstract

The glycocalyx is a ubiquitous structure found on endothelial cells that extends into the vascular lumen. It
is enriched in proteoglycans, which are proteins attached to the glycosaminoglycans heparan sulfate,
chondroitin sulfate, dermatan sulfate, keratan sulfate, and hyaluronic acid. In health and disease, the
endothelial glycocalyx is a central regulator of vascular permeability, inflammation, coagulation, and cir-
culatory tonicity. During sepsis, a life-threatening syndrome seen commonly in hospitalized patients,
the endothelial glycocalyx is degraded, significantly contributing to its many clinical manifestations. In this
review we discuss the intrinsically linked mechanisms responsible for septic endothelial glycocalyx
destruction: glycosaminoglycan degradation and proteoglycan cleavage. We then examine the conse-
quences of local endothelial glycocalyx loss to several organ systems and the systemic consequences
of shed glycocalyx constituents. Last, we explore clinically relevant non-modifiable and modifiable factors
that exacerbate or protect against endothelial glycocalyx shedding during sepsis.
� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The glycocalyx is a ubiquitous structure on the
apical membrane of endothelial cells, extending
0.5 to 4.5 mm into the vascular lumen depending
upon the vascular bed [1,2]. The glycocalyx is
enriched in membrane-bound proteoglycans
(PGs), which are proteins attached to the gly-
cosaminoglycans (GAGs) heparan sulfate, chon-
droitin sulfate, dermatan sulfate, keratan sulfate,
and hyaluronic acid [3]. First visualized within capil-
laries of the mouse diaphragm in the 1960s, the
endothelial glycocalyx was originally thought to be
functionally insignificant [4], however, over the last

five decades it has become recognized as a key
mediator of endothelial function.
In normal physiologic states, the endothelial

glycocalyx has a variety of roles. Many GAG
chains within the glycocalyx are highly-sulfated,
conferring negative charge and creating an
endovascular barrier that limits vascular
permeability [3]. This barrier function also restricts
circulating cells (e.g., neutrophils and platelets)
from interacting with endothelial cells, thus affecting
inflammation and coagulation [5,6]. Additionally,
glycocalyx deformation, which can be caused by
increased intravascular shear forces, induces
endothelial nitric oxide-mediated vasodilation [7].
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In states of stress or disease such as sepsis [8],
acute lung injury [9], ischemia–reperfusion injury
[10], hyperglycemia [11], and hypervolemia [12]
the endothelial glycocalyx is degraded, inducing
significant pathophysiologic consequences includ-
ing capillary leakage and edema, progressive
inflammation, platelet aggregation, coagulopathy,
loss of vascular tone and responsiveness, and ulti-
mately end organ damage and possible death [13].
This review seeks to summarize existing knowl-

edge concerning the mechanisms responsible for
sepsis-related endothelial glycocalyx degradation
and their subsequent local and systemic
consequences. Furthermore, we explore how
these mechanisms may be unwittingly amplified by
common and potentially modifiable interventions
(such as intravenous fluid resuscitation) routinely
performed during the care of septic patients.

Endothelial glycocalyx degradation
during sepsis

Sepsis has been recognized for thousands of
years [14], yet only within the past few decades
has there been significant progress in our under-
standing of its pathophysiology. Sepsis is charac-
terized by life-threatening organ dysfunction
caused by a dysregulated host response to infection
[15]. While its early recognition and our clinical
approach have improved over time, sepsis contin-
ues to have a profound global impact [16,17].
In the last two decades, there have been

substantial advances in our understanding of the
importance of glycobiology to sepsis. These have
been driven by a rapidly growing, highly-
collaborative scientific community in the field, the
development of innovative methods to measure
the endothelial glycocalyx in vivo [9,18-21], and a
technical revolution in the isolation and measure-
ment of glycosaminoglycans in biologic tissues
(for a comprehensive review of these techniques
see [22]). Due to these advances, it has recently
been discovered that during sepsis the endothelial
glycocalyx is degraded. This phenomenon has
been observed in numerous human and pre-
clinical studies [23]. For example, Nieuwdorp et al.
administered low doses of a bacterial endotoxin
(Lipopolysaccharide, LPS) to human volunteers
and found decreases in the thickness of the sublin-
gual glycocalyx as measured by orthogonal polar-
ization spectroscopy from 0.6 to 0.3 mm [21].
These measurements correlated with increases in
plasma levels of glycocalyx-derived GAG con-
stituents, suggesting that luminal glycocalyx degra-
dation, rather than internalization, was responsible
for thinning during sepsis [21]. Consistent with
these clinical findings, Kataoka et al. reported the
glycocalyx in septic mice to be 0.98 nm compared
to 70.68 nm in matched controls via electron micro-
scopy [20].

Mechanisms of endothelial glycocalyx
degradation during sepsis

Endothelial glycocalyx degradation during sepsis
occurs via two linked “sheddase” mechanisms:
GAG degradation and core PG cleavage (see
Fig. 1). During sepsis, both GAG oligosaccharides
[24] and PG extracellular domains (ectodomains)
[25,26] circulate, but the precise interplay between
GAG degradation and PG cleavage underlying
endothelial glycocalyx degradation remains incom-
pletely understood.
Heparanase-1 (HPSE1), the enzymatically active

form of the proenzyme proheparanase, is the only
identified mammalian enzyme capable of
degrading heparan sulfate polysaccharides into
shorter chain oligosaccharides [27-29]. It is also
the lone GAG-sheddase known to be activated dur-
ing sepsis. Prior to recognition of its importance to
sepsis, HPSE1 had been found to be a key patho-
physiologic mediator in cancer and inflammatory
disorders [27,30]. Both preclinical and clinical stud-
ies have established the central role of HPSE1-
mediated heparan sulfate degradation to septic
endothelial glycocalyx degradation [9,31-33].
Heparanase-2 (HPSE2), a molecule with significant
homology to HPSE1 that lacks glucuronidase activ-
ity, directly inhibits HPSE1 [34,35]. Since this dis-
covery, it has been hypothesized that the relative
expression (and/or activity) of HPSE1 to HPSE2
may determine the degree of heparan sulfate shed-
ding and subsequent glycocalyx collapse during
sepsis [36].
Hyaluronan, which can be degraded by six

different hyaluronidases, is unique in that it is
unsulfated and not covalently bound to
proteoglycans [37,38]. It is an important component
of the glycocalyx due to its ability to form complexes
with proteins and other sulfated GAGs, helping to
maintain structural stability [39]. Patients with sepsis
have higher serum levels of hyaluronan than non-
septic patients and urine hyaluronan levels predict
both renal failureandmortality in patientswith sepsis
[40,41]. While increases in circulating hyaluronan
during sepsis have been described, upregulation of
endogenous hyaluronidases has not been reported.
Several pathogenic microorganisms are known to
produce hyaluronidases, but these pathogen-
derived enzymes have not been shown to directly
contribute to glycocalyx degradation nor circulating
hyaluronan levels during sepsis [42-44].
Less is known about the circulation of chondroitin

sulfate, dermatan sulfate, and keratan sulfate during
sepsis. Urinary chondroitin sulfate levels are
elevated and predictive of outcomes [41], but no
chondroitin sulfate-directed sheddase has been
found to be involved in sepsis. Several chondroitin
sulfate PGs (i.e., syndecans, decorin, and thrombo-
modulin) are elevated, whichmay account for eleva-
tions in circulating chondroitin sulfate as measured
by GAG isolation and mass spectrometry, a tech-
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nique that is unable to routinely distinguish between
free andPG-boundGAGs [25,45]. Dermatan sulfate
and keratan sulfate levels have never been directly
measured during sepsis, but it is likely that proteo-
glycans containing these GAGs are shed from the
endothelial glycocalyx during sepsis. If these GAGs
are indeed freely circulating, candidate sheddases
include hyaluronidases, testicular hyaluronidase
(SPAM1, [46]), and/or non-specific degradation by
reactive oxygen species [47].
Like GAGs, PG ectodomains have also been

found to be released from the endothelial
glycocalyx during sepsis. Matrix
metalloproteinases (MMPs) and members of the A
Disintegrin and Metalloproteinase (ADAMs)
enzyme family are zinc-dependent
endopeptidases that share many characteristics
with one another including their roles in
inflammation and their ability to cleave PGs from
the endothelial glycocalyx [48]. Plasma concentra-
tions of MMPs correlate with severity of sepsis
[49,50] and their inhibition confers protection
against sepsis [51,52]. While 24 mammalian MMPs
are known to exist, only MMPs �7, �9, and �13
have been directly implicated in PG shedding during
sepsis [53-56]. Members of the ADAMs family are
proteases that are similarly upregulated during sep-
sis with levels correlating with severity and out-
comes [57]. ADAM15 cleaves PGs of the
endothelial glycocalyx in pre-clinical models of sep-
sis and in ex vivo preparations of human lungs per-
fused with LPS [58]. ADAM17 may also be involved
in degradation of the endothelial glycocalyx during
sepsis, as it can cleave syndecans [59,60].

Atrial Natriuretic Peptide (ANP), which is released
by cardiac myocytes in response to atrial distention
from vascular volume overload, has also been
described as a potential endothelial glycocalyx
sheddase. ANP is believed to counteract volume
overload in part by increasing endothelial
microvascular permeability to facilitate fluid
extravasation from vasculature beds [61].
Increases in ANP-related microvascular permeabil-
ity have been posited to be mediated by endothelial
glycocalyx degradation. While studies utilizing intra-
venous administration of ANP to isolated guinea pig
hearts demonstrated increased shedding of the PG
syndecan-1 [12], subsequent large animal and
human studies have not shown this same effect
[25,62]. Therefore, further studies are necessary
to fully elucidate ANP’s role in endothelial glycoca-
lyx degradation during sepsis.
These sheddase mechanisms are activated by

upstream agonists including proinflammatory
cytokines. Sepsis-related activation of the GAG
sheddase HPSE1 is dependent upon endothelial-
derived TNF-a [9]. The Angiopoietin-2 (Ang2)/Tie2
pathway, which plays a major role in endothelial
homeostasis during sepsis, has also been shown
to be an upstream regulator of endothelial glycoca-
lyx sheddases. Ang2 is an endogenous antagonist
to Tie2 signaling. It is induced during sepsis, which
leads to vascular inflammation, thrombosis, and
increased permeability [63-65]. In septic patients,
higher levels of circulating Ang2 have been associ-
ated with increased circulating markers of glycoca-
lyx degradation [25,66]. Concordantly, Ang2, in a
HPSE1-dependent fashion, is a potent degrader

Fig. 1. Mechanisms Responsible for Endothelial Glycocalyx Degradation during Sepsis. During normal
physiological conditions (left) the endothelial glycocalyx participates in maintenance of vascular homeostasis. During
sepsis (right) the glycocalyx is degraded by various enzymatic and non-enzymatic pathways that are upregulated and/
or activated by several known upstream mediators leading to local and systemic consequences. PGs proteoglycan,
HS heparan sulfate, CS chondroitin sulfate, DS dermatan sulfate, KS keratan sulfate, GAG glycosaminoglycan,
HPSE heparanase, ROSs Reactive Oxygen Species. Created with Biorender.com.
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of the glycocalyx both in vivo and in vitro [67], and
Ang2 inhibition can reduce endothelial glycocalyx
shedding in murine models of sepsis [68]. Many
other molecules including macrophage migratory
inhibitor factor (MIF1), phorbol esters, and Tissue
inhibitors of matrix metalloproteinases (TIMPs) are
involved in glycocalyx degradation in other diseases
and at non-endothelial surfaces, suggestive of their
potential relevance to septic endothelial glycocalyx
degradation [55,69-74].
The enzymatic destruction of the endothelial

glycocalyx through these and other interconnected
cellular mechanisms has significant physiologic
consequences. Not only are there local effects
from the loss of this protective barrier, but
glycocalyx degradation products themselves can
travel through the bloodstream and affect distant
sites (Table 1).

Local consequences of endothelial
glycocalyx degradation

The endothelial glycocalyx has multiple roles in
physiologic homeostasis including barrier function,
mechanotransduction of shear stress, inhibition of
leukocyte-endothelial interaction, and dampening
of coagulation at the endothelial surface.
Disruption of the glycocalyx during sepsis
consequently promotes vascular permeability and
tissue edema, circulatory tonicity dysfunction,
enhanced tissue inflammation, and coagulopathy.
The clinical manifestations and severity of these
processes, however, varies depending on the
organ affected.
In the lungs, loss of the endothelial glycocalyx

contributes to lung injury and development of the
acute respiratory distress syndrome (ARDS), a
common complication of sepsis. In preclinical
models of sepsis, pulmonary endothelial
glycocalyx degradation increases neutrophil

adhesion and propagates lung injury in a HPSE1-
dependent fashion [9,31,75].
Kidney injury during sepsis is also common and

associated with poor clinical outcomes. Early
activation of glomerular HPSE1 in the kidneys
during experimental sepsis coincides with injury;
consistent with lung injury, HPSE1 inhibition
attenuates injury [33]. Unlike septic lung injury, acti-
vation of glomerular HPSE1 does not alter vascular
permeability nor neutrophil influx, suggesting dis-
tinct consequences of HPSE1-mediated glycocalyx
degradation in the kidneys [33].
Intestinal injury is often overlooked during sepsis,

despite gastrointestinal tract inflammation and gut
barrier breakdown being hallmarks of the disease
[76]. Disruption of this barrier may promote bacterial
translocation into the blood stream. Chen et al.
demonstrated that HPSE1 inhibition in experimental
sepsis attenuates intestinal inflammation [77], indi-
rect evidence of the importance of the endothelial
glycocalyx to gastrointestinal integrity.
The endothelial glycocalyx also exists in the brain

where it is believed to play an important role in the
functionof theblood–brainbarrier [78].Theendothe-
liumof all cerebral capillaries expressesanendothe-
lial glycocalyx that is significantly denser than the
glycocalyx of other organs [79]. In an endotoxemia
model of sepsis, the cerebral endothelial glycocalyx,
while degraded, is less damaged than in other vas-
cular beds [79]. The underlyingmechanismand pre-
cise consequencesof this destruction havenot been
fully elucidated, but it is plausible that this may con-
tribute to sepsis-associated brain dysfunction.

Systemic consequences of endothelial
glycocalyx degradation

Circulating glycocalyx fragment levels have been
extensively studied as biomarkers of sepsis
severity. Circulating heparan sulfate levels are

Table 1 Consequences of Septic Endothelial Glycocalyx Degradation. Disruption of the endothelial glycocalyx
during sepsis creates a vulnerable endothelial layer. This leads to local consequences, ultimately contributing to end
organ damage. Once degraded, fragments of the glycocalyx also travel though the blood and become systemic
effectors.

Local Systemic

General General

Enhanced leukocyte-endothelial interaction ? Local

Inflammation

Augmenting inflammatory signaling ? Systemic inflammation

Platelet adhesion ? Development of microthrombi Binding of coagulation factors ? Coagulopathy

Nitric oxide-mediated vasodilation ? Dysfunction of vascular

tone

Inhibition of antimicrobial peptides ? Increased susceptibility to

infection

Increased vascular permeability ? Tissue edema Binding histones ? Dampened inflammation

Organ Specific Organ Specific

Lung injury and ARDS Deposition of pathogenic heparan sulfate in the brain ? Cognitive

dysfunction

Kidney injury

Gut barrier breakdown

Increased blood brain barrier permeability

Abbreviation: ARDS = Acute Respiratory Distress Syndrome
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substantially higher in critically ill patients with
sepsis compared to healthy controls, positively
correlate with severity of illness, and predict in-
hospital mortality [24]. Urine hyaluronan levels have
likewise been shown to predict renal failure and
hospital mortality [41]. Intriguingly, it has recently
been discovered that circulating glycocalyx frag-
ments (in particular heparan sulfate), beyond being
markers of endothelial glycocalyx fragments may
mechanistically contribute to the multiorgan conse-
quences of sepsis [80].
The strong negative charge of the soluble GAGs,

heparan, chondroitin, dermatan, and keratan
sulfate, enables them to bind to proteins and
modify downstream function. Accordingly, the
large amounts of GAGs released into the
bloodstream during sepsis can modulate various
signaling cascades central to sepsis
pathophysiology. For example, heparan sulfate is
known to bind interferon gamma (INFc). While
bound by heparan sulfate, INFc is protected from
normal degradation, thus increasing its half-life
and prolonging its pro-inflammatory effects [81].
Additionally, heparan sulfate fragments act as
damage-associated molecular patterns (DAMPs)
by binding to toll-like receptor 4, similarly augment-
ing systemic inflammation [82]. GAGs also bind to
and neutralize endogenous antimicrobial peptides,
increasing host susceptibility to infection [83]. Simi-
larly, GAGs interact strongly with multiple coagula-
tion factors including antithrombin II, Factors Xa,
IXa, IIa, and protein C thus contributing to coagu-
lopathy of sepsis [84,85]. Additionally, proteogly-
cans released from the endothelial glycocalyx
during sepsis have systemic effects. For example,
the ectodomain of CD44 released from the glycoca-
lyx during sepsis damages endothelial barrier func-
tion through disruption of adherens junctions [58].
While beyond the scope of this review, several other
PGs known to be released from the endothelial gly-
cocalyx during sepsis are known to substantially
impact molecular pathways important to sepsis
pathophysiology (see [86,87] for excellent reviews
on these topics).
Beyond their effects within the circulation,

glycocalyx fragments pathologically invade the
brain during sepsis. Brain dysfunction is a
common and devastating problem after recovery
from sepsis [88]. While the precise pathophysiology
of these effects is not fully understood, the hip-
pocampus, a brain region essential for memory for-
mation, is central to this common sequela [89].
During sepsis, endothelial glycocalyx-derived hep-
aran sulfate oligosaccharides penetrate the hip-
pocampus with striking specificity, sparing other
systemic and neuronal vascular beds [90]. A subset
of these hippocampus-penetrating oligosaccha-
rides (those enriched in -NS and -NS2S sulfation)
can avidly bind and inhibit brain-derived neu-
rotrophic factor (BDNF), a neurotrophin vital to
learning and memory [91,92]. Higher circulating

levels of BDNF-avid heparan sulfate oligosaccha-
rides were found to be associated with persistent
cognitive impairment after recovery from sepsis,
strongly suggesting a role in its pathophysiology.
Circulating GAGs also have potential beneficial

effects during sepsis. Histones are cationic
proteins present in nuclei of all eukaryotic cells.
During sepsis, histones are released into
circulation and act as DAMPs. Their release
promotes proinflammatory cytokine pathways,
which propagates inflammation and directly
contributes to cellular injury [93]. Highly-sulfated
heparan sulfate oligosaccharides (fragments � 10
saccharides in length) are capable of binding and
inhibiting histones, thus dampening inflammation.
The mechanisms underlying the protective effect
of glycocalyx fragments on histone-induced
endothelial injury are complex, however, as even
short heparan sulfate oligosaccharide (incapable
of bindings histones) can attenuate histone-
induced lung injury [94].

Non-modifiable factors implicated in
septic endothelial glycocalyx
degradation

Most early descriptions of endothelial glycocalyx
degradation during sepsis were investigated in
either bacterial infections in humans [24,83] or
pre-clinical bacterial endotoxin models [9,21,95].
Similarly, many sepsis-inducing, non-bacterial
infectious diseases have been found to cause
endothelial glycocalyx degradation including Plas-
modium falciparum malaria [96], Crimean-Congo
Hemorrhagic Fever [97], Hantavirus [98], Dengue
Fever [99], Influenza [100], and COVID-19
[36,101,102]. Additionally, several clinical charac-
teristics of septic patients have been associated
with greater glycocalyx damage including increased
severity of illness [25,83,103], non-pulmonary
sources of sepsis [24,103], and occurrence of bac-
teremia [25].
Beyond infectious etiologies and in-hospital

characteristics of septic patients, other factors
may affect glycocalyx integrity during illness. Both
chronic kidney disease [104] and hemodialysis in
patients with end stage renal disease have been
associated with endothelial glycocalyx breakdown
[105]. Additionally, acute processes such as ische-
mia [106], trauma [107], burn injury [108], or severe
hemorrhage [109], which independently cause
endothelial glycocalyx degradation, likely exacer-
bate damage during sepsis. Less is known about
contributions of other patient characteristics such
as age and most medical comorbidities to endothe-
lial glycocalyx degradation during sepsis, although
some patient characteristics have been associated
with baseline endothelial glycocalyx derangement.
The endothelial glycocalyx in patients with vascular
diseases (including atherosclerosis and diabetes),
cirrhosis, and of older age have all been shown to
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be abnormal at baseline [110-113]. Whether such
pre-existing abnormalities worsen or attenuate sep-
tic shedding has not been directly studied.

Modifiable factors implicated in septic
endothelial glycocalyx degradation

Intravenous fluids have long been a mainstay in
the treatment of sepsis. There is mounting
evidence, however, that the beneficial
hemodynamic effects of fluid resuscitation may be
partially offset by poorly-understood deleterious
effects on organ function, based upon associations
between aggressive fluid resuscitation practices
and worsened disease severity, higher rates of
intubation, and increased risk of need for renal
replacement therapy [114], as well as increased
patient mortality [115]. These harmful effects of
aggressive fluid resuscitation may be in part medi-
ated by iatrogenic destruction of the glycocalyx
[116]. This is supported by a preclinical investigation
in an ovine model of sepsis in which fluid resuscita-
tion increased glycocalyx degradation as measured
by circulating hyaluronan levels [117]. This associa-
tion has also been examined in septic patients. In a
retrospective study that included two independent
patient cohorts affected by sepsis, a significant
association was found between the volume of intra-
venous fluids administered during sepsis resuscita-
tion and degree of endothelial glycocalyx damage,
even when adjusted for age and disease severity
[25]. In a prospective clinical study, Saoraya et. al
evaluated patients treated with rapid (30 mL/kg/hr)
or conservative fluid resuscitation (10 mL/kg/hr).
They found a higher reliance on vasopressors and
mechanical ventilation in the rapid fluid resuscitation
armwitha trend towardshigher syndecan-1 levels (a
marker of glycocalyx degradation) and worsened
mortality [118]. In aggregate, these findings suggest
that worse clinical outcomes associated with overly
aggressive fluid resuscitation strategies during sep-
sis may be mediated by endothelial glycocalyx
destruction.
The clinical utility of steroids has been extensively

studied for the treatment of septic shock, the most
severe form of sepsis. Although there have been
conflicting results regarding their clinical utility,
treatment guidelines continue to recommend the
use of steroids in a subset of patients with septic
shock [119]. At a cellular level, steroids are known
to decrease cellular permeability and transendothe-
lial fluid flow [120], and preservation of the endothe-
lial glycocalyx may underlie these effects. In a study
of isolated guinea pig hearts, high dose hydrocorti-
sone prior to induction of ischemia reduced the rate
of flow of paracellular fluid into tissue, extravasation
of colloid from the vasculature, and serum heparan
sulfate and syndecan-1 levels [121]. In a similar
study, injection of hydrocortisone prior to infusion
of TNF-a attenuated vascular permeability and gly-

cocalyx degradation [122]. In both experiments the
glycocalyx was measured via electron microscopy
and glycocalyx integrity was maintained in the ster-
oid treatment arm, while the control arm demon-
strated substantial glycocalyx loss. This has also
been observed in humans undergoing cardiac sur-
gery requiring cardiopulmonary bypass. Those ran-
domized to hydrocortisone when compared to
placebo demonstrated significant reductions in
plasma heparan sulfate and syndecan-1 during
and after surgery [123]. While this evidence sug-
gests beneficial effects of steroids on endothelial
glycocalyx stability, these observations have yet to
be validated in studies of sepsis.
During infection, activation of the coagulation

cascade can be an adaptive process, serving to
prevent dissemination of microbes [124]. However,
in excess, this can lead to microcirculatory damage,
organ failure, and disseminated intravascular coag-
ulopathy [125]. Antithrombin is a known physiologic
anticoagulant whose activity is accentuated by
binding of heparan sulfate from the endothelial gly-
cocalyx [69]. In a rat model of sepsis, recombinant
antithrombin was shown to decrease leukocyte
adhesion, reduce parameters of DIC, lower circulat-
ing syndecan-1 and hyaluronan levels, and inhibit
glycocalyx destruction [126]. In a canine shock
model, unfractionated heparin in combination with
standard care reduced glycocalyx shedding when
compared to standard care alone [127]. In clinical
practice anticoagulant therapies are not routinely
utilized in sepsis patients due to concerns for
increased risk of hemorrhage, but their potential
off-target effect of endothelial glycocalyx preserva-
tion has not been systematically studied.
Therapeutic plasma exchange with replacement

by fresh frozen plasma (FFP) has been posited as
a potential therapy for sepsis. As previously
mentioned, heparan sulfate, when shed into the
blood, may act at distant sites (e.g., brain) and as
a pro-inflammatory signal via DAMP signaling
pathways [82]. Plasma exchangemay reduce circu-
lating pro-inflammatory signals including heparan
sulfate or replace components of healthy plasma
to restore a balance in regulatory enzymes of the
glycocalyx. A series of exploratory studies demon-
strated that plasma exchange with FFP as replace-
ment fluid was safe and resulted in favorable
hemodynamic improvements, improved cytokine
profiles, and improved endothelial barrier function
[128,129]. Additional clinical trials seek to explore
if plasma exchange is indeed beneficial for septic
patients (ClinicalTrials.gov NCT04057872,
NCT03844542). Interestingly, FFP administration
alone during sepsis without plasma exchange may
also protect and/or restore the glycocalyx via
unclear molecular mechanisms [130,131]. A sum-
mary of these non-modifiable andmodifiable factors
associated with endothelial glycocalyx degradation
are included in Table 2.
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Conclusions

The endothelial glycocalyx, once believed to be
physiologically irrelevant, is now widely accepted
as a crucial mediator of endothelial homeostasis
that contributes to sepsis pathophysiology. While
there is still much to be elucidated, several direct
“sheddases” (e.g., heparanase, MMPs, ADAMs)
and upstream pathways (e.g., TNF-a, Ang2) have
been convincingly implicated in its degradation
during sepsis. Despite clear pathologic
consequences, the redundant nature of these
pathways suggests physiologic benefits of its
destruction and challenges therapies solely
focused on normalizing glycocalyx integrity. A
better understanding of the mechanisms, adaptive
roles, and maladaptive consequences of
endothelial glycocalyx degradation during sepsis
will likely offer opportunities to refine our clinical
approach to caring for patients with sepsis.
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Table 2 Factors Associated with Septic Endothelial Glycocalyx Degradation.

Non-Modifiable Factors

�Infection Characteristics

�Severity
�Site*
�Type
�Co-occurring Acute Medical Problems

�Ischemia

�Hemorrhage

�Burn Injury

�Trauma

�Pre-existing Conditions**

�Chronic Kidney Disease

�Diabetes Mellitus

�Atherosclerosis
�Cirrhosis
�Older Age

Clinically Modifiable Factors

�Fluid Resuscitation Strategy (Harm)

�Corticosteroids (Benefit)

�Anticoagulants (Benefit)

�Plasma Exchange (Benefit)

�Fresh Frozen Plasma (Benefit)

*Bacteremia greater than non-bacteremia; non-pulmonary greater than pulmonary.

** These conditions are associated with baseline glycocalyx derangement, but are not proven to modify shedding during sepsis.
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