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Abstract

Severely injured patients with hemorrhagic shock can develop endothelial dysfunction, systemic inflam-
mation, and coagulation disturbances collectively known as the endotheliopathy of trauma (EOT). Shed-
ding of the endothelial glycocalyx occurs early after injury, contributes to breakdown of the vascular
barrier, and plays a critical role in the pathogenesis of multiple organ dysfunction, leading to poor out-
comes in trauma patients. In this review we discuss (i) the pathophysiology of endothelial glycocalyx
and vascular barrier breakdown following hemorrhagic shock and trauma, and (ii) the role of plasma
and platelet transfusion in maintaining the glycocalyx and vascular endothelial integrity.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/).

Introduction

Traumatic injury is an important cause of death
globally and the leading cause of death in the
United States among individuals aged 1-44 [1,2].
Hemorrhage accounts for approximately 30—-40%
of trauma-related deaths [3], and patients who sur-
vive hemorrhagic shock face significant morbidity
as well as increased long-term mortality [4]. One
of the major principles in the management of
patients with hemorrhagic shock due to trauma is
damage control resuscitation, which includes using
balanced resuscitation with a 1:1:1 ratio of red blood
cells, fresh frozen plasma (FFP), and platelets, and
minimizing crystalloid infusion [5,6]. Damage con-
trol resuscitation allows for rapid expansion of
intravascular volume, restoration of oxygen-
carrying capacity, and optimization of hemostasis
[71..
The benefits of resuscitation with plasma and
platelets also likely extend further to include
protection of the vascular endothelium after
hemorrhagic shock. Hemorrhagic shock is known

to cause shedding of the endothelial glycocalyx
and damage to the vascular endothelium
systemically. This is a key element of the
endotheliopathy of trauma (EOT), which is
characterized by endothelial barrier compromise,
dysfunctional coagulation, and inflammation,
ultimately contributing to multiple organ failure [8—
11]. In this review we discuss the pathophysiology
of hemorrhagic shock induced endothelial damage
and the role that plasma and platelet products have
in targeting the endothelial glycocalyx and protect-
ing vascular endothelial barrier integrity after injury.

Composition and physiology of the
endothelial glycocalyx

The glycocalyx refers to the pericellular matrix
attached to the cell membrane of multiple cell
types. The endothelial glycocalyx is comprised of
a carbohydrate-rich network of proteoglycans,
glycoproteins, and glycosaminoglycans that line
the inner surface of the vascular endothelium.
These major components of the endothelial
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glycocalyx include membrane-bound proteins such
as syndecans and glypicans, cell surface receptors
such as selectins and integrins, and negatively
charged polysaccharides such as heparan sulfate,
chondroitin sulfate, and hyaluronic acid [12,13].
This network of molecules interacts with soluble
plasma- and endothelium-derived components
forming a dynamic and physiologically active sur-
face layer between endothelial cells and the circu-
lating blood [14—16].

The endothelial glycocalyx has a
vasculoprotective role which is essential to normal
vascular barrier function, serving a number of
important  physiologic  functions,  including
regulation of vascular permeability, coagulation,
leukocyte-endothelial and  platelet-endothelial
interactions,  microvascular  rheology, and
transduction of the mechanical forces of blood
flow into cell signaling (i.e. mechanotransduction)
[15,17—-21]. The endothelial glycocalyx, however,
is fragile and can break down quickly in response
to ischemia or inflammation, shedding its compo-
nents and resulting in fluid extravasation, edema,
leukocyte and platelet adhesion, hypercoagulability,
loss of flow-responsive vasodilatation, and impaired
microcirculation [22—26]. While the precise mecha-
nisms of glycocalyx disruption are not fully under-
stood, reactive oxygen species and pro-
inflammatory cytokines have been shown to lead
to the release or increased activity of enzymes
called sheddases, which cleave components of
the glycocalyx from the endothelial cell surface
[27,28]. Key sheddases that have been identified
include matrix metalloproteinases (MMPs) and A
Disintegrin and Metalloproteinases (ADAMs), which
cleave syndecan ectodomains, as well as hep-
aranase and hyaluronidases, which cleave heparan
sulfate moieties and hyaluronic acid, respectively
[27,29-33].

The pathophysiology of the
endothelial glycocalyx and vascular
endothelium in hemorrhagic shock
and trauma

One of the first insults to the vasculature in
hemorrhagic shock and trauma is compromise of
the endothelial glycocalyx, which can occur within
minutes after injury, leading to loss of vascular
barrier integrity and dysregulation of the important
physiologic functions described above [17,21]. Dis-
ruption of the endothelial glycocalyx is thought to be
a central instigating point for the EOT, in which the
downstream effects of hemorrhagic shock and
trauma lead to endothelial dysfunction, coagulopa-
thy, edema, and organ dysfunction, ultimately with
poor outcomes.

The endothelial glycocalyx as described above is
a fragile matrix that is vulnerable to both acute and
chronic  stressors.  Systemic inflammatory

mediators, catecholamine release, hypoxia, acute
hyperglycemia, and enzymes such as matrix
metalloproteinases and heparanases released by
damaged tissue and leukocytes are all thought to
contribute to shedding of the glycocalyx
components after hemorrhagic shock and trauma
[23,34-38]. Several of these shed components
directly potentiate injury by acting as damage-
associated molecular patterns (DAMPs) contribut-
ing to systemic inflammation or, in the case of hep-
aran sulfates, by potentially inducing auto-
heparinization which may contribute to coagulopa-
thy [34,39,40]. Furthermore, loss of the protective
endothelial glycocalyx barrier in addition to loss of
endothelial tight junction proteins induced by hem-
orrhagic shock and trauma increases vascular per-
meability, leading to capillary leak (Fig. 1) [21,41—
44].

At baseline in non-injured vessels, endothelial
cells promote anticoagulant properties, prevent
platelet activation and aggregation, and counteract
inflammation [45]. After breakdown of the endothe-
lial glycocalyx, however, exposure of the endothelial
cell surface allows for the initiation of platelet- and
leukocyte-adhesion and thrombus formation, which
can be non-specific and in locations other than the
injured area [46,47]. In addition to glycocalyx shed-
ding, hypoxia, proinflammatory cytokines such as
TNF-o and IL-6, and circulating thrombin also con-
tribute to endothelial cell activation and dysfunction,
initiating a cascade of intracellular signaling result-
ing in further release of cytokines, chemokines,
and growth factors involved in the innate immune
response to shock and injury [21,48-52]. Activated
endothelial cells also release von Willebrand factor
(VWF) and tissue plasminogen activator (t-PA), pro-
moting platelet binding and activating fibrinolytic
pathways, respectively [53,54]. Altogether, loss of
the endothelial glycocalyx and activation of
endothelial cells result in aberrant clotting, inflam-
mation, and vascular leak that can occur throughout
the systemic endothelium. Studies in preclinical
models have indeed demonstrated that hemor-
rhagic shock breaks down the endothelial glycoca-
lyx, disrupts endothelial tight and adherens
junctions, and results in organ edema, inflamma-
tion, thrombus formation, inflammatory cell activa-
tion, and potential organ failure [20,33,34].

While shedding of the endothelial glycocalyx is
thought to affect the systemic vascular
endothelium as the glycocalyx is ubiquitous, there
may be organ-based differences. Recently
Abdullah et al. [55] evaluated glycocalyx shedding
after hemorrhagic shock in a rat model by staining
multiple organs with a syndecan-1 antibody. This
demonstrated that the greatest glycocalyx disrup-
tion occurred in the vasculature of the lungs and
intestine, where the highest levels of endothelial
reactive oxygen species were also measured, and
shedding to a lesser extent occurred in the brain,
heart, and skeletal muscle. Interestingly, there
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Fig. 1. Hemorrhagic Shock and Trauma Induce Endothelial Glycocalyx Shedding and Vascular Permeability. This
figure depicts longitudinal cross sections of a blood vessel. The top image corresponds to the resting endothelium
with the endothelial glycocalyx fully intact. After hemorrhagic shock and trauma, the vasculoprotective endothelial
glycocalyx is shed, and tight junctions and adherens junctions are lost. Gaps form between endothelial cells that lead
to extravasation of proteins, fluid, and inflammatory cells. Resuscitation with plasma products restores and preserves

the endothelial glycocalyx and vascular barrier function.

was no change in glycocalyx thickness in liver vas-
culature and there was increased glycocalyx stain-
ing in the kidney, though the authors did speculate
the possibility that this may have been affected by
deposition of systemically shed glycocalyx compo-
nents in the glomeruli. In other studies, shedding
of the endothelial glycocalyx from renal capillaries
has been observed after ischemia—reperfusion dur-
ing organ transplantation [56] and in mouse models
of ischemia—reperfusion injury or sepsis [57,58].

Discrepancies between studies may also be related
to different methods of glycocalyx assessment (e.g.
intravital microscopy, electron microscopy, or
immunostaining).

Endothelial dysfunction and trauma-
induced coagulopathy (TIC)

While the mechanistic relationship between
trauma-induced coagulopathy (TIC) and the EOT
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is not fully understood, these pathophysiologies are
likely intertwined [54,59]. TIC refers to the develop-
ment of coagulation abnormalities following trau-
matic injury which include a range of phenotypes
from hypocoagulability (contributing to uncontrolled
bleeding and shock) to hypercoagulability (resulting
in thromboembolism and multi-organ failure). TIC is
important clinically as it results in substantial mortal-
ity and, among survivors, both short and long-term

morbidity [54].
Multiple factors influence the development of TIC,
including endothelial activation, platelet

dysfunction, and immune system activation, which
have been recently reviewed extensively by
Moore et al. [54] The endothelium exerts critical reg-
ulatory functions over the coagulation cascade,
hemostasis and fibrinolysis [54,59]. Examples of

these regulatory functions include binding of
antithrombin  Ill, thrombomodulin  expression,
expression of endothelial protein C receptor

(EPCR), and release of the tissue factor pathway
inhibitor (TFPI) [47,60]. At the level of platelet adhe-
sion and activation, hemostatic control is main-
tained by production and release of VWF as well
as cleavage of ultra-large VWF by ADAMTS13
[60,61]. Endothelial cells also regulate fibrinolysis
via the release of t-PA, induction of plasminogen
activator inhibitor-1, and stimulation of urokinase-
type plasminogen activator along with its receptor
[62,63].

While the endothelial surface layer at baseline
has anticoagulant properties, the exact role that
glycocalyx  shedding and the  disrupted
endothelium play in the various phenotypes seen
in TIC or in the transition between hypocoagulable
and hypercoagulable states is unclear. There are
multiple ways in which glycocalyx shedding and
disrupted endothelium can contribute to both
hypocoagulable and hypercoagulable states.
When endothelial glycocalyx shedding occurs, for
example, the disrupted endothelial surface
becomes exposed, increasing platelet-vessel wall
interactions leading to increased platelet
adhesion, fibrin formation, and microvascular
thrombosis [22,64,65]. Endothelial cell activation
after trauma also contributes to a localized procoag-
ulant milieu [59,66]. At the same time, the shed
components themselves may impact systemic
coagulopathy. One group has shown that shed hep-
aran sulfate domains may in fact induce auto-
heparinization leading to inhibition of coagulation
factor activity [40]. Shed glycocalyx components
have also been shown in vitro to inhibit both platelet
aggregation and fibrinolysis [67]. In summary, TIC
is a complex process, the full details of which are
beyond the scope of this review, however it is
apparent that endothelial activation and shedding
of the glycocalyx are critical components in the
development of aberrant coagulation in hemor-
rhagic shock and trauma.

Glycocalyx degradation and
endotheliopathy in trauma patients

Shedding of the endothelial glycocalyx has been
evaluated in clinical studies and is known to occur
in trauma patients, correlating with poor outcomes
[11,21,41,42,68-70]. Various plasma biomarkers
have been used to evaluate endothelial glycocalyx
shedding in trauma patients, most commonly
syndecan-1, but also thrombomodulin, hyaluronic
acid, heparan sulfate, and chondroitin sulfate, all
of which are key components of the endothelial gly-
cocalyx. All of these proteins have been found to be
elevated in the circulation after trauma [21,41,70].
Both the overall burden of injury and severity of
hemorrhagic shock are thought to contribute to the
likelihood of developing and degree of the EOT
[10]. Injury severity scores, lower blood pressure,
and the need for transfusion have been shown to
correlate with circulating syndecan-1 levels
[68,70]. Rates of EOT, based on elevated biomar-
ker levels, are higher in patients with combined
polytrauma and traumatic brain injury (TBI) com-
pared to polytrauma patients, and isolated TBI
patients have the lowest rates of EOT [71]. Glyco-
calyx shedding also appears to occur more com-
monly among patients with blunt compared to
penetrating injury, which likely reflects an overall
greater burden of tissue injury [68,72]. Hemorrhagic
shock has also been found to be a potent driver of
endothelial glycocalyx component shedding among
patients with polytrauma, resulting in higher plasma
syndecan-1 levels and markers of acute organ
injury [42]. Moreover, shedding of these glycocalyx
components has been associated with an increased
risk of sepsis and mortality even after adjusting for
injury severity [68—70,73].

While circulating levels of these proteins have
been used as biomarkers of endothelial injury in
multiple other diseases as well [74—78], one poten-
tial limitation in their ability to evaluate glycocalyx
shedding is that they are not specific only to the
endothelial glycocalyx. Syndecan-1, the most com-
monly used biomarker, is expressed on multiple cell
types such as epithelial cells and leukocytes which
are also damaged and activated in injury [79]. Anal-
ysis of the tissue-specific pattern of syndecan-1
gene expression demonstrates that syndecan-1 is
expressed in substantially higher amounts in bron-
chial epithelial cells, for example, compared to
endothelial cells [80]. The percent of circulating
syndecan-1 originating from endothelial versus
non-endothelial surfaces is not known. However,
studies evaluating microcirculatory perfusion in
patients after trauma or during cardiopulmonary
bypass have found that these biomarkers, including
syndecan-1, do closely correlate with impaired
microcirculatory flow dynamics in sublingual
mucosa, suggesting that these biomarkers likely
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do reflect glycocalyx shedding and endotheliopathy
[81,82]. Notably, there are no established methods
otherwise to directly measure vascular integrity and
the endothelial glycocalyx in patients. Measuring
levels of multiple glycocalyx proteins in patient sam-
ples, as opposed to a single biomarker, may
improve accurate evaluation of the integrity of the
endothelial glycocalyx.

Plasma protection of the endothelial
glycocalyx and vascular endothelial
integrity

The detriments of large volume crystalloid
resuscitation, including dilutional coagulopathy
and metabolic acidosis, have led to a paradigm
shift in the management of patients with
hemorrhagic shock. Now, early administration of
balanced ratios of blood products is understood to
be critical in the management of these patients to
rapidly restore volume and oxygen-carrying
capacity and optimize hemostasis [7,8,83,84]. The
decreased mortality resulting from balanced blood
product ratios may be due in part to the ability of
plasma-based resuscitation to prevent and mitigate
endothelial cell injury. Numerous pre-clinical studies
have demonstrated that plasma preserves the
endothelial glycocalyx and vascular barrier integrity,
thus mitigating the EOT [85]. (Fig. 1).

One of the first studies to investigate the effects of
plasma on endothelial cells was conducted by Pati
and colleagues in 2010, where it was discovered
that addition of 10% plasma to the surface of
leaky endothelial monolayers in vitro rapidly
resulted in decreased endothelial permeability,
decreased leukocyte adhesion, and restoration of
endothelial adherens junctions, which are critical
regulators of paracellular permeability [86,87] Soon
after, Kozar et al. (2011) investigated the effects of
plasma on the endothelial glycocalyx in vivo and
found that hemorrhagic shock in rats decreased
endothelial glycocalyx thickness, which was
restored in part by plasma resuscitation but not lac-
tated Ringer’s (LR) solution. This was visualized by
scanning electron microscopy (SEM). Similarly,
they found that plasma resuscitation was associ-
ated with increased pulmonary cell surface
syndecan-1 staining and decreased lung injury
and edema [88]. Expanding on this work in a similar
model of hemorrhagic shock and trauma in mice,
Peng et al. (2013) demonstrated similar findings in
terms of syndecan-1 shedding and pulmonary
syndecan-1 expression, and also showed that this
was associated with increased pulmonary vascular
permeability and inflammation. Plasma resuscita-
tion abrogated these effects, while LR did not [89].
Around the same time, using intravital microscopy
of the cremaster muscle in rats subjected to hemor-
rhagic shock, others showed that rats resuscitated
with LR or Hextend (an artificial colloidal solution)
had a 50% decrease in endothelial glycocalyx thick-

ness and increased circulating syndecan-1 levels
compared to sham rats or rats resuscitated with
plasma [90]. In addition to mitigating endothelial gly-
cocalyx breakdown, plasma has protective effects
on adherens junctions, which are intercellular junc-
tions that control vascular permeability to plasma
proteins [91-93]. Plasma but not LR preserves
adherens junctions on endothelial cells challenged
with vascular endothelial growth factor (VEGF) or
thrombin as well as in the pulmonary vasculature
in mice after hemorrhagic shock [43,94,95]. The
globally stabilizing effects of plasma resuscitation
on the vasculature and organ systems are depicted
in Fig. 2.

Which specific factors within plasma that are
responsible for its vasculoprotective effects remain
elusive. Hundreds of biologically active proteins
have been identified in FFP in addition to clotting
factors [96]. Particular attention has been given to
albumin and fibrinogen, which are discussed further
below. Plasma also has abundant levels of adipo-
nectin [97], sphingosine-1-phosphate (S1P) [98-
100], and angiopoietin-1 (Ang-1) [101,102], which
are known regulators of paracellular permeability.
It is likely that the combination of multiple factors
and peptides in plasma contributes to its vasculo-
protective effects in hemorrhagic shock. Interest-
ingly, other products that are derived from plasma,
such as four-factor prothrombin complex concen-
trate (which contains high concentrations of factors
I, VII, IX, and X, and proteins C and S) and cryopre-
cipitate (which contains high concentrations of fib-
rinogen, von Willebrand factor, factor VIII, factor
XIll, and fibronectin) likely contain many of these
same proteins and have also been shown to miti-
gate the EOT and lung injury in mouse models of
hemorrhagic shock and trauma [94,103].

Albumin, the most abundant protein in plasma
and the major contributor to plasma colloid oncotic
pressure, has been shown to have
immunomodulatory  effects, scavenge free
radicals, and physiologically bind to the
endothelial glycocalyx and thereby contribute to
the maintenance of normal vascular permeability
[99,104]. In a rat model of hemorrhagic shock,
endothelial glycocalyx thickness dropped to 42%
of baseline in rats resuscitated with normal saline
(NS) or LR, whereas there was partial restoration
with albumin (81% of baseline) and complete
restoration of the glycocalyx with FFP resuscitation.
Both albumin and FFP decreased circulating
syndecan-1 levels compared to NS or LR and also
normalized microvascular permeability similar to
sham levels [105]. Moreover, resuscitation with
albumin compared to NS has also been found to
improve mesenteric microcirculation and reduce
leukocyte rolling and adhesion in rats subjected to
hemorrhagic shock [106]. However, in a mouse
model of hemorrhagic shock, albumin administered
at a concentration similar to what is found in four-
factor prothrombin complex concentrate (4F-PCC)
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Fig. 2. Early Plasma Transfusion Mitigates Organ-Specific and Systemic Dysfunction Following Trauma. Traumatic
injury combined with hemorrhagic shock result in numerous systemic effects including a proinflammatory state,
increased vascular permeability, endothelial glycocalyx shedding, coagulopathy, interstitial edema, and tissue
hypoxia. Early plasma transfusion has been demonstrated to inhibit vascular permeability, mitigate trauma-induced
coagulopathy (TIC), and decrease numerous organ-specific effects of injury. Image adapted from Watson, Pati, and

Schreiber (2016) [158].

had only a mild inhibitory effect on pulmonary vas-
cular permeability compared to 4F-PCC and FFP,
which appeared more potent [103]. Altogether
these studies suggest that albumin has therapeutic
benefits compared to crystalloid but does not fully
account for plasma’s ability to protect the vascular
endothelium after hemorrhagic shock.

Fibrinogen, a clotting factor also abundant in
plasma and the first factor to be depleted after
massive haemorrhage [107], may also contribute
to vascular endothelial protection. In vitro in pul-
monary endothelial cell culture, fibrinogen was
found to associate with and stabilize cell surface
syndecan-1 and also had protective effects on bar-
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rier integrity. Furthermore, plasma that was
deprived of fibrinogen lost its protective effects
[108]. In vivo in a mouse model of hemorrhagic
shock, cryoprecipitate, which is used to replete fib-
rinogen in massively bleeding patients, replicated
many of the effects of FFP in mitigating pulmonary
vascular permeability and inflammation in the lung
[94]. Fibrinogen concentrate also preserved pul-
monary syndecan-1 mRNA and decreased alveolar
protein permeability after hemorrhagic shock in a
similar model [109]. Proposed mechanisms for fib-
rinogen’s effects include shielding of syndecan-1
cleavage sites from sheddases and/or activation
of an intra-cellular signaling pathway such as
PAK1 which helps to preserve endothelial barrier
integrity [110,111].

One challenge with early plasma administration
after traumatic injury involves the transportation,
storage, and thawing of frozen blood products,
especially in austere or remote environments
[112,113]. In the U.S., FFP may be stored at 4 °C
for up to five days once thawed. However, between
day 0 and day 5 after thawing, the coagulation factor
levels, protective effects on endothelial permeability
in vitro, and ability to restore mean arterial pressure
in rats after hemorrhagic shock all decline [86,114].
Dried plasma products, such as lyophilized plasma
(LP) or spray-dried plasma (SDP), overcome these
logistical burdens, can reduce time to plasma trans-
fusion in injured patients [115], and have been
shown in preclinical models to have vasculoprotec-
tive effects similar to FFP. Compared to FFP, LP
demonstrated similar potent effects on decreasing
endothelial cell monolayer permeability in vitro and
reducing pulmonary vascular permeability, injury,
and inflammation in mice subjected to hemorrhagic
shock [95]. Spray-dried plasma also replicated the
protective effects of FFP in vitro and in vivo on pul-
monary vascular permeability and inflammation in
this same mouse model [43,116].

Never-frozen liquid plasma, which has a
maximum potential refrigerated shelf life of 26—
40 days depending on collection conditions, is
another attractive alternative to FFP as it does not
require time to thaw and is therefore immediately
available to administer to patients. Liquid plasma
retains hemostatic potential longer during storage
than FFP, especially in terms of parameters
associated with fibrinogen, and has been shown
to decrease time to initial plasma transfusion in
trauma patients, coinciding with improved
adherence to balanced transfusion ratio guidelines
[114,117-120]. It has been hypothesized that since
liquid plasma has never gone through a freeze—
thaw cycle, the protein content may be better pre-
served. There has only been one study evaluating
the effects of liquid plasma on endothelial perme-
ability compared to thawed FFP. This study by
Cao et al. compared liquid plasma aged 0-28 days
to FFP 0 and 5 days after thaw and found that liquid
plasma was equivalent in mitigating TNF-a-induced

permeability of an endothelial cell monolayer [121].
Although these assays did not demonstrate a differ-
ence between FFP and liquid plasma, it is possible
they are not sensitive enough to detect small differ-
ences in function, and they do not fully recapitulate
the complex endothelial environment in vivo. While
liquid plasma may be particularly advantageous in
prehospital or out-of-hospital settings, further stud-
ies are needed to evaluate the protective effects
of liquid plasma vs. FFP on traumatic endotheliopa-
thy and the glycocalyx.

Finally, the use of whole blood resuscitation,
specifically cold-stored low-titer group O whole
blood, is having a resurgence in trauma care. The
Joint Trauma System has put forth guidelines on
whole blood transfusion in military settings, where
whole blood transfusion has been shown to
improve outcomes [122], and there is growing evi-
dence to support the use of whole blood in civilian
trauma [123]. Importantly, whole blood can be
administered more easily and rapidly than individual
component therapy. Whole blood has demon-
strated benefits in targeting the endothelial glycoca-
lyx and vascular permeability, similar to plasma
alone. In a rat model of hemorrhagic shock, whole
blood and FFP demonstrated similar protective
effects in restoring endothelial glycocalyx thickness
to sham levels and also mitigated microvascular
permeability [124,125].

In summary, transfusion with a variety of plasma
products has been shown repeatedly in preclinical
studies to prevent shedding of the endothelial
glycocalyx and decrease vascular permeability
after hemorrhagic shock and trauma. Certain
plasma proteins such as albumin and fibrinogen
have been shown to mediate some of these
effects, however, as mentioned previously, the full
protective effects of plasma likely rely on a
combination of different proteins. One area for
further study is whether plasma builds the
glycocalyx back in its original function and
structure. Although the evidence for plasma’s
effects on the endothelial glycocalyx relies heavily
on in vitro work and animal models, two recent
clinical studies suggest that plasma transfusion
may indeed decrease glycocalyx shedding in
patients. The first, a predefined sub-study of a
randomized trial in coagulopathic critically ill
patients, found that FFP transfusion reduced
circulating syndecan-1 levels [126]. The second,
an analysis of biomarker expression in patients in
the PAMPer trial[127], found that prehospital
plasma transfusion was associated with reduced
syndecan-1 and thrombomodulin levels as well as
multiple immune markers among the most severely
injured patients [72]. Further clinical research is
needed to understand how plasma transfusion
affects endothelial glycocalyx shedding in patients
and whether this is a potential mechanism by which
plasma transfusion improves outcomes after trau-
matic injury. Additionally, as clinical studies are per-
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formed in this area, it is important to note the vari-
ability in plasma products that exists based on pro-
cessing methods and, for single-donor plasma
products, individual donor-to-donor differences.
Donor-to-donor differences, for example, have
been shown to produce marked variability in plasma
products in terms of hemostatic potential[128] and
to a lesser extent the endothelial protective effects
in vitro and in animal models [129].

Effects of platelet transfusion on
vascular endothelial integrity

Higher platelet to RBC transfusion ratios have
also been found to be associated with improved
in severely
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(A)

Sham

=
L =
Z
=
o
L
TR
-+
o
LL
pd
=
—
o
-
3
LL
Z
|_
%%
(B) | |
_ 1.5+ ¥ -
g I 11 1
Y
o
2 1.0+
=
o
2
-
)
« 0.5
[3]
o —‘7
o
>
° o
0.0~

1 1
Sham TNF TNF TNF
+FFP +PLT

hemorrhagic shock [6,130,131]. A sub-study of the
Pragmatic, Randomized Optimal Platelet and
Plasma Ratios (PROPPR)[84] trial found that
patients who received platelets were more likely to
achieve hemostasis and had decreased mortality
even after controlling for the volume of plasma
transfusion [132]. As a result of these demonstrated
benefits, similar to plasma there has recently been
increased interest in whether early platelet transfu-
sion regulates vascular endothelial integrity and
endothelial glycocalyx shedding in hemorrhagic
shock.

Platelets have in fact long been recognized for
their role in maintaining barrier function of the
microvascular endothelium through the release of
growth factors or trophogens [133]. Organs per-
fused with platelet-rich plasma demonstrate
decreased edema and protein extravasation com-
pared to organs perfused with platelet-poor plasma
[134—-137]. Furthermore, experimental induction of
thrombocytopenia has been shown in animal mod-
els to lead to increased protein leakage, which is
subsequently reversed by platelet recovery or
transfusion of platelet-rich plasma [138—140]. Plate-
lets preserve normal vascular integrity through mul-
tiple mechanisms, including the release of soluble
factors (e.g. Ang-1 and S1P), preservation of tight
and adherens junctions, and maintenance of
endothelium ultrastructure [133,141]. However, in
multiple inflammatory conditions platelets have
been found to have the opposite effect, instead pro-
moting vascular permeability through activation of
leukocytes and endothelial cells [142]. For example,
in animal models of peritonitis, arthritis, or
transfusion-related acute lung injury (TRALI), plate-

<

Fig. 3. Plasma but Not Platelet Resuscitation Pre-
vents Shedding of the Endothelial Glycocalyx. To induce
vascular injury, perfusate with TNF-oo (1 pg/mL) was
dripped onto the cremaster prep in C57BL/6 mice and
covered with thin plastic for ten minutes [153]. Temper-
ature was maintained by dripping warm superfusate
onto the plastic. At the same time as TNF-o administra-
tion, a bolus of 200 pL of fresh frozen plasma or platelets
was administered via the femoral cannula. Shams were
uninjured. After treatment a 100 pL bolus of 2 mg/ml
FITC-tagged 70kD dextran in saline was administered
via the femoral cannula. Vessels were recorded for the
next 30 min. Glycocalyx thickness was determined by
comparing the width of the dextran column to the width
of the vessels, as 70 kD dextran is excluded from the
glycocalyx layer. (A) Representative vessel images
depicting glycocalyx thickness measurements. (B)
Mean + SD for each group: Sham 0.76 + 0.46 pm,
TNF-o 0.08 + 0.11 um, TNF-o + FFP 0.58 + 0.38 pm,
and TNF-o + PLT 0.21 + 0.25 um. FFP = fresh frozen
plasma; PLT = platelets. *p < 0.05, **p < 0.01 by one-
way ANOVA with post-hoc Tukey test.
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lets appear to play a major role in the development
of vascular permeability, and platelet depletion in
these models resulted in decreased protein leakage
across the endothelium [143—-145]. Whether plate-
lets are protective or mediate breakdown of the
endothelial barrier may reflect the diversity of plate-
let contents and the degree of platelet activation in
response to inflammation [145-147].

Standard apheresis platelets have indeed been
shown both in vitro and in vivo in mouse models
to attenuate vascular endothelial permeability after
injury, however their protective effects diminish
during storage. Fresh platelets decreased
permeability of an endothelial monolayer in a
dose-dependent fashion and attenuated VEGF-
induced vascular permeability in mice; platelets
stored at 22 °C for 5 days were found to be less
effective [148,149]. This platelet storage lesion is
a well-known entity involving gradual loss of platelet
quality in terms of metabolic function, aggregation,
and morphology; the platelet storage lesion and risk
of bacterial contamination with standard room tem-
perature storage create serious limitations to plate-
let shelf life [150]. As a result, other platelet-based
products such as freeze-dried platelets and
platelet-derived extracellular vesicles (EVs) have
been developed, and these products appear to be
similar to platelets in reducing vascular permeability
after injury. Platelet EVs and freeze-dried platelets
have both been found to be equivalent to platelets
in attenuating vascular permeability induced by
VEGF in mice, and freeze-dried platelets addition-
ally reduced pulmonary vascular permeability in a
mouse model of hemorrhagic shock [151,152].

To our knowledge, no studies have been done
evaluating the effects of platelet transfusion on the
endothelial glycocalyx after hemorrhagic shock.
To evaluate and compare the effects of platelet
and plasma transfusion on the endothelial
glycocalyx after injury, our group used intravital
microscopy to measure endothelial glycocalyx
thickness in cremaster vessels in mice. In this
experiment, after anesthesia and surgical
preparation of the cremaster muscle, the
cremaster was exposed to perfusate containing
1 pg/mL TNF-o to induce vascular injury. At the
same time as TNF-a administration, mice were
administered a bolus of 200 uL of platelets or
FFP. Platelets were washed twice with saline prior
to administration to remove plasma and isolate the
platelet effect. A fluorescent 70 kD dextran dye
was then administered intravenously to measure
the thickness of the endothelial glycocalyx as
previous described [153]. We found that plasma
but not platelets significantly mitigated loss of the
endothelial glycocalyx in this model. The mean val-
ues for cremaster vessel endothelial glycocalyx
thickness in each group were as follows: Sham
0.76 um, TNF-o 0.08 um, TNF-oo + FFP 0.58 pm,
and TNF-a + platelets 0.21 um (p < 0.001 by one-
way ANOVA) (Fig. 3).

In  summary, platelets contribute to the
maintenance of normal vascular barrier integrity,
though counterintuitively they have been found to
mediate increased permeability in multiple
inflammatory conditions. In pre-clinical models of
hemorrhagic shock and trauma, platelet
transfusion does appear to mitigate vascular leak.
However, platelet products have not been shown
to decrease shedding of the endothelial glycocalyx
after injury, and there have been no published
studies evaluating the effects of platelets
transfusion on endothelial function in patients.
Additionally, as noted with plasma products,
individual platelet units are also subject to inter-
donor variability which may impact studies.
Platelets from different donors have been shown
to vary in terms of both platelet aggregation and in
their effects on the endothelium after hemorrhagic
shock [148].

Conclusions

The endothelial glycocalyx is a fragile but critical
structure  with  important  vasculoprotective
properties. Disruption of the endothelial glycocalyx
can occur rapidly in trauma and hemorrhagic
shock and contributes to the EOT and ultimately
multi-organ dysfunction. Plasma transfusion has
the capacity to restore endothelial barrier function
through a number of modalities which include
preservation of tight and adherens junction
proteins and decreasing inflammatory cytokines,
and similarly platelets have also been found to
decrease vascular permeability after injury.
Furthermore, plasma transfusion prevents
shedding of the endothelial glycocalyx after
hemorrhagic shock and trauma in pre-clinical
models, although we show in an experiment
conducted for this review that platelet transfusion
may not protect the glycocalyx after injury. The
mechanisms by which plasma and platelets
mediate their protective effects, while not fully
understood, are thought to be due to soluble
factors which modulate signaling pathways
regulating cytoskeletal integrity and barrier
function. Future directions of research will involve
understanding which factors specifically produced
by plasma and platelets protect the endothelium
and glycocalyx in hemorrhage and trauma.
Targeted therapies to rebuild the glycocalyx or
stabilize the vasculature could potentially be of
great benefit and synergize with plasma and
platelet resuscitation in severely injured patients.

In order to mitigate endotheliopathy in the injured
patient with hemorrhagic shock, this review
supports the prioritization of blood product
resuscitation including plasma and platelets over
crystalloid fluids. This recommendation aligns with
current trauma center practices of initial
resuscitation with balanced ratios of standard
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blood products (or whole blood if available), which
has been shown to improve outcomes [6,84,154].
Because the EOT is thought to develop within min-
utes after injury [11], prehospital resuscitation with
plasma products or whole blood may be necessary
to prevent or mitigate glycocalyx shedding and the
EOT. Recent investigation into the use of prehospi-
tal blood products has been encouraging. Post hoc
analyses of the PAMPer [127] and COMBAT [155]
trials demonstrated that prehospital plasma had a
survival benefit in patients with transport times
greater than 20 min [156]. Similarly, in the military
setting prehospital blood transfusions within
15 min of medical evacuation were associated with
improved survival [157]. The administration of blood
products with extended shelf life and without the
need for thawing (e.g. never-frozen liquid plasma,
whole blood, or dried products) may be more feasi-
ble than FFP-based resuscitation in the prehospital
environment. In addition, in military or remote set-
tings where resources may be limited and the logis-
tics of frozen or even refrigerated products may be
an obstacle to their delivery, the benefits of equip-
ping medical personnel with dried plasma and plate-
let products—which can be stored at room
temperature and rapidly reconstituted—cannot be
overstated. We encourage further investigation into
these products compared to standard blood prod-
ucts regarding their ability to target the EOT and
to improve outcomes in trauma patients.
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