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Abstract

This article is one of ten reviews selected from the
Annual Update in Intensive Care and Emergency
Medicine 2019. Other selected articles can be found
online at https://www.biomedcentral.com/collections/
annualupdate2019. Further information about the
Annual Update in Intensive Care and Emergency
Medicine is available from http://www.springer.com/
series/8901.

Introduction

Despite decades of intense pre-clinical and clinical re-
search there is still much uncertainty regarding the
volume-expanding efficacy of different fluid resuscitation
strategies across a range of disease states, particularly for
the critically ill [1]. New concepts in vascular permeability
promise to change the way we approach fluid resuscitation
and ultimately lead to improvements in its efficacy. Cen-
tral to these new concepts is the endothelial glycocalyx,
which lines the luminal aspect of the vascular endothe-
lium. Knowledge of the endothelial glycocalyx has permit-
ted revision of the classic Starling principle to one that
better explains the observed flux of fluid across the endo-
thelial barrier [2].

This new model of endothelial permeability largely ex-
plains the difference in the predicted (1:3-1:5) versus
the observed (approximately 1:1.3—1:1.4) ratio of colloid
to crystalloid required to achieve similar hemodynamic
end-points in clinical trials [1]. It also explains why the
infusion of an iso-oncotic colloid fluid will not reverse
existing interstitial edema [3], and may in some situa-
tions result in less volume expansion and greater tissue
edema than a crystalloid in critically ill patients [4]. The
volume expanding effects of infused fluids also differ
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depending on the rate of infusion, the degree of vaso-
constriction, the integrity of the endothelial glycocalyx
and the volume status. Because of this, the effectiveness
of fluid resuscitation is said to be context-sensitive.

Damage to the endothelial glycocalyx, termed shed-
ding, occurs in a number of critical illnesses, including
sepsis and severe trauma, and the degree of shedding is
associated with poor outcomes [5]. It is likely, but not
yet proven, that protecting and restoring the endothelial
glycocalyx in these conditions will improve outcomes.
Several pharmacologic therapies are under investigation,
but these are in the pre-clinical phase of development
and there is not yet enough evidence to support their
clinical use [6]. However, there is growing evidence that
commonly used resuscitation fluids protect and restore
the endothelial glycocalyx and modulate endothelial per-
meability, but differ in their ability to do so. It is there-
fore important that, when choosing resuscitation fluids
for particular patients, clinicians consider factors add-
itional to oncotic properties, including ability to protect
and repair the endothelial glycocalyx.

The endothelial glycocalyx

The endothelial glycocalyx consists of a scaffolding net-
work of proteoglycans, predominantly the transmembrane
bound syndecan and the membrane bound glypican.
Bound to these are five types of glycosoaminoglycan side
chains, predominantly heparan sulfate, with chondroitin
sulfate and hyaluronan less abundant [7]. Glycoproteins
are also attached to the endothelium. These are diverse in
function and include the cell adhesion molecules, recep-
tors in intercellular signaling and receptors involved in
fibrinolysis and coagulation. Incorporated into the scaf-
folding network are numerous endothelial and plasma-de-
rived soluble molecules [7] (Fig. 1).

The endothelial glycocalyx is a key regulator of endothe-
lial function. Most is known about its role in regulating
vascular permeability, but it is also integral to cell-vessel
wall interactions, blood rheology, mechanotransduction,
inflammation, coagulation and fibrinolysis [7]. The fragile
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structure and small dimensions of the endothelial gly-
cocalyx make it difficult to detect and quantify. Experi-
mentally, the endothelial glycocalyx can be directly
visualized by a number of techniques including electron
microscopy, intravital microscopy, comparison of the
volumes of distribution of endothelial glycocalyx per-
meable and non-permeable tracers, confocal micros-
copy, and immunohistochemical staining [8]. These
techniques are all invasive and not suitable for repeated
measurements, if at all, in clinical applications.

For clinical purposes, detecting endothelial glycocalyx
breakdown products in plasma or serum has been widely
used in a research context, but is not yet routinely avail-
able for clinical practice, and indeed the clinical signifi-
cance of elevated levels has not been validated. The most
commonly measured is syndecan-1 (SDC-1), the main
structural backbone of the endothelial glycocalyx [7]. Hep-
aran sulfate, chondroitin sulfate and hyaluronan have also
been used to detect endothelial glycocalyx damage [8].
Alternatively, visualization with a side-stream dark field
(SDF) camera or its predecessor orthogonal polarization
spectral imaging (OPS) has been used to detect endothe-
lial glycocalyx thickness in the nail fold or oral mucosa in
a clinical research context. These cameras estimate endo-
thelial glycocalyx thickness based on the speed and
deformation of passing red blood cells (RBCs) and leuko-
cytes [8].

Loss of the endothelial glycocalyx, or glycocalyx shed-
ding, occurs commonly in a number of diseases including
trauma and sepsis, and has been associated with poor
patient outcomes [5]. However, it is unclear whether
endothelial glycocalyx shedding is simply a marker of dis-
ease severity or if it contributes directly to poor outcomes.
There are a number of biologically plausible pathways

whereby endothelial glycocalyx shedding could cause
harmful effects, but no clinical study has attempted to re-
store the endothelial glycocalyx, and in animal studies
there are no data on outcomes after restoration [9].

Mirroring the diverse range of conditions that are as-
sociated with endothelial glycocalyx shedding is the
diverse range of mediators known to cause shedding.
These include, but are not limited to, tumor necrosis
factor (TNF)-a, reactive oxygen species (ROS), hepara-
nase, hypoperfusion, hyperglycemia, bacterial toxins and
growth factors [10]. The final common pathway for
many initiators of shedding is the activation of proteases
that cleave endothelial glycocalyx components from the
cell surface [10].

Role in regulating vascular permeability: The
revised Starling principle

The movement of fluid across the endothelium has, until
recently, been explained by the classical Starling principle,
which describes the filtration rate as being a function of
two opposing forces—hydrostatic pressure and osmotic
pressure—across the vessel wall [11]:

JV/A = Lp[(Pc—Pi)_(’(Hc_ni)]

where Jv/A is the outward filtration force for a given
area, L, is the membrane hydraulic conductivity, P. is
the luminal hydrostatic pressure, P; is the interstitial
hydrostatic pressure, o is the macromolecule reflection
coefficient of the membrane, I, is the luminal osmotic
pressure and IT; is the interstitial osmotic pressure.
When Starling first described his theory in 1896 [11],
the model was consistent with experimental data available
at the time. However, in recent years, modern technology
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has enabled the observation of a number of contradictions
to the classic equation. Specifically, there is no venous re-
absorption of fluid, transcapillary flow rate is lower than
predicted, and the interstitial protein concentration has a
minimal effect on fluid flux [2]. This has led to four major
modifications to the Starling model, with the endothelial
glycocalyx central to these modifications.

No absorption in the steady state

Starling theorized that after being filtered out from the
arterial end of a capillary (the segment under high P,
fluid was then reabsorbed at the venous end (the seg-
ment under low P.). However, experiments have found
that while there is an initial transient response where
fluid is absorbed after a sudden decrease in P, this
rapidly changes back to outward filtration, even at the
venous end of the capillary. This transient absorption
phase lasts approximately 15—-30 min in humans follow-
ing acute hemorrhage, allowing the absorption, or ‘auto-
resuscitation, of approximately 0.5L of interstitial fluid
[2, 12]. However, in the steady state, no absorption is
seen along the entire length of most capillaries, regard-
less of the P. (the “no absorption rule”) [2, 12]. Instead,
fluid is removed from the interstitium via the lymphatic
system [12]. Only in certain unique organs, notably
those of the renal, intestinal and lymphatic systems, is
absorption seen in the steady state due to mechanisms
that maintain a low IT; and a raised P; [2].

The no absorption rule explains why the intravenous
administration of iso- or hyper-oncotic colloid fluids will
not reverse existing interstitial edema [3], and is due to
the inverse relationship between capillary filtration rate
and the interstitial protein concentration gradient adja-
cent to the vessel wall. After the initial drop in P, the
balance of forces directs fluid inwards into the vessel
lumen. This movement of fluid concentrates the intersti-
tial proteins, increasing IT;, which opposes the absorp-
tion force inwards. Eventually, a new steady state is
reached, at which point the balance of forces always re-
sults in outward filtration [2].

The sub-glycocalyx space
Starling’s original theory assumes that IT; is substantially
lower than IT.. This is not correct. The interstitium is
packed with proteins due to the physiological extravasa-
tion of plasma proteins, possibly through large pores
located in the venular segments of capillaries, which
results in IT; approaching T1. [2, 4]. But solving the ori-
ginal equation with the measured IT; and IT. values pre-
dicts a much higher filtration rate than that measured
experimentally [13]. Furthermore, modifying IT; experi-
mentally only has a minor impact on filtration rate [2].
The discrepancies between predicted and measured
filtration rates are resolved by revising the Starling
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equation and replacing IT; with the osmotic pressure in a
small protein-free zone between the endothelial glycoca-
lyx and the endothelial cells [2] (Fig. 2). That is:

Jv/A = Ly[(Pe-P;) -0 (TT-TTg )|

where T1; is the sub-glycocalyx osmotic pressure. As the
osmotic pressure counteracting Il is Il and not IT;
changes in IT; will have little impact on the filtration
rate, as has been observed [2]. I, is almost negligible in
comparison to I, so the osmotic pressure gradient ap-
proaches IT.

The sub-glycocalyx space is maintained protein-free by
the constant outward filtration of fluid as explained by
the no absorption rule and the plasma protein filtering
effect of an intact endothelial glycocalyx. The resulting
ultra filtrate flows through the sub-glycocalyx space, and
then out through the intercellular clefts via breaks in the
tight junction strands [2]. Due to their narrow width, the
velocity in the breaks is high even at low filtration rates,
which prevents movement of interstitial protein back
into the sub-glycocalyx space [2].

The endothelial glycocalyx is a determinant of hydraulic
conductivity

The endothelial glycocalyx is also an important deter-
minant of hydraulic conductivity. Hydraulic conductivity
(Lp) is the change in filtration rate for a given change in
transendothelial pressure, and can be thought of as the
ease with which water passes across the vessel wall. Far
from being a static variable, L, is dynamically influenced
by the endothelial glycocalyx and the endothelium. The
endothelial glycocalyx reduces L, by mechanically resist-
ing fluid flow [2, 4]. It also affects L, by mechanotrans-
ducing shear force to the underlying endothelial cells,
which respond to increased shear stress by releasing
nitric oxide (NO) and altering junctional proteins result-
ing in an increase in L, [14]. This process is physiologic-
ally relevant when meeting the increased demand for
metabolic substrates to skeletal muscle during exercise,
but the relevance in a critically unwell patient, where in
most cases the endothelial glycocalyx is degraded and
the shear stress is low, remains to be seen.

Endothelial cells have a significant role in regulating L.
The tight and adherens junctions contribute to the high
hydraulic resistance of the intercellular space. Breakdown
of these junctions occurs in response to a variety of medi-
ators, such as vascular endothelial growth factors (VEGF)
and cytokines, increasing L, [15]. In addition, apoptosis,
mitosis and transcellular pathways, such as aquaporins,
may contribute to increased L, depending on the vascular
bed and the prevailing pathophysiological conditions [15].
The trans- and para-cellular pathways that mediate endo-
thelial permeability to fluid, solutes and cells in a number
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of disease processes are complex and not completely
understood, and are reviewed elsewhere [15].

The modified Starling model is non-linear at low filtration
rates

The effect of capillary hydrostatic pressure, P, on filtra-
tion rate is more complex than previously thought. The
original and modified Starling equations both describe
the relationship between Jv/A and P, as linear, when the
other variables are constant. This relationship is de-
scribed by the linear equation:

Jv/A = LyPc + [Ly(-P;-oTl + oTl,;) ]

However, due to the no absorption rule, at low values of
Jv/A in the steady state the flow rate only approaches zero,
never actually reaching zero or becoming negative. This
results in an asymptotic curve at low values of Jv/A and a
linear curve at higher values. Woodcock and Woodcock
[16] have described the inflection point as the J-point, and
theorized that at P, values below the J-point both crystal-
loids and colloids will have almost the same volume
expanding effects due to the filtration rate of both being
near zero. The x-intercept, that is, P, when Jv/A is zero
(or rather what it would be if the curve was linear at a Jv/
A of zero), approximates the J-point, and is given by:

J-point = P; + oll.~ollg;

Increasing P; or Il. will shift the J-point to the right,
whereas increasing Ily; will have the opposite effect
(Fig. 3). Contextualizing this clinically, a right shift in the
J-point is advantageous for increasing intravascular vol-
ume—more fluid can be infused (and crystalloid or colloid
will have similar volume expanding effects) before the
hydrostatic pressure threshold for movement of fluid inter-
stitially is reached; whereas a shift to the left is deleterious

for volume expansion—fluid will move interstitially at a
lower P. and hence lower intravascular volume. An in-
crease in P; is usually due to edema formation, which is
not desirable, so the best way to achieve a right shift is to
increase I and avoid increases in ITy;.

In an intact endothelial glycocalyx, I, is negligible,
and the colloid particles in an infused colloid fluid
remain in the intravascular space due to the filtration ef-
fect of the endothelial glycocalyx. This results in either
no change or a rightward shift of the J-point, a low filtra-
tion rate, and sustained plasma volume expansion from
the infused fluid. Whether a colloid compared to a crys-
talloid results in greater volume expansion in this con-
text depends on the P.. If the P, is below the J-point,
then as the filtration rate is near zero, both crystalloids
and colloids will have a similar volume expanding effect.
If the P, is above the J-point, then colloids will persist in
the intra-vascular space for longer than crystalloids.

While there is currently no way to measure P, at the
bedside (there is a poor correlation between measurable
macrocirculatory parameters such as blood pressure and
those of the microcirculation [17]), there are indications
that in healthy volunteers, the J-point does appear to ap-
proximate the P, in what is regarded as normovolemia.
When 900 mL of blood was removed from normotensive
human volunteers, the volume of crystalloid required to
restore normovolemia was estimated to be somewhere
between one and two times the hemorrhaged volume
[18], depending on the rate of replacement. By compari-
son, in experiments where crystalloid was infused to
achieve hypervolemia, as little as 17 + 10% was found to
remain intravascularly [19].

In contrast, if the endothelial glycocalyx is damaged, the
J-point is shifted to the left due to the higher IT; replacing
I, [20], and the plasma expanding efficacy of any infused
fluid is reduced (that is, the outward filtration rate will be
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Fig. 3  The relationship between capillary lumen hydrostatic pressure (P) and the outward filtration force for a given area (Jv/A) showing the J-
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above zero at a lower plasma volume). Paradoxically, while
it might initially seem that in this context (with the P. be-
ing more likely to be above the J-point) a colloid fluid
would persist in the intravascular space longer than a crys-
talloid, this is not necessarily the case as the colloid parti-
cles are free to move interstitially, further increasing IT;
and worsening the leftward shift [20]. Endothelial glycoca-
lyx shedding also decreases o, making the J-point more
dependent on P; and less dependent on the osmotic pres-
sure difference.

This concept has been demonstrated experimentally
by Jacob et al. [4] who measured perfusion pressure (ap-
proximating P.) and transudate flow (approximating Jv/
A) in ex vivo guinea pig hearts. The P. of the estimated
J-point after a crystalloid infusion was approximately 10
c¢cmH,O, and this was the same before and after enzy-
matically degrading the endothelial glycocalyx (although
the protein-free perfusate likely resulted in endothelial
glycocalyx shedding prior to the enzymatic degradation).
The positive J-point was likely caused by the increased
P; from fluid movement interstitially. After a colloid in-
fusion, this point was 0 cmH,O in an intact endothelial
glycocalyx, but was reduced to —12 cmH,O after en-
zymatic degradation—the interstitium was essentially
‘sucking’ fluid from the intravascular space. The negative
J-point was likely due to the increased IT; from the
movement of colloid particles interstitially. In a similar
study there were similar levels of tissue edema after in-
fusing a colloid compared to a crystalloid through endo-
thelial glycocalyx denuded vessels [20]. And in another,
the increase in IT; resulted in an increase in the filtration
rate of subsequent fluid infusions [21].

Additional theoretical considerations
Vasoconstriction and vasodilation via exogenous or en-
dogenous mechanisms also affect P, and the filtration

rate but in a somewhat unpredictable fashion, as these
are dependent on the balance of constriction/dilation in
the venules and arterioles [17]. In addition, an in-
creased rate of intravenous fluid infusion should, theor-
etically, lead to increased fluid extravasation from a
transient increase in P, but the experimental data are
not conclusive. The relationship between rapid fluid
infusion rate, P, filtration rate and poor clinical out-
comes is therefore still poorly understood. Further-
more, the permeability of the intact, or partially intact,
endothelial glycocalyx to macro-molecules such as
albumin and semisynthetic colloids also increases with
increasing P., adding additional complexity to the rela-
tionship between P; and P, [17].

Clinical implications of the revised Starling model
Methods for measuring endothelial glycocalyx status
clinically are not yet routinely available outside of a re-
search context and have unvalidated clinical significance.
However, overwhelming pre-clinical and clinical evi-
dence suggests that the endothelial glycocalyx is likely to
be damaged in critically unwell patients [5]. Infusing an
iso-oncotic colloid into these patients will have a similar
volume expanding effect to a crystalloid fluid. How simi-
lar will depend on the degree of endothelial glycocalyx
shedding, the endothelial glycocalyx permeability, the
patient’s pre-infusion volume status, the infusion rate,
and the degree of vasoconstriction, and is difficult to
predict clinically due to the complexity of the interac-
tions between the variables involved. This could explain
why in large clinical trials of critically unwell patients the
volume expanding effects of colloids compared to crystal-
loids are much less than predicted. For example, in the
Crystalloid versus Hydroxyethyl Starch Trial (CHEST)
[22] and the Saline versus Albumin Fluid Evaluation
(SAFE) [23] clinical trials, the observed ratio of colloid to
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crystalloid to achieve the same hemodynamic resuscitation
end-points was 1:1.3 and 1:1.4 respectively, which is mark-
edly different to the ratio of 1:3—1:5 predicted by the clas-
sical Starling principle [1].

Using an iso-oncotic colloid for a potential, even if
only marginally, greater volume expanding effect is not
without risk. Infusing a colloid solution into a patient
with a degraded endothelial glycocalyx comes at the ex-
pense of interstitial protein accumulation resulting in
tissue edema to levels similar to that seen in crystalloid
infusions [4]. Paradoxically, in some cases tissue edema
could actually be higher and volume expansion lower
after an infusion of colloids compared to a crystalloid in-
fusion [4]. In addition, the use of semisynthetic colloids
may have deleterious consequences (e.g., allergy, coagu-
lopathy) beyond causing edema [1], and they appear to
extravasate faster than albumin [20]. Furthermore, due
to the no absorption rule, a colloid infusion cannot re-
verse existing interstitial edema regardless of the integ-
rity of the endothelial glycocalyx.

All of these considerations could explain why, despite
the slightly greater volume expansion properties, over-
all there have not been any significant mortality bene-
fits from using a colloid over a crystalloid in clinical
trials [1]. The volume expansion effect may be so mar-
ginal as to make no difference in outcomes, or the dele-
terious effects may counteract any advantage from
greater volume expansion.

Fluids that preserve the glycocalyx

The preceding discussion has focused on the differential
resuscitation effects of crystalloid and colloid according
to the prevailing state of the endothelial glycocalyx, find-
ing physiological rationale for the absence of evidence
for superiority of one over the other. However, some col-
loids do appear to be markedly superior as resuscitation
fluids. In hemorrhagic shock, for example, resuscitation
with higher ratios of plasma seems to result in lower
mortality than crystalloid [24], despite there being seem-
ingly little advantage in terms of preservation of coagula-
tion factors [25]. The explanation may lie not with the
Starling equation but rather that certain colloids act to
preserve the endothelial glycocalyx.

As there have been no clinical trials that have directly
sought to assess whether restoring or protecting the
endothelial glycocalyx changes clinical outcomes, the ra-
tionale for preserving the endothelial glycocalyx is based
on observational and pre-clinical in vitro and in vivo
data. Taken together, these data suggest that the early re-
pair of the endothelial glycocalyx might improve the sys-
temic inflammatory response, coagulopathy and volume
responsiveness following a systemic ischemic or inflam-
matory stimulus such as severe sepsis or major trauma.
The timeframe for the endothelial glycocalyx to repair
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itself clinically without any intervention is not clear, but
data from a rat model and human endothelial cell cul-
ture experiments suggest that following the cessation of
the shedding stimulus, it takes 5-7 days to restore the
glycocalyx to baseline [26]. There is therefore a window
in this relatively long timeframe for an intervention to
stimulate earlier repair. There is growing evidence that
commonly used resuscitation fluids have differing abil-
ities to protect and restore the endothelial glycocalyx.

Albumin
A low-protein environment has long been recognized to
cause a rapid breakdown, or shedding, of the endothelial
glycocalyx [27]. This phenomena is independent of the
effect on osmotic pressure, as, for the same intravascular
osmotic pressure, plasma and albumin are more effective
than semisynthetic colloids such as hydroxyethyl starch
(HES) at preserving and restoring the endothelial glyco-
calyx, reducing vascular permeability, and reducing
platelet and leukocyte adhesion in pre-clinical studies [4,
20, 28, 29]. The mechanism of the superior ‘sealing ef-
fect’ of albumin and plasma is still not entirely clear and
has been termed the “colloid osmotic pressure paradox”.
Initially, it was thought that perfusing the endothelium
with a protein-free solution collapsed the endothelial
glycocalyx due to washout of its integrated proteins.
However, immunohistochemical staining and electron mi-
croscopy have revealed that a low-protein environment
causes a complete absence, rather than collapse, of the
endothelial glycocalyx [27]. This appears to be caused by
matrix metalloproteinase (MMP) cleavage of the endothe-
lial glycocalyx components from the underlying endothe-
lium [27]. The protective effect of protein might be
mediated by a protein bound substance that inhibits
MMP cleavage of the endothelial glycocalyx, such as the
lipid mediator sphingosine 1-phosphate (S1P). In in vitro
experiments, activation of the S1P; receptor inhibits
MMPs, preventing endothelial glycocalyx shedding [27,
28], while at the same time the endothelial glycocalyx is
restored by the mobilization of intracellular pools of
glycocalyx components via golgi-mediated translocation
[4]. RBCs, followed by platelets, are the major source of
S1P in the body [30]. Plasma proteins, predominantly
high-density lipoprotein (HDL) and albumin, facilitate the
release of S1P from these sources [30]. In the absence of
albumin, up to 25 times less S1P is released from RBCs
[28]. Whether S1P is the only mediator responsible for the
colloid osmotic pressure paradox is not known, nor is it
known whether agonizing the S1P; receptor has any clin-
ically relevant effect on the endothelial glycocalyx in vivo.
It is unclear whether the infusion of albumin in vivo has
the same endothelial glycocalyx restoration effect as that
seen in vitro. Animal studies have yielded conflicting
results—in a mouse model of hemorrhage where fresh
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frozen plasma (FFP) attenuated the increase in vascular
permeability, human albumin had almost no effect [31],
whereas in a rat model of hemorrhage, albumin restored
the glycocalyx thickness to 81 + 31% of the baseline, com-
pared to the full restoration achieved by FFP, but better
than the 42 +21% of that from 0.9% saline [32]. Perme-
ability in this study was restored to baseline after both
FFP and albumin infusion. Furthermore, in clinical trials,
there is only a narrow, if any, survival benefit of using
albumin as a resuscitation fluid, although there is weak
evidence that there may be an advantage of albumin in
septic patients [1]. There are also concerns about the
safety of albumin in traumatic brain injury (TBI), although
a recent study has suggested that the harm in this patient
population might actually be caused by the hypotonicity
of the carrier fluid, not by the albumin itself [1].

There are a number of possible explanations for these
contradictory data. It could be that albumin restores the
endothelial glycocalyx, but this restoration does not change
clinical outcomes. It could also be that circulating albumin
levels are required to drop below a critical level before sup-
plementation has any clinically significant effect. Or, it
could be that it is not albumin itself that is a mediator of
endothelial glycocalyx repair, but rather another mediator
contained in the albumin solution, such as S1P. Supporting
this hypothesis is a study in which albumin exposed to
RBCs for 20 min or a solution without albumin but con-
taining S1P maintained normal vessel permeability in rat
microvessels, but albumin not conditioned by RBCs did
not, nor did Ringer’s solution that was conditioned to
RBCs [28]. Commercially available sources of albumin for
pre-clinical research use, such as fetal calf serum and bo-
vine serum albumin, contain physiologically active levels of
S1P [28], which may account for their efficacy in protecting
and restoring the endothelial glycocalyx in in vitro experi-
ments. The levels of S1P in human albumin manufactured
for clinical purposes have not been reported, and the albu-
min used in the aforementioned studies was not analyzed
for any other potential mediators. Differing levels of these
mediators could account for the difference in observed ef-
fects. Artificially S1P-enriched human albumin would be
an attractive solution for trials in human resuscitation.

Fresh frozen plasma

The evidence for the endothelial glycocalyx-restoring
properties of FFP is more compelling. In cell culture
and animal models of endothelial glycocalyx injury, FFP
consistently attenuates glycocalyx shedding and the
associated increase in vascular permeability and
leukocyte adhesion, and in animal models it also atten-
uates acute lung injury and gut inflammation following
hemorrhagic shock [29]. In a clinical study of 33 non-
bleeding critically-ill patients given 12 mL/kg FFP as
pre-procedure prophylaxis, SDC-1 blood levels were
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significantly lower following the administration off FFP,
indicating that FFP had reduced the degree of endothe-
lial glycocalyx shedding [9]. FFP starts repairing the
endothelial glycocalyx within 1 h, and this appears to be
mediated via not only the cessation of ongoing shed-
ding, but also by up-regulation of endothelial glycocalyx
component production. Hemorrhagic shock reduces the
expression of SDC-1 mRNA, and resuscitation with crys-
talloid reduces this expression even further, while FFP
returns SDC-1 mRNA expression back to baseline [33].

The increase in endothelial glycocalyx production by
FFP could confound the clinical detection of glycocalyx
shedding with blood levels of glycocalyx components. In
a rat model of hemorrhage and TBI, SDC-1 blood levels
at 23 h were higher in the FFP resuscitated group com-
pared to the 0.9% saline resuscitated group, suggesting
higher levels of endothelial glycocalyx shedding in the
FFP group [34]. The authors suggested the low levels of
SDC-1 at 23 h actually most likely reflected a reduction
in endothelial glycocalyx production in the saline group,
not a reduction in endothelial glycocalyx shedding.

The mechanism by which FFP restores the endothelial
glycocalyx, reduces endothelial permeability, and attenu-
ates early inflammation is not clear. It is not known if
the same mediator is responsible for the endothelial
glycocalyx repairing properties of both FFP and albumin.
Similar to albumin, the pre- and post-transfusion levels
of S1P in FFP approved for clinical use have not been
measured. In addition, FFP’s effects are pleiotropic: for
instance it also repairs the endothelial adherens junction,
which would account for some of the improvement in
permeability [35]. This is not surprising given that
plasma contains over 1000 proteins and numerous sol-
uble mediators [36]. S1P in FFP may play an important
role in preserving and restoring the endothelial glycoca-
lyx, but so may other mediators of protease activity such
as TIMP3 (tissue inhibitor of metalloproteinase 3) [37]
or ADAMTS13 (a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13) [9].
However, there is as yet less evidence for these media-
tors in the pathogenesis of endothelial glycocalyx shed-
ding than S1P.

The components of FFP that repair the endothelial
glycocalyx may also be present in plasma-derived prod-
ucts such as prothrombin complex concentrate (PCC).
Pati et al. demonstrated that in a mouse model of
hemorrhagic shock, PCC attenuated the increase in vas-
cular permeability with equal efficacy as FFP [31]. Inter-
estingly, the PCC was not as effective as FFP in an
endothelial cell culture model [31]. It may be that mul-
tiple components of plasma are required to act synergis-
tically to mediate their restorative effects. This study did
not measure the endothelial glycocalyx, so it can only be
speculated that the permeability reducing effect was
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mediated via glycocalyx restoration. Lyophilized and
spray-dried plasma also appear to have the same endo-
thelial protective properties as FFP [9].

Other variations in the processing and storage of FFP
may not preserve its endothelial glycocalyx repairing
properties, and as it is not known what mediates these
properties it is difficult to predict how these may differ
with different processes. For example, the protective ef-
fects of FFP are substantially diminished by post-thaw
storage at 4 °C for 5 days [9]. Furthermore, the timing of
resuscitation could also be important. In a cell culture
model, resuscitation with plasma immediately following
injury restored the endothelial glycocalyx and vessel per-
meability, whereas resuscitation with plasma at 3 h fol-
lowing injury had no protective effect [38].

Clinically, there is evidence that the infusion of FFP,
particularly in traumatic hemorrhage, decreases early
deaths, particularly when the plasma is administered
early [39]. In the PAMPer trial, a 564 patient multicenter
randomized controlled trial (RCT) of pre-hospital ad-
ministration of FFP compared to standard care (no FFP
pre-hospital), 30-day mortality was lower in the group
that received pre-hospital FFP (23.2% vs. 33.0%) [39].
The improvement in mortality occurred early; there was
separation in the survival curve after only 3 h following
randomization [39]. FFP’s beneficial effects were inde-
pendent of any attenuation of coagulopathy [40], and it
could be speculated that it may instead, at least in part,
have been mediated by endothelial protection.

There has historically been a reluctance to use FFP due
to concern about the risk of adverse events, such as
transfusion-associated acute lung injury and allergic trans-
fusion reactions [41]. However, a variety of strategies to re-
duce these risks, such as using male only donor plasma
and leukoreduction, have resulted in a safer product [41].
Recent RCTs have found no increased incidence of major
complications including multiorgan failure, acute lung in-
jury or sepsis with the use of FFP, and only a low incidence
of minor transfusion-related reactions in patients who re-
ceive FFP [24, 39]. Interestingly, in a pilot study of 44
bleeding patients undergoing surgery for thoracic aorta
dissection, patients randomized to OctaplasLG had sig-
nificantly lower SDC-1 and sVE-cadherin levels (a marker
of endothelial cell intercellular junction integrity) com-
pared to patients given standard FFP [42]. OctaplasLG is a
pathogen-reduced product derived from approximately
1000 plasma donations with standardized concentra-
tions of clotting factors, and is free from damage-asso-
ciated molecular patterns, cytokines, cell debris and
microparticles due to several stages of microfiltration.
The removal of these particles could result in a product
that has fewer adverse effects, but is also more effective
at restoring the endothelial glycocalyx than standard
FFP. Potentially, isolating the endothelial glycocalyx
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protective mediator among FFP’s thousand or so pro-
teins and soluble mediators could prove to be the most
effective and safest therapy for protecting the endothe-
lial glycocalyx.

Red blood cells

Packed RBCs (PRBCs) could, theoretically, have an
endothelial glycocalyx protective effect due to their role
as a source of SIP. RBCs, followed by platelets, are the
major source of S1P in the body; S1P is rapidly removed
from the circulation, so circulating RBCs and platelets
may be integral in maintaining sufficient plasma levels
[30]. A study of individually perfused rat microvessels
supports this hypothesis. Albumin exposed to PRBCs for
20 min or a solution without albumin but containing
S1P maintained normal vessel permeability, but albumin
not conditioned by PRBCs did not [28].

However, PRBCs transfused systemically do not ap-
pear to be protective of the endothelial glycocalyx. In a
rat hemorrhagic shock model, resuscitation with fresh
whole blood or unwashed PRBCs, but not with washed
PRBCs or lactated Ringers, increased endothelial glyco-
calyx thickness and reduced vascular permeability,
suggesting that the residual plasma in the unwashed
PRBCs is responsible for the endothelial protective
effect, and not the PRBCs themselves [43]. The equiva-
lent of approximately 4 units of blood product was
transfused to each animal in this study. It could be that
there were enough circulating endogenous RBCs in
these animals to keep S1P levels above a critical level,
so supplementation did not achieve any noticeable ef-
fect. If this were the case, then this has consequences
for patients who receive massive blood transfusions
where their entire circulating blood volume is replaced
with exogenous blood products. For these patients, the
S1P content of transfused blood products could be of
great clinical significance.

Notably, aged PRBC units contain less S1P than fresh
units [44]. There is high quality evidence that transfu-
sion of fresher PRBCs does not improve patient out-
comes [45]. However, the large trials that have addressed
this question did not consider PRBCs towards the end of
their 42-day shelf life, but were instead pragmatic re-
sponses to the emerging clinical tendency to transfuse
the freshest available PRBCs in preference to units with
a median age of around 20 days [45]. In addition, these
trials did not specifically look at massive transfusion,
and it is possible that the age of PRBCs matters in this
population, but not in those who receive a small number
of PRBC units.

Platelets
There is growing evidence that the transfusion of plate-
lets early following hemorrhagic shock improves patient
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outcomes. Most recently, a sub-study of the Pragmatic,
Randomized Optimal Platelet and Plasma Ratios
(PROPPR) trial analyzed the 261 patients in the trial
who only received the first cooler of blood products,
and therefore either did or did not receive platelets
along with their PRBC resuscitation. Patients who
received platelets had significantly lower 24-h (5.8% vs.
16.9%) and 30-day mortality (9.5% vs. 20.2%) [46].
While there are inherent limitations with such a sub-
study, this finding is consistent with previous observa-
tional studies that have suggested that increased plasma
and platelet to PRBC ratios improve outcomes in bleed-
ing trauma patients [47].

Almost certainly some of the mortality benefit from
platelet transfusion would be attributed to an improve-
ment in hemostasis. However, it is also possible that the
endothelial protective effects of platelets also play a role
in improving outcomes. Platelets release cytokines and
growth factors that preserve the integrity of the endothe-
lial intercellular junction and thereby maintain a low
vascular permeability [48]. Platelets are also a source of
S1P [30], so it is possible that S1P plays a role in main-
taining a low vascular permeability by protecting the
endothelial glycocalyx; however the effect of transfused
platelets on the endothelial glycocalyx specifically has
not yet been studied.

Similar to plasma and PRBCs, the processing and stor-
age conditions of platelets affect their ability to preserve
vascular permeability. Washed platelets stored for 5 days,
compared to one, have approximately 50% lower levels
of S1P [49] and increase vascular permeability both in
vitro and in vivo [48]. There is also significant inter-
donor variability in the ability of transfused platelets to
preserve endothelial permeability. In addition, washed
platelets stored at 4 °C (cold stored), compared to stand-
ard storage at room temperature (22 °C), were more ef-
fective at preserving endothelial permeability in both in
vitro and in vivo models [50].

Crystalloids and artificial colloids

Crystalloids have no ability to restore the endothelial
glycocalyx [4, 9], although they may differ in their effects
on L, (hydraulic conductivity) primarily through the ef-
fects of calcium on endothelial cells [4]. Artificial col-
loids do have some protective and restorative properties
through an unknown mechanism, but they are inferior
to albumin and FFP in this regard. This has been dem-
onstrated in in vivo and ex vivo animal studies of endo-
thelial glycocalyx injury, in which HES was marginally
more effective than crystalloid at restoring the endothe-
lial glycocalyx and reducing the corresponding increase
in vascular permeability, but significantly inferior to al-
bumin and FFP [9, 20].
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However, the protective effect of HES seen in
pre-clinical studies does not appear to translate clinic-
ally. In clinical trials of sepsis and off-pump coronary
bypass graft surgery, which both caused a significant
elevation in blood concentration of SDC-1, indicating
glycocalyx shedding, there was no difference in blood
concentrations of SDC-1 in patients resuscitated with
HES compared to those resuscitated with a crystalloid
[51, 52]. In addition, large randomized clinical trials of
HES in critically ill patients have found no benefit to
using HES over a crystalloid, instead finding that HES
is associated with the increased use of blood products
and the development of acute kidney injury [1]. There
is little evidence about the effects of other types of arti-
ficial colloids on the endothelial glycocalyx.

Conclusion

Until fairly recently, the theoretical advantages of one
type of resuscitation fluid over another have been
based on a now outdated understanding of vascular
permeability. Colloid fluids were considered superior
to crystalloids due to their theorized greater retention
within the intravascular space, but clinical trial data
have neither supported this nor convincingly demon-
strated a mortality or efficacy benefit from any one
fluid type over another [1]. These observations are
clarified by the revised Starling equation, which ex-
plains the similar volume expanding and interstitial
edema forming properties of crystalloid and colloid
fluids when the endothelial glycocalyx is shed and the
hydrostatic pressure is low in critically ill patients, as
well as other considerations, such as the effects of col-
loid accumulation in the interstitial space. Future re-
search into fluid resuscitation will benefit from an
updated understanding of the determinants of vascular
permeability, and perhaps most promising is the identi-
fication of the endothelial glycocalyx as a possible
therapeutic target. Resuscitation fluids differ in their
ability to protect and restore the endothelial glycocalyx.
While FFP has been identified as the most effective,
further work is needed to establish the mechanisms,
and to determine whether glycocalyx repair improves
clinical outcomes. A fluid resuscitation strategy that
protects and repairs the endothelial glycocalyx may
prove to be the most effective.
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