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Abstract The endothelial glycocalyx is a labile, fine

structure coating the luminal membrane of intact healthy

vascular endothelium. For many decades, no physiologic

importance was linked to this structure. It is crucial for vas-

cular barrier function. There has been an immense interest in

recent years for studying this important structure, and

research is needed to disclose more information about it.

Perioperative damage of the glycocalyx has been demon-

strated, and is linked with morbidity and even mortality in

surgical patients. Research on the glycocalyx should change

many of the current perioperative management guidelines,

and focusing on its protection is plausible. The present article

reviews what we already know about the glycocalyx and how

this knowledge has changed anesthesiologist perspectives.
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Background

The endothelial glycocalyx (EG) is a fine structure coating

the luminal membrane of healthy vascular endothelium that

is crucial for vascular barrier function. It is a dynamic layer

that extends luminally from several tens of nanometers up to

three micrometers [1]. In some regions, the glycocalyx is

even thicker than the endothelial cells themselves [2, 3]. It is

a labile structure and may be rapidly affected by metabolic

and inflammatory events [4]. For many decades, no

physiologic importance was linked to this structure because

it is destroyed upon conventional tissue fixation and is

optically transparent in most light microscopic examina-

tions. At best, it was detected only as an ‘exclusion’ zone for

erythrocytes in blood perfused vessels [5]. Perioperative

damage of the glycocalyx has been demonstrated [6]. While

some transfusion strategies proved to cause shedding of the

EG, sevoflurane showed to be protective [7]. Currently, no

drugs are known to increase synthesis or directly prevent

degradation of the glycocalyx. Therefore, perioperative

prevention of EG damage and incorporation of potentially

protective agents should be considered [8].

History

Seventy-three years ago, Danielli was the first to postulate

that the polysaccharides layer coating the endothelial surface,

together with trans-membrane proteins, serves as a perme-

ability barrier [9]. Subsequently, by histochemical analysis,

Bennett termed this barrier the ‘‘glycocalyx,’’ derived from

the Latin for ‘‘sweet husk,’’ due to its predominant polysac-

charide constituents [10]. A few years later, the EG was first

visualized by conventional electron microscopy using ruthe-

nium red. An anatomical width of only some tens of nano-

meters was suggested by the first electron microscopic

visualizations, which relied on traditional fixation techniques

[11]. As a result of more recent intense research, more details

about the glycocalyx are being discovered.

Glycocalyx structure and visualization techniques

The endothelial surface layer (ESL) is formed by a gly-

cocalyx basal skeleton interacting intensely and
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dynamically with plasma constituents in vivo. This repre-

sents the real physiological layer at the interface between

flowing blood and the vessel wall [2, 12, 13].

Glycocalyx is composed of: (see Fig. 1)

• Proteoglycans: these are the most important ‘‘back-

bone’’ molecules of the glycocalyx. They consist of a

core protein of syndecans (four types) and glypicans

(six types), to which one or more glycosaminoglycan

(GAG) chains are linked [12, 14]. GAG chains are

linear polymers of disaccharides with variable lengths.

There are five types of GAG chains: heparan sulfate,

chondroitin sulfate, dermatan sulfate, keratan sulfate,

and hyaluronan [15–20] Heparan sulfate proteoglycans

represent roughly 50–90 % [21]. There are also soluble

proteoglycans, which either reside in the glycocalyx or

diffuse into the blood stream [22].

• Glycoproteins: like the proteoglycans, they are also

regarded as ‘‘backbone’’ molecules. They are charac-

terized by relatively small (2–15 sugar residues) and

branched carbohydrate side chains [12]. Endothelial

cell adhesion molecules are well-defined glycoproteins

that play a major role in cell recruitment from the

bloodstream and in cell signaling. The three families of

cell adhesion molecules present in the endothelial

glycocalyx are the selectin family, the integrin family,

and the immunoglobulin superfamily [23] Glycopro-

teins with coagulation, fibrinolysis, and hemostasis

functions are also harbored in the EG [26].

• Soluble components: various types of proteins, e.g.,

albumin and orosomucoid, and soluble proteoglycans

are embedded within and layered on top of the mesh of

proteoglycans and glycoproteins. These components

are derived from either the endothelium or from the

bloodstream [27].

The glycocalyx dimension

The thicknesses of the EG reported by various authors are

widely heterogenous due to differences in the applied tech-

niques, sample preparation procedures, species and organs

used, and cultivation conditions, as well as the use of in vivo,

ex vivo, and in vitro models. The thickness of the EG in the

first images in 1966 measured approximately 20 nm in cap-

illaries [11]. By 1979, a theoretical estimate of glycocalyx

dimensions was up to 1 lm thick [28]. By 2003, a new

staining protocol with Alcian blue 8GX in rat myocardial

capillaries revealed that endothelial cells are covered by a

200–500 nm thick glycocalyx [29]. In 2004, an improved

electron microscope staining protocol using fluorocarbon-

based oxygen carrying fixatives revealed the glycocalyx to be

as thick as 60–200 nm in glomerular capillaries, and

50–100 nm in intestinal fenestrated capillaries [30]. It was

reported that glycocalyx thickness is 40 nm under shear stress

conditions [31]. By 2006, an estimate of the thickness of the

ESL was almost 2 lm by calculation, after knowing the

amount of sequestrated plasma within the EG and a total

endothelial surface area of 350 m2 [2].

Fig. 1 Schematic

representation of the main

components of the EG. Left The

EG can be observed in vivo as a

red blood cell exclusion zone.

Ec-SOD extracellular

superoxide dismutase, AT III:

antithrombin III [12]
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Visualization techniques

In vivo visualization of the glycocalyx in humans is

extremely difficult, mainly because of its fragility. The

state of the glycocalyx and the ESL can be indirectly

investigated by measuring plasma levels of their constitu-

ent parts, e.g., heparan sulfate, syndecan-1, or hyaluronan

[32]. In order to establish the exact role of the glycocalyx,

direct visualization techniques should be available. Ways

in which the EG has been visualized up to now can be

summarized as follows:

Electron microscopy (TEM)

Transmission electron microscopy (TEM) can provide

information on the charge, composition, and structure of

the glycocalyx. However, TEM cannot be used in vivo and

the EG is often aberrant and is lost during standard tissue

fixation techniques (Fig. 2).

Intravital microscopy

Study of the ESL requires use of intravital microscopy to

visualize the endothelial glycocalyx in vivo. The glycoca-

lyx can be measured indirectly as a gap between the

flowing red blood cells and the endothelium. In addition,

when the plasma was labeled by a fluorescent dextran, the

glycocalyx appeared as a plasma exclusion zone [36].

Recent promising techniques are orthogonal polarization

spectral imaging (OPS, measured in the sublingual area)

(Fig. 3) and side-stream dark field imaging (SDF, mea-

sured on the nail fold) [39, 40].

Confocal microscopy and other methods

Lectin labeling of the glycocalyx of cultured human

umbilical vein endothelial cells and subsequent confocal

laser scanning microscopy (CLSM) imaging revealed a

surface layer as thick as 2.5 ± 0.5 lm [41]. Another

promising technique to directly visualize the glycocalyx in

larger vessels, both ex vivo and in vivo, is two-photon laser

scanning microscopy (TPLSM). The combination of

enhanced penetration depth, good resolution, optical sec-

tioning, and low phototoxicity makes TPLSM a suitable

technique to visualize the delicate endothelial glycocalyx

in intact larger vessels. With TPLSM, the glycocalyx

thickness was found to be 4.5 ± 1.0 lm in intact mouse

carotid arteries [42].

Glycocalyx physiological functions

A new circulatory compartment

A new, big, and probably very important compartment of

circulation has been revealed after the discovery of the

really large dimension of the EG/ESL, it being non-circu-

lating plasma trapped within the EG (1.7 ± 0.2 L) [34].

That compartment was demonstrated when none of the

expected rises in plasma protein levels were detected in

patients undergoing surgery of the ascending aorta who

received a median of 5 Unites (1 L) of fresh-frozen plasma.

It was suggested that was due to a strong incorporation

within the glycocalyx [43].

Fig. 2 Electron microscopy image of the EG

Fig. 3 Determining the change in erythrocyte width in a sublingual

capillary, as a measure of the EG, by imaging the sublingual

microcirculation using orthogonal polarization spectroscopy (OPS).

Images of the microvasculature are projected directly onto a screen
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Vascular barrier function

One hundred and twenty years ago, Starling hypothesized

the forces governing vascular permeability [44]. Until

recently, limitation of fluid filtration was thought to depend

on a balance between hydrostatic and colloid osmotic

pressure (COP) gradients across the vessel wall. At the

arteriolar end, fluid is filtered to the interstitial space under

a dominant hydrostatic pressure gradient of capillaries,

while at the venular end, it was believed that fluid was

absorbed back under a dominant COP gradient. Recent

research found that both capillary filtration and subsequent

reabsorption are less than originally thought by Starling,

and that the only way for the return of fluid to the circu-

lation is via the lymphatics. A lymph flow paradox

appeared when the net capillary filtration rate calculated

from tissue-averaged Starling forces was much greater than

the observed tissue lymph production [45, 46]. Moreover,

interstitial colloid osmotic force was demonstrated to be

much higher than Starling assumed [47]. Experimentally, it

was found that when albumin concentration in and out of

the vessel wall was equal, the COP gradient from the

lumen to the interstitium was 70 % of that when there was

no surrounding albumin [48]. Here came the COP paradox,

where properties other than the effect on COP gradient

contribute to the capillary ‘sealing’ effect of albumin or

plasma substitutes, explaining why capillary filtration is so

much less than Starling predicted. The glycocalyx model

assumed that in healthy vessels, the EG is the main

structure that provides a colloid osmotic gradient and thus

prevents tissue edema [46, 47]. That gradient is formed by

the EG’s high COP due to retained plasma proteins and the

small space beneath, ‘while still at the luminal side of the

anatomical vessel wall,’ which is practically protein free

[49] (Fig. 4). Now, the double barrier concept, where

vascular barrier is maintained by two components, the

Fig. 4 Comparison of

traditional Starling forces and

glycocalyx model of the

endothelial semipermeable

membrane and the forces acting

on it. Grey shade denotes

concentration of plasma protein

[49]. License Number:

3406970330618
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endothelial glycocalyx and the endothelial cell bodies, is

the accepted model of the vascular wall barrier [32].

Perioperative protection of the endothelial glycocalyx

will prevent perioperative interstitial edema, and conse-

quently will prevent perioperative morbidity due to tissue

edema [52].

The ESL has a protective function against the shear

stress of blood flow. Increased shear increases nitric oxide

(NO) production by the ESL, which in turn dilates vessels

and reduces stress [53].

Electrostatic properties of highly sulfated GAG chains

play a role in the regulation of vascular permeability and

fluid balance. Negative charges contribute to repulsion of

red blood cells from the endothelium [45]. In addition to

cells being repelled by negative charges, the body of the

EG serves as a barrier against the inadvertent adhesion of

platelets and leukocytes to the vascular wall, as intact EG

exceeds the dimensions of cellular adhesion molecules

(ICAM 1, VCAM 1, and P- and L-selectins). Thus, shed-

ding of EG appears to be required for platelet and leuko-

cyte adherence to the vessel wall [54].

The glycocalyx also has a role in protecting endothelial

cells against damage by various mediators of oxidative

stress, by binding to enzymes that scavenge oxygen radi-

cals [55].

The EG also has an important role in the regulation of

coagulation. Mediators, such as antithrombin III, heparin

cofactor II, thrombomodulin, and tissue factor pathway

inhibitor, are bound within the glycocalyx structure [56].

Finally, the endothelial glycocalyx can also bind cyto-

kines, which have profound effects on glycocalyx com-

pound synthesis, or modulate inflammatory response by

attenuating the binding of cytokines to cell surface recep-

tors [56].

Endothelial glycocalyx in the critically ill

and perioperative patients

The actual composition of the glycocalyx results from the

balance between biosynthesis and shedding.

New perspectives in transfusion therapy

Hypervolemia

Hypervolemia was found to be a pathogenic factor that

alters the ESL, and consequently, the competence of vas-

cular barrier. Traditionally, the intact vascular barrier was

proposed to retain colloids and proteins, whereas water and

small solutes are able to freely move within the entire

extracellular compartment [57]. In fact, this occurs only in

the context of acute normovolemic blood replacement.

However, it was found that in the context of acute hyper-

volemic hemodilution, 60 % of the infused volume shifted

towards the interstitial space within minutes [58]. This

unexpected effect occurred both with hydroxy ethyl starch

of any generation and 5 % human albumin [59]. It was

suggested that, according to the context, this different

behavior of colloidal volume is related to the disruption of

the ESL due to hypervolemia. Moreover; it was demon-

strated quantitatively in human patients that the non-cir-

culating part of the total plasma volume decreased

significantly by two-thirds during volume loading [59].

Hypervolemia stimulates the heart to release atrial natri-

uretic peptide (ANP) into the circulation. This hormone

leads to the shedding of glycocalyx constituents through a

cGMP-linked proteolytic pathway [60].

The third space

For decades, perioperative fluid therapy was based on a

generous replacement of the third space loss, deficits due to

insensible perspiration and fasting. It was looked upon as

an actively consuming compartment, but an extremely

positive fluid balance during major surgery was the only

consequence. The insensible perspiration and the preoper-

ative deficits are in fact often negligible. After revising

Starling forces, the third space appeared to be only a myth.

The excess fluid most likely accumulates in the interstitial

compartment, due to perioperative destruction of the EG

due to traumatic inflammation and iatrogenic hypervole-

mia. Thus, in patients undergoing major surgical inter-

ventions, it is recommended to design an infusion regimen

that does not substitute, but avoids, interstitial ‘‘third-

space’’ shifting [57].

To replace the myth of third space loss, large volume

fluid transfusions should be prohibited, because the

resulting hypervolemia causes ANP release and damage to

the EG with a resulting interstitial fluid shifting [52].

Ischemia–reperfusion (I/R) injury

Shedding of the endothelial glycocalyx due to ischemia

was demonstrated in human and animal models after per-

ioperative ischemia–reperfusion (I/R) and experimental

ischemia, respectively [29, 61]. I\R during aortic clamping

and cardiopulmonary bypass was complicated by vascular

leakage with edema formation that can even progress to

postoperative multiple organ failure [62, 63]. Hepatic I\R

injury is an inevitable scenario in major liver surgery.

Hepatic sinusoids were found to have a functional glyco-

calyx that is destroyed in murine hepatic I\R injury and

major hepatic surgery [64].

The effects of I/R injury appear to be mediated by the

rapid production of reactive oxygen species [65]. It appears
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that circulating components of the endothelial glycocalyx

will be more sensitive markers of early endothelial cell

distress. Syndecan-1 and heparan sulfate are increased

multifold in patients with perioperative global or regional

ischemia, whereas no change took place in levels of inte-

gral membrane proteins (ICAM-1 and VCAM-1) [35].

Hyperglycemia and diabetes

Hyperglycemia, a common perioperative finding, was

demonstrated to lead to damage to the glycocalyx [34].

Abdominal surgery and sepsis

The EG is shed after major abdominal surgery, as well as in

patients with sepsis [66]. Derangements of EG play an

important role in mortality following sepsis. During sepsis

and after abdominal surgery, the plasma leaks out into the

interstitial space and this has great impact on the devel-

opment of edema and impaired oxygen and nutrient supply

to tissues. The deterioration of the endothelial glycocalyx

is one of the earliest steps within this scenario that triggers

the loss of endothelial barrier function [67]. Therefore, the

glycocalyx markers can be added to the widely used acute-

phase proteins ‘‘C-reactive protein and procalcitonin’’ [68].

Hemorrhagic shock

Hemorrhagic shock is one of the conditions where degra-

dation of the EG has been demonstrated [69]. Intravital

microscopy of anesthetized rats subjected to hemorrhage

showed 59 % loss in EG thickness in venules after hem-

orrhage. Furthermore, loss of EG was associated with

maximal blood flow reduction [70].

Acute lung injury (ALI)

Acute lung injury (ALI) is a major health problem with no

known specific treatment to prevent the onset of inflam-

matory lung injury, reflecting an incomplete understanding

of its pathogenesis [71]. The EG has an important role in

maintaining endothelial barrier function in the pulmonary

microvasculature, and shedding of the EG could be a major

factor contributing to the pathogenesis of ALI/ARDS [72,

73]. As early as the mid-1980s, a report indicated that

disruption of the glycocalyx increased lung endothelial

permeability to ferritin [74]. Degradation of EG has been

shown to be a common pathology in a number of condi-

tions associated with ALI, including sepsis, after major

surgery, hemorrhagic shock and ischemia/reperfusion [35,

69, 75, 76]. Plasma resuscitation was found to restore the

EG and also led to decreased lung injury [69].

Critically ill patients

Sublingual microvascular EGs were evaluated in healthy

volunteers and critically ill patients. Special software was

used for automatic analysis of the perfused boundary

region (PBR), calculated as an index of glycocalyx dam-

age. The PBR was increased in intensive care unit (ICU)

patients compared to healthy controls, and tended to be

higher in septic patients compared to non-septic patients,

suggesting more severe glycocalyx alterations [77].

Perioperative tumor metastasis

An interesting and important role of the EG is that it acts as

a barrier to prevent interactions between adhesion receptors

on endothelial cells and ligands on the circulating tumor

cells’ surface. Factors causing shedding of the glycocalyx

promote circulating tumor cell adhesion to the endothelium

and promote metastasis [78].

Protection of the endothelial glycocalyx

Many perioperative factors lead to disruption of the EG.

Five to seven days were required to endogenously restore

EG thickness in vivo [79]. To date, the mechanisms of

recovery of a destroyed EG in man are unknown. A general

rule of thumb is that the prevention of damage should be

preferred over a cure.

Inhalational anesthetics

In general, halogenated anesthetics offer protection

against I\R injury in different organ systems [80]. Peri-

ischemic administration of sevoflurane provided a com-

bination of pharmacologic pre-conditioning and post-

conditioning in human volunteers after forearm I\R injury.

It was suggested that this occurs through inhibition of

leukocyte adhesion [80]. Maintaining the natural cover for

endothelial adhesion molecules reduces cell adhesion

[83]. A surprising and important finding was encountered

in a study on isolated perfused heart model, where pre-

conditioning and rapid post-conditioning with sevoflurane

attenuated the negative effects of I\R on coronary leak and

glycocalyx degradation. Ischemia led to a 70 % increase

in transudate formation during reperfusion. This was

accompanied by increases in heparan sulphate and synd-

ecan, with electron microscopy revealing massive degra-

dation of the glycocalyx. Also, histamine was released

into transudate, and cathepsin B activity increased in

effluent. Sevoflurane attenuated all these changes, except

for histamine release [7]. Sevoflurane showed a potential
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to be superior to propofol in protection against I\R injury

[84, 85]. Anion gap elevation is predictive of negative

outcome in the context of I\R injury, and sevoflurane

attenuated a strong anion gap elevation more than propfol.

Moreover, there was less heparan sulfate shedding over

time in sevoflurane-anesthetized animals [86]. These

might explain beneficial outcomes linked to clinical use of

sevoflurane after an I\R suite.

Plasma proteins and plasma albumin

Theoretically, we may expect a protein-denuded glycoca-

lyx to be less stable. Therefore, maintaining a sufficiently

high concentration of plasma proteins is assumed to protect

ESL. However, no precise target levels of plasma proteins

are known [8]. For example, albumin availability provides

an ESL that is mechanically stable enough to resist damage

during the reperfusion phase of allografts. Furthermore,

this attenuates enhanced adhesion of blood leucocytes in

reperfused vessels [87]. In a rodent model of hemorrhagic

shock, fresh plasma resuscitation demonstrated early signs

of restoration of the EG, whereas lactated ringer (LR)

resuscitation resulted in few signs of EG repair. In the same

study, pulmonary syndecan-1 mRNA and alveolar cell

surface syndecan-1 expression were lower in animals

resuscitated with LR compared to plasma and correlated

with more lung injury. Surprisingly, protective effects of

plasma have been clinically demonstrated and were sug-

gested to be due to its ability to restore the EG and preserve

syndecan-1 after hemorrhagic shock, and not through

replacement of coagulation proteins, as it has long been

thought [69].

Hydrocortisone

Preliminary data show that hydrocortisone prevents the

shedding of the glycocalyx [8]. In an isolated heart model,

preconditioning with hydrocortisone significantly reduced

glycocalyx shedding following both I/R and TNF-a–

induced inflammation [33, 88]. Clinically preoperative

hydrocortisone administration to cardiac surgical patients

reduced inflammatory markers, in addition to reducing the

use of circulatory and respiratory support as well as hos-

pital stay [89]. There are many proposed mechanisms:

blocking the synthesis of various chemokines and cyto-

kines, thus preventing migration of inflammatory cells to

tissues, changes in NO and prostacyclin levels, in addition

to a decrease in paracellular permeability for macromole-

cules. Mast-cell stabilization by hydrocortisone and the

prevention of degranulation should also prevent damage to

the glycocalyx [90, 91].

Direct inhibition of glycocalyx degradation

Etanercept, ‘‘a soluble bio-analogue of the TNF-a recep-

tor,’’ and rosuvastatin, a statin, prevented glycocalyx deg-

radation in man [92, 93]. Doxycycline or ilomastat, two

inhibitors of matrix metalloprotease activity, attenuated the

shedding of the glycocalyx in an animal study [94].

Antithrombin III

Antithrombin III is a physiological inhibitor of serine

proteases such as thrombin, plasmin, protease-3, and elas-

tase. Serine proteases participate in a wide range of func-

tions in the body, including blood clotting, immunity, and

inflammation [95]. Supplementation of antithrombin has

alleviated I/R injury in various organs [96]. Antithrombin

has been shown to protect the glycocalyx following I/R or

infusion of TNF-alpha [35, 97]. In addition, antithrombin

has been found to bind tightly to the glycocalyx [97].

Therefore, a sufficient level within the glycocalyx may

obstruct attack by proteases, heparanase, and hyaluroni-

dase, thereby preventing shedding. These promising results

warrant further assessing antithrombin III for protecting the

glycocalyx in different clinical settings [8].

Antioxidants

Again, the protective action of the antioxidants from I/R

injury might involve protection of the glycocalyx. NO

applied during reperfusion was found to maintain the gly-

cocalyx in the face of redox stress [98]. Therefore,

enhancing antioxidant seems advantageous in glycocalyx

protection, but there is no proof that this will preserve

vascular permeability.

Avoiding hypervolemia

As mentioned earlier, acute hypervolemic hemodilution, as

well as routine generous IV infusions for patients before

intraoperative reperfusion procedures or before general or

neuraxial anesthesia, are still practiced by anesthesiolo-

gists. Such strategies will cause damage to the EG, and

about 60 % of the infused volume will be lost into the

interstitial space within minutes [58]. Therefore, avoiding

hypervolemia, especially in patients undergoing major

abdominal surgeries, will improve outcome. By reduction

of interstitial edema, better wound healing and improved

pulmonary function are expected [99].

Avoiding the release of atrial natriuretic peptide

ANP release from the heart may occur, due not only to

volume loading, but also to mechanical manipulation of the
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heart, especially wall stress to the atria. ANP-induced

shedding of the glycocalyx will consequently occur. In

coronary artery surgery with and without cardio-pulmonary

bypass, unexpectedly, identical elevations of syndecan-1

and heparan sulfate levels occurred in the circulation of

both groups of patients [100]. Therefore, it was the rise in

ANP and not ischemic stress to the heart and lungs that

cause EG shedding.

Conclusion

A healthy endothelial surface layer in all body parts is

important in preventing perioperative morbidity. Arrange-

ments should be adopted by an anesthesiologist to avoid

perioperative shedding of the endothelial glycocalyx. No

specific drug can cause regeneration of the glycocalyx, so

avoiding its shedding is important. A number of protective

strategies can be adopted to prevent shedding of the EG; these

are fields for future research in the perioperative setting.
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