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The endothelial glycocalyx (EG) is a complex and mul-
ticomponent layer of macromolecules at the luminal 
surface of vascular endothelium. This concept was 

proposed more than 70 years ago and its composition is 
well studied as detailed in 2 reviews1,2; however, its role 
in mechanisms of endothelial protection and injury and 
subsequent clinical implications have just recently become 
evident. The EG consists of a variety of endothelial mem-
brane–bound molecules, including glycoproteins and pro-
teoglycans, that provide the basis for plasma–endothelial 
cell interaction. EG structure, although well characterized 
in vitro, is poorly de!ned in vivo because of its dynamically 
changing composition by self-assembly and enzymatic deg-
radation or shear-dependent shedding of its elements. Its 
major constituents are hyaluronic acid and the negatively 
charged heparan sulfate proteoglycans. Together with gly-
cosaminoglycans (GAGs) and plasma proteins, the EG layer 
as a whole forms the endothelial surface layer (ESL) that 
acts as a barrier to circulating cells and large molecules. 
Considerable prognostic and therapeutic promise lies with 
the emergence of the EG as a key mediator of endothelial 
dysfunction in pathogenic states, particularly with regard to 
vascular permeability and edema formation. Several studies 
have demonstrated the role of the EG in plasma/interstitial 
"uid balance and solute exchange,3–5 mechanotransduction 

that couples intravascular pressure and shear stress (i.e., 
biomechanical forces) to endothelial cell responses (i.e., bio-
chemical signals),6 and the in"ammatory response cascade 
via physical blockade of neutrophils to the endothelial cell 
surface.7–9 This review explores the emerging evidence for 
the role of the EG in vascular permeability, examines evi-
dence for modulation by the EG of in"ammatory processes 
that lead to edema formation, and provides insight into the 
role of the EG in the development of pulmonary edema and 
lung injury. The concept of the glycocalyx as a mechano-
transducer of pathophysiologic signals in the pathogenesis 
of lung injury after pulmonary resection surgery is also 
explored.

THE STARLING EQUATION AND PULMONARY 
EDEMA
Our understanding of vascular permeability as well as 
plasma/interstitial "uid movement and edema formation 
has changed with recognition of and insight into the EG, a 
meshwork of proteins and soluble components that forms 
a major barrier to water and plasma protein exchange. The 
fundamental principle guiding microvascular !ltration and 
transcapillary "uid shifts was proposed in 1896 by Starling10; 
however, this traditional model has been revised given our 
current, more sophisticated view of the endothelial barrier 
and its dynamic components. Starling10 initially devised a 
series of experiments showing that "uid movement across 
the walls of capillaries (and postcapillary venules) is pas-
sive and dependent on pressure gradients across the endo-
thelium. He suggested that "uid !ltration is a balance 
between opposing hydrostatic and colloid (protein) osmotic 
pressures. Since hydrostatic pressure decreases along a 
capillary, it follows that !ltration occurs along the arterial 
end of capillaries and reabsorption at the venous end of 
capillaries, though this model has been challenged in more 
recent years.11,12 Not until decades later did Starling’s initial 
observations become expressed in mathematical format,13,14 
known as the Starling equation:

J A L P or J A 

L P  P
v p v

p c i c i

/ [ ] [ ] /

[ ] [ ]

= ∆( ) − ∆( )
= −( ) − −( )

σ π
σ π π

 (1)

The endothelial glycocalyx is a dynamic layer of macromolecules at the luminal surface of 
vascular endothelium that is involved in !uid homeostasis and regulation. Its role in vascular 
permeability and edema formation is emerging but is still not well understood. In this special 
article, we highlight key concepts of endothelial dysfunction with regards to the glycocalyx and 
provide new insights into the glycocalyx as a mediator of processes central to the development 
of pulmonary edema and lung injury.  (Anesth Analg 2013;117:664–74)
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This equation depicts the volume !ltration rate (Jv) per unit 
area of capillary wall (A) as a balance of hydrostatic pressure 
forces and oncotic pressure forces existing in the capillaries 
and interstitium, respectively. The hydraulic conductance 
(Lp) and re"ection coef!cient (σ) are considered constants; ∆P 
is the difference between local capillary blood pressure (Pc) 
and interstitial "uid hydrostatic pressure (Pi) whereas ∆π is 
the difference between the osmotic pressure exerted by the 
macromolecules in plasma (πc) and interstitial "uid (πi).

According to the Starling equation, there are several 
considerations by which interstitial pulmonary edema 
might develop: increased capillary hydrostatic pressure, 
increased capillary permeability to "uid or plasma pro-
teins, decreased plasma oncotic pressure, and increased 
negative pressure within the interstitial space. Increased 
pulmonary vascular permeability is a hallmark of lung 
injury; in fact, it is an essential provision of noncardio-
genic pulmonary edema formation in which disruption 
of the alveolocapillary membrane occurs and alveoli are 
"ooded with protein-rich "uid. As in other tissues, it has 
traditionally been accepted that "uid balance in the lungs 
obeys the Starling equation15; newer revisions of this clas-
sical model, however, have been described15–17 to incor-
porate the glycocalyx into microvascular "uid exchange 
and suggest that "uid movement between capillary endo-
thelium and surrounding tissues may not follow a simple 
Starling model. In addition, the lungs may be more resis-
tant to edema formation than other organs18 with varying 
permeability (Lp) in different vascular segments. Research 
has demonstrated in isolated lung models19 that Lp is seg-
mentally distributed in the pulmonary microvasculature 
and varies with peak in"ation pressures. In addition, 
applying the concept that Lp might vary with physiologic 
or pathophysiologic changes has directed investigators 
toward a more complicated model of transcapillary per-
meability with the idea that "uid "ux is not simply and 
passively governed by transcapillary pressure differences. 
In fact, evidence has accumulated in vivo20–25 (isolated 
animal lung models) and in vitro26 that transendothelial 
hydrostatic pressure alters vascular permeability and 

that the pressure versus Lp relationship displays nonlin-
ear dynamics as evidenced in lung endothelial cells. That 
is, hydrostatic pressure alters vascular permeability in a 
nonlinear fashion (Fig. 1). This deviation from the classic 
Starling relationship served as the impetus for investiga-
tions into cell mechanotransduction and the elucidation 
of non-Starling mechanisms of barrier regulation that 
involve the glycocalyx.26,27

THE GLYCOCALYX AND VASCULAR PERMEABILITY
A little more than 50 years ago, evidence suggested that vaso-
active substances could initiate edema formation by induc-
ing the formation of gaps between endothelial cells.28 It is 
now recognized that junctions between adjacent endothelial 
cells are modi!ed in response to in"ammatory mediators. 
However, "uid movement across the pulmonary endothe-
lium into the interstitium and subsequently the alveolar 
air spaces is generally thought to occur by a paracellular 
pathway29; electron microscopy studies have demonstrated 
the formation of such paracellular gaps at active in"amma-
tory sites within the vasculature.30 One early hypothesis 
of pressure-induced permeability changes in endothelial 
microvasculature was the concept of the “stretched pore 
phenomenon”31,32 whereby elevated vascular pressure 
increased the size of endothelial pores that led to macro-
molecule passage. This model has since been refuted.21 
Other models using cultured endothelial monolayers have 
suggested that endothelial contraction is a principal mecha-
nism leading to increased vascular permeability.33

Although the !rst major consideration of the EG to vascu-
lar barrier competence was suggested in the early 1980s,34 its 
exact role in this regard has been poorly de!ned until more 
recently. More recent evidence has led to a better under-
standing of the functional signi!cance of the EG in regulat-
ing vascular barrier function and permeability, transmission 
of shear stress to endothelial cells, and modulation of in"am-
matory cell–cell interactions.2 EG structure is thought to 
in"uence transport of water and proteins through breaks in 
the tight junction of endothelial cells but may not in"uence 
"uid "ux through larger junctional openings.35

Figure 1. Transcapillary !uid !ux: Classic 
Starling relationship versus active 
mechanotransduction. Classic Starling 
principle (black line) predicts a linear 
relationship between capillary pressure 
(cm H2O) and transcapillary !uid !ux 
(µm/s). The x-intercept is the point where 
plasma oncotic pressure equals capillary 
hydrostatic pressure, resulting in zero 
net !uid !ux. During active endothelial 
mechanotransduction (maroon line), 
capillary hydrostatic pressure activates 
signaling pathways that increase endo-
thelial permeability resulting in nonlinear 
dynamics and a higher water !ux than 
would be predicted by the summation 
of net Starling forces. Classic Starling 
forces can predict !uid !ux over short 
time intervals (seconds to minutes) 
while mechanotransduction pathways 
are time dependent, requiring 10 to 20 
minutes to manifest changes in endothe-
lial permeability.

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel




666   www.anesthesia-analgesia.org ANESTHESIA & ANALGESIA

E SPECIAL ARTICLE

The EG consists mainly of endothelial-bound 
glycoproteins and proteoglycans including the syndecan 
and glypican families that carry negatively charged GAG 
side chains. The proteoglycans consist of a core protein 
to which 1 or more GAG side chains are linked. The core 
protein groups span the cell membrane (syndecans) or insert 
into the membrane with a glycosylphosphatidylinositol 
anchor (glypicans). There are 5 types of GAG chains, 
and these linear disaccharide polymers have variable 
lengths. The most abundant of these are heparan sulfate, 
chondroitin sulfate, and hyaluronan for which many of the 
EG’s biophysical properties are ascribed.36 Heparan sulfate 
serves as a dominant structural component in the glycocalyx 
whereas chondroitin sulfate and hyaluronan contribute 
signi!cantly to vascular permeability.37 Hyaluronan is the 
only GAG that is not covalently linked to other proteins and 
has no negatively charged sulfate groups. It is important 
to emphasize, however, that the glycocalyx is part of a 
dynamic equilibrium with soluble components in plasma 
(lipids and proteins) as well which contribute to barrier 
regulation. These components form (in vivo) what has been 
termed the endothelial surface layer38 in which molecules 
are continually being replaced without a distinct boundary 
between the EG and plasma. It is this dynamic structure 
that forms the physiological oncotic gradient at the vascular 
barrier. Under physiologic conditions, the glycocalyx 
structure is fairly stable with its components representing 
a balance between synthesis of new glycans and shear-
dependent shedding of existing ones. This ESL concept has 
led to the generation of new models of "uid homeostasis 
including the low !ltration–low resorption model.39 It 
has been suggested that the intact ESL in rat mesenteric 
microvessels creates an inwardly directed oncotic gradient 
due to a protein-free space beneath the protein-rich ESL 
which in turn opposes the hydrostatic gradient.11 In this 
way, new "ow of ultra!ltrate to the interstitial space is 

limited. Because endothelium is continuous along the vessel 
wall, back diffusion of colloid from the interstitial space is 
prevented, serving to maintain an oncotic gradient across 
the ESL.

The EG has been recognized to be an important deter-
minant in vascular homeostasis and permeability.3,40 It has 
been shown to have a role as a barrier to exchange of mac-
romolecules34 and leukocyte–endothelial adhesion41 as well 
as a repository for factors and enzymes such as antithrom-
bin III42 and superoxide dismutase.43 Membrane-bound 
glycoproteins and proteoglycans with associated GAG 
side chains form a cross-linked mesh and serve with other 
luminal soluble proteins to create a red blood cell exclu-
sion zone (Fig. 2) which is decreased when the glycocalyx 
is degraded.44 As demonstrated in rat mesenteric arteries 
using "uorescently labeled dextrans,45 the EG limits pas-
sage of larger molecules with increasing permeability for 
smaller ones. Partial degradation (enzymatic removal) and 
loss of glycocalyx integrity in rat myocardial capillaries has 
been shown to lead to edema.4 In 1 early study, Adamson46 
demonstrated that partial digestion of the endothelial sur-
face with pronase more than doubled hydraulic permeabil-
ity within the capillary wall. In addition, neutralization of 
the highly negatively charged components of the glycoca-
lyx (many of the GAG chains are highly sulfated) leads to 
increased albumin uptake in cultured endothelial cells47 and 
increased permeability to dextrans in rat mesenteric arter-
ies.5 However, such studies have been limited to cultured 
cell lines or experimental animal models with few directly 
linking changes in glycocalyx structure to changes in endo-
thelial permeability.

THE GLYCOCALYX AND MECHANOTRANSDUCTION
The pulmonary microvasculature is sensitive to a variety of 
injurious stimuli including excessive mechanical forces dur-
ing ventilation and increased pulmonary vascular pressures, 

Figure 2. The glycocalyx is a complex layer of proteoglycans, glycosaminoglycans, and glycolipids on the endothelial surface. A, An intact glyco-
calyx limits water and protein !ux into the cell–cell junction by forming a molecular "lter over the junctional ori"ce. The glycocalyx also creates 
a scaffolding on which serum proteins accumulate and form the immobile plasma layer directly adjacent to the vessel wall. Collectively, the 
glycocalyx and protein layer create the red blood cell exclusion zone used to determine the functional thickness of the glycocalyx. B, During 
in!ammation, proteases degrade the glycocalyx and endothelial cells shed constituents through cell-associated sheddases. Loss of the gly-
cocalyx scaffolding eliminates the immobile plasma layer. Breakdown of the glycocalyx is associated with increased vascular permeability due 
to loss of the junctional barrier and opening of the intracellular junction, as evidence by increased water and protein !ux through the junction. 
Note the protein-free space under the glycocalyx (left panel) that may signi"cantly affect Starling forces across the cell–cell junction (see text 
for detail).
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ischemia–reperfusion injury, and in"ammatory mediators.48 
Endothelial perturbations from such stimuli are important 
and likely to be signi!cant in the pathophysiology of lung 
injury.49 Furthermore, mechanistic approaches designed 
to understand vascular barrier function and permeability 
reveal the complexity of these processes.33 Investigations50 
have shown that pressure-induced vascular permeability 
changes may be induced by cellular signaling. In this way, 
the endothelial response to pressure changes may play a 
pivotal role in the pathogenesis of microvascular injury in 
lung injury. Using a cultured bovine aortic endothelial cell 
model, 1 group of researchers has demonstrated that endo-
thelial albumin permeability is shear dependent, i.e., in"u-
enced by laminar shear stress of blood at the vascular wall.51 
This same group has also shown that speci!c components of 
the glycocalyx, heparan sulfate proteoglycans, are involved 
in mechanotransduction and permeability in whole animal 
lung models.25 It is thought that these speci!c proteoglycans 
are the most common endothelial cell surface GAG, com-
prising 50% to 90% of the total amount of proteoglycans 
present in the EG.38 Additional evidence52 demonstrates 
that heparan sulfates are key factors in in"ammatory cat-
ionic peptide–induced signaling that links lung endothelial 
cytoskeletal changes and subsequent barrier dysfunction 
as measured by transendothelial electrical resistance, thus 
suggesting a role for speci!c EG components in in"amma-
tory mediation. The syndecans (the largest group of hepa-
ran sulfate proteoglycans on the endothelial cell surface and 
the only proteoglycan that spans the cell membrane and 
penetrates the cytoplasm) appear to be mediators for these 
signaling events, though the mechanisms remain poorly 
de!ned. A common !nal pathway for many in"ammatory 
stimuli is the activation of an endothelial-speci!c myosin-
light chain kinase and the cascading activation of signaling 
that results in actin stress !ber formation and endothelial 
cell contraction that opens cell–cell junctions, resulting 
in enhanced permeability.29 However, heparan sulfate–
directed and syndecan-mediated signaling may act through 
novel mechanisms to induce changes in permeability.

Mechanotransduction, the transmission of force (shear 
stress) to the cellular surface, and subsequent cell response 
by signaling mechanisms is central to pathophysiologic 
alterations in endothelial permeability to "uid and 
proteins. Increasing evidence suggests that the EG plays 
a critical role in these processes. As an interface between 
"owing blood and cellular elements, it is in a position 
to serve as a transducer of hemodynamic signals and is 
mechanically and functionally linked to the cell membrane 
and cytoskeleton. Its components have been implicated 
in cytoskeletal organization and rearrangement during 
shear stress and the subsequent activation of downstream 
effects in"uencing permeability and "ow. As mentioned 
previously, syndecans in the glycocalyx are linked to 
cytoskeletal elements including actin via their cytoplasmic 
domains.35 Syndecan clustering and actin cytoskeletal 
reorganization have been shown to occur from heparan 
sulfate–directed signaling. Nitric oxide (NO), a vasodilator 
catalyzed by endothelial nitric oxide synthase (eNOS), 
is perhaps the most notable of vasoregulating agents 
whose production is altered by mechanotransduction. The 
production of NO is an early and rapid cellular response to 

changes in shear stress at the luminal surface; in addition, 
NO is an important signaling molecule in activated 
endothelial cells. As recently reviewed,35 shear stresses 
applied at the luminal surface of the endothelium increase 
Lp by stimulating NO release. Circumferential stretch 
of pulmonary endothelial cells which is affected by both 
microvascular perfusion pressures and alveolar ventilation 
pressures has been demonstrated to activate NO release.53 
Evidence18,54 suggests that the glycocalyx, speci!cally 
heparan sulfate GAG chains in the glycocalyx, senses "uid 
shear stress and mediates enhanced NO production. That is, 
the glycocalyx is the mechanosensor for the NO response. 
Figure  3 provides a model for this mechanotransduction, 
highlighting shear stress–induced changes in the glycocalyx 
leading to cellular changes which ultimately activate eNOS 
and cause increased vascular permeability. That release of 
NO in endothelial cells has also been shown to be regulated 
by actin !laments55 provides a conceptual framework 
linking this pathway with mechanotransduction and cell 
surface EG components.

Previous studies have demonstrated the role of eNOS 
and eNOS-derived NO in acute in"ammation and local 
vascular permeability.56 Interestingly, depletion of heparan 
sulfate from the cell surface glycocalyx with the enzyme 
heparinase prevents production of NO. Both heparinase 
and hyaluronidase (a hyaluronan-digesting enzyme) have 
been demonstrated to block shear-induced NO production 
as well as increases in Lp, though chondroitinase (cleav-
ing chondroitin sulfate) only partially inhibits the shear-
Lp response. This suggests that glycocalyx perturbation 
may increase endothelial permeability via NO release but 
that degradation or destruction of the glycocalyx may lead 
to in"ammatory and endothelial responses by mecha-
nisms other than NO release such as increased leukocyte 
adhesion41 and barrier disruption creating protein and 
"uid extravasation. Of note, work in bovine pulmonary 
endothelium57 has shown particular cationic copolymers 
(which bind to the negatively charged glycocalyx) effec-
tively block pressure-induced increases in Lp, suggesting 
that the glycocalyx may be a therapeutic target to enhance 
endothelial barrier function in pathological states such as 
lung injury.

THE GLYCOCALYX AND LUNG INJURY—A NEW 
PARADIGM
Glycocalyx damage impairs a number of important endo-
thelial cell functions leading to impaired mechanotrans-
duction with changes in "uid shear stress,6,58 activation 
of coagulation pathways,59 adhesion of leukocytes7,59 and 
platelets60 to the endothelial cell surface, leakage of "uid 
and plasma proteins into the interstitium,46,61 and resul-
tant tissue edema.62 Speci!c pathophysiological triggers 
that lead to damage of the glycocalyx are being actively 
investigated and remain poorly understood. As noted in 
an editorial,63 it is not entirely clear whether loss of gly-
cocalyx integrity that causes endothelium dysfunction 
inevitably leads to disease at the tissue or organ level. 
Nonetheless, protection of the glycocalyx seems to be a 
promising goal in many clinical scenarios particularly 
since its degradation is so closely associated with the 
pathophysiology of in"ammation, capillary leak, and 
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edema formation in diverse injury and disease states 
including ischemia–reperfusion injury, hypoxia, in"am-
mation, trauma, hypervolemia, atherosclerosis, diabetes, 
and hypertension.64

Pulmonary resection surgery imposes on the lung and its 
vasculature a number of insults that place patients undergo-
ing these procedures at increased risk for lung injury and 
pulmonary edema. The clinical severity of lung injury may 
vary ranging from pneumonitis to the most severe form of 
lung injury, acute respiratory distress syndrome (ARDS). 
Acute lung injury after pulmonary resection has been vari-
ously described as postlung resection pulmonary edema, 
postpneumonectomy pulmonary edema (PPE), and low-
pressure or noncardiogenic pulmonary edema. The risk 
factors for and etiology of this phenomenon remain poorly 
de!ned. Importantly, while the incidence of lung injury 
using the 1992 American European Consensus Conference 
guidelines is relatively low, ranging from 1% to 7% after 
lobectomy and 4% to 7% after pneumonectomy, the mortal-
ity rate can be as high as 40% in those patients undergo-
ing pneumonectomy.65 ARDS is indistinguishable from PPE 
and is characterized by in"ammation and vascular injury 
with loss of endothelial integrity and resultant high protein 
edema.66 Postmortem studies in patients with PPE have 
demonstrated the classical features of ARDS seen from other 
causes.67 In addition, ARDS in its initial phase has the same 
histologic features as seen after lung resection.68 It is pos-
sible that damage or degradation of glycocalyx integrity by 
ischemia and in"ammatory responses is a major mediator 

for edema formation in these settings. Though the patho-
genesis of pulmonary edema and speci!c etiologies of lung 
injury after pulmonary resection are not well understood,69 
ongoing investigations are improving our understanding 
of the complex factors involved in the pathophysiology 
of postlung resection lung injury and ARDS. Several stud-
ies have focused on the contribution of patient and surgi-
cal factors as well as anesthetic variables including 1-lung 
ventilation,70–72 protective ventilation strategies,73,74 "uid 
management,75,76 and the role of putative protective phar-
macologic agents.77

There is a paucity of data with speci!c regard to glycoca-
lyx integrity and damage and lung injury. It is known that 
patients with lung injury have high pleural "uid protein 
levels, implicating increased endothelial permeability with 
endothelial injury.65 Likely etiologies include hemodynamic 
shear stress and increased pulmonary capillary pressure 
as well as cytokine release, oxidative stress, and ischemia–
reperfusion injury during lung de"ation and rein"ation 
with 1-lung ventilation. Evidence in animal models sug-
gests that the glycocalyx is degraded in response to in"am-
mation8,59 and ischemia–reperfusion injury,8 among other 
pathophysiologic perturbations. Components of the glyco-
calyx are seen in bronchoalveolar lavage "uid of animals 
with lung injury78 consistent with the hypothesis that glyco-
calyx degradation leads to endothelial injury. Furthermore, 
IV administration of a major GAG component of the glyco-
calyx (hyaluronan) has been shown to be protective from 
sepsis- and intratracheally induced lung injury in rats.79 

Figure 3. Schematic illustrating the hypothesized role of the glycocalyx in lung vascular mechanotransduction. Left: During static conditions, 
the glycocalyx maintains barrier function over the intercellular junction. Right: During increased vascular pressure, the increased hydraulic 
!ow through the glycocalyx deforms or stresses the glycosaminoglycan (GAG) "bers, which in turn activates endothelial nitric oxide synthase 
(eNOS) and leads to barrier dysfunction. ∆Pc = change in capillary pressure; Q = !ow; ZO-1 and ZO-2 = zonula occludens-1 and -2; vin = 
vinculin; VE-Cad = vascular endothelial cadherin; ECM = extracellular matrix. Adapted from Dull et al.25
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Other in vitro and in vivo animal models of in"ammatory 
lung injury80 have implicated glycocalyx components in 
endothelial protection. A recent study of experimental sep-
sis81 provided results that sepsis-induced respiratory fail-
ure in humans was associated with higher plasma heparan 
sulfate degradation activity. These data suggest that major 
components of the glycocalyx may maintain pulmonary 
vascular integrity.

LUNG INJURY, PULMONARY RESECTION, AND 
PULMONARY EDEMA
Pulmonary resection surgery is greatly facilitated by 1-lung 
ventilation which results in blood "ow redistribution to 
the dependent, ventilated lung by gravitational effects, 
hypoxic pulmonary vasoconstriction, and mechanical 
effects on the operative lung. After pulmonary resection 
or pneumonectomy, pulmonary "ow within the remaining 
lung parenchyma increases which leads to an increase 
in pulmonary vascular resistance and pulmonary artery 
pressures resultant from "ow to the previously restricted 
vascular bed.76,82,83 Fundamental to our understanding 
of postlung resection lung injury is the development of 
a low-pressure, high-protein–content pulmonary edema, 
an indication of injury to the endothelium.69,84 Pulmonary 
endothelial cells are exposed to shear stress and higher 
transvascular pressures after pneumonectomy; these 
changes may induce alterations in cellular signaling 
pathways including the production of reactive oxygen 
species (ROS) and NO.58 Of signi!cance, plasma 
markers of oxidative damage and lung injury in patients 
undergoing routine thoracic surgery were found to be 
largest in patients undergoing pneumonectomy, modest in 
lobectomy, and not signi!cant in lesser (wedge, segment) 
resections.85 In addition, increased pulmonary blood "ow 
and pressure are accompanied by an increase in endothelial 
permeability in pneumonectomy but not lobectomy 
patients,76 suggesting that the degree of vascular bed 
restriction or degree of resultant "ow, pressure, and shear 
stresses are important factors in endothelial dysfunction 
or damage. The mechanisms by which alterations in 
pulmonary "ow and pressure modulate in"ammatory 
responses via vascular permeability changes remain 
elusive.

The increase in pulmonary blood "ow that occurs after 
pulmonary resection is likely not a benign phenomenon. 
That increased cardiac output and pulmonary blood "ow 
may be injurious to the pulmonary vasculature is suggested 
in animal models of experimental lung injury. These stud-
ies support the concept that increased pulmonary blood 
"ow may induce lung injury or aggravate a preexisting 
injury state.86–90 In a canine oleic acid lung injury model,87 
cardiac output increases induced by terbutaline exacer-
bated macromolecule leakage from pulmonary capillaries. 
This increased permeability may derive from a recruitment 
of “leaky” capillaries and an overall increase in the capil-
lary exchange surface area whereas increased "ow by itself 
may be a risk factor for alterations in capillary leakage. In 
a similar lung injury model,91 larger increases in capillary 
!ltration coef!cient (hydraulic conductivity Lp multiplied 
by !ltration surface area) were demonstrated by increas-
ing perfusate "ow than by increasing pulmonary venous 

pressure, a !nding that may relate to augmentation of Lp, 
an increase in the effective area of !ltration, or both. An 
increase in Lp as a result of pulmonary overperfusion and 
increased shear stress is suggested by some92 but not all 
animal studies.93,94 Increased pulmonary endothelial per-
meability has been demonstrated in humans undergoing 
lung resection using technetium-99m–labeled albumin. The 
etiology of these endothelial changes is thought to be due 
to increased shear stress in the reduced vascular bed under 
constant cardiac output, thereby causing endothelial dam-
age and increased permeability.

These studies suggest that augmentation of pulmonary 
blood "ow in the context of preexisting injury increases 
biochemical, cellular, and histological features of lung 
injury. The extent of resection required to cause blood "ow–
induced injury is less certain. In a canine model of pulmo-
nary resection,95 a resection volume of 80% was required 
before the capillary !ltration coef!cient was increased. It 
remains unclear how this translates to patients undergo-
ing pulmonary resection or how other comorbidities and 
lung-related insults such as cigarette smoking or asthma 
may in"uence the susceptibility to "ow-induced injury. 
Clearly this is an area that requires active investigation. 
However, as highlighted earlier,76 endothelial permeability 
is increased after pneumonectomy in humans, suggesting 
that pulmonary resection surgery itself constitutes signi!-
cant subclinical injury. Furthermore, pneumonectomy has 
been determined to be an independent predictor of primary 
lung injury in a retrospective analysis96 of >800 pulmonary 
resection procedures.

Though the precise identity of initial subclinical endo-
thelial injury in lung injury remains uncertain, it seems 
likely that in"ammation is a component. Unilateral lung 
injury may induce a systemic in"ammatory response 
affecting the uninjured lung.97,98 Once rendered suscep-
tible by systemic or regional in"ammation (!rst hit), the 
remaining lung parenchyma may be more susceptible to 
subsequent injurious stimuli (second hit). The effects of 
increased blood "ow and pulmonary vascular pressures 
on lung injury generation or exacerbation may thereby 
be rendered more potent in the context of a preexisting 
in"ammatory condition or injury to the contralateral lung. 
In a rat model,99 unilateral lung injury was induced and 
cardiac output increased (>70%) by dobutamine challenge 
demonstrating that the opposite (contralateral) lung exhib-
ited markedly increased in"ammatory cell counts (neu-
trophils and macrophages) in lavage "uid with increased 
edema and histopathologic features of lung injury. In this 
study, dobutamine caused an increase in both cardiac out-
put and pulmonary arterial pressure; although increased 
pulmonary pressure has been proposed as a feature caus-
ing damage to the alveolocapillary membrane, it is not 
possible to discern whether "ow or pressure was the lead-
ing factor associated with contralateral lung injury. This 
study supports 2 important concepts: (1) augmentation 
of pulmonary blood "ow and accompanying changes in 
pressure- and "ow-related shear stresses elicit lung injury 
with accompanying cellular, biochemical, and histopatho-
logic !ndings and (2) a subtle in"ammatory response in an 
uninjured lung increases the susceptibility to injury from 
subsequent insults.

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel




670   www.anesthesia-analgesia.org ANESTHESIA & ANALGESIA

E SPECIAL ARTICLE

DAMAGE TO THE GLYCOCALYX
Although still incompletely understood, the EG plays a 
role in maintaining vascular integrity in at least 2 impor-
tant ways. First, it serves as a passive barrier to the ef"ux of 
proteins and "uid from the capillary lumen. In this sense, 
it serves to augment the classical Starling forces preventing 
capillary "uid leakage and edema formation. Second, the EG 
is a dynamic structure functionally linked to the cell mem-
brane and cytoskeleton and has been demonstrated51,53,55,100 
to function as a mechanotransducer of pressure and shear 
stress within the vascular lumen, as discussed earlier. It 
has also been identi!ed as a site of damage after ischemia–
reperfusion injury.

Numerous studies101–103 have demonstrated the 
importance of oxygen radicals in reperfusion injury; 
more recent studies104,105 implicate the glycocalyx directly 
by such EG-bound proteins as xanthine oxidoreductase 
and superoxide dismutase, enzymes involved in 
endothelial oxidative stress. Animal models8,106 and 
human studies107,108 have also shown reperfusion-
mediated glycocalyx degradation. In isolated animal 
heart models,109 a brief period of warm no-"ow ischemia 
with subsequent reperfusion has been demonstrated 
to cause near-complete glycocalyx degradation with 
increased vascular permeability. We assume that similar 
shedding of the lung vascular glycocalyx occurs during 
ischemia–reperfusion injury though such studies have yet 
to be performed. In adults undergoing aortic surgery,107 
increased plasma levels of glycocalyx components as 
measured by immunoassays of syndecan-1 and heparan 
sulfate have been shown.

Advances in imaging techniques have enabled repro-
ducible measurements of the EG in humans,110 providing 
evidence of glycocalyx damage during acute and chronic 
in"ammatory states; one such in"ammatory response 
is that elicited from a surgical insult such as pulmonary 
resection. This response may be suf!cient to “prime” the 
pulmonary vasculature, rendering it more sensitive to sub-
sequent insults that may lead to lung injury (mild-severe 
ARDS using revised Berlin De!nition).111 Such insults may 
include injurious modes of mechanical ventilation, oxi-
dative stress, ischemia–reperfusion injury, and increased 
"uid loads. During major thoracic surgery, additional 
mechanisms of injury may present during reperfusion 
of the remaining operative lung including oxidant stress 
involving ROS.112 The subsequent pressure- and "ow-
related increases within the pulmonary vasculature may 
then be mechanotransduced by the glycocalyx, leading 
to increased permeability and leukocyte adhesion. These 
effects appear to be an important response to increased 
pulmonary pressure and "ow. That they are also depen-
dent on the glycocalyx is supported by work demon-
strating the GAG dependence of shear stress–induced 
alterations in hydraulic conductivity and attenuation of 
this response by inhibition of NO synthase and scavenging 
of ROS.55 This !nding is consistent with the clinical obser-
vation of increased oxidative stress in patients undergoing 
pulmonary resection surgery. Thus, the activation of eNOS 
(and possibly ROS production) after pneumonectomy 
appears to be an important adaptive response to increased 
pulmonary pressure and "ow, promoting compensatory 

vasodilation and pulmonary growth. Furthermore, it is 
dependent on an intact EG as evidenced by selective enzy-
matic removal of terminal sialic acids, heparan sulfate, or 
hyaluronic acid which blocks the effect of shear-induced 
NO production. A corollary of this adaptation, at least in 
exaggerated circumstances, may be the liberal increase 
in permeability accompanying pulmonary resection and 
lung injury.

Factors intrinsic and extrinsic to the endothelium may 
be associated with damage to the glycocalyx. Hydrostatic 
increases within the pulmonary microvasculature activate 
metabolic and cellular changes which are a “proin"am-
matory” endothelial cell phenotype. This includes neutro-
phil activation and adhesion, a critical step in endothelial 
injury and the pathogenesis of lung injury. Neutrophil 
adhesion to the altered endothelial cell is facilitated by 
augmented expression of adhesion glycoproteins includ-
ing E-selectin113 which is also activated by pressure-
mediated changes in endothelial phenotype. Inhibition 
of neutrophil adhesion protects against development of 
pulmonary vascular endothelial injury,114 and more recent 
evidence38 has shown that polycationic peptides used to 
mimic neutrophil-derived in"ammatory proteins induce 
injury to endothelial cells mediated by and dependent on 
the glycocalyx component heparan sulfate. These cellu-
lar adhesion processes as well as other as in"ammatory 
mediators such as tumor necrosis factor-α59,115 have been 
demonstrated to cause degradation of the glycocalyx; the 
ultimate implications of these !ndings, or whether strate-
gies aimed at glycocalyx protection offer therapeutic ben-
e!t, remain unclear.

The glycocalyx/mechanotransduction model of lung 
injury predicts that the successful blockade of pressure- or 
"ow-induced signals transduced by the glycocalyx would 
lead to an attenuation of permeability and pressure-induced 
augmentation in hydraulic conductivity of the endothe-
lial cell layer. Although research in this area remains in its 
infancy, it has already been demonstrated that the glycoca-
lyx is an important target for such intervention. The use of 
a cationic copolymer57 rationally designed to integrate into 
the glycocalyx to augment passive glycocalyx barrier func-
tions has been shown to decrease albumin permeability in 
pulmonary endothelial cells under normal and in"amma-
tory conditions and to block pressure-induced augmenta-
tion in hydraulic conductivity. While such investigation 
may lead to the development of rational therapies for the 
prevention or treatment of lung injury, it also currently pro-
vides additional evidence for the role and importance of the 
glycocalyx in mediating pathologic processes integral in the 
development of lung injury.

SUMMARY AND PERSPECTIVES
Pulmonary endothelial dysfunction plays a major role in 
lung injury via alterations in barrier permeability, thus pro-
moting pulmonary edema formation; the adjoining glyco-
calyx has recently emerged as a major endothelial element 
involved in the regulation of vascular integrity and "uid 
homeostasis. A glycocalyx mechanotransduction-mediated 
lung injury model predicts that activation of pressure- or 
"ow-induced signals during pulmonary resection may lead 
to augmentation in endothelial cell hydraulic conductivity, 
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i.e., capillary permeability, involved in the formation of pul-
monary edema. These processes remain poorly understood. 
Further insights into lung microvasculature, the glycocalyx, 
and its associated role in mechanotransduction challenge 
our fundamental understanding of lung "uid balance. 
Our current knowledge of the glycocalyx and endothelial 
dysfunction supports its role in mediating pathologic pro-
cesses integral in the development of pulmonary edema. 
These concepts may also lead to the development of ratio-
nal therapies for the prevention or treatment of lung injury. 
For instance, given the compromised state of the glycocalyx 
under injurious conditions and evidence for its control of 
"uid "ux into the interstitium, better de!ned conservative 
"uid management strategies may attenuate lung injury.

Preventing the shedding or degradation of EG constituents 
induced by in"ammatory cytokines and plasma proteases 
may have substantial clinical bene!ts during thoracic 
surgery. Identifying the pathways that promote shedding 
and the proteases involved in glycocalyx breakdown are just 
being learned in sepsis-induced lung injury,81 and similar 
studies are needed to understand the complex relationship 
among mechanical forces, in"ammatory signaling within 
the endothelium, and breakdown of the glycocalyx. In 
addition, development of therapeutic agents that modulate 
mechanotransduction and/or stabilize the glycocalyx might 
improve our ability to mitigate lung injury associated with 
disease states and pulmonary resection surgery. Indeed, the 
proof-in-concept for this idea has been veri!ed in a basic 
science model of the lung capillary endothelium in which 
1 group of researchers57,116 has designed, synthesized, and 
tested novel biomimetic polymers that bind avidly to the 
glycocalyx and enhance barrier function during basal states. 
The polymers also attenuate pressure and shear-stress–
mediated changes in permeability, in part, by preventing 
NO production. Modulating endothelial barrier function in 
a clinically bene!cial way, however, remains elusive. E
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