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Abstract

In the United States trauma is the leading cause of mortality among those under the age of 45, 

claiming approximately 192,000 lives each year. Significant personal disability, lost productivity 

and long term healthcare needs are common and contribute 580 billion dollars in economic impact 

each year. Improving resuscitation strategies and the early acute care of trauma patients has the 

potential to reduce the pathological sequelae of combined exuberant inflammation and immune 

suppression that can co-exist, or occur temporally, and adversely affect outcomes. The endothelial 

and epithelial glycocalyx has emerged as an important participant in both inflammation and 

immunomodulation. Constituents of the glycocalyx have been used as biomarkers of injury 

severity and have the potential to be target(s) for therapeutic interventions aimed at immune 

modulation. In this review, we provide a contemporary understanding of the physiologic structure 

and function of the glycocalyx and its role in traumatic injury with a particular emphasis on lung 

injury.
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1. Introduction

The goal of this review is to provide state of the art knowledge on the composition and 

function of the glycocalyx present on both endothelial and epithelial cells as they relate to 

the pathophysiology of trauma. In the first half of this review, we will present an 

accumulating body of evidence suggesting that immediate post-traumatic plasma 

concentrations of glycocalyx constituents are a reasonable measure of injury severity and 
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clinical outcome and may contribute to trauma-induced coagulopathy. We assume that 

trauma-induced increases in plasma concentration of glycocalyx elements are derived from 

shedding of the vascular endothelial surface and thus, we feel it is important to provide the 

appropriate historical and scientific background about the lung endothelial glycocalyx. In 

the latter half of this review, we turn our attention to the glycocalyx present on epithelial 

cells and review the literature regarding its role in the host response to pneumonia. 

Glycocalyx constituents expressed on lung epithelial cells appear to play an important role 

in modulating the host response to bacterial infection and resolution of inflammatory 

processes.

In the global context of both normal physiology and trauma injuries, the endothelial 

glycocalyx plays an important role in vascular permeability(1) by limiting protein and 

solvent flux into the cell junction; it regulates leukocyte and platelet interaction with 

adhesion cell molecules on the endothelial surface(2) thus influencing the local inflammatory 

cascade and the heparan sulfate component modulates the local cell surface coagulation 

system.(3) Trauma-induced activation of neutrophil-derived proteases and tissue-derived 

MMPs results in cleavage and loss of cell surface HSPG, exposing ICAM and selectins that 

promotes leukocyte and platelet adhesion to the endothelium(4-6); this adhesion induces 

further release of cytokines, proteases and heparanase that worsens glycocalyx degradation, 

causes endothelial cell contraction(7) and, in total, increases permeability. The glycocalyx 

also participates in oxidative signaling induced by mechano-transduction(8) that, in turn, 

influences both barrier regulation and immune-cell adhesion in response to acute changes in 

blood pressure and flow(1; 9) that occur during hemorrhagic shock. Importantly, shed 

proteoglycan ectodomains, and free HS chains function as a Danger-Associated Pattern 

Molecule (DAMP) that activate TLR-2 and -4(10) and HS are co-factor(s) for HMBG1 in 

order to bind to and activate RAGE.(11; 12) The soluble HS chains likely contribute to auto-

heparinization that is part of the coagulopathy of trauma.(13; 14) Hyaluronan fragments, 

released from the glycocalyx during acute inflammation, are also DAMPS that can activate 

TLR-dependent pathways. In the broad scheme of trauma, components from the glycocalyx 

contribute to the propagation of sterile inflammation but, concurrently, also contribute to 

immunosuppression via TLR-dependent processes.(15) These two factors likely explain why 

plasma concentrations of syndecan-1 are so highly correlated with the severity of injury and 

outcomes following trauma(16; 17) and why trauma patients are prone to nosocomial 

pneumonias such a Pseudomonas pneumonia.(18) Indeed, shed syndecan-1 ectodomains are 

associated with greater levels of inflammation and P. aeruginosa infection in mice while 

syndecan-1 null mice were protected from P. aeruginosa-induced lung injury. Conversely, 

the administration of isolated syndecan-1 ectodomains or free heparan GAG chains, in 

combination with P. aeruginosa, abolished the protective phenotype of the syndecan-1 KO 

mice(9) and created a more severe pneumonia. Collectively, the intact glycocalyx plays a 

homeostatic role in maintaining normal permeability, an anti-inflammatory and anti-

coagulative vessel wall. Trauma-induced inflammation and subsequent breakdown of the 

glycocalyx promotes a pro-inflammatory(19) and immunosuppressive state that likely leads 

to worse outcomes for trauma patients. These topics will be discussed in greater detail 

below.
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2. Structure and Function of the Glycocalyx

Structure

The glycocalyx composition varies according to the tissue and cell type, but it is composed 

primarily of glycosaminoglycans (GAGs) and proteoglycans (PG). The main GAGs are 

heparan sulfates, chondroitin sulfates and hyaluronan. Heparan sulfates and chondroitin 

sulfates are carried by PG that belong to two main families: syndecans and glypicans. While 

syndecans may carry both heparan sulfate and chondroitin sulfate, glypicans only carry 

heparan sulfate.(20; 21) Hyaluronan is a large secreted GAG that remains in association with 

the endothelial surface and is thought to be a major structural component of the 

glycocalyx(22) (Figure 1).

Syndecans are among the best studied components of the glycocalyx with respect to trauma. 

The syndecan family is comprised of 4 members (syndecan 1-4) with isoforms 1, 2 and 4 

being expressed by most cell types, while syndecan-3 expression is limited to neuronally-

derived cells(23) (Figure 2). Syndecans are unique as they are a transmembrane proteoglycan 

with a large extracellular domain and a highly conserved cytoplasmic domain. GAGs are 

covalently attached to the extracellular domain at a conserved GXXXG motif. The 

cytoplasmic domain (c-domain) contains a variable sequence unique to each isoform and 

two conserved sequences common to all syndecans. The c-domain contains a PDZ domain, 

several phosphorylation sites and binds several unique proteins that link syndecan to the 

cytoskeleton and other signaling molecules. The functions of the glycocalyx are 

incompletely understood and most of the published data about proteoglycan function in the 

lung are focused on syndecans. Thus, this review will focus on syndecan regulation of lung 

cell functions. The syndecan family is currently known to be involved in biological 

processes such as wound healing, inflammation, neural patterning, angiogenesis(24; 25) and 

regulation of endothelial mechanotransduction.(19; 26; 27)

In mammals, the glypican family is comprised of 6 members (glypican 1-6),(20) but little is 

known about isoform-specific functions. Glypicans are bound to the cell membrane by a 

glycosyl-phosphatidylinositol (GPI) anchor located within a hydrophobic domain close to 

the C-terminus.(28) The GAG binding sites for heparan sulfates are conserved across the 

glypican family and are located in proximity to the carboxyl terminal and thus close to the 

cell membrane suggesting the heparan chains could mediate the interaction of glypicans 

with other cell surface molecules(20) (Figure 2).

Function

In a historical context, the glycocalyx was considered to be a simple physical barrier that 

acted as a filter over the endothelial cell junction and that influenced water flux and solute 

filtration. This idea was derived from early electron microscopy that showed a dense layer 

on the endothelial surface overlying cell-cell junctions(29). The first evidence for a role of 

the endothelial glycocalyx (EG) on barrier regulation dates to work by Mason, et al., in the 

late 1970's, who described the endocapillary layer as a three-dimensional network that was 

strengthened by the absorption of plasma proteins(30). The EG regulates vascular 

permeability in two ways: by creating a passive filter over cell-cell junctions(31-33) and by 
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acting as a signaling platform that actively regulates junctional integrity. Regarding the 

glycocalyx as a molecular filter, it creates a passive permeability barrier by forming a 

polymer scaffolding on the vascular wall that serum proteins absorb onto and into. This 

absorbed plasma layer has been called “the immobile plasma layer” and, based on its 

viscosity, is presumed to be an important component of the permeability barrier. The 

glycocalyx, per se, meaning the proteoglycans, cell-surface glycans and the immobile 

plasma layer are best referred to as the “endothelial surface layer”(33) (Figure 1).

The endothelial glycocalyx is localized between flowing blood and the cell membrane and is 

perfectly positioned to regulate permeability via mechanotransduction.(1; 34) The literature 

suggests that heparan sulfates are capable of sensing hydrostatic pressure and fluid shear 

stress that, in turn, activates nitric oxide (NO) production.(31; 35) Heparinase and 

hyaluronidase treatment blocks shear stress-induced NO production as well as the associated 

increased hydraulic conductance suggesting that heparan sulfates and hyaluronan participate 

in flow sensing. Chondroitinase only partially inhibited the shear stress-induced increase in 

hydraulic conductance suggesting a lesser role for this GAG in mechanosensing and barrier 

function. NO production is also regulated by local actin filaments(36) providing a conceptual 

framework linking mechanotransduction with cell surface components via actin. It has been 

reported that endothelial glycocalyx components can participate in cytoskeletal organization 

and rearrangement during shear stress and the subsequent activation of downstream 

pathways that influence permeability. Syndecans, for instance, are linked to cytoskeletal 

elements including actin via their cytoplasmic domains (37) and have been proposed to be a 

principle effector in mechanotransduction although glypican-1 has been directly linked to 

shear stress-dependent NO production. (27) Recent investigations have shown that pressure-

induced vascular permeability changes may be sensed by the glycocalyx and transduced by 

ion channels and other signaling pathways. For example, Kuebler and Bhattacharya were the 

first to report the activation of pressure-dependent, calcium-sensitive signaling pathways in 

the lung. Circumferential stretch of pulmonary microvascular endothelial cells, in response 

to increased microvascular perfusion pressures and/or alveolar ventilation pressures, induces 

NO production(38) presumably via calcium-dependent activation of endothelial nitric oxide 

synthase (eNOS). Increases in hydrostatic pressure also cause rapid translocation of P-

selectin to the endothelial cell surface(39) leading to increased leukocyte margination(40) and 

propagation of inflammatory events within the lung vessels. Thus, the glycocalyx 

participates in mechanosensing and mechanotransduction that propagates the inflammatory 

cascade as reviewed below.

3. Glycocalyx and Trauma

3.1. Animal studies

In many pathologic conditions, alterations in vascular permeability are, in part, caused by 

breakdown of the glycocalyx. Studies of enzymatic degradation of the glycocalyx, coupled 

with direct measures of fluid filtration have shown that an intact glycocalyx contributes 

upwards of 60% of the resistance to fluid filtration across the capillary wall.(41; 42) 

Degradation of the glycocalyx in various organs results in similar findings. For example, 

perfusion of myocardial capillaries with hyaluronidase caused nearly complete loss of the 
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glycocalyx and resulted in significant myocardial edema.(43) Heparinase and pronase were 

also used to demonstrate the role of the coronary glycocalyx in arteriolar permeability. In 

isolated perfused arterioles from porcine hearts, both heparinase and pronase increased the 

apparent solute permeability coefficient (Ps) to albumin and lactalbumin, demonstrating a 

significant role of the glycocalyx in limiting solute flux.(44) Likewise, perfusion of mouse 

lungs with heparinase causes significant interstitial edema and increases in pulmonary artery 

pressure.(45)

Inflammation-induced degradation and shedding of the glycocalyx from mesenteric post-

capillary venules of rats subjected to hemorrhagic shock was demonstrated by electron 

microscopy,(46) while the shock-dependent decrease in venular glycocalyx thickness (by 

59%) was quantified by intra-vital microscopy.(47) This latter in vivo data indicates that the 

glycocalyx of mesenteric and post-capillary muscle venules are shed following hemorrhagic 

shock, suggesting that hemorrhagic shock causes widespread damage to the glycocalyx. The 

glycocalyx is important in rheology and vascular resistance as demonstrated by various 

studies that measured the relationship between blood flow and glycocalyx removal(48-50) 

induced by enzymatic and pharmacological degradation. For example, vascular resistance 

was shown to decrease significantly after enzymatic degradation of the glycocalyx with 

heparinase.(51) A meta-analysis of 28 clinical studies was used to derive systemic resistance 

during hemodilution, and reported that the use of protein-free fluids for volume expansion 

led to a decrease in peripheral resistance that was independent of viscosity. The decrease in 

resistance beyond the magnitude that can be accounted for by viscosity is in agreement with 

the effect of a 1.5 micron thick endothelial surface layer on blood flow resistance. The 

results were consistent with the hypothesis that hemodilution of plasma components led to a 

dynamic loss of plasma proteins from the glycocalyx and resulted in an increase in 

permeability.(52) Similar effects on resistance were observed in vivo by Torres, et al., who 

demonstrated this phenomenon after hemorrhagic shock.(53) The microvasculature of a 

cremasteric muscle preparation was evaluated, before and after hemorrhagic shock and 

resuscitation, and blow flow and shear rates were derived. The authors reported that Hextend 

(HEX) improved blood flow and shear rates and FFP improved blood flow and preservation 

of coagulation status.(53) Their results support the idea that plasma proteins and exogenous 

colloids influence the structure and thickness of the glycocalyx and endothelial surface layer 

and, in turn, the thickness of the glycocalyx alters vascular resistance. Protection and or 

restoration of the glycocalyx after hemorrhagic shock would, therefore, have clinical 

relevance for maintenance of perfusion pressure and endothelial barrier function.

Therapeutic Options—In a rat model of inflammation, doxycycline (a broad spectrum 

metalloprotease inhibitor) treatment stabilized the glycan components of the endothelial 

glycocalyx by inhibiting matrix metalloproteases (MMP), which in turn reduced leukocyte 

and endothelial cell adhesion in post-capillary venules.(4) These and other studies by 

Lipowsky and colleagues demonstrate the role of MMPs in glycocalyx shedding and the 

requirement of glycocalyx degradation for leukocyte binding to endothelial surface adhesion 

molecules.(2; 54)

Chappell, et al., demonstrated that protection of the glycocalyx by hydrocortisone and anti-

thrombin reduced post-ischemic neutrophil adhesion and, in turn, this reduced the degree of 
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vascular leakage, tissue edema and inflammation.(55) Ischemia-reperfusion is also associated 

with increased platelet adhesion to the coronary vasculature and is associated with a 20-fold 

increase in heparan sulfate and 9-fold increase in syndecan-1 concentration in the effluent. 

Pretreatment with hydrocortisone reduced platelet adhesion by 40% and reduced syndecan-1 

shedding by approximately 6-fold.(56) Other important strategies for protecting the 

glycocalyx have been investigated by Becker and colleagues and reviewed in Becker BF, et 

al.(57) Clinically relevant agents that can reduce shedding and protect the glycocalyx include 

hydrocortisone,(58) anti-thrombin(59) and sevoflurane.(49)

In a coagulopathic mouse model of trauma and hemorrhagic shock, endothelial permeability 

in pulmonary vasculature was corrected with fresh frozen plasma (FFP) administration and 

this was related to restoration of syndecan-1 expression in the pulmonary vasculature.(60; 61) 

Taken together, these preclinical studies demonstrate an important role for the glycocalyx in 

controlling vascular permeability and indicate that agents that restore the glycocalyx layer 

may protect against pathologic increase in vascular permeability. These animal models 

highlight the importance of protecting and restoring the endothelial glycocalyx before and 

during vascular injury. The implementation of such strategies is considered promising in the 

critical care setting and has been addressed by several investigators.(2; 57) The impact of 

glycocalyx restoration on the outcome from trauma injuries requires further validation and 

will certainly be the subject of future investigations.

3.2. Human Studies

Numerous studies of trauma patients have been conducted to assess the correlation of 

plasma concentrations of glycocalyx constituents with trauma-induced coagulopathy (TIC) 

(Table 1). In an observational study by Johansson, et al., on 80 adult trauma patients, of 

whom 91% experienced blunt trauma and 31% had severe traumatic brain injury (TBI), 15% 

of the patients had acute coagulopathy of trauma, also called TIC.(62) In this report, patients 

with TIC were found to have higher injury severity scores (ISS), transfusion requirements 

and mortality. Additionally, biomarkers pointing to endothelial glycocalyx damage were 

found in higher levels among patients with TIC(62) which included increased levels of 

syndecan-1 in the TIC group. Increasing injury severity was shown to be associated with 

evidence of glycocalyx degradation, coagulation factor consumption, and 

hyperfibrinolysis.(63) Furthermore, Ostrowski and Johansson, in their retrospective analysis 

of 77 trauma patients, found that patients with signs of auto-heparinization as determined by 

thromboelastography had four-fold higher plasma syndecan-1 levels. Thus, they concluded 

that glycocalyx degradation may induce endogenous heparinization in trauma patients with 

severe injury.(13) However, the degradation of the endothelial glycocalyx seems to be 

associated with TIC suggesting that it could be a compensatory response to shock, to 

overcome the effects of endothelial activation, which results in increased procoagulant 

activities on the surface of microvessels.(64)

Among the 17 markers of glycocalyx degradation and endothelial damage, high circulating 

syndecan-1 were found to be associated with coagulopathy and increased mortality despite 

comparable ISS in a prospective cohort of 75 trauma patients (10 patients with a penetrating 

injury and 24 patients with a severe head injury). In patients with high glycocalyx 
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degradation levels, higher ISS was correlated with higher adrenaline, IL-6, histone-

complexed DNA fragments, high mobility group box-1, thrombomodulin, activated partial 

thromboplastin time (aPTT) and lower plasma protein C. After adjusting for age and ISS, 

syndecan-1 was found as an independent predictor of mortality among trauma patients with 

varying severities.(65) In a study of 32 severely injured patients experiencing hemorrhagic 

shock, syndecan-1 levels were noted to be significantly elevated.(61) Syndecan-1 levels were 

positively correlated with interleukin-10 and inversely correlated with interferon-γ, 

fractalkine and interleukin-1β.(61) Furthermore, in a prospective study evaluating the 

association between sympatho-adrenal activation and coagulopathy in 75 adult trauma 

patients, 14% of whom had penetrating trauma and 33% had TBI, plasma adrenaline levels 

were higher among non-survivors and the increased trauma-induced catecholamine surge 

was independently associated with higher syndecan-1 levels, indicative of glycocalyx 

degradation. Non-survivors had higher syndecan-1 levels compared to survivors, in parallel 

with the former finding of higher epinephrine levels.(66) In addition to epinephrine, other 

markers have been shown to increase in correlation with endothelial and glycocalyx injury 

following trauma, including CD40-ligand (sCD40L). Positive correlations between sCD40L 

and biomarkers such as soluble thrombomodulin and syndecan-1, representing endothelial 

damage and glycocalyx degradation, respectively, were demonstrated after trauma.(67) 

Additionally, high sCD40L was correlated with prolonged aPTT, decreased thrombin 

generation and hyperfibrinolysis, as indicated by higher D-dimer levels.(67) Similarly, in a 

study of 80 trauma patients, soluble vascular endothelial growth factor receptor 1, which has 

anti-angiogenic and anti-inflammatory functions and is primarily expressed by endothelial 

cells, was positively correlated with injury severity scores and plasma syndecan-1 levels, 

supporting the idea that plasma levels reflect endothelial glycocalyx degradation.(68) In 

summary, these human clinical trials demonstrate that plasma syndecan-1 is a useful 

biomarker for severity of injury and it correlates with outcome following traumatic injuries. 

Despite the results of these clinical studies, the mechanisms causing the degradation of the 

endothelial glycocalyx after severe trauma in humans are poorly understood. Additional 

studies are needed to better understand the pathophysiology of the degradation and 

possibility for reconstitution of the endothelial glycocalyx after severe trauma and 

hemorrhagic shock.

4. Glycocalyx and Lung Injury

4.1 Trauma as a risk factor for bacterial pneumonia

Trauma represents the leading cause of death for adults under the age of 45 years, and 

results in extensive morbidity and healthcare costs.(69) Beyond the primary injuries suffered 

as a result of trauma, nosocomial complications including bacterial pneumonia represent a 

major complication for trauma patients and evidence suggests that trauma itself is an 

independent risk factor for the development of pneumonia. In fact, intubated trauma patients 

have a higher incidence of ventilator-associated pneumonia (VAP) compared to non-trauma 

patients.(18) Identifying the immunologic basis for this increased susceptibility to bacterial 

pneumonia should lead to improved care models to reduce both the incidence and 

subsequent morbidity.
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The incidence of VAP varies from center to center but a general average is approximately 

15-30%(70; 71) for intubated trauma patients. Most cases of VAP, for all categories of 

intubated patients, are caused by Enterobacter species (33%), Pseudomonas aeruginosa 

(33%) or Staphylococcus aureus (20%).(72) Despite the development and widespread use of 

the “ventilator bundle” (stress ulcer prophylaxis, elevated head of bed, deep vein thrombosis 

prophylaxis and daily sedation interruption) there is little evidence to indicate that these 

interventions alter the incidence of trauma VAP. An assessment of risk factors for 

developing VAP among trauma patients identifies male gender, age, chest trauma, multiple 

rib fractures and severity of injury as the leading indicators.(70) Since these risk factors 

cannot be controlled, new care models must be developed to characterize and treat the 

underlying pathophysiology that leads to pneumonia in this group of patients.

As the United States enters an unprecedented stage of an aging population, with nearly 

10,000 people turning age 65 every day, the incidence of traumatic injury in this group will 

increase and their associated co-morbidities will have a differential effect on survival among 

these older patients. A review of trauma outcomes for 1621 patients, who were older than 50 

years of age, at a single trauma center, suggests that a history of coronary artery disease, 

congestive heart failure, rib fractures and a requirement for intubation were associated with 

increased mortality. Gender, obesity, lung disease, renal failure and cirrhosis were not 

associated with increased mortality in this single center study.(73) Older trauma patients do 

not seem to have a higher incidence for VAP unless they also incur traumatic brain injury, in 

which case age, ISS and coma upon admission are independent risk factors for late-onset 

VAP (occurring on or after day 5 post admission).(74)

4.2 The epithelial glycocalyx in pneumonia and lung inflammation

Within the lung, the alveolar epithelial glycocalyx has emerged as an important participant 

in modulating inflammation, infection and allergic processes within the airway 

compartment. As such, understanding the role of the epithelial glycocalyx and how its 

components modulate the pathogenesis of alveolar inflammation and localized infection 

offers a new area for the development of novel therapeutic agents (Table 2).

Bacterial pneumonia represents one of the most common causes of pulmonary failure seen 

after severe trauma and, therefore, warrants considerable attention. Rodent models of 

pneumonia closely mimic human acute lung injury and have become some of the better 

models for studying lung inflammation.(75) These models have advantages over systemic 

injury models like cecal ligation and puncture.(76; 77) Instillation of pathogenic bacteria into 

the nares or trachea of anesthetized mice results in a severe but survivable pneumonia and 

allows both the development and resolution/repair phases to be studied in relationship to 

alterations of the glycocalyx structure and its functional role in epithelial biology.

Very little is known about the composition and organization of the respiratory epithelial 

glycocalyx. A recent review(78) nicely details the organization of the mucin layer found in 

the upper tracheobronchial tree in association with goblet cells and ciliated epithelium and 

begins to characterize the location of glycans on the epithelial surface. The mucin layer 

produced by goblet cells that covers the ciliated epithelium can be functionally stratified into 

the thick mucus layer and the peri-cellular mucus layer. The former is thicker and more 
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viscous while the later is less viscous. The specific mucin content of each layer is distinctly 

different and likely represents a further extension of functional stratification at the molecular 

scale. The primary GAGs are associated with the epithelial cell surface and, specifically, 

with the cilia are keratin sulfates. The presence of a thick mucus layer above ciliated 

epithelial cells obscures the role of cell-surface glycans, so we depend on future studies to 

help elucidate the functions of peri-cellular GAG and the ciliated epithelial glycocalyx.

The associated acute lung injury that occurs in severe forms of pneumonia increases 

capillary permeability at the alveolar level. Therefore, it makes sense to focus on the 

glycocalyx from the type I epithelial cells that comprise approximately 95% of the alveolar 

surface area and form one-half of the air-blood interface. Numerous studies focused on the 

role of syndecan-1 and -4 in mouse models of bacterial pneumonia have assessed syndecan 

shedding into the distal air space of the lungs. As it will be reviewed below, syndecans may 

participate in inflammation by signaling via the cytoplasmic domain as well as functional 

attributes of the GAG chains.(23; 79) The preponderance of published data has been focused 

on syndecan-1 and -4; hence, this review of the glycocalyx and pneumonia is centered on 

these two isoforms.

4.3 Syndecans and Bacterial Pneumonia

Mice inoculated intra-nasally with Pseudomonas aeruginosa (P. aeruginosa) develop a 

severe pneumonia with significant lung injury(9). However, syndecan-1 knockout (KO) mice 

demonstrate a protective phenotype, with reduced histological evidence of inflammation, 

less lung and spleen colonization of bacteria and improved survival. When exogenous 

syndecan-1 ectodomains were administered with P. aeruginosa to the lungs of syndecan-1 

KO mice, the protective effect was mitigated and inflammation, injury and mortality were 

comparable to wild type (WT) mice. Therefore, the protective effect of the syndecan-1 KO 

appears to be due to loss of the ectodomain, which carries the GAG chains. To test the role 

of heparan sulfate and chondroitin sulfate in the pathogenicity of P. aeruginosa, heparin and 

chondroitin sulfate GAGs were administered in combination with the bacteria to syndecan-1 

KO mice. Again, the protective phenotype was lost. Finally, studies assessing whether P. 

aeruginosa binds heparan sulfates to avoid detection were performed and the results 

suggested that direct physical interaction is not necessary for the enhanced virulence. 

Collectively, these results suggest that syndecan-1 and heparan sulfates enhance the 

virulence of P. aeruginosa by altering the response of the innate immune system and not via 

direct action on the bacteria itself. Similar results were observed in Staphyloccocus aureus 

(S. aureus) pneumonia in mice. Syndecan-1 KO mice revealed significantly reduced lung 

inflammation in terms of histology, BAL fluid cell count and albumin concentration.(80) S. 

aureus releases a β-toxin that is a neutral sphingomyelinase that induces shedding of 

syndecan-1 ectodomain off the surface of airway epithelial cells. The β-toxin-induced 

shedding of syndecan-1 increases the virulence of S. aureus pneumonia that seems to be 

related to increased neutrophil recruitment and cytokine production. In the absence of 

syndecan-1, inflammation is reduced. Taken together, these results indicate that the 

shedding of syndecan-1 is increasing the virulence of lung bacterial infections, although 

additional studies are needed to better understand the mechanisms of this increased bacterial 

virulence caused by shed syndecan-1 and the heparan sulfate GAG chains.
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Syndecan-4 is a prominent member of the syndecan family that is expressed by endothelial 

and epithelial cells. Both syndecan-1 and -4 are shed from epithelial cells to the 

bronchoalveolar fluid during lung inflammation in vitro when lung epithelial cells are 

exposed to phorbol myristate acetate, thrombin, tumor necrosis factor-alpha (TNF-α) or 

interferon-gamma.(81) When syn-4 KO mice are challenged with intra-tracheal LPS, they 

manifest worse injury as assessed by increased neutrophil influx and increased CXCL8 

production than wild-type littermates.(82) Purified syn-4 ectodomains and exogenous heparin 

attenuated the inflammatory response to LPS and TNF-α. Thus, syn-4 is protective against 

LPS-induced lung inflammation and the heparan side chains contribute most of this 

protective activity.

The glycocalyx may also modulate the progress of inflammation and pneumonia by indirect 

mechanisms. Epithelial and endothelial barrier injuries are both commonly observed in lung 

injury. The lung epithelium and immune cells can release chemokines driving the influx of 

inflammatory cells through the epithelial layer. Syndecan-1 can indirectly regulate 

inflammation by modulation of this chemotatic gradient. In a bleomycin-induced lung 

fibrosis model, matrylisin cleaves syndecan, which has keratinocyte-derived chemokine 

(KC), a murine functional homolog of interleukin-8, bound to the GAG chains; KC is 

involved in directing neutrophil migration from the interstitial space to the alveolar 

compartment. In matrilysin-null mice that have significantly reduced syndec-1 shedding, 

neutrophil migration was limited to the interstitium. Moreover, KC was not detected in the 

alveolar fluid of syndecan-1 KO mice. These results describe a fundamental protective role 

of syndecan-1 in the epithelial response to injury. However, the lack of syndecan could lead 

to impaired resolution of epithelial injury and worsening inflammation.(83)

4.4 Hyaluronan and Bacterial Pneumonia

Finally, we will examine the effect of epithelial hyaluronic acid (HA) on models of 

infectious lung injury. HA is a large secreted GAG that remains associated with the cell 

surface. Epithelial cells and a variety of hematopoetic-derived cells including macrophages 

express CD44, a binding protein for HA. CD44 is a multi-functional signaling protein that 

plays an important role in modulating the inflammatory response of macrophages. In its 

native state, high molecular weight (MW) HA has anti-inflammatory properties. Subjects 

diagnosed with chronic bronchitis, who presented with recurrent exacerbation of their 

disease, and that were treated with inhaled HA for six months had decreased acute bronchitis 

exacerbations compared to subjects that were treated with placebo. Accordingly, HA-treated 

subjects presented with fewer signs of bacterial infection and reduced need for antibiotic 

treatment. These results suggest that HA may enhance host-defense mechanisms.(84)

High MW HA is susceptible to cleavage via hyaluronidase, an enzyme present in 

endothelial, epithelial and white blood cells. Low MW HA fragments are pro-inflammatory, 

presumably by interacting with CD44, although the mechanism(s) for this action remain 

obscure. CD44 KO mice provide significant insight into the role of CD44 and HA during 

infectious inflammation in the lung. CD44 KO mice express prolonged and exaggerated 

inflammation following bleomycin-induced lung injury(85) and infectious processes. For 

example, CD44 KO mice develop significantly worse lung inflammation in response to 
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Escherichia coli(85), LPS,(86) and Klebsiella pneumonia.(87) Taken together, high MW 

epithelial HA appears to attenuate inflammation by binding to macrophage CD44 while 

small HA fragments are pro-inflammatory, although the mechanisms explaining the increase 

in airway inflammation by these small HA fragments are not fully understood.(88)

4.5 Glycocalyx and other Mechanisms of Lung Injury

Apart from bacterial pneumonia, glycocalyx proteins can also be important in secondary 

respiratory failure in critically ill adults. Schmidt and collaborators have shown that different 

etiologies of lung inflammation may modulate glycocalyx degradation. Data collected from 

healthy donors or subjects with respiratory failure secondary to: 1) intoxication or ischemic 

brain injury (patients were mechanically ventilated); 2) indirect lung injury (non-pulmonary 

sepsis or pancreatitis) and 3) direct lung injury (pneumonia or aspiration) showed that 

circulating heparan sulfate fragments and heparanase activity were elevated in patients with 

indirect lung injury, while circulating HA concentrations were elevated in all groups but 

with statistical difference only in the direct lung injury group. Plasma heparan sulfate 

concentrations directly correlated with intensive care unit length of stay. Although this study 

was performed with a small group of subjects, it raises the need for additional large studies 

on glycocalyx degradation in respiratory failure due to lung inflammation (direct or 

indirect).(89)

Breakdown products resulting from proteolytic cleavage of the glycocalyx can induce 

further inflammation as well as inducing an immunosuppressive state. For example, heparan 

sulfate and hyaluronan fragments are DAMPs that can activate TLR2 and TLR4 receptors 

that induce further inflammation (10), while heparan fragments a are a co-factor for HMBG1 

and it's binding to RAGE.(11; 12) The conditions that determine the coordinated response of 

RAGE, TLR2, and TLR4 activation to exacerbate inflammation and/or induce neutrophil 

and T-cell immunosuppression remain poorly understood and will crucial to furthering our 

understanding of the glycocalyx in trauma-related injuries.

In summary, the tracheobronchial epithelial glycocalyx in coordination with secreted mucins 

are an important barrier component to imped and/or prevent pathogens from gaining access 

to the epithelial cell. In the alveolar compartment, heparan sulfate GAGs on syndecan-1 and 

-4 appear to be important regulators of the innate immune response and can either enhance 

or attenuate the inflammatory response to specific pathogens. At our early stages of 

understanding, it is clear that much more work is required to unify the dichotomous findings 

regarding the functional significance of the glycocalyx in bacterial pneumonia.

5. Glycocalyx shedding and lung inflammation

The endothelial glycocalyx varies in thickness from 0.5μm to several microns(90; 91) 

depending on the vascular bed, species and type of endothelial cell being studied. Given 

these dimensions, an intact glycocalyx would extend well above endothelial cell adhesion 

molecules present on the cell surface. During acute inflammation, shedding of the 

glycocalyx may be part of the controlled immune response to improve neutrophil and 

platelet binding and recruitment to the site of injury. Mulivor and colleagues presented the 

early evidence that anti-intracellular adhesion molecule (anti-ICAM) antibody (ab)-coated 
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beads had minimal binding to the endothelial surface of mesenteric vessels. Following 

stimulation with formyl-methionine-leucine-phenylalanine (fMLP), these investigators 

observed increased binding of ab-coated beads to the vascular wall, which was associated 

with reduced lectin binding to the endothelium. Perfusion of the vessels with heparinase 

produced nearly identical results(92) validating the idea that loss of cell surface glycans is 

associated with increased accessibility of the bead with anti-ICAM. In similar studies, 

Mulivor and colleagues assessed the influence of fMLP and ischemia on binding of anti-

syndecan ab-coated beads and lectins to the endothelial surface. Ischemia and fMLP resulted 

in reduced lectin binding, consistent with loss of cell surface glycans. However, they 

observed increased binding of anti-syndecan coated beads, reflecting an increased 

accessibility of the beads with the syndecan core protein. Collectively, these results suggest 

that, in this model, the syndecan core protein is retained at a time when the GAG chains are 

lost.(5) Thus, the heparan chains provided the structural barrier that limited access of ab-

coated beads to ICAM. Inhibition of vessel wall MMP attenuated the shedding of 

endothelial glycans and reduced the amount of leukocyte binding induced by fMLP.(4)

The glycocalyx prevents neutrophil adhesion to microvascular endothelial cells in the lung, 

but during sepsis and acute lung injury loss of the glycocalyx allows neutrophil adhesion. 

Using a mouse model of endotoxemia, Schmidt and colleagues demonstrated a rapid 

breakdown of the glycocalyx and concurrent increase in neutrophil binding to vessel wall.(6) 

Endotoxemia resulted in a TNF-dependent increase in heparanase activity that was 

responsible for the early glycocalyx breakdown; treatment with heparanase inhibitor 

mitigated the breakdown of the glycocalyx and associated neutrophil binding. This well 

performed study validates the role of the endothelial glycocalyx in maintaining minimal 

leukocyte-endothelial interactions during basal states and the necessity for regulated 

shedding of glycans that allow leukocyte binding to the endothelium.

6. Future Directions

Much more work is needed to further our understanding of the role of glycocalyx on both 

endothelial and epithelial cells. The spatial localization on the cellular scale and three-

dimensional organization of the glycocalyx represent important structural information yet to 

be described. Tarbell and colleagues have begun these descriptive studies using confocal 

imaging of endothelial cells in vitro(93) and they have been developing techniques to 

perform similar studies in vivo.(94) Biophysical techniques like fluorescence correlation 

spectroscopy have been used to determine three dimensional organization and protein 

dynamics within the interior of the glycocalyx.(22) Higher resolution imaging that will allow 

more precise localization of individual components and improved methods for fixation that 

preserve the in vivo structure will aid in answering many important structure-function 

questions. Preliminary steps quantify the biomechanical characteristics of the glycocalyx, in 

vitro, that are important for mechanosensing have been made using reflectance interference 

contrast microscopy and atomic force microscopy.(95) Adapting these techniques for use in 

vivo remains an unmet technical challenge but one that is sure to provide important 

comparisons of the in vitro vs. in vivo glycocalyx.
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At the level of whole animal studies, virtually all published data from KO animals, 

examining the glycocalyx in lung injury, are derived from global KO mice and not from 

tissue-specific KO and/or inducible KOs that can be timed in order to assess the acute 

response, resolution and recovery from injury. Without cell-specific KOs, it is impossible to 

precisely determine which cell types are affected by the knocked-out protein and which cells 

play a dominant role in a specific response. For example, most syndecan KO mice showed 

reduced neutrophilic infiltrate; was this effect a result of syndecan KO on endothelial or 

epithelial cells or neutrophils? In what cell type is the loss of syndecan most important for 

modulating sterile inflammation and/or bacterial infection? What is the effect of trauma and 

subsequent on endothelial and/or epithelial glycocalyx?

There is no doubt that components of the glycocalyx will continue to be identified as major 

players in the regulation of inflammation and in the resolution and recovery phases, as well. 

As we understand more about cell-specific functions of syndecans and other proteoglycans, 

we can envision therapeutic interventions based on their role in mechanism-specific 

inflammation. The development of novel, glycocalyx-targeted polymers could represent a 

major advance for both protection of the glycocalyx from proteolytic degradation and 

restoration of the glycocalyx following shedding. Giantsos, et al.,(96) and Giantsos-Adams, 

et al.,(97) have demonstrated a proof-of-concept for developing glycocalyx-targeted 

polymers that enhance barrier properties, attenuate inflammation and attenuate pressure-

dependent mechanotransduction. The authors synthesized a 50-60kD water-soluble polymer 

(methacyrlamidopropyl trimethylammonium chloride) that bound avidly to the endothelial 

surface and was devoid of any measurable in vitro toxicity. The polymer reduced endothelial 

hydraulic conductivity, reduced the pressure-dependent production of nitric oxide and 

mitigated pressure-dependent and shear-dependent barrier failure. Lastly, the polymer was 

able to block bradykinin-induced increase in endothelial albumin permeability. The 

development of similar functionalized polymers for human use would represent a significant 

advance in resuscitation science. In conclusion, much more work is needed to develop 

therapies directed to exploit the multi-functional glycocalyx.
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Figure 1. 
A) An intact endothelial glycocalyx provides a barrier between the plasma compartment and 

the cell membrane and limits RBC, WBC and platelets from contacting the cell surface. The 

glycocalyx and associated immobile protein layer overlies the cell junction contributing to 

endothelial barrier properties for both water and protein flux. B) During mild to moderate 

inflammation, shedding and proteolytic cleavage of the glycocalyx (in this case removal of 

hyaluronan) increases the porosity of the glycocalyx. C) During severe inflammation and 

trauma, breakdown of the glycocalyx exposes ICAM and P-selectin resulting in increased 

WBC and platelet adhesion, respectively, and propagation of the inflammatory response. 

Note the presence of shed syndecans and heparan sulfates in the plasma that are 

hypothesized to contribute to auto-heparinization and the coagulopathy of trauma (see text 

for detail).

Chignalia et al. Page 20

Shock. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Structure of Syndecans and glypicans
The generalized structure of syndecan 1-4 (left panel) and glypicans 1-6 (right panel) are 

shown for comparison. The primary structural features to note are that syndecans have a 

transmembrane region and a highly conserved cytoplasm domain that participates in 

signaling. Syndecan can carry both heparan sulfate GAGs and chondroitin sulfate GAG. 

Glypicans contain a larger core protein, insert into the membrane via a GPI anchor and only 

carry heparan sulfate GAGs. Modified from: CE. Bandtlow and Dieter R. Zimmermann 

Physiol Rev 2000;80:1267-1290
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