
for the self-management of exposure and the empowerment of
patients in dealing with air quality. Real-life choices to personally
reduce exposure to ambient air pollution are limited, particularly in
regions (such as Canada) where air quality is rather good. As
shown by Ragettli and colleagues, choosing a high- versus a
low-exposure route had a minor effect on exposure (9). Time
spent in commute contributed 8% versus 5%, respectively, to total
personal exposure to nitrogen dioxide, although traffic is its
dominant local source. Given the more homogenous spatial
distribution of PM2.5, differences between low- and high-exposure
choices would likely be smaller. To echo the overstated promises
of “personalized medicine” with overselling “personalized
prevention” from environmental hazards is a slippery road. The
large burden of diseases attributable to ambient air pollution
(10, 11) will not be reduced by air quality apps, personalized tools,
or empowered patients. “Personalized prevention” of the air
pollution burden depends on strong policy makers and
governments setting science-based air quality standards and on
clean air agencies who rigorously implement air management
plans. The global community is very far from this goal, as only nine
governments around the world adopted the PM standards
proposed by the World Health Organization (12). Once all
countries comply with these standards, the globe will be a much
healthier place (13). On the basis of the findings of To and
colleagues, it will also be a place with fewer cases of ACOS,
although the related benefit may turn out to be smaller than
expected from the threefold hazard rate. n
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Endothelial Glycocalyx: Not Just a Sugar Coat

The incidence of acute kidney injury (AKI) in the intensive care unit
(ICU) population has been reported to be as high as greater
than 50% in a recent study (1), often in the context of multiorgan
failure and sepsis. AKI contributes significantly to the high
mortality in the ICU population, where in-hospital mortality
rates may exceed 50%. AKI is also strongly associated with a higher

risk for the development of chronic kidney disease (2). The
pathophysiology of AKI is multifactorial, involving hemodynamic
changes, inflammation, and direct injury to tubule cells (2). The
endothelium plays an important role in the pathophysiology of
AKI. Injury to endothelial cells results in enhance leukocyte
adherence, platelet aggregation, vasoconstriction, reduced blood
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flow to the nephron, and impairment of the permeability barrier
of the glomerulus and the extensive network of peritubular
capillaries. Loss of peritubular capillaries is a recognized
consequence of AKI and chronic kidney disease. The glycocalyx
is a negatively charged gel that coats the endothelium and creates a
molecular sieve that prevents large molecules from passing
through, and also likely protects the endothelial cells (3).

The endothelial glycocalyx was first visualized lining
endothelial cells in the 1950s, after the invention of the transmission
electron microscope (4). The Greek translation of glycocalyx is
“sweet husk” (5). The major components of the endothelial
glycocalyx are glycoproteins (cell surface receptors such as selectins
and integrins), proteoglycans (membrane-bound proteins such
as syndecans and glypicans), and glycosaminoglycans (GAGs;
long, linear polysaccharides that carry a strong negative charge,
including heparan sulfate, chondroitin sulfate, and hyaluronic acid
or hyaluronan). Proteoglycans with covalently bound GAGs are
prominent contributors to the endothelial glycocalyx (6). Heparan
sulfate constitutes up to 90% of the GAGs on the surface of
endothelial cells (7). Hyaluronic acid linked to the endothelial
surface receptor, CD44, weaves through the endothelial glycocalyx
(8). All these components, together with proteins and growth
factors bound to the carbohydrates of GAGs, form a fence-like
meshwork on the surface of endothelial cells and play
an important role in vascular homeostasis and a barrier against
protein filtration (9).

The endothelial glycocalyx is in dynamic balance between
synthesis and degradation. In response to inflammatory mediators,
both GAGs and proteoglycans can be shed from the endothelium. In
a recent observational study by Ostrowski and colleagues (10), the
authors found significantly elevated serum levels of syndecan-1 in
patients with sepsis. Schmidt and colleagues (11), using intravital
microscopy, found that endotoxemia in mice rapidly induced
pulmonary microvascular glycocalyx degradation via tumor
necrosis factor a–dependent mechanisms involving the activation
of endothelial heparanase. Therefore, the extent of shedding of
glycocalyx components might be considered a marker for
endothelial glycocalyx stability. Because the presence of the
glycocalyx on endothelial cells is not organ-specific, the shed
glycocalyx components in blood are not specific to injury of a
particular organ.

In this issue of the Journal, Schmidt and colleagues (pp.
439–449) used mass spectroscopy (12, 13) to analyze the urine
GAG content in a small cohort of 30 patients with sepsis with
varying levels of renal function. They validated their findings in a
cohort of 70 patients with ARDS, all of whom had normal renal
function at baseline. The authors demonstrated that the levels of
urinary GAG fragmentation predict the development of AKI and
mortality in critically ill patients. The measurement of urinary
GAGs might be most reflective of glomerular endothelial
glycocalyx disruption; however, released GAGs from endothelium
in other organs may enter the circulation and be filtered by the
damaged glomerulus. Glomerular endothelial glycocalyx was
first confirmed by Rostgaard and colleagues (14), using scanning
electron microscopy. They reported that the glycocalyx measures
up to 300 nm and covers both the fenestral and the interfenestral
domains of glomerular endothelial cells. Dane and colleagues
(15) also demonstrated that the fenestrae in the glomerular
endothelium are predominantly filled with hyaluronan. Earlier

studies showed that GAG-degrading enzymes such as heparinase
and chondroitinase could increase the permeability of the
glomerular filter (16, 17). Furthermore, Gil and colleagues (18)
demonstrated that heparanase is essential for the development
of proteinuria in experimental diabetic nephropathy. Garsen and
colleagues also demonstrated that heparanase deficiency
ameliorated proteinuria, reduced glomerular damage, and
reduced the proinflammatory cytokine milieu in the kidney
during experimental glomerulonephritis (19). In another study,
Lygizos and colleagues (20) observed septic induction of renal
heparanase, using a mouse model of polymicrobial sepsis.
Renal heparanase activation was associated with fragmentation
of glomerular HS, contributing to the onset of septic renal
dysfunction. Taking all these findings together, degradation of
glomerular endothelial glycocalyx can be pathogenic, resulting
in proteinuria.

What is the relationship between the breakdown in
glomerular glycocalyx and AKI? Is the AKI that is associated
with urinary GAGs a direct result of glomerular endothelial cell
glycocalyx breakdown, or are the urinary GAGs a marker of more
generalized glycocalyx breakdown in the capillaries of the kidney
and/or other organs? Schmidt and colleagues (12) argue for
specificity of urine heparin sulfate to a renal origin, as previous data
from their laboratory indicate an association between plasma
heparan sulfate and infection during sepsis, and the current study
shows urinary GAGs predict development of renal dysfunction,
even when severity of illness is controlled for. Glomerular
glycocalyx damage with subsequent increase in leakiness of the
glomerular barrier would not alone be expected to reduce GFR, but
a reduced GFR could result from secondary leukocyte– and/or
platelet–endothelial interactions, which can cause capillary
obstruction (Figures 1A and 1B). This could result in reduced
postglomerular peritubular capillary perfusion and local ischemia
to the tubules. It is important to recognize that the peritubular
capillaries from one glomerulus provide blood flow to segments of
a number tubules derived from a number of other glomeruli in
addition to the glomerulus of origin (21). In addition, the changes
in the glomerular capillary glycocalyx may also be present in the
peritubular capillaries, and the latter may be more important in
the tubular dysfunction that accompanies AKI. In the latter case, the
urinary GAGs may be a surrogate for peritubular capillary changes,
which then can lead to increased vascular obstruction, inflammation,
interstitial edema, and reduced tubule oxygen supply particularly in
the outer medulla of the kidney (2) (Figures 1C and 1D).

Another novel aspect of the study of Schmidt and colleagues (12)
is the use of an inexpensive method to detect highly sulfated
GAGs, including heparan sulfate and chondroitin sulfate, in the
urine. As indicated above, the glycocalyx is a highly dynamic and
fragile structure. GAGs and bound plasma proteins can be lost
during fixation, dehydration, and staining of biopsy tissue (22).
Although newly developed technologies of fixation and rapid freeze
techniques have led to visualization of the glycocalyx, it would
be useful to have a way to evaluate the glycocalyx without the need
for obtaining tissue. Although mass spectrometry provides an
accurate and sensitive method to analyze the GAG content and
disaccharide composition of urine samples, the cost of mass
spectrometry is high. Acknowledging this limitation, Schmidt and
colleagues (12) compared the results of urinary GAGs from mass
spectrometry with dimethylmethylene blue (DMMB) staining of
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the urinary GAGs, which would be much less expensive and more
applicable at the point of care. Using the DMMB colorimetric assay
to measure levels of sulfated GAGs, the association of urinary GAG
concentration with subsequent onset/progression of kidney injury
was preserved. On binding to polyanionic substrates such as
GAGs, the characteristic blue of the cationic DMMB dye shifts to a
violet hue, which can be assessed using a spectrophotometer. This
assay can be affected, however, by duration of reaction, pH, salt
content, and other polyanions such as DNA, RNA, or hyaluronic
acid in the biological samples (23). Furthermore, the DMMB assay
may overestimate the GAG level if the biological sample has less
than 5 mg/ml of GAGs (23). Schmidt and colleagues (12) did
consider and test potential interference of pH and DNA on the
DMMB assay. DMMB levels were not normalized to urinary
creatinine concentrations, whereas the authors present GAG levels
both normalized and nonnormalized. As the authors pointed out, the
generalization of the DMMB assay should be tested in a larger study.

Whether using mass spectroscopy or DMMB staining to
measure urinary GAGs as biomarkers to predict AKI or mortality,
the current study yields areas under the curve of the receiver
operator curve that vary from 0.5 to 0.85, depending on what urinary
GAGs are being used to predict or whether all GAGs are considered.
One of the problems with evaluation of biomarkers for the
prediction or identification of AKI is the use of changes in serum
creatinine concentration as the gold standard for the diagnosis
of AKI. Serum creatinine is well known to be flawed as a gold
standard (24). Much more needs to be done to determine how
useful urinary GAGs are as biomarkers, but this study is important
in focusing more attention on the role of the glycocalyx in renal
dysfunction in the critically ill patient. n

Author disclosures are available with the text of this article at
www.atsjournals.org.
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Figure 1. Endothelial injury and glycocalyx disruption in acute kidney injury. (A) Normal and (B) injured glomerular endothelium. With injury, disruption of
the glycocalyx can result in increased leukocyte– and platelet–endothelial interactions that can cause impaired capillary flow or obstruction. (C) Normal
tubular epithelium and peritubular capillary endothelium separated by a small interstitial compartment. A glycocalyx coats the endothelium. (D) Disruption
of the glycocalyx in peritubular capillaries may lead to increased leukocyte– and platelet–endothelial interactions, inflammation, interstitial edema, and
reduced tubule oxygen supply, particularly in the outer medulla of the kidney. ECM= extracellular matrix; GAG = glycosaminoglycan; GBM= glomerular
basement membrane; MØ=macrophage.
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Genetic Insights into Pulmonary Arterial Hypertension
Application of Whole-Exome Sequencing to the Study of Pathogenic
Mechanisms

Pulmonary arterial hypertension (PAH) is a rare, progressive,
and fatal disease that predominantly affects women. Sustained
pulmonary vasoconstriction and excessive pulmonary vascular
remodeling are two major causes for the elevation of pulmonary
vascular resistance (PVR) in patients with PAH. Without treatment,

the elevated PVR and pulmonary arterial pressure (PAP) increase
the afterload to the right ventricle, which can progress to right heart
failure and death. Despite significant progress in research, PAH
remains a devastating disease with a poor long-term prognosis. The
estimated median survival of patients with PAH is only 2.8 years,
with 1-, 3-, and 5-year survival rates of 68, 48, and 34%, respectively
(1). Current therapies remain insufficient with the absence of
effective disease-modifying or preventive interventions. Investigations
integrating novel and robust technologies and methods are
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