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Abstract

Rationale: Degradation of the endothelial glycocalyx, a
glycosaminoglycan (GAG)-rich layer lining the vascular lumen, is
associated with the onset of kidney injury in animal models of critical
illness. It is unclear if similar pathogenic degradation occurs in
critically ill patients.

Objectives: To determine if urinary indices of GAG fragmentation
are associated with outcomes in patients with critical illnesses such as
septic shock or acute respiratory distress syndrome (ARDS).

Methods: We prospectively collected urine from 30 patients within
24 hours of admission to the Denver Health Medical Intensive Care
Unit (ICU) for septic shock. As a nonseptic ICU control, we collected
urine from 25 surgical ICU patients admitted for trauma. As a
medical ICU validation cohort, we obtained serially collected urine
samples from 70 patients with ARDS. We performed mass
spectrometry on urine samples to determine GAG (heparan sulfate,
chondroitin sulfate, and hyaluronic acid) concentrations as well as
patterns of heparan sulfate/chondroitin sulfate disaccharide

Since the original descriptions of
“putrefaction” by Hippocrates, sepsis has

(1). Today, sepsis and its associated
infections remain the major cause of

sulfation. We compared these indices to measurements obtained
using dimethylmethylene blue, an inexpensive, colorimetric urinary
assay of sulfated GAGs.

Measurements and Main Results: In septic shock, indices of GAG
fragmentation correlated with both the development of renal
dysfunction over the 72 hours after urine collection and with hospital
mortality. This association remained after controlling for severity
of illness and was similarly observed using the inexpensive
dimethylmethylene blue assay. These predictive findings were
corroborated using urine samples previously collected at three
consecutive time points from patients with ARDS.

Conclusions: Early indices of urinary GAG fragmentation predict
acute kidney injury and in-hospital mortality in patients with septic
shock or ARDS.

Clinical trial registered with www.clinicaltrials.gov (NCT01900275).
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(3, 4). As sepsis mortality increases with
the incremental onset of organ failure (5),

been consistently recognized as a major
source of human suffering and mortality

in-hospital death in the United States (2)
and intensive care units (ICUs) worldwide

early identification of at-risk organ systems
may enable personalization of therapies
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At a Glance Commentary

Scientific Knowledge on the
Subject: Degradation of the
glomerular endothelial glycocalyx (a
glycosaminoglycan [GAG]-rich layer
lining the vascular lumen) is associated
with the onset of kidney injury in
animal models of critical illness.
Although glomerular glycocalyx
degradation can be detected via urine
indices of GAG fragmentation, these
indices have yet to be investigated as
predictors of patient outcomes in
critical illness.

What This Study Adds to the
Field: This study, which used state-of-
the-art mass spectrometry approaches
in three different intensive care unit
cohorts, is the first to demonstrate that
urine GAG fragmentation predicts the
development of acute kidney injury
and mortality in critically ill patients.
This predictive ability remains when
using a simple, low-cost measure of
GAG fragmentation, suggesting
bedside applicability of our findings.

that could benefit patients with evolving
sepsis.

There is increasing appreciation for
the importance of the endothelial
glycocalyx to lung (6) and kidney (7, 8)
homeostasis. The glycocalyx (and its in vivo
manifestation, the endothelial surface layer)
is a substantial layer of glycosaminoglycans
(GAGs) and associated proteoglycans
lining the vascular lumen (Figure 1).

The glycocalyx contributes to several
essential endothelial functions, including
(1) maintenance of the endothelial
barrier to fluid and protein, (2) the
mechanotransduction of shear stress into
endothelial nitric oxide production, and (3)
the regulation of leukocyte-endothelial
adhesion. Accordingly, dysfunction of the
endothelial glycocalyx may contribute to
the tissue edema, aberrant vascular tone,
and inappropriate inflammation
characteristic of septic organ injury.

Using a mouse model of polymicrobial
sepsis, we recently observed septic induction
of renal heparanase, a heparan sulfate
(HS)-specific endoglucuronidase (7). HS,
the most abundant glycocalyx GAG, is a
linear sulfated polysaccharide composed of
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Figure 1. Endothelial glycocalyx glycosaminoglycans. (A) The endothelial glycocalyx (and its in vivo
equivalent, the endothelial surface layer) is composed of glycosaminoglycans including proteoglycan-
bound heparan sulfate (HS) and chondroitin sulfate (CS) as well as proteoglycan-independent
hyaluronic acid (HA). (B) Glycosaminoglycans are composed of linear polymers of disaccharide
repeats. CS and HS may be additionally modified by sulfation (X=SO— or H; Y =SO— or COCH3).
n=number of times this disaccharide sequence repeats.

repeating hexuronic acid: glucosamine
disaccharides (Figure 1). Accordingly, renal
heparanase activation was associated with
fragmentation of glomerular HS, leading
to loss of glomerular filtration. This early,
pathogenic induction of glomerular heparanase
could be detected in mice via urinary assays,
including HS degradation activity (7).

We recently developed a high-
sensitivity, mass spectrometry-based
approach to detect and characterize
fragmented GAGs within biologic samples
from critically ill patients (9). This high-
sensitivity approach allows for not only
quantification/characterization of HS
fragments but also detection of other
glycocalyx GAGs, including chondroitin
sulfate (CS, a sulfated linear polysaccharide
composed of repeating hexuronic
acid:N-acetylgalactosamine disaccharides)
and hyaluronic acid (HA, an unsulfated
linear polysaccharide of repeating glucuronic
acid:N-acetylglucosamine disaccharides,
Figure 1). As CS and HS sulfation is a critical
determinant of glycosaminoglycan—protein
interaction, mass spectrometry characterization
of disaccharide sulfation patterns may

additionally provide insight into the biologic
impact of fragmented GAGs on signal
transduction.

Building on these mechanistic animal
data (and leveraging our newly developed
GAG analytical techniques), we
hypothesized that septic shock in humans
would be associated with pathologic
degradation of the glomerular endothelial
glycocalyx and excretion of GAG fragments
into the urine. Urinary GAGs would
therefore be associated with the
development of kidney injury and,
ultimately, mortality. We performed a
prospective study of patients with septic
shock to test this hypothesis. We compared
our findings to samples obtained from
cohorts of critically ill patients with trauma
(9) and patients with acute respiratory
distress syndrome (ARDS) (10).

Methods

Prospective Enrollment of Human
Subjects

Between July 2013 and November 2014,
we prospectively enrolled adult patients
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admitted to the Denver Health Medical by an Injury Severity Score greater than 15. The primary outcome was the
Center (Denver, CO) medical ICU with a A subset of these surgical ICU samples have  development of worsening renal function

diagnosis of septic shock, as defined in the been previously used to optimize mass between 24 and 72 hours after enrollment.
online supplement (ClinicalTrials.gov spectrometry measures of urine GAGs (9). We defined worsening renal function as the
NCT01900275). Patients were eligible for Exclusion criteria are described in the development of new Acute Kidney Injury

inclusion if the diagnosis of septic shock online supplement. Network stage 2 criteria: a twofold increase
was made less than 24 hours before Urine collection occurred at in serum creatinine from admission values
enrollment. We concurrently enrolled adult ~ enrollment, as described in the online (or >0.5 mg/dl absolute change if baseline

patients admitted within the previous 24 supplement. All protocols were approved by ~ Cr > 4.0 mg/dl) or decreased urine output
hours to the Denver Health Medical Center the Colorado Multiple Institutions Review  (<0.5 ml/kg/h X 12 h) (11). We recorded

surgical ICU for severe trauma, as defined ~ Board (COMIRB, approval #13-0425). in-hospital mortality as a secondary
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Figure 2. Urinary glycosaminoglycans (GAGs) in septic shock and trauma. (A) Urine GAGs (including heparan sulfate [HS], chondroitin sulfate [CS], and
hyaluronic acid [HA]) were significantly elevated in patients with septic shock (collected within 24 h of shock diagnosis) in comparison to surgical intensive care
unit-admitted trauma patients. (B) Urine HS was not associated with severity of illness (Acute Physiology and Chronic Health Evaluation [APACHE] Il) in the
combined surgical/medical population. In contrast, urine HA (C) and CS (D) were associated with severity of ilness. Mass spectrometry measurements
revealed that patients with septic shock had distinct patterns of urine HS (E) and CS (F) disaccharide sulfation (inset). *P < 0.05. NS = N-sulfated.
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Figure 3. Urine glycosaminoglycans (GAGs) predict the development/progression of renal dysfunction in septic shock. (A) In urine collected within 24 hours of
the diagnosis of septic shock, GAG concentrations (heparan sulfate [HS], chondroitin sulfate [CS], and hyaluronic acid [HA]) were significantly elevated in
patients who developed new Acute Kidney Injury Network 2 criteria (>twofold increase in serum creatinine or <0.5 ml/kg/h urine output) between 24 and 72
hours after urine collection. (B—£) Urine HS (B), CS (C), HA (D), and total GAGs (E) have significant predictive value for the development of renal dysfunction, as
demonstrated by receiver operating characteristic curves. Mass spectrometry measurements revealed that patients with septic shock who developed
new/progressive renal dysfunction had distinct patterns of urine HS (F) and CS (G) disaccharide sulfation. *P < 0.05. AUC = area under the receiver operating
characteristic curve; NS = N-sulfated.
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outcome. All bloodwork and urine output
measurements were recorded as part of
standard clinical care.

Validation Cohort of ARDS Urine
Samples

We obtained urine samples from a study of
urine IL-18 in ARDS (10). These samples
had been collected from patients 0, 1, and
3 days after enrollment in the Acute
Respiratory Distress Syndrome Network
ARMA (Respiratory Management in
ALI/ARDS) study (12); the NHLBI
provided permission for continued use of
these remnant samples. Samples were
obtained from 70 patients with ARDS with
normal renal function at baseline (serum
creatinine < 1.2 mg/dl); 22 patients (cases)
later developed acute kidney injury (AKI, as
defined by greater than twofold increase in
baseline serum creatinine), and 48 patients
(control subjects) maintained normal

renal function. The Colorado Multiple
Institutions Review Board authorized the
“exempt” use of these deidentified samples,
as previously described (10) and confirmed
before current analyses.

Urine Analyses

Urine glycosaminoglycan content was
determined using mass spectrometry, as
described in the online supplement (9).
Urinary heparanase activity, urinary
bikunin, and urinary dimethylmethylene
blue (DMMB) were measured as described
in the online supplement.

Statistical Analyses

Statistical analyses are described in the
online supplement. Data are presented as
mean * SE.

Results

Urinary GAGs in Medical and Surgical
ICU Patients

Between July 2013 and October 2014, we
enrolled 30 medical ICU patients with
vasopressor-dependent septic shock.
Twenty-five concurrently enrolled surgical
ICU patients with severe trauma served as a
contemporaneous ICU control group

(see Table E1 in the online supplement). As
expected, patients with septic shock were
more likely than trauma patients to develop
new/worsening renal dysfunction in the

72 hours after study enrollment or to die
during their hospitalization.

Schmidt, Overdier, Sun, et al.: Urine Glycosaminoglycans in Septic Shock and ARDS

Urine GAGs were significantly elevated
in patients with septic shock as compared
with their surgical ICU comparators
(Figure 2A). Although HS concentrations
were independent of severity of illness
(Figure 2B), urinary concentrations of HA
and CS correlated with Acute Physiology and
Chronic Health Evaluation (APACHE) II
scores (Figures 2C and 2D). Accordingly, total
GAGs correlated with APACHE 1II (P < 0.01,
7 =0.2059). Urine HS, HA, CS, and total
GAGs were independent (P > 0.3) of serum
creatinine or estimated glomerular filtration
rate (a clinical index inclusive of age, sex,
serum creatinine, and race) at urine collection.

To investigate the association of GAG
sulfation (e.g., HS, CS) with the cause of
critical illness, we digested isolated GAGs
into constituent disaccharides and
performed mass spectrometry. As detailed
in Figure 2E, urine NS2S, NS, 68, 2S, and
unsulfated heparan disaccharides were
significantly elevated in patients with septic
shock as compared with trauma patients.
Furthermore, urine 2S6S, 4S, and
unsulfated chondroitin disaccharides were
elevated in septic shock (Figure 2F).

The observed elevation in N-sulfated
(e.g., NS, NS6S, NS2S, tri-sulfated)

HS fragments suggested the action

of heparanase, an HS-specific
endoglucuronidase that preferentially
releases N-sulfated heparan fragments.
Consistent with our previous findings using
a mouse model of polymicrobial sepsis (7),
patients with septic shock demonstrated
elevated urinary HS degradation activity
(a marker of heparanase activity, Fig E1A).
Urinary HS degradation activity correlated
closely with urinary HS, suggesting that
heparan fragmentation was a consequence
of heparanase activity (Fig E1B).
Furthermore, in a manner consistent with
urinary HS (Figure 2B), urinary HS
degradation activity did not correlate with
severity of illness (Fig E1C).

Given the significant septic
shock-associated elevation in urine
chondroitin 4S disaccharides, we sought
to determine if urinary bikunin (a urine
proteoglycan enriched in 4S-CS) was
elevated in patients with septic shock.
Although urinary bikunin and 4S-CS
concentrations were correlated (P =0.03),
this association was weak (+* = 0.08), and
there were no differences between patients
with septic shock and trauma patients
(0.331 ng bikunin/mg creatinine vs. 0.359
ng bikunin/mg creatinine; P = 0.72).

Urinary GAGs Predict the
Development/Progression of Renal
Dysfunction in Septic Shock

On the basis of our previous animal
investigations (7), we hypothesized that
urinary GAG fragmentation would be an
early event in the development of septic
kidney injury in humans. Indeed, urinary
concentrations of HS (Figures 3A, 3B, and
3F) and urine HS degradation activity
(Table E2) within 24 hours of septic shock
onset correlated with later (i.e., within 72 h
of enrollment) renal dysfunction, as defined
by new onset of Acute Kidney Injury
Network 2 criteria.

Changes in urinary CS and HA
similarly predicted new renal dysfunction
(Figures 3A, 3C, 3D, and 3G), with total
GAGs demonstrating a high (0.817) area
under the receiver operating characteristic
(ROC) curve as a kidney injury predictor
(Figure 3E). The sensitivities and
specificities of various thresholds of urinary
glycosaminoglycans in septic shock are
detailed in Table E3. Similarly robust
predictive characteristics were seen with HS
disaccharides, including NS2S, NS, 6S, 25,
and 0S (Figure 3F, Table E2). Of CS
disaccharides, only 4S sulfation predicted
the onset/progression of renal dysfunction
(Figure 3G, Table E2). The predictive
ability of urine GAGs remained even after
controlling for severity of illness (APACHE
II, Table E2).

Due to the small size of our septic shock
cohort, we were unable to exclude patients
with abnormal serum creatinine at study
enrollment. As such, our findings are not
direct predictors of de novo AKI but
rather the onset or progression of renal
dysfunction from baseline function at study
enrollment. However, in sensitivity analyses
limited to patients with septic shock with
creatinine less than 2.0 mg/dl at enrollment,
HS (P=0.05) and total GAGs (P =0.0287)
remained associated with renal dysfunction
onset/progression. Additional analyses
inclusive of all critically ill patients (both
septic shock and trauma) showed strong
associations between HS, CS, HA, or total
GAGs and renal dysfunction (P < 0.001
for each); these associations remained
statistically significant when limited to
patients with baseline serum creatinine less
than 2.0 mg/dl (data not shown).

In accordance with previous studies of
urinary GAGs, we elected to normalize GAG
concentrations to urine creatinine, thereby
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Figure 4. Urine glycosaminoglycans (GAGs) predict hospital mortality in septic shock. (A) In urine collected within 24 hours of the diagnosis of septic

shock, urine heparan sulfate (HS) and hyaluronic acid (HA) were significantly elevated in patients who died during their hospitalization. Urine HS (B) and HA
(D) have significant predictive value for mortality, as demonstrated by receiver operating characteristic curves. Conversely, urine chondroitin sulfate (CS) (C)
and total GAGs (E) did not predict mortality. Mass spectrometry measurements revealed that patients with septic shock who died had distinct patterns of urine
HS (F) and CS (G) disaccharide sulfation. *P < 0.05. AUC = area under the receiver operating characteristic curve; NS = N-sulfated.
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controlling for urine dilution (13, 14).
However, absolute (raw) concentrations of
urine HS, CS, HA, and total GAGs
remained statistically associated with
worsening renal dysfunction (P < 0.05),
with robust area under the ROC curve
measurements (0.8884, 0.8348, 0.8705, and
0.8482, respectively). As with normalized
GAGs, absolute concentrations of heparan
NS2S, NS, 68, 2S, and 0S disaccharides
remained statistically associated with renal
dysfunction. In contrast to normalized CS,
absolute concentrations of chondroitin
2848, 4868, 48, and 6S disaccharides were
associated with later renal dysfunction

(P <0.05).

Urinary HS and HA Predict Hospital
Mortality in Patients with Septic
Shock

Urinary HS and HA (collected within 24 h
of diagnosis and normalized to urine
creatinine) were significantly elevated in
patients with septic shock who later died
during their hospitalization (Figures 4A, 4B,
and 4D). HS remained an independent
predictor of mortality when controlling for
severity of illness (Table E4). The
sensitivities and specificities of various
thresholds of urinary glycosaminoglycans
for septic shock mortality are detailed in
Table E3 and Fig E2.

Similar to renal dysfunction
(Figure 3F), NS2S§, NS, 65, 28, and 0S
heparan disaccharides were strongly
predictive of hospital mortality (Figure 4F,
Table E4). In contrast to kidney
dysfunction (Figure 3G), 4S chondroitin
disaccharides did not predict mortality,
although 2548, 4S6S, and 0S did (Figure 4G,
Table E4).

Identical associations with hospital
mortality were observed when we repeated
analyses using absolute concentrations
(ng/ml) of HS, CS, HA, total GAGs,
and CS/HS disaccharides (data not
shown).

Alternative Measures of Urinary GAGs
As mass spectrometry is expensive and
cannot be easily performed at the bedside,
we sought to determine the predictive value
of simplified measurements of urinary
GAGs. DMMB is a colorimetric assay that
detects sulfated GAGs in urine at a fraction
of the cost of mass spectrometry (cost per
sample in our study: $2 vs. $200). To best
approximate a simple, point-of-care assay,

Schmidt, Overdier, Sun, et al.: Urine Glycosaminoglycans in Septic Shock and ARDS

DMMB measures were not normalized to
urine creatinine. These DMMB measures of
sulfated GAGs correlated well with mass
spectrometry measures of total GAGs
(Figure 5A). Accordingly, urine DMMB
(collected within 24 hours of septic shock
onset) predicted progressive renal
dysfunction (Figure 5B) and hospital
mortality (Figure 5C).

Urinary GAG Fragmentation in
Patients with ARDS with Normal
Baseline Renal Function

We obtained urine samples collected from
patients with ARDS 0, 1, and 3 days after
enrollment in the ARDS Network ARMA
study (12). As previously described (10), all
70 patients in this cohort had normal renal
function at baseline; 22 patients later
developed AKI (Table E5). Patients who
later developed AKI had significantly
elevated urinary total glycosaminoglycans
at Days 0 and 3, largely derived from a
consistently elevated urinary CS (Figure 6).
The sensitivities and specificities of various
thresholds of urinary glycosaminoglycans
in ARDS are detailed in Table E6.
Disaccharide analyses revealed that urine
CS was largely 4-O sulfated (Fig E3).
Although total HS demonstrated a
nonsignificant association with AKI
(P=0.08) at Day 0, N-sulfated and
6-sulfated HS fragments were statistically
different between groups with and without
AKI (Figure 6, Figure E3).

Absolute Day 0 glycosaminoglycan
data revealed similar associations as
normalized data, with the exception that
absolute HS was significantly elevated in
patients who later developed AKI
(5,877.42 £ 1,501.63 ng/ml vs. 3,306.44 =
430.80 ng/ml, P =0.03). There were no
differences between groups in absolute
urine glycosaminoglycan levels at Day 1. At
Day 3, only absolute CS was significantly
different between AKI and non-AKI groups
(12,012.98 * 2,162.19 ng/ml vs. 8,300.30 =
821.58 ng/ml, P=0.05).

Urinary glycosaminoglycan indices
were directly (and temporally) associated
with in-hospital mortality in patients with
ARDS (Figure 7). At Day 3, N-sulfated
and unsulfated HS disaccharides were
associated with mortality; nearly every CS
sulfation pattern (with the exception of TriS
and 2S) was associated with mortality
(Figure E4). In contrast to patients with
septic shock, the mortality-predictive ability
of urinary indices in ARDS was lost when

values were not normalized for urine
creatinine.

Urinary GAGs and Pulmonary versus
Nonpulmonary Etiologies of lliness
As we have previously observed distinct
plasma GAG fragmentation patterns in
pulmonary and nonpulmonary sepsis (15),
we measured the correlation of urinary
GAG fragments with the infectious site
causative of septic shock. Urinary GAG
fragments in patients with septic shock
did not correlate with source of

infection (pulmonary vs. nonpulmonary,
P> 0.3 for all GAGs studied). In patients
with ARDS, there was a nonsignificant
elevation of urine HS (Day 0) in patients
with nonpulmonary sepsis—induced
ARDS as opposed to direct (pneumonia)
injury (10,123.62 = 1,980.71 ng/mg

Cr vs. 6,979.37 = 784.75 ng/mg Cr,
P=0.08).

Discussion

In this study, we found that septic shock was
associated with an early increase in urinary
GAGs, predictive of ongoing/progressive
renal dysfunction in the ensuing 72 hours.
The ability of urinary GAGs to predict
renal dysfunction persisted even after
controlling for severity of illness.
Accordingly, urine HS and HA were
associated with septic shock mortality,
with HS remaining predictive of mortality
after controlling for severity of illness.
Comparable urinary GAG fragmentation
was noted in patients with ARDS with
normal renal function at baseline

who later developed AKI. These mass
spectrometry-based measures could be
largely replicated using an inexpensive,
rapidly performed colorimetric assay of
sulfated glycosaminoglycans. As such,
urinary glycosaminoglycans are
promising biomarkers, with both
diagnostic and prognostic implications
in critical illness.

Our observation (Fig E1) that urine HS
correlated strongly with urine HS
degradation activity in septic shock is
consistent with septic induction of
glomerular heparanase, as predicted by
animal models of septic kidney injury (7).
These findings are compatible with a renal
source of HS degradation (e.g., within the
glomerular glycocalyx) and may not simply
reflect circulating plasma HS (i.e., released

445



A B
1000 3 p < 0.0001 100
— E 2 =0.3510
S ]
2 100 - ® 80
P . g
o , o =° Y
S 104 o ol a& R £ Renal dysfunction AUC: 0.8147
8 ] 098 %% S 40 p = 0.0034
o O @ n
%) [ ] [ J
11 ®e
g E [ J ) 20
o 3
2 4
01 m O A4 T T T T 1
0.1 1 10 100 1000 0 20 40 60 80 100
DMMB GAGs (ug/ml) 100% - Specificity%
(o
100 -
80 -
2
>
£ 60 -
= <
g [ ]
5 403 Mortality AUC: 0.7308
® p=0.033
203
®
®
0 T T T T 1
0 20 40 60 80 100

100% - Specificity%

Figure 5. Dimethylmethylene blue (DMMB) colorimetric assay of urinary glycosaminoglycans (GAGs). (A) DMMB, a colorimetric assay that identifies
sulfated glycosaminoglycans (GAGs), correlates with urine GAGs as measured by mass spectrometry. Accordingly, DMMB predicted the onset/progression of
renal dysfunction (B) and in-hospital mortality (C) in patients with septic shock. AUC = area under the receiver operating characteristic curve.

from extrarenal injury). This potential
renal selectivity of urine HS fragmentation
is supported by the absence of association
between urine HS and the etiology of
septic shock (pulmonary vs.
nonpulmonary), contrasting the

significant associations we have

previously observed between plasma

HS and infection source during sepsis (15).
Of note, although our previous preclinical
studies suggested a glomerular source

of heparanase induction and HS
fragmentation during septic kidney

injury (7), we cannot exclude alternative
sources of glycosaminoglycan
fragmentation (e.g., tubules) in human
sepsis.

Interestingly, in patients with ARDS,
baseline levels of urine HS were significantly
elevated in comparison to our septic
shock cohort (which was characterized by
a low prevalence of ARDS). Although we
cannot exclude a “batch effect” of short-
term (i.e., septic shock/trauma) versus
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prolonged (ARDS) sample storage, we
speculate that in ARDS, elevated levels of
circulating HS fragments (reflecting
pulmonary induction of heparanase [6])
may “spill” into the urine, obscuring the
correlation of urinary HS with
glomerular pathophysiology. Indeed, the
presence of glycosaminoglycan “spilling”
is supported by a strong trend of
increased urine HS in patients with
ARDS with nonpulmonary sepsis, a
pattern observed in the plasma of such
patients (15). This increased level of
urinary GAGs in patients with ARDS
prevents determination of a single
“cutoff” that consistently diagnoses
impending kidney injury or mortality

in both patients with septic shock

and patients with ARDS. Determination
of a broadly applicable diagnostic
threshold for urinary GAGs will require
additional multicenter studies of
heterogeneous critically ill patient
populations.

Although activation of glomerular
heparanase can explain increased urine HS,
this enzyme cannot directly account for the
observed increases in HA and CS. Indeed,
HA and CS were more closely associated
with outcomes than HS in the ARDS cohort.
These unexpected findings suggest the
activation of additional GAG-degrading
renal enzymes in septic shock and ARDS.
Elevated urinary CS has been previously
observed in children with meningococcal
sepsis (16), with roughly equivalent
elevations of 4S- and 6S-CS, contrasting
the 4S-predominance seen in our patients.
Interestingly, 4S-CS is commonly found
within bikunin, a proteoglycan
constituent of the urinary trypsin
inhibitor Ial (17). However, bikunin-
associated CS is typically characterized by
a 1:2 ratio of 4S:0S disaccharides (17),
inconsistent with the pattern observed in
our patients with septic shock or ARDS.
Accordingly, we found little association
between urine CS and bikunin in patients
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Figure 6. Urinary indices of glycosaminoglycan (GAG) degradation and acute kidney injury (AKI) in acute respiratory distress syndrome. Urine was
collected from patients with acute respiratory distress syndrome 0, 1, and 3 days after study enrollment and analyzed by mass spectrometry for (A)
heparan sulfate (HS), (B) chondroitin sulfate (CS), (C) hyaluronic acid (HA), or (D) total GAGs (reflecting the sum of HS, CS, and HA). In addition,
sulfated glycosaminoglycans were measured using the colorimetric dimethylmethylene blue (DMMB) assay (E). At baseline, all patients had normal
renal function. A subset of patients later developed AKI; the remainder of patients remained with normal renal function. *P < 0.05 between AKI and

no AKI groups.

with septic shock. The elevations of urine
CS in septic shock contrast the relative
stability of plasma CS in our previous
study of sepsis-associated respiratory
failure (15), again suggesting that urine
GAG fragments primarily reflect localized
renal degradation.

HA has been implicated in several renal
diseases, including renal ischemia-
reperfusion injury (18-20). We observed
that patients with septic shock had a
significant increase in urine HA, which
was predictive of renal dysfunction and
(on unadjusted analyses) in-hospital
mortality. Similarly, urine HA predicted
mortality in patients with ARDS. Recent
reports have highlighted the utility of urine
HA as an early biomarker of kidney injury

Schmidt, Overdier, Sun, et al.: Urine Glycosaminoglycans in Septic Shock and ARDS

after intraoperative cardiopulmonary
bypass (13). We previously found no
association between plasma HA and
nonpulmonary sepsis in patients with
respiratory failure (15), further supporting
the conclusion that urinary HA fragments
reflect renal HA degradation (and not
systemic HA degradation) during septic
shock.

The potential value of urine GAGs as a
predictive biomarker may be limited by
concerns about generalizability, given the
high mortality in the septic shock and
ARDS cohorts. However, we are reassured
that the prognostic utility of urine GAGs
remains even when expanding our
prospectively enrolled cohort to include the
less severely ill trauma population.

Furthermore, the association of urine
GAGs with renal dysfunction (and urine
HS with mortality) persisted when
controlling for severity of illness in septic
shock. Although APACHE II contains
indices of renal dysfunction, this potential
collinearity would be expected to decrease
the predictive ability of urinary GAGs. On
the contrary, urine GAGs meet or exceed
previously reported plasma or urine
biomarkers of kidney injury (with

areas under ROC curves ranging from
0.7-0.9), at much lower cost (21, 22). As
individualized severity of illness data were
not available for the validation cohort of
patients with ARDS, we were unable to
similarly control for APACHE II in the
analysis of ARDS urine samples. However,
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Figure 7. Urinary indices of glycosaminoglycan (GAG) degradation and hospital mortality in acute respiratory distress syndrome. Urine was collected from
patients with acute respiratory distress syndrome 0, 1, and 3 days after study enrollment and analyzed by mass spectrometry for (A) heparan sulfate (HS),
(B) chondroitin sulfate (CS), (C) hyaluronic acid (HA), or (D) total GAGs (reflecting the sum of HS, CS, and HA). In addition, sulfated glycosaminoglycans
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these samples were collected from a parent
study in which baseline (Day 0) severity of
illness scores were identical between the
ARDS group that developed AKI and
that which maintained normal renal
function (10).

The clinical relevance of our findings is
supported by the ability to largely replicate
the predictive capabilities of our mass
spectrometry findings by using DMMB, an
inexpensive GAG assay that can be directly
performed on urine. Although mass
spectrometry affords highly sensitive
analyses of GAG concentrations and
patterns of disaccharide sulfation, such
analyses are time intensive and expensive,
costing approximately $200 per sample in
our study (not including the costs of mass
spectrometry equipment purchase and
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maintenance and data analysis). In
contrast, the DMMB assay, which detects
highly sulfated GAGs, including HS and
CS, can be easily performed in minutes,
at low cost ($2 per sample, not including
the relatively inexpensive and commonly
available colorimetric plate reader).

The generalizability of this DMMB

assay should be prospectively tested in

a future multicenter study inclusive of
lower-acuity sepsis cohorts and/or

other systemic illnesses associated with
kidney dysfunction (e.g., severe acute
pancreatitis).

In summary, our study demonstrates
an association between urinary GAG
concentrations (measured early in the
course of critical illness) and the later
onset/progression of renal dysfunction

and hospital mortality. These associations,
derived from highly sophisticated mass
spectrometry approaches, can be
replicated with a widely applicable,
inexpensive colorimetric assay,
demonstrating practical relevance of
urinary GAGs as predictive markers in
septic shock and ARDS.
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