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The GLX (glycocalyx) is a proteinaceous, polysaccharide 
matrix lining the surface of many cells throughout the body, 

including endothelial cells. In endothelial cells, its function is 
diverse, from transduction of mechanical signals and mainte-
nance of vascular homeostasis to protection from leukocyte in-
vasion.1–3 GLX components can also be cleaved off, permitting 
increased binding and transmigration through the endothelial 
wall.2 This loss of GLX, and the temporal pattern of its release, 
may represent an important composite biomarker for immune 
cell infiltration and an early stage predictor of organ damage. 
In a novel approach, we detect diverse components of the GLX 
separately, in a longitudinal ischemic stroke (ISS) cohort.

Methods
The data that support the findings of this study are available from the 
corresponding author on reasonable request.

Patients
Plasma was stored at −20°C after informed consent from patients 
with ISS at day ≤3 (within 72 hours N=13), day 7 (N=9), and day 
90 (N=13) at the acute stroke unit, and from healthy individuals (HI, 
N=8) from Rigshospitalet’s Blood Bank (Protocol: Region Hovedstad 
Research Ethics Committee, no. 35949). Patients were treated accord-
ing to international stroke guidelines and received antithrombotic 

statin and, if appropriate, antihypertensive treatment.4 Exclusion cri-
teria: transient cerebral ischemia, inflammatory diseases, and cancer; 
cytostatic/immunosuppressive therapy; and cerebral, heart, eye or pe-
ripheral infarcts within 3 months. Neurological impairment was esti-
mated using the National Institutes of Health Stroke Scale (NIHSS).

Plasma GLX Analysis
Two microlitres of plasma was dotted in duplicate on nylon mem-
branes (Hybond N+, Amersham, RPN203B) similar to.5 Membranes 
were blocked in blocking buffer (5% skim milk+TBS-0.05%Tween20) 
and incubated overnight at 4°C in blocking buffer+primary an-
tibody, washed (TBS-0.05%Tween20), incubated with blocking 
buffer+secondary antibody, washed, incubated with SuperSignal 
Femto Reagent (Thermo Scientific), imaged with CCD camera (LAS 
4000, GE), analyzed with ImageJ6 for raw integrated density, and 
transformed by a factor of 10−5. Primary antibody targets: glycosami-
noglycans (GAGs): chondroitin sulfate (CS, Sigma), heparan sulfate 
(HS, Millipore), keratan sulfate (KS, US-Biologicals), and hyalu-
ronic acid (HA, Bio-Rad); and proteoglycans (PGs): CD44 (DAKO), 
syndecan (Syn)-1 (R&D), 2 (R&D), 3 (R&D), 4 (Santa Cruz), glypi-
can-1 (R&D), and BiGlycan (Abcam). Secondary antibody targets: 
anti-mouse, -goat, -rat, -rabbit-HRP (DAKO).

Data Analysis
Data sets were tested for normality (Shapiro-Wilk). Non-normal 
data sets were log-transformed and tested again. Data sets that 
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Figure 1. Glycocalyx (GLX) components detected in the plasma of healthy individuals (HI) and longitudinally after ischemic stroke (ISS). Plasma from HI and 
patients day ≥3, day 7, and day 90 after ISS were immunoassayed for GLX markers. Glycosaminoglycans (A) keratan sulfate, chondroitin sulfate, heparan 
sulfate, and hyaluronic acid. Proteoglycans (B) CD44, syndecan-1–4, glypican-1, and BiGlycan. Five of 11 GLX markers were significantly increased after ISS, 
and one was decreased. One-Way ANOVA tested differences in normal data and Kruskal-Wallis tested data that was non-normal after log-transformation. 
*,**,***,**** represent P values of <0.05, 0.01, 0.001, and 0.0001, respectively. Data presentation: median (line)/box (25th–75th percentile) and whiskers (10th–
90th precentile); remaining data points as dots; and mean (+) for parametric raw data.
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remained non-normal were tested with nonparametric statistics. 
Parametric data were tested with One-Way ANOVA and nonpara-
metric with Kruskal-Wallis test. Day 7 appeared to be the most 
dynamic sampling time. Therefore, we tested whether NIHSS 
at day ≤3 were predictive of day 7 levels. Data sets were tested 
with least squares regression modeling with ROUT (robust regres-
sion and outlier removal) correction (Q=1%)7 to approach a ro-
bust line of best fit. Residuals were tested for normality (QQ-plot). 
Correlations were tested for normality, and Pearson coefficient 
was reported. Significant differences are reported when P<0.05 
(GraphPad Prism 8).

Results
ISS Cohort: Minor Ischemic Stroke
Neurological impairment was minor: median NIHSS: day 
≤3, 2.0 (range, 0–6); day 7, 1.0 (range, 0–2); and day 90, 0.0 
(range, 0–3). The ISS cohort was older than HI (Median age: 
68.5 versus 54). No correlational relationship was detected be-
tween age (range, 37–97) and GLX markers broadly, through 
all timepoints, with and without ISS. GLX levels detected 
were, therefore, not likely to be a direct consequence of age. 
Levels were not different between sex.

Soluble GLX Components: Signature 
of Disease Activity?
GLX markers responded to ISS in a diverse manner (Figure 1). 
GAGs: KS (P<0.001), CS (P<0.05), and HS (P<0.05) as 
well as PG CD44 (P<0.001) were all above HI at day 7, and 
returned to HI levels at day 90. Day 7 KS and CD44 levels 
were above day ≤3 and day 90 (P<0.001), and CS levels at 
day 7 were above day 90 (P<0.05). Syn-3 was significantly 
increased at day ≤3 and day 7 (P<0.05).

In contrast, Syn-2 was significantly reduced (P<0.001) 
compared with HI from the ISS event until day 90. GLX 
markers Syn-1, -4, HA, GPC-1, and BiGlycan did not vary 
significantly throughout the study period.

NIHSS and CD44
NIHSS scores at day ≤3 and plasma CD44 levels at day 7 
showed a positive relationship (Figure 2: Pearson r=0.72, 
P=0.04; Goodness of fit r2=0.52; exclusion: one outlier 
detected by ROUT [Q=1%]). Q-Q plot of line residuals 
showed tendency towards skew. Log-transformation of de-
pendent variable lessens the skew.

Discussion
We show for the first time that soluble GLX components dis-
play a complex and multi-dimensional signature after ISS.

Four GLX markers (GAGs [CS, HS, KS] and CD44) were 
increased at day 7, and returned to baseline at day 90. This 
suggests significant sheddase activity at the cerebrovascular 
insult between day ≤3 and day 7. Of particular interest, KS 
and CD44 were increased above HI and above the initial pa-
tient levels at day ≤3 after ISS. CS and HS have been shown 
to increase in cardiovascular diseases, sepsis, malaria, and in 
inflammatory diseases5,8 and this is, to our knowledge, the first 
description of increased soluble KS in response to neurolog-
ical damage. KS is abundant in the central nervous system9 
and is also a minor component of the endothelial GLX.

Early GAG preservation may result in cyto-/chemo-
kine binding and leukocyte recruitment and activation.10 
Subsequent shedding may facilitate leukocyte transmigration, 
similar to immune cell infiltration kinetics in experimental 
stroke models.11

Syn-2 and Syn-3 showed significant, contrasting, differences 
from day ≤3 whereas Syn-1 and Syn-4 did not. Matrix metallo-
proteinases play a major role in Syn shedding,2 and thus activity 
might be low in these patients, possibly due to statin treatment.12 
Subarachnoid hemorrhage increased Syn-1 previously13 sug-
gesting that a GLX signature may distinguish these conditions.

Five GLX markers were unchanged, possibly related to 
minor impairment and dilution in peripheral blood. However, 
mild ISS induces observable, significant differences in other 
markers using our approach. Indeed, GAGs tend to be shed 
earlier than the PGs.14

Stroke severity correlated significantly with CD44 and 
CD44 was associated with infarct volume in preclinical 
stroke.15 These observations suggest a relationship between 
CD44 and brain tissue damage.

Conclusions
Individual GLX components are often assayed as stand-alone 
biomarkers for the health of the GLX and endothelium broadly. 
We propose that both components that change and those com-
ponents that do not provide a signature of the disease pheno-
type of the individual. A full assessment of the soluble GLX 
may be of diagnostic and prognostic value in the years to come.
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