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Aims Arterial stiffness is an underlying risk factor and a hallmark of cardiovascular diseases. The endothelial cell (EC) gly-
cocalyx is a glycan rich surface layer that plays a key role in protecting against EC dysfunction and vascular disease.
However, the mechanisms by which arterial stiffness promotes EC dysfunction and vascular disease are not fully un-
derstood, and whether the mechanism involves the protective endothelial glycocalyx is yet to be determined. We
hypothesized that endothelial glycocalyx protects the endothelial cells lining the vascular wall from dysfunction and
disease in response to arterial stiffness.

....................................................................................................................................................................................................
Methods
and results

Cells cultured on polyacrylamide (PA) gels of substrate stiffness 10 kPa (mimicking the subendothelial stiffness of
aged, unhealthy arteries) showed a significant inhibition of glycocalyx expression compared to cells cultured on
softer PA gels (2.5 kPa, mimicking the subendothelial stiffness of young, healthy arteries). Specifically, gene and pro-
tein analyses revealed that a glycocalyx core protein Glypican 1 was inhibited in cells cultured on stiff PA gels.
These cells had enhanced endothelial cell dysfunction as determined by enhanced cell inflammation (enhanced in-
flammatory gene expression, monocyte adhesion, and inhibited nitric oxide expression), proliferation, and EndMT.
Removal of Glypican 1 using gene-specific silencing with siRNA or gene overexpression using a plasmid revealed
that Glypican 1 is required to protect against stiffness-mediated endothelial cell dysfunction. Consistent with this,
using a model of age-mediated stiffness, older mice exhibited a reduced expression of Glypican 1 and enhanced en-
dothelial cell dysfunction compared to young mice. Glypican 1 gene deletion in knockout mice (GPC1-/-) exacer-
bated endothelial dysfunction in young mice, which normally had high endothelial expression, but not in old mice
that normally expressed low levels. Endothelial cell dysfunction was exacerbated in young, but not aged, Glypican 1
knockout mice (GPC1-/-).

....................................................................................................................................................................................................
Conclusion Arterial stiffness promotes EC dysfunction and vascular disease at least partly through the suppression of the glyco-

calyx protein Glypican 1. Glypican 1 contributes to the protection against endothelial cell dysfunction and vascular
disease in endothelial cells.
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1. Introduction

With increased age or as a result of hypertension arteries lose elasticity
and thicken, giving rise to a stiffened arterial wall.1,2 Arterial stiffness is an
underlying risk factor for age-related cardiovascular diseases such as ath-
erosclerosis and stroke.3 Endothelial cell (EC) dysfunction, characterized
by increased proliferation, permeability, and inflammation is an important
mechanism driving these age-mediated vascular diseases, and arterial
stiffness is a trigger for EC dysfunction to occur.4,5 ECs lining the vascula-
ture are highly sensitive to mechanical forces (shear stress and stretch—
circumferential stress) and respond to them by altering gene expression
and downstream signalling pathways.6–8 Endothelial cells are covered by
a multifunctional surface layer of glycans that is referred to as the endo-
thelial glycocalyx (GCX). The common classes of glycans found in the
GCX are glycoproteins and proteoglycans. Heparan sulfate proteogly-
cans (HSPG) are composed of core proteins, including Glypicans that
are bound to the plasma membrane by GPI anchors and Syndecans that
are transmembrane, with covalently bound glycosaminoglycan (GAG)
chains. The GAG chains extend into the extracellular space and are in in-
timate contact with flowing blood. Heparan sulfate (HS, GAG associated
with Glypicans and Syndecans), chondroitin sulfate (CS, GAG associated
with Syndecans), and Hyaluronic acid (HA, non-sulfated GAG that binds
to surface receptors, e.g. CD44) are the dominant GAGs on most cell
surfaces. More details of GCX structure are described in recent review
papers.9–11

The GCX plays an essential role in maintaining EC integrity and vascu-
lar homeostasis by preserving barrier function, suppressing inflammation
and cell turnover, and mediating flow-induced nitric oxide release.9,12–16

The GCX is a mechanosensor that translates fluid shear forces into

genetic and functional changes in ECs. The core protein Glypican 1 plays
a role in nitric oxide release in response to atheroprotective, unidirec-
tional shear stress, whereas Syndecan 4 and Syndecan 1 have been sug-
gested to control cell alignment under these atheroprotective flow
conditions.14,15,17 Intriguingly, atheroprone, low wall shear stress pro-
motes loss of the GCX, leading to EC dysfunction and atherosclero-
sis.12,17–19 In addition to atherosclerosis, the GCX is also lost under
other disease conditions such as hypertension, stroke, and diabetes.20–23

Interestingly, arterial stiffness is involved in the pathology of many of
these diseases; it triggers EC dysfunction and is considered both a cause
and/or consequence of the disease condition.1,5 It is not known, how-
ever, whether arterial stiffness affects GCX expression or whether
stiffness-mediated EC dysfunction is controlled through the protective
GCX. Here, we demonstrate that GCX core protein Glypican 1 is inhib-
ited by enhanced stiffness, and that Glypican 1 promotes protection
against EC dysfunction (inflammation and proliferation) in response to
stiffness in vitro and in vivo.

2. Methods

Detailed methods are provided in the Supplementary material online.

2.1 Cell culture and polyacrylamide gels
Human umbilical vein endothelial cells (HUVEC) (Lonza) obtained from
multiple pools of human donors and from at least five different batches
were used for experiments at passages 4–6. HUVECs were cultured in
20% FBS (Atlanta Biologicals) EBM2 media (Lonza) and supplemented
with EGMTM-2 SingleQuots (Lonza). Rat fat pad endothelial cells
(RFPEC) (a gift from Dr David C. Spray, Albert Einstein College of
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Medicine, Bronx, NY) were used at passages 23–34 and cultured as de-
scribed previously.14 Cells were maintained at 37�C and 5% CO2.
Polyacrylamide (PA) gels were synthesized at substrate stiffness levels at
2.5, 5, 10, and 100 kPa or on glass as a control to mimic the subendothe-
lial layer stiffness of healthy and diseased arteries as described previ-
ously.24–27 Cells were seeded on fibronectin-coated PA gels and placed
into 6-well plate cell culture dishes (Corning). Alternatively, Cells
(600 000 cells/per well) were seeded directly onto fibronectin-coated
glass coverslips for the glass control. Following the cells reaching conflu-
ency (48 h), they were processed for experiments.

2.2 Assessment of cell function
To assess the contribution of Glypican 1 to cell function changes medi-
ated by stiffness, expression of Glypican 1 was inhibited by gene silencing
using siRNA (hs.Ri.GPC1.13.2, IDT). A scrambled, non-targeting siRNA
was used as a control (51-01-14-03, IDT). Cells were transfected with
the siRNA molecules using LipofectamineTM RNAiMAX (Life
Technologies) following the manufacturer’s instructions. Alternatively,
Glypican 1 was overexpressed using a Glypican 1 gene plasmid
(RC208602, OriGene), as a control, a green fluorescent protein (GFP)
plasmid was used (SC-108083, Santa Cruz). The cells were transfected
using LipofectamineTM 3000 (Life Technologies) following the manufac-
turer’s instructions. Following 24 h of transfection, cell function was
assessed: for inflammation by a monocyte adhesion assay as described
previously28 and by assessing the expression of inflammatory molecules
by immunostaining and qPCR; for anti-inflammatory nitric oxide signal-
ling by immunostaining and qPCR; for proliferation by using ki67 antibod-
ies (�30 cells/frame were counted) and for Endothelial–mesenchymal
transition (EndMT) by measuring the expression of EndMT markers.29,30

2.3 Gene expression by q-PCR
Cells were lysed using RLT lysis buffer (RNEasy Minikit, Qiagen) and
mRNA was isolated using the RNeasyVR Minikit (Qiagen) following the
manufacturer’s instructions. This was followed by reverse transcription
using high-capacity cDNA reverse transcription kit (ThermoScientific)
following the manufacturer’s instructions. The reaction took place using
a thermal cycler (DNA Engine, Biorad) and thermal profile was deter-
mined following the manufacturer’s recommendations. Gene expression
was assessed by qPCR on a ABI Prism 7000 Sequence detection system,
using gene-specific primers (Supplementary material online, Table S1 lists
human primer sequences). The data were analysed using the compara-
tive Ct (2-DDCT) method.

2.4 Mice
All animal experiments had local approval and all procedures conform
to the NIH guidelines on the protection of animals used for scientific
purposes. Animal protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) of The City College of New York. A
pair of heterozygous mutants on the CD1 background (GPC1-/þ) was a
gift from Dr Arthur Lander’s lab.31 These mice were bred to produce
homozygous mutants and wildtype controls. The mice were euthanized
by CO2 asphyxiation and the vasculature was fixed by pressure perfusion
as previously described.12 Briefly, a midline surgical incision was made
from the abdominal wall to the thoracic wall and the heart was exposed.
The inferior vena cava and right atrium were severed and 30 mL of PBS
containing 1% BSA were pressure perfused to clear the blood. The ves-
sels were then pressure perfused for 5 min with PBS containing 2% para-
formaldehyde. The aorta was dissected and stored in PBS until

immunostained. The descending aorta was used for immunostaining, im-
aging, and quantitation in all experiments. To assess the contribution of
age-mediated stiffness on endothelial cell dysfunction, mice (GPC1-/- and
GPC1þ/þ wildtype controls) were either used at 29–32 weeks (older
group) or at 6–8 weeks (young group). For all experiments, at least 5–10
animals were used.

2.5 Statistical analysis
Differences between samples were analysed using a Student’s t-test for
comparisons between two groups or ANOVA for comparison among
more than two groups (*P < 0.05, **P < 0.01, ***P < 0.001). The mean ±
standard error of mean (S.E.M.) were plotted in all graphs.

3. Results

3.1 Substrate stiffness inhibited
glycocalyx core protein Glypican 1
and its HS side chains
It has been reported using studies in human, porcine, bovine, and mice
that a subendothelial stiffness of 2.5–5 kPa is reflective of healthy arteries,
whereas subendothelial stiffness levels of�10 kPa and above is reflective
of aged/diseased arteries.26,32–36 We assessed the effects of stiffness on
GCX expression by culturing cells on polyacrylamide (PA) gels at a sub-
strate stiffness of either 2.5 kPa (soft gels, mimicking the subendothelial
layer stiffness of young/healthy arteries) or at 10 kPa (stiff gels, mimicking
the subendothelial layer stiffness of aged/unhealthy arteries).24,26,35

Following 48 h of seeding on the PA gels, it was revealed that glycocalyx
expression as assessed by immunostaining for the most abundant glyco-
calyx GAG side chain HS was markedly inhibited on stiff gels in HUVECs
(Figure 1A). This reduced HS expression was revealed as fluorescent in-
tensity (Figure 1B) and percentage coverage (Figure 1C). RFPECs also
showed reduced HS expression on 10 kPa gels (Supplementary material
online, Figure S1A–C). The expression of hyuluronic acid (HA), a non-
sulfated GAG, was not reduced on 10 kPa gels relative to 2.5 kPa gels
(Supplementary material online, Figure S2). Gene expression analysis for
genes encoding GCX core proteins and GAG synthesis proteins
revealed that Glypican 1 core protein gene and EXTL1 GAG synthesis
protein-encoding gene were consistently downregulated in HUVECs
(Figure 1D) and RFPECs (Supplementary material online, Figure S1D) cul-
tured on 10 kPa compared to 2.5 kPa gels. To gain a further insight into
the mechanism by which the GCX is inhibited on 10 kPa gels, the qPCR
study included genes encoding enzymes that have been shown to de-
grade the GCX in other contexts.37 The degradation genes did not dis-
play a significant increase in expression in cells cultured on stiff gels,
suggesting that the mechanism by which GCX expression is reduced on
stiff gels does may not involve enzymatic degradation. Consistent with
this, if Glypican 1 was cleaved it would be present in the cell culture me-
dia. Therefore, as an in-direct measure of Glypican 1 cleavage; enzyme-
linked immunosorbent assay showed no significant difference in
Glypican 1 levels in cell culture media collected from cells seeded on ei-
ther soft (2.5 kPa) or stiff (10 kPa) gels following 4, 24, and 48 h of cell
seeding (Supplementary material online, Figure S3). These data further
suggest that enzyme degradation of Glypican 1 was not responsible for
the reduction of Glypican 1 on stiff gels.

We next determined protein expression of Glypican 1 and EXTL1.
Consistent with Glypican 1 mRNA expression, Glypican 1 protein levels

1594 M. Mahmoud et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa201#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa201#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa201#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa201#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa201#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa201#supplementary-data


Figure 1 Substrate stiffness inhibits the glycocalyx core protein Glypican 1 and its heparan sulfate side chains. Human umbilical vein EC (HUVECs) were
cultured onto polyacrylamide gels of stiffness either 2.5 kPa (soft gel) or 10 kPa (stiff gel) until confluent (48 h). (A) Heparan sulfate (HS) (green) expression
was assessed by immunostaining. Cell nuclei were identified using 40 ,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar= 10lm. Heparan sulfate expres-
sion was quantified as (B) fluorescent intensity and (C) percentage coverage, N = 6. (D) The expression of GCX genes encoding core proteins, GAG synthe-
sis, and degradation protein genes was assessed by qPCR from cells cultured on either 2.5 or 10 kPa gels. Gene expression in cells cultured on 10 kPa gels is
normalized to expression on cells cultured on 2.5 kPa gels (dotted line). Hypoxanthine phospho-ribosyl transferase (HPRT) was used as a housekeeping
gene, N = 9. Glypican 1 protein expression was assessed by (E) western blotting and quantified as relative protein expression to housekeeping protein ß-ac-
tin and (F) immunostaining (green). Cell nuclei were identified using DAPI (blue) N = 8. Expression was assessed by measuring fluorescent intensity and nor-
malized as a percentage (expression in 10 kPa normalized to 2.5 kPa). Scale bar= 20lm. Mean values ± S.E.M. are shown. *P < 0.05, **P < 0.01, and
****P < 0.0001 using a Student’s t-test. N.S. indicates no statistically significant difference was found.
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..as measured by western blotting (Figure 1E) and immunostaining
(Figure 1F) were also downregulated in cells cultured on 10 kPa gels.
However, this was not the case with EXTL1 protein (Supplementary ma-
terial online, Figure S4), where there was no significant difference in

EXTL1 protein expression in cells cultured on 10 or 2.5 kPa gels. Taken
together, these data suggest that substrate stiffness inhibits GCX expres-
sion by inhibiting the expression of Glypican 1 and its associated HS
GAG side chains.

Figure 2 Substrate stiffness inhibits Glypican 1 and its heparan sulfate side chains in a gradient-specific manner. Cells were cultured on polyacrylamide
gels at a stiffness of 2.5, 5, 10, and 100 kPa or on glass as control. (A) Heparan sulfate expression (green) was assessed by immunostaining and nuclei were
stained with 40,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar= 10lm. Heparan sulfate expression was quantified as (B) Percentage coverage, N = 6–9
or (C) fluorescent intensity, N = 6–9. (D) Glypican 1 expression was assessed by qPCR. HPRT was used as a housekeeping gene N = 4–6. (E) Glypican 1 pro-
tein expression was assessed by (E) western blotting and quantified as relative protein expression to housekeeping protein ß-Actin, N = 8–12. Mean values
± S.E.M. are shown. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using an ANOVA test.
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Figure 3 Stiffness promotes EC dysfunction by increasing inflammation, proliferation, EndMT, and by inhibiting nitric oxide signalling. Cells were cultured
on either 2.5 or 10 kPa gels until confluent (48 h). (A) Cell inflammation was assessed by a monocyte adhesion assay and data were quantified as percentage
bound monocytes on the surface of ECs, N = 7. (B) Inflammatory marker gene expression was assessed by qPCR. HPRT was used as a housekeeping gene,
N = 6. (C) To assess active nitric oxide signalling, we assessed the expression of phosphorylated-eNOS (phospho-eNOS, green) and nuclei were identified
using DAPI (blue). The expression of phospho-eNOS was quantified as fluorescent intensity and was normalized as a percentage (expression in 10 kPa nor-
malized to 2.5 kPa) N = 8. (D) Cell proliferation was assessed by ki67 (red) immunostaining and nuclei were stained with DAPI (blue). Arrows indicate ki67-
positive nuclei. The data were quantified as percentage positive cells for ki67, N = 7–8. Scale bar= 20lm. (E) Endothelial–mesenchymal transition (EndMT)
gene marker expression was assessed by qPCR, N = 9. Mean values ± S.E.M. are shown. *P < 0.05, **P < 0.01, and ***P < 0.001 using a Student’s t-test.
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To establish a more direct link between increased stiffness and the

downregulation of Glypican 1 and HS, cells were seeded on gels at sub-
strate stiffness levels of 2.5, 5, 10, and 100 kPa, or on glass as a control.
HS expression showed a stiffness-dependent decrease in expression
(Figure 2A–C), with the highest expression seen in cells cultured on soft,
2.5 kPa gels and lowest on stiff, 10–100 kPa gels and on glass. Consistent
with this, Glypican 1 mRNA (Figure 2D) and protein (Figure 2E) levels
also showed a stiffness-dependent decrease in expression. These obser-
vations confirm that increased substrate stiffness inhibits Glypican 1 and
its associated HS GAG side chains.

3.2 Substrate stiffness promotes
EC inflammation, proliferation,
and EndMT
Stiffness has been shown to promote EC dysfunction (enhanced inflam-
mation and proliferation) previously;24,26,38 we proceeded to test this in
our system in preparation for the next sections on Glypican 1. We
assessed inflammation using an in vitro monocyte adhesion assay which
revealed that HUVEC grown on 10 kPa gels had enhanced adhesion of
monocytes compared to cells cultured on 2.5 kPa gels (Figure 3A).
Consistently, the expression of pro-inflammatory molecules monocyte
chemoattractant protein 1 (MCP1) and intercellular adhesion molecule
1 (ICAM1) was increased in cells cultured on 10 kPa compared to
2.5 kPa gels (Figure 3B), whereas the mRNA expression of eNOS, an
anti-inflammatory gene, showed the reverse trend. We then assessed
the protein expression of phosphorylated endothelial nitric oxide syn-
thase (peNOS) (Ser 1177), the active form of eNOS and a marker of ac-
tive, anti-inflammatory nitric oxide signalling and found that
phosphorylated eNOS expression was enhanced in cells cultured on 2.5
vs. 10 kPa gels (Figure 3C). The protein expression of total eNOS did not
show a significant difference between cells grown on 2.5 or 10 kPa gels
(Supplementary material online, Figure S5).

Cells grown on 10 kPa gels had a higher percentage of ki67-positive
cells compared to those grown on 2.5 kPa gels, indicating that there is
enhanced cell proliferation on stiff gels (Figure 3D). Consistently, RFPECs
cultured on 10 kPa gels had enhanced inflammation, proliferation, and re-
duced nitric oxide signalling compared to cells cultured on 2.5 kPa gels
(Supplementary material online, Figure S6). Finally, since stiffness has
been shown to induce endothelial–mesenchymal transition,39 a process
that is known to trigger proliferation and EC dysfunction we screened
for EndMT marker genes N-cadherin, a-smooth muscle cell actin (a-
sma) and Snail (Figure 3E). All EndMT markers showed increased expres-
sion in cells cultured on 10 vs. 2.5 kPa gels. Endothelial cell marker
Cluster of Differentiation 31 (CD31) did not show a difference in ex-
pression between cells cultured on stiff or soft gels (Supplementary ma-
terial online, Figure S7), indicating that stiffness triggers partial EndMT
rather than a complete EndMT. MAPK signalling through p38 has been
previously linked to arterial stiffness and EC dysfunction (inflammation,
proliferation, and EndMT), we therefore tested the hypothesis that stiff-
ness promotes p38 phosphorylation. We found p38 phosphorylation
was enhanced in cells cultured on stiff gels compared to those cultured
on soft gels (Supplementary material online, Figure S8).

3.3 Stiffness promotes EC inflammation,
proliferation, and EndMT in association
with the suppression of Glypican 1
Since stiffness enhanced EC inflammation, proliferation, and EndMT, and
inhibited the expression of the GCX core protein Glypican 1, we tested

the hypothesis that stiffness promotes EC dysfunction, at least in part,
through suppressing Glypican 1.

We tested the potential role of Glypican 1 in stiffness-mediated EC
dysfunction using siRNA. Glypican 1 siRNA treatment inhibited Glypican
1 mRNA and protein levels (Supplementary material online, Figure S9).
The silencing of Glypican 1 was associated with enhanced monocyte ad-
hesion (Figure 4A), suppressed phospho-eNOS expression (Figure 4B),
and increased the expression of inflammatory molecules MCP1 and
ICAM1 (Figure 4C) in cells grown on 2.5 kPa gels, whereas Glypican 1 si-
lencing had no significant effect on cells grown on 10 kPa gels (These cells
already have a lower level of Glypican 1). These observations indicate
that Glypican 1 silencing is associated with reversal of the anti-
inflammatory phenotype seen in cells cultured on soft, 2.5 kPa gels, and
that Glypican 1 may play a protective, anti-inflammatory role. We next
assessed the effect of Glypican 1 silencing on proliferation, which was in-
creased in cells grown on 2.5 kPa gels but had no effect on cells grown
on 10 kPa gels (Figure 4D). The expression of EndMT marker genes, N-
cadherin, a-sma, and Snail (Figure 4E) was also enhanced in cells cultured
on 2.5 kPa gels following Glypican 1 silencing. Additionally, Glypican 1 si-
lencing enhanced p38 phosphorylation (Supplementary material online,
Figure S10). Collectively, these observations reveal that Glypican 1 abun-
dance is associated with inhibited inflammation, proliferation, EndMT,
and enhanced phospho-eNOS expression in cells grown on soft gels,
and that the silencing of Glypican 1 reverses these protective effects
resulting in a dysfunctional phenotype resembling cells grown on stiff,
10 kPa gels.

3.4 Age-mediated stiffness inhibited
Glypican 1 and induced EC inflammation
and proliferation in vivo
To test for the association of Glypican 1 in stiffness-mediated EC dys-
function in an in vivo setting, we utilized age-mediated stiffness as a model.
It has been shown previously that young healthy arteries in murine and
bovine exhibit a subendothelial layer stiffness of�2.5 kPa.35,40,41 With in-
creased age or in disease conditions this subendothelial layer stiffness is
increased: the arteries of 16-week-old mice have a reported stiffness of
4.8 kPa whereas older (28–32 weeks old) mice arteries exhibit a suben-
dothelial layer stiffness that is >5 kPa but lower than that seen in old
mice (72–88 weeks old; 17 kPa) giving them an approximate subendo-
thelial layer stiffness of 7–15 kPa.24,26,40,41 Subendothelial stiffness, how-
ever, has not been measured in the Glypican 1 knockout mouse. To
maintain consistency with our in vitro work, we assessed the expression
of Glypican 1 by en face immunostaining in the descending aortae of
young (6–8 weeks old) and older (28–32 weeks old) wildtype (WT)
mice (Figure 5A). Glypican 1 levels were suppressed in older arteries
compared to the young arteries (Figure 5B). We next assessed inflamma-
tion and proliferation by measuring VCAM1 as a marker of inflammation
(Figure 5C) and ki67 for proliferation (Figure 5D) which both showed en-
hanced expression in EC in older arteries compared to younger arteries.
Phospho-eNOS expression displayed the reverse trend; it was sup-
pressed in EC in older vs. younger arteries (Figure 5E). These in vivo data
for young and old mice show the same trends as our in vitro data for cells
cultured on 2.5 and 10 kPa gels. In vivo, age-mediated stiffness inhibited
Glypican 1 and induced EC dysfunction by enhancing inflammation, pro-
liferation, and suppressing phospho-eNOS expression.
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..3.5 Age-mediated EC dysfunction
is associated with suppression
of Glypican 1
We next assessed the association of Glypican 1 with age-mediated stiff-
ness using Glypican 1 knockout (KO) (GPC1-/-) and WT (GPC1þ/þ)
young (6–8 weeks old), and older (28–32 weeks) mice. Young GPC1-/-

mice showed a marked reduction in phospho-eNOS expression com-
pared to Young GPC1þ/þ mice, whereas in the older murine group,

there was no significant difference in Phospho-eNOS expression be-
tween GPC1-/- and GPC1þ/þ wildtype mice (Figure 6A). Conversely,
GPC1-/- arteries exhibited an increase in EC inflammation as indicated by
VCAM1 expression (Figure 6B) and enhanced proliferation as shown by
ki67 positive cells (Figure 6C) in young GPC1-/- mice compared to
GPC1þ/þ wildtype mice; no significant differences were seen between
GPC1-/- and GPC1þ/þ older mice. These observations indicate that the
loss of Glypican 1 is associated with an increase in EC dysfunction

Figure 4 Glypican 1 silencing enhances EC dysfunction in cells cultured on soft 2.5 kPa gels, while having no effect on cells cultured on stiff 10 kPa gels.
Cells cultured on 2.5 or 10 kPa polyacrylamide gels were treated with an siRNA to silence Glypican 1 expression; alternatively, cells were treated with a con-
trol, non-targeting scrambled siRNA, followed by assessment of cell function. (A) Inflammation was assessed by a monocyte adhesion assay and data were
quantified as percentage bound monocytes on the surface of ECs, N = 5–6. (B) Expression of phospho-eNOS (green) was assessed by immunostaining, nu-
clei were stained with DAPI (blue) N = 4–5. Scale bar = 20lm. (C) Inflammatory marker expression was assessed by qPCR, HPRT was used as a housekeep-
ing gene N = 6. (D) Cell proliferation was assessed by ki67 (red) immunostaining and nuclei were stained with DAPI (blue). The data were quantified as
percentage of cells positive for ki67, N = 5–6. (E) EndMT gene marker expression was assessed by qPCR, N = 7. Mean values ± S.E.M. are shown. *P < 0.05,
**P < 0.01, and ***P < 0.001 using Student’s t-tests and ANOVA tests.

Glypican 1 protects cells from arterial stiffness 1599
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..(inflammation and proliferation) in young arteries that is similar to the in-
crease in EC dysfunction seen in older mouse arteries.

3.6 Glypican 1 contributes to protecting
endothelial cells from stiffness-mediated
dysfunction
Stiffness promoted proliferation, inflammation, and suppressed protec-
tive nitric oxide signalling in endothelial cells in culture (2.5 vs. 10 kPa
gels) and in mouse arteries (young vs. older arteries) in association with
suppressed Glypican 1. To directly test the contribution of Glypican 1 in
protecting endothelial cells from stiffness-mediated dysfunction,
Glypican 1 was overexpressed in cells cultured on either 2.5 kPa (soft)
or 10 kPa (stiff) polyacrylamide gels. As a control, a GFP expressing plas-
mid was used (Supplementary material online, Figure S11). Following
24 h of plasmid transfection, Glypican 1 protein levels were determined
by western blotting, which revealed that Glypican 1 plasmid treatment
enhanced Glypican 1 protein levels in ECs compared to cells treated
with the control, GFP plasmid (Supplementary material online, Figure
S12). We next assessed cell function. Glypican 1 overexpression sup-
pressed monocyte adhesion (Figure 7A), enhanced protective Phospho-
eNOS expression (Figure 7B), and reduced the percentage of ki67

positive cells (Figure 7C) in cells cultured on 10 kPa gels, while having no
significant effect on cells cultured on 2.5 kPa gels (These cells already
have a higher level of Glypican 1). These results reveal that Glypican 1
partially reversed stiffness-mediated inflammation and proliferation, mak-
ing cells cultured on 10 kPa gels behave more like those cultured on soft,
2.5 kPa gels. The data suggest that age-mediated stiffness promotes EC
dysfunction at least partly by suppressing GCX core protein Glypican 1
expression, leading to an increase in inflammation and proliferation
which in turn influences vascular dysfunction and disease (Figure 7D).

4. Discussion

We have shown, using in vitro (using HUVECs and RFPECs) and in vivo
studies, that stiffness suppresses Glypican 1, a HS proteoglycan core pro-
tein in the endothelial GCX. Loss of Glypican 1 is associated with
increases in inflammation, proliferation, and EndMT. Overexpression of
Glypican 1 reverses the effects of stiffness. Therefore, our observations
suggest that arterial stiffness promotes EC dysfunction and vascular dis-
ease, at least in part, through the suppression of Glypican 1. We also
showed that substrate stiffness inhibited Glypican 1 along with glycocalyx
HS expression on the surface of ECs .We have previously studied the

Figure 5 Age-mediated stiffness inhibits Glypican 1 and induces EC dysfunction. To investigate the effects of age-mediated stiffness, descending aortae
were collected from either young mice (6–8 weeks) or older mice (28–32 weeks) followed by en face immunostaining (A), for: Glypican 1 (green, top panel),
VCAM1 (red), Ki67 (red), and phosho-eNOS. Nuclei were identified using DAPI. Arrows indicate ki67-positive nuclei. Expression of Glypican 1 (B), VCAM1
(C), and (E) Phospho-eNOS was quantified as fluorescent intensity and was normalized as a percentage (expression normalized to either young or older
mice). For ki67 (D), the data were quantified as percentage positive cells. Arrows indicate ki67-positive nuclei. Scale bar = 10lm. The data were pooled
from five to eight animals. Mean values ± S.E.M. are shown. *P < 0.05, **P < 0.01 using Student’s t-tests.
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.interaction between HS and Glypican 1 and have shown that they both
associate with one another on the surface of ECs.42 Interestingly, we
detected an increase in HS synthesis genes EXT2 and EXTL2 in HUVECs
cultured on a stiff matrix, which could suggest that a compensatory
mechanism is in play. This was not detected however in RFPECs
(Supplementary material online, Figure S1D) which may suggest that this
proposed compensatory mechanism is cell-type specific.

The GCX has been shown previously to be altered by the shear stress
of flowing blood; atheroprone shear stress suppresses GCX expression
in ECs and is associated with the development of atherosclerosis.19

GCX expression, including Glypican 1, is inhibited in hypertension.20

Interestingly, atherosclerosis and hypertension are diseases that are
characterized as age-mediated and arterial stiffness has been shown to
play a vital role in the progression and development of these diseases.1,3

Several studies have demonstrated that atheroprone, low wall shear
stress induces arterial stiffness,41,43 thus, it may be that the suppression
of the GCX in EC exposed to low wall shear stress is due to enhanced
stiffness or a combination of enhanced stiffness and low shear stress.
Our in vitro studies on cells cultured on 2.5 and 10 kPa gels were carried
out in the absence of shear stress to determine the independent effect
of subendothelial stiffness on GCX expression and EC dysfunction.

However, our in vivo studies carried out on ECs from either older or
young mouse arteries naturally incorporated the effects of shear stress.
The results from both of these studies showed consistently that suben-
dothelial stiffness promoted EC dysfunction in association with the sup-
pression of Glypican 1. In further support of these observations, we note
that Kohn et al.44 studied the cooperative effects of shear stress and sub-
strate stiffness on NO production by ECs in culture and observed that
NO production was higher after exposure to 3 h steady shear stress
(12 dyn/cm2) than under static conditions for cells grown on either
2.5 kPa gels or glass. But, under shear conditions, NO production was
significantly lower on glass than on 2.5 kPa gels. This is consistent with
our previous observations that the glycocalyx (Glypican 1) is the mecha-
nosenor for shear-induced NO production14–16 and our current obser-
vations that the glycocalyx is reduced on stiff gels and arteries from older
mice.

Arterial stiffness has not been measured in the GPC1-/- mouse, and
our underlying assumption has been that young GPC1-/- mice do not
have altered stiffness that would inherently induce endothelial dysfunc-
tion. While we have not tested this directly, we have shown in vitro that
cells on soft gels behave like cells on stiff gels when Glypican 1 is knocked
down, and that cells on stiff gels behave like cells on soft gels when

Figure 6 Stiffness promotes EC dysfunction through suppression of Glypican 1 in mouse arteries. Descending aortae were collected from either young
mice (6–8 weeks) or older mice (28–32 weeks) that were either Glypican 1 knockouts (GPC1-/-) or Glypican 1 wildtypes (GPC1þ/þ); this was followed by
en face immunostaining for: (A) Phospho-eNOS (green), (B) VCAM1 (red), and (C) ki67. Expression was quantified by fluorescent intensity and normalized
as a percentage for phospo-eNOS and VCAM1 (expression was normalized to either GPCþ/þ young or older mice). For ki67, the data were quantified as
percentage positive cells. Arrows indicate ki67-positive nuclei. The data were pooled from 4 to 11 animals. Mean values ± S.E.M. are shown. *P < 0.05,
**P < 0.01 using an ANOVA test.
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Glypican 1 is over expressed. Previous studies have shown that en-
hanced endothelial cell stiffness in obesity decreases endothelial genera-
tion of nitric oxide.45 However, acute pharmacological reduction of
nitric oxide in rabbit arteries does not alter vessel stiffness.46 This implies
that even if Glypican 1 gene deletion reduces nitric oxide, that would not
lead to increased stiffness.

It is well established that arterial stiffness increases with age.47–49Age-
mediated stiffness has been shown to indirectly impact GCX expression;
studies have demonstrated that the expression of GCX was reduced, as
measured by GCX thickness, in old vs. young mice and human sub-
jects.50,51 Our data show that stiffness directly inhibits GCX expression,

specifically by suppressing the GCX core protein Glypican 1. The mech-
anism by which Glypican 1 is inhibited in response to substrate stiffness
is yet to be completely determined. Glypican 1’s suppression by sub-
strate stiffness could be through a transcriptional mechanism involving
miRNAs. Glypican 1 has been shown to be a target for miRNA-149 in
human melanoma and endothelial cells.52,53 Therefore, it could be that
subendothelial stiffness promotes the expression of miRNA-149, which
in turn targets Glypican 1 mRNA, leading to reduced Glypican 1 protein
levels.

Another plausible mechanism could involve signal transduction from
mechanosensitive integrins,54 which in turn alter signalling pathways in

Figure 7 Glypican 1 protects endothelial cells from stiffness-mediated dysfunction and vascular disease. Cells cultured on 2.5 or 10 kPa polyacrylamide
gels were treated with a gene plasmid to overexpress Glypican 1; alternatively, cells were treated with a control, non-targeting GFP plasmid, followed by as-
sessment of cell function. (A) Inflammation was assessed by a monocyte adhesion assay and data were quantified as percentage bound monocytes on the sur-
face of ECs, N = 9. (B) Expression of phospho-eNOS (green) was assessed by immunostaining, nuclei were stained with DAPI (blue) N = 7–9. (C) Cell
proliferation was assessed by ki67 (red) immunostaining and nuclei were stained with DAPI (blue). The data were quantified as percentage of cells positive
for ki67, N = 6. Scale bar = 20lm. Mean values ± S.E.M. are shown. *P < 0.05, **P < 0.01 and ***P < 0.001 using Student’s t-tests and ANOVA tests. (D)
Summary schematic showing that age-mediated stiffness promotes EC dysfunction and vascular disease through the suppression of the glycocalyx core pro-
tein Glypican 1.
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.
response to stiffness, leading to reduced Glypican 1 levels. Along with
integrins, mechanosensitive ion channels such as Piezo may be acting up-
stream of Glypican 1 in promoting the mechanosensitive signal transduc-
tion pathway in response to subendothelial stiffness.55 Glypican 1 is
located in lipid rafts and caveolae,37,56 and it has been shown that both
pro-atherogenic flow18 and substrate stiffness57 result in caveolae insta-
bility and removal from the cell surface. Therefore, this suggests that cav-
eolae removal in response to stiffness is a possible mechanism by which
Glypican 1 is lost. However, our ELISA study aimed to assess whether
Glypican 1 was shed via enzymatic degradation into the culture media,
and the results of this study revealed that the levels of Glypican 1 were
not affected by substrate stiffness. Thus, the data suggest that a shedding
mechanism is unlikely.

Our observations that stiffness promotes EC dysfunction are in line
with previous data that showed stiffness of 10 kPa or higher triggered en-
hanced inflammation, permeability, proliferation, and EndMT in cultured
endothelial cells (both of arterial, i.e. BAEC and venous origins, i.e.
HUVECs).26,39,58,59 Consistent with our observation, previous studies
have shown that stiffness triggers cell dysfunction through Nf-kB and
MAPK pro-inflammatory signalling pathways.60–62 These signalling path-
ways trigger inflammation by inducing the expression of MCP1 and
ICAM1 and suppression of anti-inflammatory eNOS signalling.63–67

Our data showed that substrate stiffness triggered an increase in
EndMT marker expression a-SMA and N-cadherin, while having no effect
on CD31 expression. These observations are in line with studies that
have shown that mechanical forces such as low shear stress inducing a
partial EndMT in ECs in vitro and in vivo.29,30,68 A Partial transition has
been linked with the induction of EC dysfunction and disease.29,30,68,69

We showed that stiffness triggers EC dysfunction through p38-
mediated MAPK signalling. Increased stiffness promoted p38 phosphory-
lation, which was enhanced upon Glypican 1 silencing in cells cultured on
soft gels. These data suggest that Glypican 1 may be protecting ECs from
stiffness-mediated dysfunction by inhibiting p38 phosphorylation. This is
consistent with previous work has linked MAPK, in addition to Rho
GTPase, NF-kB, wnt/b-catenin, and YAP/TAZ signalling in response to
stiffness resulting in inflammation, proliferation, and EndMT in ECs and
other cell types.58,60–62,70–72 In addition, Glypican 1 has been shown to in-
fluence MAPK signalling in cancer cells.73 Future studies will aim to fur-
ther address the mechanism(s) by which stiffness inhibits Glypican 1 and
the molecular mechanism by which Glypican 1 inhibits EC dysfunction.

Our in vivo data are in line with extensive work showing the effect of
age-mediated stiffness on EC dysfunction and vascular disease.4,5,74 We
provide a previously unknown molecular mechanism by which stiffness
promotes EC dysfunction—through its suppression of Glypican 1 which
plays a protective role in ECs. The function of Glypican 1 in ECs has not
been studied extensively. Previous work from our laboratory showed
that in response to atheroprotective high unidirectional shear stress
Glypican 1-mediated shear-induced nitric oxide production.14,15,75 This
suggests that Glypican 1’s role in protecting EC from inflammation and
dysfunction may in part be conserved in ECs in response to multiple me-
chanical stimuli (shear and substrate stiffness). Other functions of
Glypican 1 have been studied extensively in cancer cells, where Glypican
1 controls cell cycle progression, survival, and cell migration.76–78 We
showed using complimentary gene silencing and gene overexpression
approaches that Glypican 1 plays a protective role against stiffness-
mediated endothelial cell dysfunction. The use of a Glypican 1-express-
ing plasmid increased Glypican 1 levels in ECs compared to those treated
with a control, GFP plasmid. This increase in Glypican 1 levels was suffi-
cient in inhibiting stiffness-mediated EC dysfunction. The therapeutic

potential of Glypican 1 in targeting arterial stiffness-mediated vascular
diseases such as hypertension and atherosclerosis can be tested in future
studies using EC-specific promoter-driven adeno-associated virus
(AAV)-mediated Glypican 1 gene overexpression in endothelial cells in
mice.

Taken together, our work reveals that stiffness inhibits the mechano-
sensitive GCX by suppressing Glypican 1, and that Glypican 1 plays
a protective role in inhibiting EC dysfunction. Glypican 1 may be
an attractive therapeutic candidate to reverse the effects of stiffness
on EC dysfunction thereby potentially attenuating vascular disease
development.
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Translational perspective
This work reveals for the first time the effect of arterial stiffness on the glycocalyx protein Glypican 1 in endothelial cell function. Stiffness promotes
endothelial cell dysfunction and subsequently vascular disease at least partly through the suppression of Glypican 1. Thus, Glypican 1 could be a
novel therapeutic candidate for the treatment/reversal of arterial stiffness-mediated vascular disease.
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