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Pro-atherosclerotic disturbed flow
disrupts caveolin-1 expression, localization,
and function via glycocalyx degradation
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Abstract

Background: Endothelial-dependent atherosclerosis develops in a non-random pattern in regions of vessel bend-
ing and bifurcations, where blood flow exhibits disturbed flow (DF) patterns. In contrast, uniform flow (UF), normal
endothelium, and healthy vessel walls co-exist within straight vessels. In clarifying how flow protectively or athero-
genically regulates endothelial cell behavior, involvement of the endothelial surface glycocalyx has been suggested
due to reduced expression in regions of atherosclerosis development. Here, we hypothesized that pro-atherosclerotic
endothelial dysfunction occurs as a result of DF-induced reduction in glycocalyx expression and subsequently
impairs endothelial sensitivity to flow. Specifically, we propose that glycocalyx degradation can induce pro-athero-
sclerotic endothelial dysfunction through decreased caveolin-1 and endothelial nitric oxide synthase expression and
localization.

Methods: We studied endothelial cells in atherosclerotic-prone DF and atherosclerotic-resistant UF conditions in
parallel plate flow culture and in C57BI/6 mice. The effects of flow conditioning on endothelial cell behavior were
quantified using immunocytochemistry. The glycocalyx was fluorescently labeled for wheat germ agglutinin, which
serves as a general glycocalyx label, and heparan sulfate, a major glycocalyx component. Additionally, mechanosen-
sitivity was assessed by immunocytochemical fluorescence expression and function of caveolin-1, the protein that
forms the mechanosignaling caveolar invaginations on the endothelial surface, total endothelial-type nitric oxide
synthase (eNOS), which synthesizes nitric oxide, and serine 1177 phosphorylated eNOS (eNOS-pS1177), which is the
active form of eNOS. Caveolin function and eNOS expression and activation were correlated to glycocalyx expression.
Heparinase lll enzyme was used to degrade a major glycocalyx component, HS, to identify the role of the glycocalyx
in caveoin-1 and eNOS-pS1177 regulation.

Results: Results confirmed that DF reduces caveolin-1 expression and abolishes most of its subcellular localization
preferences, when compared to the effect of UF. DF down-regulates caveolin-1 mechanosignaling, as indicated by
its reduced colocalization with serine 1177 phosphorylated endothelial-type nitric oxide synthase (eNOS-pS1177),
a vasoregulatory signaling molecule whose activity is regulated by its residence in caveolae. As expected, DF inhib-
ited glycocalyx expression compared to UF. In the absence of heparan sulfate, a major glycocalyx component,
UF-conditioned endothelial cells exhibited near DF-like caveolin-1 expression, localization, and colocalization with
eNOS-pS1177.
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initiation and progression.

synthase

Conclusions: This is the first demonstration of a flow-defined role of the glycocalyx in caveolae expression and
function related to vasculoprotective endothelial mechanosensitivity that defends against atherosclerosis. The results
suggest that a glycocalyx-based therapeutic targeted to areas of atherosclerosis development could prevent disease
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Background

The burden of atherosclerosis, which contributes to
strokes, heart attacks, and other cardiovascular diseases,
remains tremendous despite significant advances in dis-
ease prevention and treatment [1]. Despite an improved
knowledge of atherosclerosis development and thera-
peutics capable of combatting the disease, mainly statins,
the prevalence of atherosclerosis-derived events remains
high. Therefore, improved therapeutics that more effi-
ciently and widely prevent atherosclerosis development
are desired.

Atherosclerosis disease mechanisms are multifacto-
rial. Blood vessel geometry is one important factor, as
indicated by the development of atherosclerosis in a vas-
cular site-specific manner [2, 3]. Most often, atheroscle-
rotic plaques appear in vessel regions of high curvature
or branches, such as the carotid bifurcation and aortic
arch [2-5]. The complex geometry in these regions is
known to create disturbed flow (DF) profiles [2-5]. In
the carotid bifurcation the profile is characterized by low
time-averaged shear stress magnitudes, high shear stress
gradients, and occasional flow reversal [2—5]. Atheroscle-
rotic plaques almost never localize in long, straight arter-
ies, such as the abdominal aorta, which exhibit uniform
flow (UF) that is unidirectional with constant and rela-
tively high time-averaged shear stress magnitudes [2, 3].
These observations, taken together, are strong indications
of the relationship between local hemodynamics and ath-
erosclerotic lesion progression [5-7].

Another widely recognized factor that contributes
to atherosclerosis is pathological change in the vas-
cular endothelium, which precedes disease develop-
ment [8-10]. Alterations in endothelium function,
which can actually vary quite distinctly from vascula-
ture of different origins [11], include deactivation of
anti-atherogenic signaling pathways and activation of
pro-atherogenic signaling, impaired vasoregulation,
transition from an anti- to a pro-inflammatory state,
which includes increased expression of adhesion mol-
ecules, and elevated permissiveness to small molecules
and whole cells crossing the vascular wall [12-14].
Studies conducted over the last three or more decades
have confirmed hemodynamic force, most interestingly
shear stress, as an important regulator of endothelium

behavior [15]. Both in vitro and in vivo studies have
demonstrated that UF characteristic of atheroprotec-
tive regions of the vasculature promotes endothe-
lial homeostasis, while atheropermissive DF induces
endothelial dysfunction.

Mechanosensitivity of the vascular endothelium,
both of macro- and microvasculature [16], and subse-
quent changes in phenotype have been attributed to a
number of mechanotransduction pathways. Caveolae,
for example, are well-known mechanosignaling invagi-
nations of the cell membrane structures, that are rich
in cholesterol, sphingolipids, and a variety of signal-
ing molecules [17-19]. To our knowledge, there is no
prior information on atheropermissive DF regulation of
caveolae and caveolin-1 (cav-1), the protein that coats
caveolae. However, atheroprotective UF, in comparison
to static flow conditions, has been shown to increase
expression of caveolae and cav-1, while also increasing
caveolae/cav-1 polarization to the portion of endothe-
lial cells (ECs) that lies upstream of the flow direction
[20, 21]. In healthy conditions, caveolae formation at
the EC membrane, caveolae ability to receive extracel-
lular stimuli and induce intracellular responses, and,
subsequently, diverse caveolae-derived signaling cas-
cades, make the membrane invaginations essential
signaling domains that assist in maintaining endothe-
lial homeostasis. Improper expression of caveolae can
therefore lead to endothelial dysfunction relevant to
atherosclerosis development.

For example, in one study, loss of caveolae in geneti-
cally modified mice was found to impair endothe-
lium-dependent regulation of vascular relaxation,
contractility, and myogenic tone [22]. Other studies
have implicated caveolae in regulating the expres-
sion of the anti-atherogenic vascular relaxation factor,
nitric oxide (NO), which is enzymatically produced by
endothelial-type NO synthase (eNOS) [23]. Lipid mod-
ification of eNOS, by myristoylation and palmitoyla-
tion, can target the enzyme to caveolae [19, 24] where
it is activated through Ca®* exposure or through Ca*"
independent phosphorylation at Serine 1177 [25-27].
Activated eNOS is then enabled to produce and release
NO, upon uncoupling from the cav-1 scaffold protein
[28-31]. Prior studies have collectively demonstrated
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that UF conditions can sustain this anti-atherogenic,
caveolae-derived signaling cascade [32-35]. While
eNOS and NO expression are known to be suppressed
in atheroprone regions of the vasculature [33-36], the
direct connection between DF and the signaling cas-
cade that starts with caveolae and cav-1 expression and
ends with eNOS activation and NO release remains to
be clarified.

Protective or atherogenic fluid mechanotransduction
regulation of caveolae/cav-1 expression and mecha-
nosignaling function may involve the EC surface glyco-
calyx (GCX) [37]. GCX is a polysaccharide mesh layer
on the outer surface of the endothelial membrane. The
GCX consists of sialic acid and glycosaminoglycans,
such as heparan sulfate (HS), hyaluronic acid, and
chondroitin sulfate, some of which bind to the synde-
can and glypican membrane-attached proteoglycan
core proteins [38, 39]. HS is the most abundant GCX
glycosaminoglycan and, for the present study, HS is of
particular interest because it binds to the glypican-1
core protein that, along with eNOS, resides in mecha-
nosignaling caveolae [40, 41]. Due to its unique loca-
tion at the interface between the EC surface and the
extracellular environment, GCX has been implicated
in sensing and converting physiological fluid shear
stress and mechanical stretch into biochemical signals
to support healthy endothelial phenotypes [41-43].
Most interestingly, GCX degradation has been linked
to endothelial-dependent atherosclerosis and a num-
ber of other diseases while a healthy GCX has been
shown to promote proper endothelium function [44—
47]. For example, evidence from in vivo and in vitro
studies confirm that UF-conditioned GCX is abun-
dant [37, 48-50] and its HS component, via increased
glypican-1 in caveolae, is responsible for eNOS acti-
vation and flow-induced NO production [51-56]. In
contrast, atheroprone DF conditions have been shown
to be less supportive of GCX expression [37, 48-50].
This decreased GCX expression has also been associ-
ated with endothelial motility and proliferation [57],
increased vascular permeability [58], and leukocyte
adhesion [59]. However, downstream in the mecha-
notransduction pathway, GCX-mediated DF regulation
of caveolae and its eNOS/NO relevant mechanosignal-
ing function has never been studied, to our knowledge.

The goal of the present study is to link well-defined
physiologically accurate flow conditions to GCX-medi-
ated flow-regulation of caveolae/cav-1 and activated
eNOS, which are relevant to atherosclerosis preven-
tion or onset. We hypothesized that DF patterns will
lead to decreased cav-1 expression, loss of cav-1 cellular
compartment-specific localization, and decreased cav-1
colocalization with activated eNOS, all due to suppressed
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GCX. Our results may reveal a mechanism by which
GCX integrity contributes to atherosclerosis prevention
while GCX damage permits disease progression, sug-
gesting that the GCX may be a viable target for next-
generation atherosclerosis prevention and treatment
approaches.

Materials and methods
All materials were purchased from Fisher Scientific, MA,
USA unless otherwise noted.

Cell culture

Rat fat pad ECs (RFPECs) were previously isolated from
rat epididymal fat pad, immortalized, and shared with us
by Dr. Mia Thi of the Albert Einstein College of Medicine
(Bronx, NY, USA). RFPECs were cultured at passages 20
to 60 in Dulbecco’s Modified Eagle Medium (DMEM)
with 10% fetal bovine serum (FBS) and 1% penicil-
lin—streptomycin (P/S). Cells were grown at 37 °C in a
humidified incubator maintained with 5% CO,. For shear
stress experiments (described below), cells were plated
on fibronectin-coated (3 pg/mL) glass coverslips (#1.5 or
0.17 mm thickness) at a seeding density of approximately
3 x 10® cells/cm?. Cells were cultured in static conditions
for 2 to 4 days until fully confluent. At confluence, cells
were transferred to flow conditions in GCX-stabilizing
medium containing reduced FBS (5%) along with bovine
serum albumin (BSA; 0.5%).

It is important to note here that RFPECs are ideal for
this study, because unlike many other EC types RFPECs
express a robust GCX [60, 61]. Furthermore, similar to
other EC types, RFPECs properly respond to the applica-
tion of shear stress [62, 63] and have been shown to elicit
atherosclerosis relevant GCX function [64—67], F-actin
expression, morphology, and alignment [62, 68], inter-
cellular communication [62, 69], endothelium perme-
ability [70, 71], and NO production [72]. Acknowledging
that ECs are heterogenous due to their origins from dif-
ferent species and different vascular beds [73], we wish
to indicate that we are conducting parallel studies with
primary endothelium originating from other species,
including human, and from a variety of vascular beds,
including the aorta and coronary arteries. The additional
investigations, taken together with this one, will provide
comprehensive information, are far beyond the scope of
this report, and will be described in other companion
publications.

Shear stress apparatus

The confluent RFPECs were exposed to shear stress in a
custom, parallel-plate flow chamber that was designed
using SolidWorks and SolidWorks Flow Simulation. The
chamber was designed to simulate atherosclerotic-prone
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and atherosclerotic-resistant flow patterns in adjacent
neighboring spatial regions of the carotid artery (Addi-
tional file 1: Fig. S1a). Briefly, the device was an enclosed
rectangular chamber with a height that was much smaller
than the width and length. The chamber consisted of a
top, a bottom, a rubber gasket to form a seal and shape
the flow channel, and the coverslip coated with ECs on
fibronectin (Additional file 1: Fig. S1b). To assemble the
apparatus, the coverslip was placed on the chamber bot-
tom, and the chamber top was then screwed to the cham-
ber bottom with the rubber gasket in between. The flow
apparatus was then connected to a peristaltic pump.
Cells were exposed to 6-h of flowing DMEM containing
5% FBS, 1% P/S, and 0.5% BSA. Generally, the flow pat-
tern was uniform (UF), as associated with atherosclerosis
resistance. However, for our study, UF was interrupted
by a protuberance at the bottom of the chamber to pro-
duce pro-atherosclerotic DF. This flow is characterized
by separation followed by recirculation, stagnation, and
eventual recovery to UF. During flow perfusion, the shear
stress apparatus was maintained in an incubator at 37 °C
with 5% CO, and humidity, an environment that the flow
apparatus can withstand due to its fabrication out of
316 L stainless steel. The stainless steel is also biocom-
patible, which protects the ECs and DMEM from toxic-
ity. An open media reservoir was placed upstream of the
pump, to ensure proper CO, diffusion into the flow sys-
tem’s DMEM. We also inserted a pulse dampener directly
after the pump and upstream of the chamber inlet, to
eliminate pulsatility generated by the peristaltic pump.
Further details about the shear stress apparatus design
and validation are elaborated upon later in this report.

Glycocalyx treatment

The RFPEC GCX was generally treated with the afore-
mentioned flow conditions—DF versus UF—as generated
by the flow apparatus. The RFPEC GCX was also treated
by static flow, which served as a control condition. To
confirm the role of the GCX in any observed RFPEC
response to flow, in some experiments the GCX was also
chemically treated with the enzyme heparinase III (Hep
III; Ibex, Quebec, Canada). Hep III exclusively cleaves
HS glycosaminoglycans, a major GCX component, thus
impairing the GCX layer. RFPECs in both static and UF
conditions were exposed to 62.5 micro-international
units per milliliter (u(IU/mL) of Hep III in DMEM for 6 h,
allowing for simultaneous flow application and enzyme
treatment. The Hep III concentration was determined
via dose—response pilot experiments to degrade RFPEC
HS by ~50% (data shown in Additional file 2: Fig. S2). For
further clarification of when and why flow and Hep III
were used to treat the GCX, refer to Table 1.
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Table 1 GCX flow and/or chemical treatment with rationale,
where applicable

Chemical stimulus Rationale
Untreated Hep lllI-
treated
Flow Static Yes Yes To assess
stimulus whether
GCX controls
baseline EC
behavior (as
opposed to
flow-induced
EC behavior)
Uniform  Yes Yes To assess
whether EC
behavior in UF
only occurs due
to endothelium
coverage by
the GCX
Disturbed Yes
Rationale To assess GCX
expression
and EC
behavior in

response to
both pro- and
anti-athero-
sclerotic flow
patterns

Animal studies

All animal studies were carried out using procedures
approved by the Northeastern University Institutional
Animal Care and Use Committee (IACUC). Male
C57Bl/6 mice were obtained from Jackson Laboratories,
fed a chow diet, and studied at 6—8 weeks of age.

In one experiment, acute DF was induced in vivo, by
surgically performing a partial ligation of the left carotid
artery (LCA), as previously described [74]. This allowed
for the investigation of DF effects on EC behavior in vivo.
Briefly, mice were anesthetized with isoflurane and their
LCAs were exposed through a 4—5 mm ventral midline
incision followed by blunt dissection. Three of the four
caudal branches of the LCA, including the left exter-
nal carotid, internal carotid, and occipital artery, were
ligated with 6-0 silk sutures, leaving the fourth branch
(superior thyroid artery) intact (Fig. 4a). The incision was
then closed. The mice were briefly monitored to con-
firm a successful recovery, and kept alive for a week to
allow in vivo DF to induce endothelial dysfunction [74].
To investigate UF effects on EC behavior in vivo, surgery
was not performed and LCA was left non-ligated. One
week after surgery, ligated and non-ligated LCAs were
isolated from mice that were initially anesthetized using
isoflurane and followed by xylazine (20 mg/mL) and ket-
amine (100 mg/mL). Mice vessels were then drained of
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blood by perfusion with a 1% BSA solution in phosphate
buffered saline (PBS), administered via the left ventricle
after severing the inferior vena cava. Following this, mice
were perfusion fixed with a 2% paraformaldehyde solu-
tion in PBS. The ligated and non-ligated LCAs were iso-
lated after removal of periadventitial fat. LCAs were then
embedded in Tissue-Tek optimum cutting temperature
(OCT) medium, frozen at —80 °C, and 6-um axial sec-
tions were made using a Leica CM3050 cryostat.

In another experiment, effects of chronic in vivo DF
were assessed in aortas of chow diet fed 6-8-week-old
male C57Bl/6 mice. As described by previous reports,
ECs along the aortic arch and descending aorta, specifi-
cally along the inner curvature, are exposed to low shear
stresses and DF that can predispose the vessel to athero-
sclerosis [75, 76]. In contrast, the proximal abdominal
aorta experiences fully developed UF, leading to athero-
sclerosis resistance. To extract mouse aortas, mice were
processed as described above. Aortas were cleared of
perivascular fat, dissected, kept in PBS at 4 °C for a maxi-
mum of 2 days, fluorescently labeled as described below,
and longitudinally cut using curved 8-cm vannas scissors
and a dissection microscope for en face imaging [77].

Fluorescent staining of caveolin-1, eNOS, and glycocalyx

in vitro

For in vitro GCX staining immediately after exposure to
static or flow conditions, RFPECs with untreated or Hep
II-treated GCX were fixed using 2% paraformaldehyde
and 0.1% glutaraldehyde in PBS for 30 min (PBS). For
a general label of the GCX, RFPECs were stained using
wheat germ agglutinin (WGA), which targets GCX con-
stituents that include sialic acid and N-acetylglucosa-
mine, a component of HS and hyaluronic acid [38, 78].
To accomplish WGA staining, RFPEC monolayers were
blocked with 3% BSA for 30 min at room temperature
and then incubated in biotinylated WGA (1:100, Vec-
tor Labs, CA, USA) for 1 h at 4 °C. For secondary labe-
ling, Alexa Fluor 488-conjugated streptavidin was used
at a concentration of 1:1000 for 30 min at 4 °C. To spe-
cifically label the HS component of the GCX, RFPECs
were blocked in 2% goat serum for 30 min at room tem-
perature and incubated in mouse anti-HS (1:100, 10E4
epitope, Amsbio, MA, USA) overnight at 4 °C. Second-
ary labeling was achieved by incubating cells with goat
anti-mouse conjugated with Alexa Fluor 488 (1:1000) for
30 min at room temperature.

For in vitro cav-1 and eNOS staining, RFPEC mon-
olayers were fixed with 4% paraformaldehyde in PBS for
20 min. RFPECs were then permeabilized using a 0.2%
Triton X-100 solution for 5 min and blocked in 10% goat
serum for 30 min at room temperature. RFPECs were
co-incubated with rabbit anti-eNOS specific to eNOS
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phosphorylated on the 1177 serine residue (eNOS-
pS1177) (1:500, Signalway Antibody, MD) and mouse
anti-cav-1 (1:200, Santa Cruz Biotechnology, TX) over-
night at 4 °C. This was followed by secondary incuba-
tion with goat anti-rabbit labelled with Alexa Fluor 647
(1:200, cav-1) and goat anti-mouse tagged with Alexa
Fluor 488 (1:200, eNOS-pS1177), respectively, for 1 h at
room temperature.

All fixed and stained RFPECs were then coverslipped
using VectaShield anti-fade mounting medium with
4/,6-diamidino-2-phenylindole (DAPI) for nuclear stain-
ing (VWR, PA, USA).

Fluorescent staining of caveolin-1, eNOS, and glycocalyx
in vivo
For in vivo staining of 6-um cryosectioned LCAs, sam-
ples were post-fixed for 10 min with 4% PFA and per-
meabilized with 0.3% Triton X-100 for 10 min. Antigen
retrieval was subsequently performed in 1.2 mM sodium
citrate by pressure cooking for 10 min. To block endoge-
nous peroxidase for future tyramide signal amplification,
samples were incubated with 1% H,O, for 10 min. Sam-
ples were then blocked using 10% goat serum for 1 h and
incubated with either biotinylated WGA or rabbit anti-
cav-1 (1:50) overnight at 4 °C. For fluorescent detection,
samples were then labeled with horseradish peroxidase
(HRP)-conjugated streptavidin or HRP-conjugated goat
anti-rabbit (1:500) for 1 h at 4 °C. Tyramide signal ampli-
fication using the cyanine 3 (Cy3) fluorophore was then
performed using a PerkinElmer Cy3 TSA kit following
the manufacturers protocol. Samples were then mounted
in VectaShield mounting medium with DAPL

Mouse aortas were labeled for WGA, cav-1, and total
eNOS using a protocol similar to the in vitro fluorescent
staining procedure. For WGA, in 24-well plates, 3—4 mm
aortic segments were blocked with 3% BSA, incubated
in biotinylated WGA for 1 h at 4 °C, and then incubated
in Alexa Fluor 488-conjugated streptavidin for 30 min
at room temperature. For cav-1 and total eNOS, sam-
ples were blocked with 5% goat serum for 1 h at room
temperature, separately incubated with either rabbit
anti-cav-1 (1:300, Thermo Fisher Scientific, MA) or rab-
bit anti-total eNOS (1:200, Cell Signaling Technology,
MA) overnight at 4 °C, and then incubated with Alexa
Fluor 488 conjugated goat anti-rabbit secondary at 1:500
(cav-1) or 1:1000 (total eNOS) for 1 h at room tempera-
ture. All steps at room temperature were performed on
a rocker. Aortic segments were placed in VectaShield
mounting medium containing DAPI and then longitudi-
nally cut using a dissection microscope and mounted on
glass coverslips as previously described [77].
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Confocal microscopy

All RFPECs, LCA cryosections, and en face aorta vessel
sections were imaged using a Zeiss LSM 710 laser scan-
ning confocal microscope at 40x or 63x magnification
(with an oil immersion lens) with 8-bit pixel values for
each color channel. Gain and laser power levels were set
for each experiment to provide adequate signal levels
below saturation point. Microscope settings remained
the same throughout data collection for each experi-
ment. Images of XY-plane slices were collected and then
stacked to create a Z-projection image.

Data acquisition
All data acquisition was performed using Image]J, unless
otherwise specified.

First, to determine overall expression levels of cav-1
and eNOS in RFPECs, Image] was used to calculate
the mean fluorescence intensity (MFI) of the respective
immunofluorescence signals from en face images of the
Z-projections. Over a specified field of view, MFI pro-
vides a measure of the average pixel value, ranging from 0
to 255, for each color channel. In all cases, a field of view
was taken as an entire 63 x magnification ex face image.

It was previously noted that cav-1 localization cor-
relates to direction of pressure drop and correspond-
ing flow [20]. Therefore, cav-1 distribution with respect
to flow direction was examined, as previously described
[20]. In the studies performed in vitro, randomly selected
RFPECs were identified to have preferential cav-1 locali-
zation in one of four zones of relatively equal size. These
zones were defined as upstream (towards the direction
of flow), downstream (away from the direction of flow),
upper lateral region, and lower lateral zones. An addi-
tional, fifth “zone” was also considered, in which cav-1
was evenly dispersed.

To quantify cav-1 localization at cell membranes,
where the protein can contribute to the formation of
caveolae rafts, kurtosis analyses were performed in the
in vitro studies of RFPECs. The kurtosis analysis provides
a coefficient indicative of the degree to which immu-
nofluorescence data is centralized to a specific point.
Therefore, performing kurtosis analyses between two
neighboring ECs provided us with a measure of the den-
sity of cav-1 immunofluorescence at the cell-to-cell appo-
sitions in comparison to the intracellular compartments
of ECs. Kurtosis coefficient values for various experimen-
tal conditions were normalized to the kurtosis values of
the static control condition. Normalized kurtosis values
below 1.0 reflected decentralization of cav-1 from the cell
membranes, while values above 1.0 reflected increased
cav-1 centralization to cell membranes.
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Colocalization of caveolae-associated signaling mol-
ecules, represented by activated eNOS, to caveolae was
assessed after eliminating background noise in Z-projec-
tion en face images of RFPECs. To eliminate background
noise, a signal intensity threshold was determined by
measuring fluorescence intensity within the field of
view at positions above the cell surface. Pixels with sig-
nal intensities at or below the threshold were removed.
With background noise subtracted, colocalization was
determined using the Colocalization Threshold tool on
Image]. The colocalization values were then analyzed
using the Mander’s overlap coeflicient approach to quan-
tify the extent to which activated eNOS overlaps cav-1.
Mander’s method was employed in lieu of other colocali-
zation analysis techniques, such as the Pearson’s method,
because of the localization of eNOS in multiple areas of
the cell and the large variation in the ratio of fluorescent
probe signal intensity [79].

It was of interest to determine if GCX correlated to and
was involved in cav-1 function. Therefore, overall levels
of GCX expression in RFPECs were determined using
Image] by calculating MFI of GCX immunofluorescence
in the same manner that was used for determining eNOS
and cav-1 expression. In addition to examining GCX
expression, GCX thickness was also assessed. Measure-
ments of GCX thickness were performed from cross-sec-
tional views of the confocal z-projection images. On the
cross-section view, randomized areas of the cell mem-
brane were chosen using the “Grid” tool. Lines at the
predetermined randomized positions were then drawn
perpendicular to the apical cell membrane, which con-
tained immunofluorescence signal representing the GCX
(Additional file 3: Fig. S3). The fluorescent profile along
the line was then plotted (Additional file 3: Fig. S3). On
the fluorescence profile plots, the width of fluorescence
signal above background signal was identified and taken
to indicate GCX thicknesses (Additional file 3: Fig. S3).

Confocal microscope fluorescence images of LCAs and
aortas stained for cav-1, total eNOS, and WGA-labeled
GCX were qualitatively assessed for the most part. Quan-
titative analysis of LCA and aorta images, although lim-
ited, were performed in accordance with RFPEC analysis
as described above.

Statistical analysis

Prior to statistical analyses, Image] data points were nor-
malized with respect to static samples within each exper-
iment. Normalization within experiments eliminated any
bias caused by microscopic and other variations between
experiments. Therefore, experimental data acquired from
Image] quantification are presented in the “Results” sec-
tion as normalized means =+ standard error of the means
(SEMs). The total number of experiments, along with



Harding et al. J Trans| Med (2018) 16:364

counts of the RFPEC monolayer replicates and sizes of
data sets within each experiment, are also presented in
the “Results” section. These experimental data were sta-
tistically analyzed using GraphPad Prism software. Upon
confirming uniform distributions of the data sets col-
lected from static flow, DF, UF, static flow with Hep III
treatment, or UF with Hep III treatment conditions, one-
way ANOVA analyses were performed. In addition, post
hoc Tukey’s multiple comparison tests were completed
with an alpha value of 0.05, unless otherwise specified.

Results

Generation and characterization

of atherosclerosis-relevant flow in vitro

As designed using SolidWorks and SolidWorks Flow
Simulation, our custom parallel-plate flow chamber
produced a physiologically relevant flow pattern, which
specifically mimicked the flow patterns experienced at
the carotid artery bifurcation, a common area of athero-
sclerosis development (Additional file 1: Fig. S1d) [4, 5,
80]. After a number of SolidWorks iterations to charac-
terize the flow profiles of various channel- and protuber-
ance-relative dimensions, the final chamber contained a
90 mm long, 13.5 mm wide, and 1 mm high flow chan-
nel (Additional file 1: Fig. S1d). To generate a pro-ather-
osclerotic, DF waveform, a 0.35 mm high protuberance
was inserted within this channel directly upstream of the
cell monolayer (Additional file 1: Fig. S1d). The Solid-
Works Flow Simulations were run using advanced nar-
row channel mesh refinement, by modeling all surfaces
as no-slip flow boundaries, and with an inlet volumet-
ric flow rate set at 180 mL/min and outlet pressure set
at 1 atmosphere. Based on the finalized channel with the
aforementioned protuberance dimensions, the Solid-
Works Flow Simulation model revealed the creation of
DF patterns directly downstream of the protuberance,
spanning just over 1.0 cm in length (Additional file 1: Fig.
Slc). After flow separation, along the bottom surface of
the flow channel, the DF region was shown to contain
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the following areas: flow recirculation with non-uniform
magnitudes of shear stress ranging from —8 dynes/cm?
to 0 dynes/cm? located at 0 to 0.2 cm downstream of the
step, flow reattachment with 0 dynes/cm? shear stress
and located at 0.2 cm, and flow recovery ranging between
0 and 12 dynes/cm? shear stress in the 0.2 to 1.0 cm area
(Additional file 1: Fig. S1c). A fully developed flow region,
located beyond 1.0 cm downstream of the step, was
observed to have a uniform shear stress value of approxi-
mately 12 dynes/cm? (Additional file 1: Fig. Sic).

Based on the final flow chamber design and flow pat-
tern, it was determined that DF conditioned cells should
be imaged and experimentally examined near the flow
reattachment region at approximately 0.18 cm down-
stream of the step, corresponding with a shear stress of
~ 1 dynes/cm® UF conditioned cells were examined at
2.0 cm or farther downstream of the step, at 12 dynes/
cm?,

For further details about the flow generation and
characterization results, refer to our previous publica-
tion [81], which reports on the design of a similar flow
apparatus.

Flow-induced caveolin-1 expression is attenuated

in disturbed flow in vitro and in vivo

To determine the effects of DF on endothelial function,
we first investigated in vitro flow-dependent expression
of the mechanosignaling caveolar invaginations on the
EC surface. To do so, we specifically assessed the cave-
olae coating protein cav-1, because previous studies cor-
related caveolae presence to the expression of cav-1
and other caveolin coat proteins [22, 82—84]. In static
conditions RFPECs displayed an average cav-1 MFI of
20.3 =+ 3.34 relative fluorescent units (RFUs), normalized
to a value of 1 (Fig. 1a, f). Comparatively, UF caused a sta-
tistically significant 63.9+£23.2% increase in cav-1 MFI,
reaching 28.9 +4.35 RFUs. DF, with an average cav-1 MFI
of 15.7+3.51 RFUs, showed a statistically insignificant
19.3+10.5% decrease in cav-1 MFI (Fig. 1b, f) compared

(See figure on next page.)

Fig. 1 Heparan sulfate regulates flow-induced cav-1 expression and, partially, cav-1 localization. Cav-1 immunofluorescence of RFPECs is shown for
conditions of a static flow, b DF, ¢ UF, d static flow with Hep Ill treatment, and e UF with Hep Il treatment (scale bar: 30 um). f Quantification of cav-1
MFI demonstrates a significant highest expression of cav-1 in UF conditioned cells compared to all other conditions. g Representative cav-1 signal
intensity curves showing, for each experimental condition, the distribution of cav-1 from one cell to a neighboring cell. The signal intensity curves
were determined along equidistant lines (see representative hatched lines) that connect the intracellular compartments of the neighboring cells
and the cell-to-cell appositions are at the 0.0 um positions along each line. On first glance, distribution of cav-1 looks consistent for all conditions
(h) Kurtosis analysis of full sets of these curves clarifies that indeed there are small differences in cav-1 distribution. However, it is important to note
that RFPECs exposed to UF exhibit statistically more appositional localization of cav-1 than RFPECs exposed to DF, and there is no strong statistical
evidence that Heplll treatment impacts this difference in cav-1 distribution. i Schematic view of the subcellular zones that were examined to assess
preferential cav-1 localization. To clarify, preferential localization of cav-1 was determined based on MFI and not kurtosis analysis. j Compared to all
other experimental conditions, exposure to UF induces significantly higher localization of cav-1 in the subcellular region that lies upstream with
respect to flow direction. f, h, j Number of independent experiments “N”are shown for each condition, and *P <0.05, **P <0.01, ***P <0.001, and
***¥*P < 0.0001 are indicated in this Fig. 2 or in the accompanying Additional file 4: Fig. S4
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to static conditions. Furthermore, when compared to UF,
cells exposed to DF expressed 49.6+10.5% less cav-1,
which was statistically significant (Fig. 1b, ¢, f).

To confirm these in vitro findings of flow-dependent
cav-1 expression in vivo, partially ligated mouse LCAs
experiencing acute DF conditions that induce accelerated

pre-atherosclerotic endothelial dysfunction were com-
pared to non-ligated LCAs that largely experience UF
(Fig. 4a) [74]. Qualitative assessment revealed that cav-1
in non-ligated LCAs that experience UF is upregulated,
compared to ligated LCAs that experience DF (Fig. 4b,
¢). This is similar to what we found in vitro for RFPECs.
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When quantitatively analyzed and compared to DF, we
observed a 55.1+£12.0% increase in cav-1 expression
in non-ligated LCAs exposed to UFE.

We also investigated the expression of cav-1 in the aor-
tic arch mouse vessel, where chronic pro-atherosclerotic
DF conditions exist, and we compared it to cav-1 expres-
sion in the abdominal aorta vessel region, where UF con-
ditions are present (Fig. 4f) [75, 76]. Again, we found
more cav-1 in UF than in DF (Fig. 4g, h). Specifically,
cav-1 in vivo was increased by 1.78-fold in the abdomi-
nal aorta when compared to the aortic arch. Collectively,
these preliminary in vivo results reiterate our in vitro
results and support the fact that regulation of cav-1 is
flow-dependent.

Caveolin-1 distribution preferences are flow-dependent

In addition to the flow associated changes in overall
cav-1 expression, we observed in vitro that there are
flow-dependent differences in the cellular distribu-
tion of cav-1. Cellular distribution was determined in
RFPECs using previously specified zones, which were
defined as upstream of the direction of flow, down-
stream of the direction of flow, upper lateral, lower lat-
eral, or dispersed (Fig. 1i). A statistically significant
majority of RFPECs in static conditions, 43.7 +4.32%,
contained diffusely expressed cav-1 (Fig. 1j). In cells
exposed to UF, as expected [20], a statistically significant
47.4+3.92% majority of cells preferentially expressed
cav-1 at the upstream zone (Fig. 1j). This corresponds
to a 178 4£3.92% increase in upstream localization com-
pared to static samples. On the other hand, cells exposed
to DF showed no preferential localization of cav-1 to a
specific cellular zone. Instead, DF cells expressed diffuse
cav-1 34.8£4.55% of the time, which was statistically
similar to static controls and statistically different from
UF conditions (Fig. 1j).

Preferential localization of cav-1 to the RFPEC bor-
ders where it can form a caveolae coat also depended
on flow conditions. The normalized kurtosis value for
static control ECs, which represents the degree of cav-1
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localization at EC-to-EC appositions, was compared to
the normalized kurtosis value for ECs in UF. This com-
parison revealed 6.20+2.63% more localization of cav-1
to the appositions between UF-treated cells than to the
appositions between static-treated cells (Fig. 1g, h). In
another comparison, 12.01+7.88% less cav-1 was dis-
tributed to cell appositions in DF-treated cells compared
to static conditions (Fig. 1g, h). These differential flow
effects, when compared, showed that DF-conditioned
cells exhibited 17.1+7.88% less localization of cav-1 to
cell borders than UF-conditioned cells, which was statis-
tically significant (Fig. 1g, h).

Flow-induced caveolin-1 colocalization with the eNOS
signaling molecule is decreased in disturbed flow in vitro
and in vivo

As previously mentioned, signaling molecules such as
eNOS are ready for activation when taken up and stored
by caveolae [31, 85]. This knowledge motivated the goal
of assessing potential caveolae function by quantifying
cav-1 colocalization with a representative signaling mol-
ecule, eNOS, which produces NO when activated. To ful-
fill this goal, in RFPECs we assessed expression of active
eNOS and analyzed eNOS overlap with cav-1.

We first investigated flow-dependent expression of
eNOS-pS1177. Using fluorescence microscopy imag-
ing and analysis, we found that static RFPEC monolay-
ers had an average eNOS-pS1177 MFI of 39.3+5.72
RFUs, which was normalized to 1 (Fig. 2b, p). Com-
pared to static conditions, UF application resulted in a
statistically significant 60.5+12.1% increase in average
eNOS-pS1177 MFI (Fig. 2h, p), to 55.8 £6.93 RFUs. DF
application, compared to static conditions, resulted in a
statistically insignificant 11.5413.4% decrease in eNOS-
pS1177 MFI (Fig. 2e, p), to 32.4+5.51 RFUs. Addition-
ally, these results indicate a statistically significant near
50% lesser eNOS-pS1177 expression in cells exposed to
DF compared to cells exposed to UF (Fig. 2e, h, p). These
results were validated in vivo. Total eNOS was found to
be substantially more expressed in the abdominal aorta

(See figure on next page.)

Fig. 2 Heparan sulfate regulates flow-mediated RFPEC eNOS-pS1177 expression and colocalization with cav-1. En face z-projections are shown

for red fluorescent cav-1 (a, d, g, j, m), green fluorescent eNOS-pS1177 (b, €, h, k, n), and merged cav-1 with eNOS-pS1177 (¢, f, i, 1, 0). Conditions
examined include static flow (a—c), DF (d-f), UF (g-i), static flow with Hep lIl treatment (j-I), and UF with Hep Il treatment (m-o). Arrows

are pointing to areas of significant cav-1 colocalization with eNOS-pS1177. Scale bar =30 um. p Quantification of eNOS-pS1177 expression.
Compared to static controls, cells with intact HS display decreased eNOS-pS1177 expression when exposed to DF, but increased eNOS-pS1177
expression when exposed to UF. Upon enzymatic degradation of HS, exposure to UF results in no significant increase in eNOS-pS1177 expression,
compared with the effects of static flow and DF. g Quantification of colocalization shows significant differences in eNOS-pS1177 overlap with

cav-1 when RFPECs in UF conditions are compared to RFPECs in DF and static flow conditions. RFPECs exposed to static and DF conditions along
with enzymatically degraded HS show lower cav-1 and eNOS-pS1177 colocalization that is statistically different to RFPECs with intact HS in UF
conditions. p, @ Number of independent experiments “N"are shown for each condition, and *P <0.05, **P <0.01, ***P <0.001, and ****P <0.0001 are

indicated
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(Fig. 4j), where blood flow is uniform, than the inner
curvature of the distal aortic arch (Fig. 4i), where blood
flow is disturbed. When quantified we determined that
total eNOS exhibited a more than 25-fold increase in the
abdominal aorta, as compared to the aortic arch.

We then analyzed cav-1 and eNOS-pS1177 colocali-
zation in RFPECs and found that eNOS-pS1177 overlap
with cav-1 was significantly elevated in UF conditions
compared to static and DF conditions, as revealed by
the Mander’s Overlap Coefficient analysis. Compared
to static conditions, UF increased cav-1 colocalization
with eNOS-pS1177 by 11.4+3.25% (Fig. 2¢, i, q). In con-
trast, exposure to DF decreased overlap by 1.31+4.57%
(Fig. 2¢, f, q) when compared to static controls; however,
this difference was not statistically significant. Compar-
ing UF with DF, UF-treated cells had 12.9+3.25% more
cav-1 colocalization with eNOS-pS1177 (Fig. 2f, i, q). In
other words, relevant to atheroprone conditions, these
data indicate that DF statistically significantly impairs
eNOS-pS1177 and cav-1 colocalization.

The glycocalyx mechanosensor in vitro and in vivo:
implications for flow-regulated caveolin-1 expression,
distribution, and colocalization with eNOS

We hypothesized that the differential regulation of cav-1
expression, distribution, and colocalization with eNOS in
areas of UF compared to DF were due to changes in the
endothelial GCX, a known mechanosensor.

RFPEC monolayers were stained for GCX using WGA,
a lectin that labels major GCX components including
sialic acid and the N-acetylglucosamine monosaccharides
of HS and hyaluronic acid [38, 78]. Staining revealed
statistically significant differences in GCX immunofluo-
rescence expression and GCX thickness in static versus
UF versus DF conditions. RFPECs cultured in static con-
ditions had a WGA MFI of 79.4+14.8 RFUs and WGA
thickness of 2.88+0.265 pm (Fig. 3a, d, e). Compared
to static controls, cells exposed to DF exhibited a statis-
tically significant 44.4410.3% lesser WGA MFI and a
statistically insignificant 13.8+8.39% lesser thickness
(Fig. 3b, d, e). Compared to static controls, exposure to
UF resulted in an increase in both WGA MFI and WGA
thickness, albeit statistically insignificant, by 16.0 £ 8.67%
and 14.0+6.76% (Fig. 3c—e). When cells exposed to UF
were compared to cells exposed to DF, WGA MFI and
thickness in UF conditions were found to be statistically
significantly higher by 108+8.67% and 32.3+6.76%,
respectively (Fig. 3b—e).

When we stained RFPEC GCX wusing another
approach, an antibody targeted only to the HS GCX
component, we re-confirmed the trend by which flow
induces changes in GCX. Static RFPECs had an HS MFI
of 36.24+10.5 RFUs and HS thickness of 2.54 £0.460 um
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(Fig. 3f, i, j). Compared to static conditions, exposure to
DF resulted in a decrease in HS MFI and HS thickness
by 18.04+14.1% and 10.9£4.25%, respectively, although
the decreases were statistically insignificant (Fig. 3g, i,
j). Exposure to UF resulted in a statistically significant
48.01+14.8% increase in HS MFI and a statistically insig-
nificant 10.8£5.95% increase in HS thickness, when
compared to static control HS (Fig. 3h—j). Notably, cells
exposed to UE, compared to DF, showed statistically sig-
nificant 80.4+14.8% elevated HS MFI and 24.445.95%
increased HS thickness (Fig. 3g—j).

The effects of UF and DF on GCX expression in vivo
were similar to what we found in vitro. Compared to
UF conditioned non-ligated LCAs (Fig. 4e), acute DEF-
conditioned ligated LCAs (Fig. 4d) exhibited weaker and
spottier expression of the GCX as determined by WGA.
Analysis of WGA also revealed that the inner curvature
of the aortic arch (Fig. 4c) expressed a lesser amount of
GCX than the UF-conditioned abdominal aorta (Fig. 41).
These results suggest that DF environments elicit weaker
GCX expression than UF environments, which promote a
highly expressed, continuous GCX layer. Combined with
analysis of cav-1 and total eNOS expression on mouse
LCAs and aortas exposed to different flow conditions,
these results point to a known mechanosensory, GCX,
as a responsible agent for differential expression of cav-1
and eNOS in relation to atherosclerosis development.

To test this hypothesis, we determined if there was a
causal relationship between GCX expression and flow-
regulated cav-1 expression, distribution, and colocali-
zation with eNOS-pS1177. To do this, we investigated
the effects of UF conditions on RFPECs treated with
62.5 pIU/mL of Hep III, which enzymatically degrades
HS. The enzyme treatment decreased RFPEC HS MFI
by approximately 50% in static conditions and approxi-
mately 60% in UF conditions (Additional file 2: Fig. S2).
RFPEC HS thickness was enzymatically decreased by
approximately 35% in static conditions and approxi-
mately 40% in UF conditions (Additional file 2: Fig. S2).

In static conditions, HS degradation did not affect
cav-1 expression, eNOS-pS1177 expression, or eNOS-
pS1177 overlap with cav-1. To be specific, compared to
non-treated static samples, HS deficient static samples
showed a 5.3% decrease in cav-1 expression (Fig. 1a, d,
f), a 5.5% decrease in eNOS-pS1177 expression (Fig. 2b,
k, p), and no change in cav-1 overlap by eNOS-pS1177
(Fig. 2¢, 1, q). These changes were statistically insig-
nificant. In addition, preferential localization of cav-1
to the cell borders of static samples was retained with
Hep III treatment. Evidence of this came from compar-
ing Hep IlI-treated static samples to non-treated static
samples and finding that kurtosis analysis demonstrated
a statistically insignificant 7.64+3.1% increase in cav-1
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centralization to cell borders (Fig. 1i, j). More noticeable
were the changes in cav-1 distribution related to flow
direction after Hep III incubation. While in non-treated
static conditions cav-1 was diffusely distributed in
43.744.31% of cells, only 20.0+3.57% of Hep III treated
static cells had diffusely distributed cav-1. This difference
was found to be statistically significant (Fig. 1j). In short,
cell treatment with Hep III induces cav-1 preference for
distribution to no particular cellular zone.

The effects of HS degradation were more appar-
ent in UF conditions, implicating the role of HS in
force-dependent regulation of EC function. Degrada-
tion of HS significantly blocked UF-induced increase in
cav-1 expression, cav-1 preferential distribution to the
upstream cellular zone, and eNOS-pS1177 overlap of
cav-1.

Non-treated UF cells expressed increased cav-
1, by over 60% compared to non-treated static
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samples. However, in Hep IlI-treated cells, UF resulted
in a 1.0+17.6% decrease in cav-1 expression compared
to non-treated static samples (Fig. 1f). Post-hoc analy-
sis demonstrated that the difference in cav-1 expression
between non-treated and Hep III-treated cells exposed to
UF was statistically significant (Fig. 1f).

HS degradation also inhibited UF-induced changes in
cav-1 cellular distribution (Fig. 1g—j). In contrast to non-
Hep III treated samples, cells exposed to UF after enzy-
matic HS degradation did not experience a significant
increase in cav-1 preference for upstream cellular locali-
zation when both are compared to untreated static con-
ditions (Fig. 1i, j). Hep III-treated cells exposed to UF had
a 0.9+ 3.3% decrease in upstream cav-1 localization com-
pared to untreated static samples. This corresponds to a
statistically significant 54.3+3.3% decrease in upstream
localization, between non-treated and Hep III-treated
cells exposed to UF (Fig. 1j). HS degradation did not
impact cav-1 centralization to cell borders in UF condi-
tions, when compared to conditions of intact HS under
UE. Specifically, cells with an intact HS layer experienced
a 6.21+2.6% UF-induced increase in kurtosis value, com-
pared to untreated static conditioned cells (Fig. 1g, h),
while HS deficient samples showed decreased kurto-
sis, by 2.5+3.7%, compared to untreated static samples
(Fig. 1g, h).

Finally, HS degradation impaired UF-induced increases
in eNOS-pS1177 and its colocalization with cav-1
(Fig. 2h, i, n—q). In untreated samples, UF increased
eNOS-pS1177 expression by 60.54+12.1% and cav-1
colocalization with eNOS-pS1177 by 11.4+3.25% com-
pared to static controls. In contrast, Hep III treated sam-
ples were statistically similar to untreated static samples,
with Hep III treated static samples showing only 0.01%
less eNOS-pS1177 colocalization with cav-1 and Hep
III treated UF samples showing a 0% change in eNOS-
pS1177 colocalization with cav-1 (Fig. 2c, |, o, q). When
compared to untreated UF samples, eNOS-pS1177 colo-
calization with cav-1 was decreased by 10.2% in Hep III
treated UF samples (Fig. 2i, o, q).

Discussion

Our goal was to link well-defined physiologically accurate
UF and DF conditions to EC phenotype that is athero-
sclerosis-resistant or atherosclerosis-permissive, respec-
tively, as mediated by the GCX mechanotransducer. In
the end, we confirmed that in the presence of DF patterns
and shear stress levels that are characteristic of athero-
prone areas of the vasculature, GCX expression is weak
and is a key factor underlying inhibition of EC cav-1
expression and eNOS activity, which were taken as indi-
cators of pro-atherosclerotic EC phenotype.
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Specifically, we found that in vitro exposure of ECs
to anti-atherosclerotic UF led to increased expression
of the principal caveolae marker, cav-1, preference for
cav-1 localization to the upstream zone of the cellular
body, and cav-1 distribution to EC-to-EC appositions.
The response of cav-1 to atheroprotective UF, compared
to static conditions, is somewhat established. Rizzo et al.
[21] previously found that exposure of bovine aortic ECs
to UF increased cav-1 by fivefold, compared to static
controls. Sun et al. [20] showed a significant increase in
cav-1 localization at the upstream side of cell bodies in
UF compared to static conditions. Our observed signifi-
cant UF-induced increases in cav-1 expression (Fig. 1a, c,
f) and in cav-1 localization at the upstream side of cell
bodies (Fig. 1j) agree with the previous findings [20, 21].
To our knowledge, while decreased expression of cav-1
has been observed in human atherosclerotic plaques and
is associated with atheroma formation [86—88], there has
been no direct evidence of how cav-1 is affected by DF,
which is viewed as an initiator of endothelial dysfunc-
tion in the onset of atherosclerosis. Here, we found that
exposure of RFPECs to DF, compared to UF, results in
decreased cav-1 expression (Fig. 1b, c, f). Furthermore,
using our novel atherosclerosis-relevant parallel plate
flow chamber, we observed de-localization of cav-1 from
RFPEC borders and the upstream side of cell bodies com-
pared to UF (Fig. 1g—f). These findings were corrobo-
rated by in vivo data that demonstrated decreased cav-1
expression in ligated LCAs affected by acute DF (Fig. 4b)
and the inner curvature of the distal aortic arch affected
by chronic DF (Fig. 4g) when compared to UF condi-
tioned controls that include the non-ligated LCA and
proximal abdominal aorta, respectively (Fig. 4c, h). Taken
together with previous studies indicating a vasculopro-
tective role of cav-1 and caveolae [22, 82—84], our in vitro
and in vivo findings suggest that atheroprone flow can
lead to endothelial dysfunction through decreased cav-1/
caveolae expression and localization.

To determine the functional consequences of differen-
tial UF versus DF regulation of cav-1, we considered that
endothelial caveolae have been implicated in a variety of
cellular signaling processes including NO signaling [22,
82-84, 89, 90]. Therefore, we investigated the effects of
DF and UF on eNOS-pS1177, which is an active form
of eNOS that resides in caveolae and synthesizes and
releases NO to promote endothelial health. In agree-
ment with previous findings, we found eNOS-pS1177
levels and eNOS-pS1177 colocalization with cav-1 to be
significantly elevated in regions of UF [21]. Our studies
confirmed our expectation that in DF conditions, where
cav-1 expression is disrupted, eNOS-pS1177 expres-
sion and colocalization with cav-1 are reduced. In com-
parison to UF, eNOS-pS1177 expression in regions of



Harding et al. J Trans| Med (2018) 16:364

DF decreased near twofold. Our observation of eNOS-
pS1177 expression in RFPECs and total eNOS in mouse
vessels agree with previous studies [35, 74, 91, 92]. For
example, Won et al. [35] found that the application of
72 h of UF significantly increased eNOS-pS1177 expres-
sion compared to DFE. While the study performed by
Won et al. exposed cells to an extended time period com-
pared to our study, it has been shown that flow-induced
changes in NO can occur within several minutes of
flow application [53, 93]. We exposed RFPECs to a 6-h
period and found that changes in eNOS-pS1177 expres-
sion occur within the 6-h time frame. We also observed
a similar upward trend in expression of total eNOS in
UF-conditioned mouse abdominal aortas compared to
DF conditioned mouse aortic arches (Fig. 4i, j). More
specifically, we found a 28-fold decrease in eNOS expres-
sion in areas of DF (aortic arch/descending aorta) than in
regions of UF (proximal abdominal aorta).

Rizzo et al. [21] previously found that the application
of UF resulted in increased residence of eNOS-pS1177
within caveolar compartments of ECs. However, this
study did not probe caveolae in regions of DF. Here, we
expanded on the findings of Rizzo et al., demonstrating
that colocalization of cav-1 with eNOS-pS1177 is sig-
nificantly higher in cells exposed to UF when compared
to regions of DF (Fig. 2). Due to its role in eNOS activa-
tion, the observed increase in cav-1 overlap with eNOS-
pS1177 suggests that decreases in eNOS-pS1177 in DF
are at least partially a result of the flow regulation of cav-
1-eNOS colocalization. Decreased expression of cav-1
in areas of DF may also further exacerbate this phenom-
enon. In regards to these findings, it is important to note
that cav-1 has been shown to inhibit eNOS activity [28—
31]. Despite this, in the present study we do not expect
direct, molecular interaction between the two molecules
in vitro because such studies investigated the active,
phosphorylated form of eNOS, which does not bind to
cav-1 [94]. Instead, colocalization of eNOS-pS1177 with
cav-1 is an indicator of its presence within caveolae,
which agrees with previous studies. However, we cannot
speculate on the in vivo interaction between cav-1 and
eNOS as we did not perform en face co-staining and used
an antibody targeting total eNOS. Additionally, while this
study only addressed the impact of cav-1 deregulation
on NO production, it is possible that DF-induced cav-1
deregulation impacts additional cav-1 signaling path-
ways. Nevertheless, the collective data from this study
indicates that the loss of caveolae/eNOS-pS1177 colo-
calization and subsequent decreased eNOS activation in
areas of DF may further increase the risks for atheroscle-
rosis development.

In this study, immunoprecipitation and proximity liga-
tion assays were not performed due to our interest in
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identifying eNOS localization within caveolae without
direct interaction between eNOS and cav-1, which is
believed to inhibit eNOS activity [28-31]. Isolation of
endothelial plasma membranes and subsequent isolation
of the caveolae fraction of the plasma membrane to then
detect eNOS within the caveolae, a technique established
by Rizzo et al. [95], were also not performed. Localiza-
tion of eNOS within caveolae was evaluated using immu-
nofluorescence in place of these other methods because
previous immunofluorescence findings were corrobo-
rated using transmission electron microscopy (TEM)
and western blotting of subfractionated luminal plasma
membrane [21]. In addition, other similar correlative
studies using immunofluorescence, Western blotting,
immunoprecipitation, and TEM validated colocalization
of caveolae with additional cellular components includ-
ing dynamin [96] and the transforming growth factor-p
(TGE-B) type I receptor [also known as activin receptor-
like kinase (ALK)] [97]. These studies, all taken together,
suggest that localization of eNOS in caveolae can be
accurately determined using the immunofluorescence
technique.

In addition to studying cav-1 expression and colo-
calization with eNOS, as an indicator of EC phenotype,
we sought to also identify an upstream mechanism of
flow-mediated cav-1 expression and function. Previous
research has shown that the endothelial GCX is weakly
expressed in areas of atherosclerosis [5-7], implicat-
ing the endothelial GCX in pro-atherosclerotic EC dys-
function, for example, by deregulating vasculoprotective
molecules such as NO [51, 53, 55]. Previously, Koo et al.
[49] used a cone-and-plate flow apparatus to study GCX
regulation after exposure to 24 h of UF or DF. They found
that GCX expression is increased in regions of UF but
decreased in areas of DF. However, their study isolated
cells in DF from those in UF, preventing communica-
tion between the two cell phenotypes as is experienced
in vivo. This current study uses a more physiologically
relevant parallel-plate flow chamber with juxtaposed
regions of DF and UF, allowing for proper EC commu-
nication. From our RFPEC studies we also demonstrated
that changes in GCX expression can occur in as little as
6 h of flow exposure, suggesting that the GCX may help
regulate rapidly changing endothelial processes. In the
present study, we specifically investigated the effects of
pro-atherosclerotic flow on the sialic acid, hyaluronic
acid, and HS components of the GCX, labeled using
WGA lectin and HS antibody. The specific GCX compo-
nents of interest were chosen due to previous research
implicating them in NO regulation [52, 54, 56, 98]. We
found that RFPEC exposure to DF resulted in statistically
significant decreases in GCX coverage and thickness
(Fig. 3). Similarly, mouse LCAs and aortas demonstrated
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similar decreases in GCX expression in the presence of
DF (Fig. 4). Furthermore, we observed that the extent of
GCX decrease (as well as cav-1 and eNOS differences)
was spatially variable when we compared the proximal
versus distal aortic arch (data not presented), indicating
the DF vascular regions are areas of transitional endothe-
lial phenotype.

By applying Hep III enzyme to HS, a major compo-
nent of the GCX, we were able to ascertain whether
decreased GCX expression in DF regions has a causal
relationship with cav-1 and eNOS-pS1177. Interestingly,
we found that HS degradation eradicated the effects of
UF on cav-1 expression and distribution (Fig. 1). Under
UF conditions with an intact GCX, cav-1 expression
was significantly increased as was upstream and appo-
sitional localization. In contrast, no changes in expres-
sion or upstream localization were observed in Hep
I1I-treated UF-conditioned cells when compared to Hep
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IIT controls, while appositional localization was retained.
The findings of unchanged appositional localization of
cav-1 in the absence of HS suggest that the localization
of caveolae to cell-cell borders is not dependent on HS.
However, all of our other evidence points to the fact that
the extent and upstream nature of cav-1 expression are
dependent on the presence of the HS component of the
GCX. While previous research has suggested that cave-
olae serve as primary mechanosensors to shear stress and
assist in eNOS activation [99, 100], the work presented
here indicates that caveolae act as indirect mechanosen-
sors that are mediated by HS. Therefore, we propose that
decreased cav-1 and caveolae polarization in ECs associ-
ated with atherosclerotic plaques is due to poor expres-
sion of HS. Additionally, other GCX components, such as
hyaluronic acid, may similarly regulate cav-1 expression
and localization, as the hyaluronic acid receptor CD44 is
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localized to caveolae [101]. However, this was outside the
scope of the current study.

We also found that HS is necessary for UF-mediated
eNOS activation, showing significantly less eNOS-
pS1177 expression in Hep III-treated UF-conditioned
cells than UF-conditioned cells with an intact GCX
(Fig. 2). These findings agree with one of our previ-
ous reports, which shows HS as a necessary GCX
component for eNOS activation [54] and proposes a
GCX-caveolae-eNOS pathway in which under UF, the HS
glycosaminoglycans, bound to the glypican core protein
GCX, activate eNOS through their association with cave-
olae [54, 102]. More interestingly, we found, for the first
time, that HS degradation resulted in decreased cav-1
and eNOS-pS1177 colocalization (Fig. 2). These results
suggest that decreased eNOS activation in DF regions is
a result of inadequate caveolae-eNOS colocalization due
to decreased HS expression. Furthermore, our data imply
that HS can trigger post-translational modifications of
eNOS or cav-1, such as eNOS acetylation, which is impli-
cated in cav-1-eNOS colocalization [31]; although, con-
firming acetylation is beyond the scope of the current
study.

Conclusion

In summary, our study demonstrates that DF can lead to
EC dysfunction associated with atherosclerosis by inhib-
iting GCX expression and regulation of cav-1 (Fig. 5).
Additionally, exposure to DF blocks eNOS activation
and association with caveolae due to loss of HS, a major
GCX component (Fig. 5). Together, these results sug-
gest that GCX deterioration promotes a pathological
EC phenotype and vascular dysfunction that can lead to
atherosclerosis (Fig. 5). Considering that atherosclerosis
accounts for up to 1 in every 3 deaths in the United States
[1], future development of new cardiovascular therapies
aimed to prevent GCX deterioration or support GCX
regeneration will be worthwhile.

Additional files

Additional file 1: Fig. S1. Custom parallel-plate flow chamber creates
physiologically relevant disturbed flow patterns. (A) Typical flow patterns
in the carotid artery and carotid bifurcation. DF patterns within the carotid
sinus are characterized by recirculation. (B) Expanded view of the flow
apparatus, including the rubber gasket (red) used to create the flow chan-
nel. The black box indicates the step referenced in Fig. 1d. (C) Shear stress
values experienced by cells along the bottom plate, with the x-axis being
the distance from the downstream edge of the step to the cells in ques-
tion. (D) Orthogonal view of the velocity profile throughout the chamber.
(E) Heat map correlating to flow velocities (cm/s) pictured in Fig. 1d.

Additional file 2: Fig. S2. Heparinase Il degrades heparan sulfate thick-
ness and coverage by ~50%. £n face Z-projections of HS stained RFPECs
(A) in static control, (B) exposed to Hep Il in static conditions, (C) exposed
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to Hep Il under UF, (D) exposed to DF, and (E) exposed to UF. (F) Quanti-
fication of normalized HS coverage as determined by MFI. (G) Quanti-
fication of normalized HS thickness. Indicating statistical significance,
*=p<0.05 and **=p<0.01.

Additional file 3: Fig S3. Demonstration of GCX thickness analysis.
Orthogonal views were obtained from z-stack images. Intensity profiles
across the GCX layer were then created using the line tool and the width
of the intensity profile was measured.

Additional file 4: Fig. S4. Caveolin-1 is preferentially located at the
upstream side of cells exposed to uniform flow. (A) Quantification of cav1
distribution in relation to flow direction for cells in (A) static flow, (B) DF, or
(C) UF conditions. (D) Comparison of cav1 distribution between various
zones of flow-conditioned cells: upstream, downstream, upper lateral,

and lower lateral. Cells that have no preferential cav-1 distribution are
considered to have diffuse distribution. *P<0.05, **P<0.01, **P<0.001, and
****¥p<0.0001.

Abbreviations

BSA: bovine serum albumin; Cav-1: caveolin-1; Cy3: cyanine-3; DAPI:
4'6-diamidino-2-phenylindole; DF: disturbed flow; DMEM: Dulbecco’s Modi-
fied Eagle Medium; EC: endothelial cell; eNOS: endothelial-type nitric oxide
synthase; eNOS-pS1177: serine 1177 phosphorylated endothelial-type nitric
oxide synthase; FBS: fetal bovine serum; GCX: glycocalyx; H,O,: hydrogen per-
oxide; Hep lll: heparinase Ill; HS: heparan sulfate; HRP: horseradish peroxidase;
LCA: left carotid artery; MFI: mean fluorescence intensity; NO: nitric oxide; OCT:
optimum cutting temperature; PBS: phosphate buffered saline; P/S: penicillin
streptomycin; RFPECs: rat fat pad endothelial cells; SEM: standard error of the
mean; UF: uniform flow; WGA: wheat germ agglutinin.

Authors’ contributions

EE, RM, SM, and IH are responsible for designing the experiments. IH and RM
performed experiments and analyzed data. EE, IH, and IMH interpreted the
results of the experiments. IH drafted the figures and manuscript. EE, SM, IMH,
and IH edited, revised the final manuscript. All authors read and approved the
final manuscript.

Author details

! Department of Bioengineering, Northeastern University, Boston, MA, USA.
2 Department of Chemical Engineering, Northeastern University, Boston, MA
02115, USA. ® Department of Developmental, Molecular, and Chemical Biol-
ogy, Tufts Sackler School of Graduate Biomedical Sciences, Boston, MA, USA.
“ Center for Innovations in Wound Healing Research, Tufts University School
of Medicine, Boston, MA, USA. ° Department of Neuroscience, Albert Einstein
College of Medicine, New York, NY, USA.

Acknowledgements

We thank Mr. Daniel Sierpina and the Northeastern University Department

of Physics Machine Shop for assistance in fabricating the flow apparatus. The
Department of Biology provided the confocal microscope. Dr. Michael Jaeggli
of the Department of Bioengineering gave insight on statistical analysis.

The manuscript was proof-read by Dr. Ming Cheng, a recent graduate of our
laboratory in the Northeastern Department of Chemical Engineering, and Mr.
Gerard O'Neil, a student in the Northeastern Department of Biology.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Data sets are available from the corresponding author upon reasonable
request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
All animal studies were carried out using procedures approved by the North-
eastern University Institutional Animal Care and Use Committee (IACUQ).


https://doi.org/10.1186/s12967-018-1721-2
https://doi.org/10.1186/s12967-018-1721-2
https://doi.org/10.1186/s12967-018-1721-2
https://doi.org/10.1186/s12967-018-1721-2

Harding et al. J Trans| Med

(2018) 16:364

Funding

This study was funded by National Institute of Health Grant KO1 HL125499
and National Science Foundation Grant DGE 1451070. Northeastern University
contributed by providing Dr. Ebong with start-up funds from the Provost
Office and by awarding student lan Harding with an Engineering Dean’s
Fellowship.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 31 May 2018 Accepted: 4 December 2018
Published online: 18 December 2018

References

1.

Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, de Fer-
ranti SD, Floyd J, Fornage M, Gillespie C, Isasi CR, Jimenez MC, Jordan
LC, Judd SE, Lackland D, Lichtman JH, Lisabeth L, Liu S, Longenecker
CT, Mackey RH, Matsushita K, Mozaffarian D, Mussolino ME, Nasir K,
Neumar RW, Palaniappan L, Pandey DK, Thiagarajan RR, Reeves MJ,
Ritchey M, Rodriguez CJ, Roth GA, Rosamond WD, Sasson C, Towfighi
A, Tsao CW, Turner MB, Virani SS, Voeks JH, Willey JZ, Wilkins JT, Wu JH,
Alger HM, Wong SS, Muntner P, C. American Heart Association Statis-
tics, and S. Stroke Statistics. Heart disease and stroke statistics-2017
Update: a report from the american heart association. Circulation.
2017;135(10):e146-603.

Passerini AG, Polacek DC, Shi C, Francesco NM, Manduchi E, Grant GR,
Pritchard WF, Powell S, Chang GY, Stoeckert CJ Jr,, Davies PF. Coexist-
ing proinflammatory and antioxidative endothelial transcription
profiles in a disturbed flow region of the adult porcine aorta. Proc
Natl Acad Sci USA. 2004;101(8):2482-7.

Gimbrone MA Jr,, Garcia-Cardena G. Vascular endothelium, hemody-
namics, and the pathobiology of atherosclerosis. Cardiovasc Pathol.
2013;22(1):9-15.

Ku DN, Giddens DP, Zarins CK, Glagov S. Pulsatile flow and atheroscle-
rosis in the human carotid bifurcation. Positive correlation between
plaque location and low oscillating shear stress. Arteriosclerosis.
1985,5(3):293-302.

Zarins CK, Giddens DP, Bharadvaj BK, Sottiurai VS, Mabon RF, Glagov S.
Carotid bifurcation atherosclerosis. Quantitative correlation of plaque
localization with flow velocity profiles and wall shear stress. Circ Res.
1983;53(4):502-14.

VanderlLaan PA, Reardon CA, Getz GS. Site specificity of atheroscle-
rosis: site-selective responses to atherosclerotic modulators. Arterio-
scler Thromb Vasc Biol. 2004;24(1):12-22.

Nigro P, Abe J, Berk BC. Flow shear stress and atherosclerosis: a matter
of site specificity. Antioxid Redox Signal. 2011;15(5):1405-14.

Mano T, Masuyama T, Yamamoto K, Naito J, Kondo H, Nagano R,
Tanouchi J, Hori M, Inoue M, Kamada T. Endothelial dysfunction in
the early stage of atherosclerosis precedes appearance of inti-

mal lesions assessable with intravascular ultrasound. Am Heart J.
1996;131(2):231-8.

Reddy KG, Nair RN, Sheehan HM, Hodgson JM. Evidence that selective
endothelial dysfunction may occur in the absence of angiographic or
ultrasound atherosclerosis in patients with risk-factors for atherosclero-
sis. J Am Coll Cardiol. 1994:23(4):833-43.

Celermajer DS, Sorensen KE, Bull C, Robinson J, Deanfield JE. Endothe-
lium-dependent dilation in the systemic arteries of asymptomatic
subjects relates to coronary risk factors and their interaction. J Am Coll
Cardiol. 1994;24(6):1468-74.

Aird WC. Phenotypic heterogeneity of the endothelium: I. Structure,
function, and mechanisms. Circ Res. 2007;100(2):158-73.

Ludmer PL, Selwyn AP, Shook TL, Wayne RR, Mudge GH, Alexander

RW, Ganz P. Paradoxical vasoconstriction induced by acetylcholine in
atherosclerotic coronary arteries. N Engl J Med. 1986,315(17):1046-51.
Le NT, Sandhu UG, Quintana-Quezada RA, Hoang NM, Fujiwara

K, Abe JI. Flow signaling and atherosclerosis. Cell Mol Life Sci.
2017;74(10):1835-58.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34

35.

Page 18 of 20

Chiu JJ, Chien S. Effects of disturbed flow on vascular endothelium:
pathophysiological basis and clinical perspectives. Physiol Rev.
2011,91(1):327-87.

Baratchi S, Khoshmanesh K, Woodman OL, Potocnik S, Peter K, McIntyre
P Molecular sensors of blood flow in endothelial cells. Trends Mol Med.
2017,23(9):850-68.

Zeiger AS, Liu FD, Durham JT, Jagielska A, Mahmoodian R, Van Vliet KJ,
Herman IM. Static mechanical strain induces capillary endothelial cell
cycle re-entry and sprouting. Phys Biol. 2016;13(4):046006.

Shaul PW, Anderson RG. Role of plasmalemmal caveolae in signal
transduction. Am J Physiol. 1998;275(5 Pt 1):.L843-51.

Parton RG, Simons K. The multiple faces of caveolae. Nat Rev Mol Cell
Biol. 2007;8(3):185-94.

Garcia-Cardena G, Oh P, Liu J, Schnitzer JE, Sessa WC. Targeting of

nitric oxide synthase to endothelial cell caveolae via palmitoyla-

tion: implications for nitric oxide signaling. Proc Natl Acad Sci USA.
1996;93(13):6448-53.

Sun RJ, Muller S, Stoltz JF, Wang X. Shear stress induces caveolin-1 trans-
location in cultured endothelial cells. Eur Biophys J. 2002;30(8):605-11.
Rizzo V, Morton C, DePaola N, Schnitzer JE, Davies PF. Recruitment of
endothelial caveolae into mechanotransduction pathways by flow con-
ditioning in vitro. Am J Physiol Heart Circ Physiol. 2003;285(4):H1720-9.
Drab M, Verkade P, Elger M, Kasper M, Lohn M, Lauterbach B, Menne J,
Lindschau C, Mende F, Luft FC, Sched! A, Haller H, Kurzchalia TV. Loss of
caveolae, vascular dysfunction, and pulmonary defects in caveolin-1
gene-disrupted mice. Science. 2001;293(5539):2449-52.

Forstermann U, Munzel T. Endothelial nitric oxide synthase in vascular
disease: from marvel to menace. Circulation. 2006;113(13):1708-14.
Shaul PW, Smart EJ, Robinson LJ, German Z, Yuhanna |, Ying Y, Anderson
RGW, Michel T. Acylation targets endothelial nitric oxide synthase to
plasmalemmal caveolae. J Investig Med. 1996;44(3):A239.

Mount PF, Kemp BE, Power DA. Regulation of endothelial and myo-
cardial NO synthesis by multi-site eNOS phosphorylation. J Mol Cell
Cardiol. 2007;42(2):271-9.

Chen ZP, Mitchelhill KI, Michell BJ, Stapleton D, Rodriguez-Crespo |,
Witters LA, Power DA, de Montellano PRO, Kemp BE. AMP-activated
protein kinase phosphorylation of endothelial NO synthase. FEBS Lett.
1999;443(3):285-9.

Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, Walsh K, Franke

TF, Papapetropoulos A, Sessa WC. Regulation of endothelium-

derived nitric oxide production by the protein kinase Akt. Nature.
1999;399(6736):597-601.

JuH, Zou R, Venema VJ, Venema RC. Direct interaction of endothelial
nitric-oxide synthase and caveolin-1 inhibits synthase activity. J Biol
Chem. 1997,272(30):18522-5.

GarciaCardena G, Fan R, Stern DF, Liu JW, Sessa WC. Endothelial nitric
oxide synthase is regulated by tyrosine phosphorylation and interacts
with caveolin-1. J Biol Chem. 1996;271(44):27237-40.

Dudzinski DM, Igarashi J, Greif D, Michel T. The regulation and phar-
macology of endothelial nitric oxide synthase. Annu Rev Pharmacol
Toxicol. 2006;46:235-76.

Shaul PW, Smart EJ, Robinson LJ, German Z, Yuhanna IS, Ying YS, Ander-
son RGW, Michel T. Acylation targets endothelial nitric-oxide synthase
to plasmalemmal caveolae. J Biol Chem. 1996;271(11):6518-22.
Korenaga R, Ando J, Tsuboi H, Yang W, Sakuma |, Toyo-oka T, Kamiya A.
Laminar flow stimulates ATP- and shear stress-dependent nitric oxide
production in cultured bovine endothelial cells. Biochem Biophys Res
Commun. 1994;198(1):213-9.

Noris M, Morigi M, Donadelli R, Aiello S, Foppolo M, Todeschini M, Orisio
S, Remuzzi G, Remuzzi A. Nitric oxide synthesis by cultured endothelial
cells is modulated by flow conditions. Circ Res. 1995;76(4):536-43.
Ziegler T, Bouzourene K, Harrison VJ, Brunner HR, Hayoz D. Influence

of oscillatory and unidirectional flow environments on the expression
of endothelin and nitric oxide synthase in cultured endothelial cells.
Arterioscler Thromb Vasc Biol. 1998;18(5):686-92.

Won D, Zhu SN, Chen M, Teichert AM, Fish JE, Matouk CC, Bonert M,
Ojha M, Marsden PA, Cybulsky MI. Relative reduction of endothelial
nitric-oxide synthase expression and transcription in atherosclerosis-
prone regions of the mouse aorta and in an in vitro model of disturbed
flow. Am J Pathol. 2007;171(5):1691-704.



Harding et al. J Trans| Med

36.

37.

38.

39.

40.

. Tarbell JM, Pahakis MY. Mechanotransduction and the glycocalyx. J

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

(2018) 16:364

GambillaraV, Chambaz C, Montorzi G, Roy S, Stergiopulos N, Silacci P
Plaque-prone hemodynamics impair endothelial function in pig carotid
arteries. Am J Physiol Heart Circ Physiol. 2006;290(6):H2320-8.

Cancel LM, Ebong EE, Mensah S, Hirshberg C, Tarbell JM. Endothelial
glycocalyx, apoptosis and inflammation in an atherosclerotic mouse
model. Atherosclerosis. 2016,252:136-46.

Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, Oude Egbrink MG.

The endothelial glycocalyx: composition, functions, and visualization.
Pflugers Arch. 2007;454(3):345-59.

Fu BM, Tarbell JM. Mechano-sensing and transduction by endothelial
surface glycocalyx: composition, structure, and function. Wiley Interdis-
cip Rev Syst Biol Med. 2013;5(3):381-90.

Filmus J, Capurro M, Rast J. Glypicans. Genome Biol. 2008;9(5):224.

Intern Med. 2006;259(4):339-50.

Nieuwdorp M, Meuwese MC, Vink H, Hoekstra JB, Kastelein JJ, Stroes
ES. The endothelial glycocalyx: a potential barrier between health and
vascular disease. Curr Opin Lipidol. 2005;16(5):507-11.

Tarbell JM, Ebong EE. The endothelial glycocalyx: a mechano-sensor
and -transducer. Sci Signal. 2008;1(40):pt8.

Nieuwdorp M, Mooij HL, Kroon J, Atasever B, Spaan JA, Ince C, Holle-
man F, Diamant M, Heine RJ, Hoekstra JB, Kastelein JJ, Stroes ES, Vink

H. Endothelial glycocalyx damage coincides with microalbuminuria in
type 1 diabetes. Diabetes. 2006;55(4):1127-32.

Padberg JS, Wiesinger A, di Marco GS, Reuter S, Grabner A, Kentrup D,
Lukasz A, Oberleithner H, Pavenstadt H, Brand M, Kumpers P. Damage
of the endothelial glycocalyx in chronic kidney disease. Atherosclerosis.
2014,234(2):335-43.

Cai B, Fan J, Zeng M, Zhang L, Fu BM. Adhesion of malignant mammary
tumor cells MDA-MB-231 to microvessel wall increases microvascular
permeability via degradation of endothelial surface glycocalyx. J Appl
Physiol (1985). 2012;113(7):1141-53.

Rehm M, Bruegger D, Christ F, Conzen P, Thiel M, Jacob M, Chappell

D, Stoeckelhuber M, Welsch U, Reichart B, Peter K, Becker BF. Shed-
ding of the endothelial glycocalyx in patients undergoing major
vascular surgery with global and regional ischemia. Circulation.
2007;116(17):1896-906.

van den Berg BM, Spaan JA, Rolf TM, Vink H. Atherogenic region and
diet diminish glycocalyx dimension and increase intima-to-media ratios
at murine carotid artery bifurcation. Am J Physiol Heart Circ Physiol.
2006;290(2):H915-20.

Koo A, Dewey CF, Garcia-Cardena G. Hemodynamic shear stress
characteristic of atherosclerosis-resistant regions promotes glycoca-
lyx formation in cultured endothelial cells. Am J Physiol Cell Physiol.
2013;304(2):.C137-46.

Reitsma S, Oude Egbrink MG, Heijnen VV, Megens RT, Engels W, Vink

H, Slaaf DW, van Zandvoort MA. Endothelial glycocalyx thickness and
platelet-vessel wall interactions during atherogenesis. Thromb Hae-
most. 2011;106(5):939-46.

Yen W, Cai B, Yang J, Zhang L, Zeng M, Tarbell JM, Fu BM. Endothelial
surface glycocalyx can regulate flow-induced nitric oxide production in
microvessels in vivo. PLoS ONE. 2015;10(1):e0117133.

Pahakis MY, Kosky JR, Dull RO, Tarbell JM. The role of endothelial
glycocalyx components in mechanotransduction of fluid shear stress.
Biochem Biophys Res Commun. 2007;355(1):228-33.

Kumagai R, Lu X, Kassab GS. Role of glycocalyx in flow-induced produc-
tion of nitric oxide and reactive oxygen species. Free Radic Biol Med.
2009;47(5):600-7.

Ebong EE, Lopez-Quintero SV, Rizzo V, Spray DC, Tarbell JM. Shear-
induced endothelial NOS activation and remodeling via heparan sul-
fate, glypican-1, and syndecan-1. Integr Biol (Camb). 2014;6(3):338-47.
Mochizuki S, Vink H, Hiramatsu O, Kajita T, Shigeto F, Spaan JA, Kajiya

F. Role of hyaluronic acid glycosaminoglycans in shear-induced
endothelium-derived nitric oxide release. Am J Physiol Heart Circ
Physiol. 2003;285(2):H722-6.

Florian JA, Kosky JR, Ainslie K, Pang Z, Dull RO, Tarbell JM. Heparan
sulfate proteoglycan is a mechanosensor on endothelial cells. Circ
Res. 2003;93(10):e136-42.

Yao'Y, Rabodzey A, Dewey CF. Glycocalyx modulates the motility and
proliferative response of vascular endothelium to fluid shear stress.
Am J Physiol Heart Circ Physiol. 2007;293(2):H1023-30.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 19 of 20

van den Berg BM, Spaan JA, Vink H. Impaired glycocalyx barrier
properties contribute to enhanced intimal low-density lipoprotein
accumulation at the carotid artery bifurcation in mice. Pflugers Arch.
2009;457(6):1199-206.

Constantinescu AA, Vink H, Spaan JA. Endothelial cell glycocalyx
modulates immobilization of leukocytes at the endothelial surface.
Arterioscler Thromb Vasc Biol. 2003;23(9):1541-7.

Marcum JA, Rosenberg RD. Heparinlike molecules with anticoagu-
lant activity are synthesized by cultured endothelial cells. Biochem
Biophys Res Commun. 1985;126(1):365-72.

Mensah SA, Cheng MJ, Homayoni H, Plouffe BD, Coury AJ, Ebong

EE. Regeneration of glycocalyx by heparan sulfate and sphingosine
1-phosphate restores inter-endothelial communication. PLoS ONE.
2017;12(10):e0186116.

Thi MM, Tarbell JM, Weinbaum S, Spray DC. The role of the glycocalyx
in reorganization of the actin cytoskeleton under fluid shear stress: a
“bumper-car”model. Proc Natl Acad Sci USA. 2004;101(47):16483-8.
Zeng Y, Tarbell JM. The adaptive remodeling of endothelial glycocalyx
in response to fluid shear stress. PLoS ONE. 2014;9(1):e86249.

Zeng 'Y, Adamson RH, Curry FR, Tarbell JM. Sphingosine-1-phosphate
protects endothelial glycocalyx by inhibiting syndecan-1 shedding.
Am J Physiol Heart Circ Physiol. 2014;306(3):H363-72.

Zeng Y, Ebong EE, Fu BM, Tarbell JM. The structural stability of the
endothelial glycocalyx after enzymatic removal of glycosaminogly-
cans. PLoS ONE. 2012;7(8):e43168.

Zeng Y, Liu XH, Tarbell J, Fu B. Sphingosine 1-phosphate induced
synthesis of glycocalyx on endothelial cells. Exp Cell Res.
2015;339(1):90-5.

Zhang L, Zeng M, Fan J, Tarbell JM, Curry FR, Fu BM. Sphingosine-
1-phosphate maintains normal vascular permeability by preserving
endothelial surface glycocalyx in intact microvessels. Microcircula-
tion. 2016;23(4):301-10.

Walpola PL, Gotlieb Al, Langille BL. Monocyte adhesion and changes
in endothelial-cell number, morphology, and F-actin distribution elic-
ited by low shear-stress invivo. Am J Pathol. 1993;142(5):1392-400.
Kwak BR, Mulhaupt F, Veillard N, Gros DB, Mach F. Altered pattern of
vascular connexin expression in atherosclerotic plaques. Arterioscler
Thromb Vasc Biol. 2002;22(2):225-30.

Schnitzer JE. Gp60 is an albumin-binding glycoprotein expressed

by continuous endothelium involved in albumin transcytosis. Am J
Physiol. 1992,262(1):H246-54.

Cheng MJ, Kumar R, Sridhar S, Webster TJ, Ebong EE. Endothelial
glycocalyx conditions influence nanoparticle uptake for passive
targeting. Int J Nanomed. 2016;11:3305-15.

Bartosch AMW, Mathews R, Tarbell JM. Endothelial glycocalyx-medi-
ated nitric oxide production in response to selective AFM pulling.
Biophys J. 2017;113(1):101-8.

Ebong EE, Macaluso FP, Spray DC, Tarbell JM. Imaging the endothe-
lial glycocalyx in vitro by rapid freezing/freeze substitution
transmission electron microscopy. Arterioscler Thromb Vasc Biol.
2011;31(8):1908-15.

Nam D, Ni CW, Rezvan A, Suo J, Budzyn K, Llanos A, Harrison D, Giddens
D, Jo H. Partial carotid ligation is a model of acutely induced disturbed
flow, leading to rapid endothelial dysfunction and atherosclerosis. Am J
Physiol Heart Circ Physiol. 2009;297(4):H1535-43.

Shahcheraghi N, Dwyer HA, Cheer AY, Barakat Al, Rutaganira T. Unsteady
and three-dimensional simulation of blood flow in the human aortic
arch. J Biomech Eng. 2002;124(4):378-87.

Rodkiewicz CM. Localization of early atherosclerotic lesions in the aortic
arch in the light of fluid flow. J Biomech. 1975;8(2):149-56.

Ko KA, Fujiwara K, Krishnan S, Abe JI. En face preparation of mouse
blood vessels. J Vis Exp. 2017. https://doi.org/10.3791/55460.

Singh A, Satchell SC, Neal CR, McKenzie EA, Tooke JE, Mathieson PW.
Glomerular endothelial glycocalyx constitutes a barrier to protein
permeability. J Am Soc Nephrol. 2007;18(11):2885-93.

Dunn KW, Kamocka MM, McDonald JH. A practical guide to evaluat-
ing colocalization in biological microscopy. Am J Physiol Cell Physiol.
2011,300(4):.C723-42.

Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its role in
atherosclerosis. JAMA. 1999,282(21):2035-42.


https://doi.org/10.3791/55460

Harding et al. J Transl Med

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

(2018) 16:364

Ebong EE, Depaola N. Specificity in the participation of connexin
proteins in flow-induced endothelial gap junction communication.
Pflugers Arch. 2013;465(9):1293-302.

Razani B, Engelman JA, Wang XB, Schubert W, Zhang XL, Marks CB,
Macaluso F, Russell RG, Li MM, Pestell RG, Di Vizio D, Hou H, Kneitz B,
Lagaud G, Christ GJ, Edelmann W, Lisanti MP. Caveolin-1 null mice are
viable but show evidence of hyperproliferative and vascular abnormali-
ties. J Biol Chem. 2001;276(41):38121-38.

Miyawaki-Shimizu K, Predescu D, Shimizu J, Broman M, Predescu S,
Malik AB. siRNA-induced caveolin-1 knockdown in mice increases lung
vascular permeability via the junctional pathway. Am J Physiol Lung
Cell Mol Physiol. 2006;290(2):L405-13.

Galbiati F, Engelman JA, Volonte D, Zhang XL, Minetti C, Li M, Hou H Jr,
Kneitz B, Edelmann W, Lisanti MP. Caveolin-3 null mice show a loss of
caveolae, changes in the microdomain distribution of the dystrophin-
glycoprotein complex, and t-tubule abnormalities. J Biol Chem.
2001,276(24):21425-33.

Fielding CJ. Caveolae and signaling. Curr Opin Lipidol. 2001;12(3):281-7.

Schwencke C, Schmeisser A, Walter C, Wachter R, Pannach S, Weck B,
Braun-Dullaeus RC, Kasper M, Strasser RH. Decreased caveolin-1in
atheroma: loss of antiproliferative control of vascular smooth muscle
cells in atherosclerosis. Cardiovasc Res. 2005:68(1):128-35.

Hassan GS, Jasmin JF, Schubert W, Frank PG, Lisanti MP. Caveolin-1
deficiency stimulates neointima formation during vascular injury.
Biochemistry. 2004;43(26):8312-21.

Rodriguez-Feo JA, Hellings WE, Moll FL, De Vries JP, van Middelaar BJ,
Algra A, Sluijter J, Velema E, van den Broek T, Sessa WC, De Kleijn DP,
Pasterkamp G. Caveolin-1 influences vascular protease activity and is a
potential stabilizing factor in human atherosclerotic disease. PLoS ONE.
2008;3(7):e2612.

del Pozo MA, Balasubramanian N, Alderson NB, Kiosses WB, Grande-
Garcia A, Anderson RGW, Schwartz MA. Phospho-caveolin-1 mediates
integrin-regulated membrane domain internalization. Nat Cell Biol.
2005;7(9):901-U57.

Sottile J, Chandler J. Fibronectin matrix turnover occurs through a
caveolin-1-dependent process. Mol Biol Cell. 2005;16(2):757-68.

Boo YC, Sorescu G, Boyd N, Shiojima I, Walsh K, Du J, Jo H. Shear stress
stimulates phosphorylation of endothelial nitric-oxide synthase at
Ser1179 by Akt-independent mechanisms: role of protein kinase A. J
Biol Chem. 2002;277(5):3388-96.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Page 20 of 20

Cheng C, van Haperen R, de Waard M, van Damme LC, Tempel D,
Hanemaaijer L, van Cappellen GW, Bos J, Slager CJ, Duncker DJ, van der
Steen AF, de Crom R, Krams R. Shear stress affects the intracellular dis-
tribution of eNOS: direct demonstration by a novel in vivo technique.
Blood. 2005;106(12):3691-8.

Sanchez-Gomez FJ, Calvo E, Breton-Romero R, Fierro-Fernandez M, Anil-
kumar N, Shah AM, Schroder K, Brandes RP, Vazquez J, Lamas S. NOX4-
dependent hydrogen peroxide promotes shear stress-induced SHP2
sulfenylation and eNOS activation. Free Radic Biol Med. 2015;89:419-30.
Figueroa XF, Gonzalez DR, Puebla M, Acevedo JP, Rojas-Libano D, Duran
WN, Boric MP. Coordinated endothelial nitric oxide synthase activation
by translocation and phosphorylation determines flow-induced nitric
oxide production in resistance vessels. J Vasc Res. 2013;50(6):498-511.
Rizzo V, Mclntosh DP, Oh P, Schnitzer JE. In situ flow activates endothe-
lial nitric oxide synthase in luminal caveolae of endothelium with

rapid caveolin dissociation and calmodulin association. J Biol Chem.
1998;273(52):34724-9.

Oh P, McIntosh DP, Schnitzer JE. Dynamin at the neck of caveolae medi-
ates their budding to form transport vesicles by GTP-driven fission from
the plasma membrane of endothelium. J Cell Biol. 1998;141(1):101-14.
Santibanez JF, Blanco FJ, Garrido-Martin EM, Sanz-Rodriguez F, del

Pozo MA, Bernabeu C. Caveolin-1 interacts and cooperates with the
transforming growth factor-beta type I receptor ALK1 in endothelial
caveolae. Cardiovasc Res. 2008:77(4):791-9.

Nikmanesh M, Shi ZD, Tarbell JM. Heparan sulfate proteoglycan
mediates shear stress-induced endothelial gene expression in mouse
embryonic stem cell-derived endothelial cells. Biotechnol Bioeng.
2012;109(2):583-94.

RizzoV, Sung A, Oh P, Schnitzer JE. Rapid mechanotransduction in situ
at the luminal cell surface of vascular endothelium and its caveolae. J
Biol Chem. 1998;273(41):26323-9.

Yang B, Rizzo V. Shear stress activates eNOS at the endothelial apical
surface through beta containing integrins and caveolae. Cell Mol
Bioeng. 2013,6(3):346-54.

llangumaran S, Briol A, Hoessli DC. CD44 selectively associates with
active Src family protein tyrosine kinases Lck and Fyn in glycosphin-
golipid-rich plasma membrane domains of human peripheral blood
lymphocytes. Blood. 1998;91(10):3901-8.

Zeng Y, Liu J. Role of glypican-1 in endothelial NOS activation under
various steady shear stress magnitudes. Exp Cell Res. 2016;348(2):184-9.

Ready to submit your research? Choose BMC and benefit from:

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC




	Pro-atherosclerotic disturbed flow disrupts caveolin-1 expression, localization, and function via glycocalyx degradation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Cell culture
	Shear stress apparatus
	Glycocalyx treatment
	Animal studies
	Fluorescent staining of caveolin-1, eNOS, and glycocalyx in vitro
	Fluorescent staining of caveolin-1, eNOS, and glycocalyx in vivo
	Confocal microscopy
	Data acquisition
	Statistical analysis

	Results
	Generation and characterization of atherosclerosis-relevant flow in vitro
	Flow-induced caveolin-1 expression is attenuated in disturbed flow in vitro and in vivo
	Caveolin-1 distribution preferences are flow-dependent
	Flow-induced caveolin-1 colocalization with the eNOS signaling molecule is decreased in disturbed flow in vitro and in vivo
	The glycocalyx mechanosensor in vitro and in vivo: implications for flow-regulated caveolin-1 expression, distribution, and colocalization with eNOS

	Discussion
	Conclusion
	Authors’ contributions
	References




