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Abstract

The contribution of the shear stress-sensitive epithelial Na*™ channel (ENaC) to the mechanical properties of the endothe-
lial cell surface under (patho)physiological conditions is unclear. This issue was addressed in in vivo and in vitro models
for endothelial dysfunction. Cultured human umbilical vein endothelial cells (HUVEC) were exposed to laminar (LSS) or
non-laminar shear stress (NLSS). ENaC membrane insertion was quantified using Quantum-dot-based immunofluorescence
staining and the mechanical properties of the cell surface were probed with the Atomic Force Microscope (AFM) in vitro
and ex vivo in isolated aortae of C57BL/6 and ApoE/LDLR” mice. Flow- and acetylcholine-mediated vasodilation was
measured in vivo using magnetic resonance imaging. Acute LSS led to a rapid mineralocorticoid receptor (MR)-dependent
membrane insertion of ENaC and subsequent stiffening of the endothelial cortex caused by actin polymerization. Of note,
NLSS stress further augmented the cortical stiffness of the cells. These effects strongly depend on the presence of the
endothelial glycocalyx (eGC) and could be prevented by functional inhibition of ENaC and MR in vitro endothelial cells
and ex vivo endothelial cells derived from C57BL/6, but not ApoE/LDLR'/ “vessel. In vivo In C57BL/6 vessels, ENaC- and
MR inhibition blunted flow- and acetylcholine-mediated vasodilation, while in the dysfunctional ApoE/LDLR™" vessels,
this effect was absent. In conclusion, under physiological conditions, endothelial ENaC, together with the glycocalyx, was
identified as an important shear stress sensor and mediator of endothelium-dependent vasodilation. In contrast, in pathophysi-
ological conditions, ENaC-mediated mechanotransduction and endothelium-dependent vasodilation were lost, contributing
to sustained endothelial stiffening and dysfunction.
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Introduction

Healthy endothelium is defined by its anti-thrombotic and
anti-inflammatory activity, barrier function, modulation of
vessel tone and blood pressure. In contrast, dysfunctional
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endothelium displays pro-thrombotic and pro-inflammatory
phenotype and is causally responsible for the development
of atherosclerosis and other cardiovascular disorders [1-3],
while some drugs reversing endothelial dysfunction prevent
cardiovascular diseases [4, 5]

Endothelial function is modulated by the shear stress
of the streaming blood [6]. Due to their strategic position
in the blood vessel, endothelial cells generally sense and
react to changes in shear stress which is physically defined
as the tangential force derived by the friction of the flow-
ing blood on the endothelial surface. It is the product of the
shear rate at the wall and the blood viscosity. Important ele-
ments of the shear stress sensing machinery are represented
by the flow-sensitive glycocalyx endothelial (eGC) on top
of endothelial cells, plasma membrane inserted mechano-
sensitive ion channels, and the cortical actin-rich network
located 50-150 nm underneath the plasma membrane. Thus,
shear stress- and mechanotransduction by endothelial cells
are dependent on the faultless interaction of these elements.
Recently, the mechano-sensitive epithelial Na® channel
(ENaC) was identified as an important shear stress sen-
sor. Knoepp et al. reported that glycosylated asparagines in
the palm and knuckle domains of the ENaC a-subunit are
important for shear stress sensing [7]. In accordance with the
force-from-filament principle, these structures may provide
a connection to the extracellular matrix (ECM), providing
a complex flow sensing structure at the cellular surface [7].

ENaC is known to be mechano-sensitive and its activity
(P,) can be increased by laminar shear stress [8—12]. Similar
to the epithelial ENaC, endothelial ENaC can also sense and
be regulated by the blood flow-induced shear stress [13].

In addition to mechano-sensitive ion channels, the
mechanical properties (i.e., cortical stiffness) of the endothe-
lial surface itself have a crucial impact on shear stress sens-
ing and transmission of the signal into the interior of the
cell [14]. The continuous change between a ‘soft” and ‘stiff’
condition of endothelial cells is physiologically important
and guarantees flexible adaptations to changes in blood pres-
sure or shear stress levels maintaining vascular homeostasis.
In contrast, persistent stiffening of the endothelial cortex can
be seen as a pathophysiological condition and was recently
defined as ‘stiff endothelial cell syndrome’ (SECS) [15]
and was linked to dysfunctional endothelium. Aldosterone,
a high salt load or pro-inflammatory substances for exam-
ple, were shown to contribute to the development of SECS
[16-20]. The mechanical properties of the endothelial sur-
face in turn determine the nitric oxide (NO) production and
maintain flow-mediated vasodilation (FMD). Of note, FMD
represents a widely accepted method to assess endothelial
function in humans that has a prognostic value in cardiovas-
cular disease in humans [21].

Recently, the mechano-sensitive endothelial ENaC
was suggested to be a major regulator of the endothelial
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mechanics and vascular function [22, 23]. This is based on
the fact that ENaC-dependent changes in the cortical stiff-
ness-degree affect the release of NO from the endothelial
cells, as cortical stiffness and NO release are inversely cor-
related [24]. Moreover, the endothelial NO-synthase (eNOS)
is co-localized with cortical F-actin in the plasma membrane
of endothelial cells and it could be shown that polymeri-
zation of the actin cytoskeleton (shift from G- to F-actin)
decreases eNOS activity/NO release [25] and also vice versa
[26]. Pharmacological (benzamil, amiloride or spironolac-
tone) as well as genetic (siRNA and endothelial xENaC KO
mice) manipulation of ENaC function/expression, affect
the cortical stiffness [24, 27]. It was shown that a reduced
ENaC membrane abundance and/or activity modulates the
bioavailability of NO, linking endothelial nanomechanics
with endothelial function [16, 28].

Recently, a correlation between ENaC-dependent
endothelial plasticity (i.e., the ability to flexibly adapt the
stiffness-degree) and an increased pulse wave velocity
(PWYV) was found in a patient cohort [29]. This indicates
that endothelial function correlates with overall arterial
stiffness, but the underlying mechanisms are insufficiently
understood.

There is given consent that (i) ENaC acts as a shear stress
sensor, (ii) ENaC activity is dependent on flow and (iii)
ENaC function maintains vascular responsiveness. However,
little is known about the underlying mechanisms, especially
in the comparison of physiological and pathophysiological
conditions.

To better understand a possible distinct role of ENaC-
dependent mechanosensing in the regulation of endothe-
lial function, we studied ENaC-dependent mechanisms
under flow condition in in vitro microfluidic model mim-
icking laminar and non-laminar shear stress conditions as
well as in vivo in control-wild-type mice and in ApoE/
LDLR”"mouse model for endothelial dysfunction and ath-
erosclerosis. Our data suggest a cross-talk between ENaC-
dependent endothelial mechanosignalling, hemodynamic
forces and vascular function that is preserved in healthy
mice but is lost in the setting of endothelial dysfunction in
mice with atherosclerosis. Thus, following the concept of
mechanomedicine [30], we identified the endothelial surface
as an important hub for the regulation of vascular function.

Methods
Cell and tissue culture

Human umbilical vein endothelial cells (HUVEC) were
isolated as described previously [24]. Cells were seeded
on fibronectin-coated glass coverslips or microslides
(u-Slide I, 0.6 Luer, IBIDI GmbH, Grifeling, Germany)



Rapid shear stress-dependent ENaC membrane insertion is mediated by the endothelial glycocalyx...

Page3of 14 235

and cultivated in Medium 199 (GIBCO, Invitrogen Corp.,
Karlsruhe, Germany) supplemented with penicillin G,
streptomycin, heparin, FCS (fetal calf serum), and reti-
nal growth factor, freshly extracted from calf eyes, until
confluence was reached (3-5 days). Experiments were
conducted on monolayers of the second or third passage.
Twenty-four hours prior to the experiments, aldosterone
(1 nmol/L) was added to the culture medium. In the sub-
sequent experiments, substances were used as follows:
100 nM canrenoate was acutely applied to the medium
while the 15 min application of shear stress. Brefeldin
A (BFA, 5 pg/ml) was added 90 min and Heparinase I (1
SU) was applied 60 min prior to shear stress experiments.

Animals, aorta preparation and cultivation

Aortae derived from ApoE/LDLR™ (apolipoprotein
E-deficient and Low-Density Lipoprotein Receptor-
Deficient Double Knockout mouse, bred in the Depart-
ment of Human Nutrition, University of Agriculture in
Krakow, Poland) and C57/BL/6 (WT, (from Mossakowski
Medical Research Centre, Polish Academy of Sciences,
Warsaw, Poland)) mice at the age of 3—6 months were
prepared for the experiments as described elsewhere
[18, 24]. All mice (body weight of 20-30 g) were bred
in standard conditions (LD: 12/12, humidity: 60%, tem-
perature: 23 °C), and housed in pathogen-free settings.
In brief, animals were euthanized by an intraperitoneal
injection consisting of ketamine (100 mg per kg body
weight; Vetoquinol Biowet, Poland) and xylazine (10 mg
per kg body weight, Sigma Aldrich, Miinchen, Germany).
In the case of stiffness measurements with the Atomic
Force Microscope (AFM) [31] and immunofluorescence
stainings, the thoracic aorta was isolated and stored in a
modified version of 4 °C chilled solution 8 [24]. Cleaning
of connective tissue under microscopic visualization and
further preparations were conducted within 1-2 days as
recently described [24]. The procedure results in aortic
preparations with the endothelial surface facing upwards,
thus enabling in situ experiments on living endothelial
cells as described before [24]. After preparation, the
in situ patches were cultured at 37 °C and 5% CO, in
minimal essential medium (MEM, GE Healthcare, Aus-
tria), containing 20% bovine fetal serum (PAA, Austria),
1% MEM vitamins (Gibco, UK), penicillin (10.000 U/
ml, Biochrom, Germany), streptomycin (10.000 pg/ml,
Biochrom, Germany) and 1% MEM non-essential amino
acids (MEM NEAA, Gibco, UK) for 24-48 h. Depending
on group allocation, either ethanol (Sigma Aldrich) or
100 nM spironolactone (solvent control, Sigma Aldrich)
was added to the medium.

Shear stress experiments

For flow-exposure experiments, shear stress was applied to
HUVECS using a conventional microfluidic system (IBIDI).
Cells were mounted on fibronectin-coated microslides
(u-Slide I, 0.6 Luer, IBIDI) and incubated at 37 °C with 5%
CO,. After 30 min of sedimentation, the cells were grown
for 48 h before application of shear stress. The medium was
changed on a daily basis. Once cells attained confluency,
culture media was allowed to pass through cells using the
IBIDI pump system to apply unidirectional non-pulsatile
shear stress of 8 dyn/cm? on the HUVECsS for a period of
either 48 h for chronic effects or 15 min for acute effects.
Initially, the pressure was gradually increased from 2 to 8
dyne/cm?. For static experiments, cells were seeded on p
slide, and no shear stress was applied.

To apply non-laminar shear stress, y-shaped microslides
(u-Slide y-shaped, IBIDI) were employed under the same
conditions. With this in vitro microfluidic system, it is possi-
ble to simulate blood vessel bifurcations and thus the impact
of inhomogeneous shear stress. Non-laminar shear stress can
be monitored in bifurcations of the channel Thus, this sys-
tem represents a reliable in vitro model for atherosclerotic
processes. Substances were added as appropriate directly
into the pump system.

Immunofluorescence staining

To study the membrane abundance of ENaC, immunofiuo-
rescence stainings were performed as described elsewhere
[24, 32]. To avoid differences in cell shape and density of
HUVEQC, the culture conditions were strictly controlled
and only confluent cells were used for the experiments.
HUVEC:s and in situ endothelial cells derived from ex vivo
aorta preparations were fixed with 0.1% glutaraldehyde and
gently washed four to five times in phosphate-buffered saline
(PBS, in mmol/L: 140 NaCl, 2 KCl, 4 Na,HPO,, 1 KH,PO,,
pH 7.4) at room temperature. Then, the in situ endothelial
cells were washed again in PBS and blocked with 10% nor-
mal goat serum (NGS) at room temperature for 30 min to
block unspecific binding sites. As described previously, a
specific polyclonal anti-aENaC antibody was used in a 1:250
dilution (Santa Cruz Biotechnology, USA) [33]. For Quantu-
mDot (QD) labeling, cells were incubated with QD655goat
F(ab’)2 anti-rabbit IgG conjugates (1:800) (QuantumDot,
Hayward, USA).

For the heparan sulfate (HS) stainings, a specific Anti-
HS (10E4 epitope) mouse antibody (AMS Biotechnology,
Abingdon, UK) and as a secondary antibody QD565goat
F(ab’), anti-mouse IgG conjugates (QuantumDot) were
used. As a negative control, cells were stained only with the
secondary antibody (QD655 or QD565).
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Staining was verified by epifluorescence microscopy
(microscope: Leica DMI 6000B, Leica Microsystems; cam-
era: CoolSNAPHQ, Photometrics). The QD-based immuno-
fluorescence was quantified by counting QD/1000 um? of
cell surface area using ImagelJ software (National Institutes
of Health, USA). Images were taken in 3 different Z-sections
of the endothelial monolayer and all images were analyzed
simultaneously with identical exposure times to account
for any variations in cell height or staining intensities. QD
background levels (QD detected in negative controls) were
subtracted from the results. The quantified ENaC/QD num-
ber per area was normalized to the respective control group
for further analysis.

For staining of cortical F-actin, HUVEC and endothe-
lial cells derived from ex vivo aorta preparations were fixed
with 4% formaldehyde for 30 min and gently washed with
PBS afterwards. For permeabilization purposes, Triton
X-100 (Sigma Aldrich, Germany) was added to the cells
for 1 min. Phalloidin—Tetramethylrhodamine B isothiocy-
anate (Phalloidin-TRITC, Sigma Aldrich) was added in a
dilution of 1:100 for 60 min. The cells ex vivo patches were
then mounted on microscopy slides with medium contain-
ing 4',6-diamidino-2-phenylindole (DAPI). The fluorescence
images were conducted with an inverted confocal micro-
scope (TCS SP8, Leica Microsystems, Wetzlar, Germany)
equipped with a 63 X NA 1.4 objective. Z stacks of the entire
cell or the apical part were recorded and later visualized by
maximum intensity projection [34].

Atomic force microscopy measurements

Mechanical stiffness of the endothelial cortex was deter-
mined using an atomic force microscope (AFM; MultiMode
SPM, Bruker, Berlin, Germany) as described elsewhere
[24]. Briefly, a MultiMode 3 SPM AFM (Bruker, Ger-
many) equipped with a feedback-controlled heating device
(Nanoscope Heater Controller; Digital Instruments, Veeco,
USA) was used to create force—distance-curves (FDC) of the
endothelial cells in vitro and ex vivo, which were prepared
and cultured as described above. To determine exclusively
the stiffness of the endothelial cell cortex, soft triangular
cantilevers (Novascan, USA), with a nominal spring con-
stant of 0.03 N/m and a polystyrene sphere (10 um) as a
tip, were used, whereas a ramp size of 2 um and a trigger
threshold of 100 nm were chosen as described elsewhere
[24]. Measurements were performed at 37 °C in HEPES-
buffered solution (composition in mmol/l: NaCl 140, KCl1 5,
MgCl, 1, CaCl, 1, glucose 5, HEPES 10 (N-2-hydroxyethyl-
piperazine-N’-2-ethanesulfonic acid), pH 7.4). To ensure an
intact endothelial function, 1% FCS was added to the buffer
during the measurements. According to the pre-incubation
of the ex vivo preparations (WT and ApoE/LDLR™), either
ethanol, 100 nM spironolactone (chronic, 24 h) or 1 uyM
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amiloride (acute, 30 min) was added to the buffer during
the measurements. From each preparation, the stiffness of
approximately 20 endothelial cells was determined, whereas
6 FDC of each cell were taken and averaged.

To study the shear stress-induced changes of the mechani-
cal properties of endothelial cells, HUVEC grown on
microslides were fixed with 0.1% glutaraldehyde immedi-
ately after application of shear stress with the IBIDI pump
system. Then the polymer coverslip, at the bottom of the
microslides carrying the cells, was manually cut out (about
1 mm?) and mounted on a glass coverslip using CellTak
similar to the procedure described for aortic ex vivo patches
[24]. Stiffness measurements of fixed endothelial cells were
also conducted with the MultiMode 3 AFM as described
elsewhere [35]. During the measurements, endothelial cells
were constantly bathed in phosphate-buffered saline (PBS).

All obtained AFM data were collected with NanoScope
software 5.31 and V8.10 (Bruker). Stiffness values were cal-
culated from FDC using the Protein Unfolding and Nano-
Indentation Analysis Software PUNIAS 3D version 1.0
release 2.2 (http://punias.voila.net).

MRI-based assessment of endothelial function
in vivo

4-5-month-old ApoE/LDLR” mice and age-matched control
C57BL/6 mice were anaesthetized using isoflurane (Aer-
rane, Baxter Sp. z 0. 0., Poland, 1.7 vol%) in oxygen and air
(1:2) mixture and imaged using a 9.4 T scanner dedicated
for magnetic resonance imaging (MRI) of mice (BioSpec 94
USR, Bruker, Germany), in the supine position. The activity
of the heart, respiration and body temperature (maintained at
37 °C using circulating warm water) were monitored using a
Monitoring and Gating System (SA Instruments Inc., Stony
Brook, NY, USA). All experiments were approved by the
Ethics Local Committee of Jagiellonian University (Krakow,
Poland) and were compliant with the Guide for the Care and
Use of Laboratory Animals of the National Academy of Sci-
ences (NIH publication No. 85-23, revised 1996).
Endothelium-dependent vascular responses in vivo
were assessed by 2 techniques, as described previously in a
number of studies [36—41], measurements of endothelium-
dependent response to acetylcholine (Ach) and flow-medi-
ated dilation (FMD) in response to reactive hyperemia, the
latter considered to be a gold standard in studies on endothe-
lial dysfunction in humans [42]. Response to injection of
Ach (Sigma—Aldrich, Poznan, Poland: 50 pl, 16.6 mg/kg,
i.p.), was analyzed in the abdominal (AA) and thoracic (TA)
parts of aorta. The vasomotor responses were examined by
comparing two, time-resolved 3D images of the vessels prior
to and 25 min after intraperitoneal Ach administration (time
was determined experimentally in our previous study [37]
and the dose of Ach used to assess endothelium-dependent


http://punias.voila.net

Rapid shear stress-dependent ENaC membrane insertion is mediated by the endothelial glycocalyx...

Page50f14 235

vasodilation in vivo in mice was based on previous study
[43]. FMD after short-term occlusion was assessed in the
femoral artery (FA). Artery occlusion was induced by a
home-made vessel occluder, described elsewhere [39].
Briefly, vessel occluder was placed in measurement bed
while loop was put on mice hind limb. At the beginning of
the experiment, 3D image of femoral artery was obtained
before vessel occlusion and then mice were pulled out from
MRI scanner to provide proper loop positioning. Vessel
occlusion was induced by pulling of the syringe plunger
resulting in the loop closing. In the next step, position-
ing measurements were repeated, and after 5 min of ves-
sel occlusion [44], the clamp was released by pushing the
syringe plunger. 3D image of the femoral artery after vessel
occlusion was obtained immediately after loop release.

The MRI-based methodology allowed us to measure
endothelial function in physiological flow conditions in vivo
based on the magnitude of endothelium-dependent vasodila-
tion in the large vessels (the aortae and femoral artery) in
response to chemical stimulation (acetylcholine in the aorta)
or in response to increased flow induced by 5 min vessel
occlusion in the FA (flow-mediated vasodilation). Previ-
ously, this methodology was well validated and repeatedly
used in our studies in various murine models of cardiovas-
cular diseases in vivo [36—41, 45, 46].

FMD and Ach-induced responses were measured 30 min
and 1 h after benzamil (1 mg/kg, i.v) or canrenone (10 mg/
kg, i.v) administration, respectively.

Images were acquired using the cine IntraGate™ FLASH
3D sequence, reconstructed with the IntraGate 1.2.b.2 macro
(Bruker). Volumes of the vessels were analyzed using
ImagelJ software 1.46r (NIH Bethesda, Maryland, USA)
using scripts written in Matlab (MathWorks, Natick, MA,
USA), in the hyperstack (3D images of AA were positioned
on the sagittal view of the mice) of the AA (10 slices in
diastole, from the renal arteries down) and the TA (10 slices
in diastole, from the celiac artery up) or in the hyperstack
(3D images of FA were positioned on the coronal view of
the mice, on the right hind limb of the mouse) of the FA
(7 slices). All cross-sectional areas of vessels at each slice
were obtained using thresholding segmentation and exported
to Matlab, where vessel volumes were reconstructed and
calculated. Imaging parameters included the following: rep-
etition time (TR)—6.4 ms, echo time (TE)—1.4 ms, field
of view (FOV)—30x 30x5 mm? for the FA and 30 x 30x14
mm? for the aorta, matrix size—256 x 256x30 for the FA and
256 x256x35 for the aorta, flip angle—30°, and the number
of accumulations (NA)—15. Total scan time was 10—12 min.

Statistical analysis

The significance of the difference in each data set was deter-
mined using 1-way ANOVA, 2-way ANOVA with Tukey

post hoc test or Kruskal-Wallis—rANOVA depending on a
normal distribution. When significant differences between
groups were detected, post hoc comparisons were made
by Student’s ¢ test (parametric) or Mann—Whitney-U test
(non-parametric). Asterisks refer to: *p <0.05; **p <0.01,
**%¥p <0.001 or respective lower p-values. All specified data
were calculated as median (Q,: 1st quartile, Q3: 3rd quar-
tile) and are displayed as box plots: mean (square), median
(horizontal line), 25th and 75th percentile, outlier (whisk-
ers). Specified n-numbers refer to cells analyzed, whereas
N-numbers refer to independent experiments. For AFM
measurements, N =number of mice, n =number of single
measured endothelial cells per aorta.

Results

Increase of ENaC membrane abundance by acute
and chronic shear stress: the role of glycocalyx
and MR

The regulation of ENaC by shear stress was recently
reported [8—12], but the underlying mechanisms and the
time course are unclear up to now. To study the basic
effects of physiological relevant shear stress (8 dyne/
cm?) on the membrane insertion and abundance of ENaC,
LSS was chronically applied for 48 h using the IBIDI
pump system. Immunofluorescence-based quantifica-
tion of ENaC molecules in the membrane of fixed, non-
permeabilized cells revealed that chronic shear stress
significantly increased ENaC membrane abundance by
48.6 +3.6% (N=3, n=195, p<0.01) compared to con-
trols without LSS (Fig. 1A). In particular, to test whether
acute shear stress activates ENaC, LSS (8 dyne/cmz) was
applied for 15 min to an endothelial cell monolayer and
the ENaC membrane abundance was again quantified
using a QD-mediated immunofluorescence approach. It
was found that acute LSS augmented the ENaC mem-
brane abundance by 58.5 +4.5% compared to static con-
ditions (N=3,n=195, p<0.01) (Fig. 1B), indicating the
rapid membrane insertion of preformed ENaC molecules
which might be localized in vesicles beneath the plasma
membrane [47, 48]. To test the involvement of vesicular
transport of ENaC between the endoplasmatic reticulum
and the golgi apparatus in ENaC membrane insertion,
Brefeldin A (BFA) was applied. As shown in Fig. 2A,
BFA prevented the acute effects of shear stress, resulting
in a significantly lower amount of ENaC in the plasma
membrane (N=3, n=141-157, 90 min pre-incubation)
supporting the role of vesicle transport and intracellular
trafficking in ENaC membrane insertion in response to
LSS. Importantly, application of the aldosterone recep-
tor antagonist canrenone (CA), the active metabolite of
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Fig. 1 Shear stress-induced ENaC membrane abundance within min-
utes. A ENaC membrane abundance was quantified under chronic
laminar shear stress (48 h, 8 dyne/cm?) and showed a significant
increase compared to non-flow controls by 48.6+3.6%. B Applica-
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Fig.2 Analysis of «ENaC membrane expression. A Under acute
(15 min) LSS (8 dyne/cm?), application of Brefeldin A (5 pg/ml)
reduced the membrane abundance of ENaC by 32.3+5.2% (N=3,
n=142). These observations indicate a non-genomic membrane
insertion of ENaC. B Application of CA (100 nM), the active metab-
olite of the MR antagonist spironolactone and/or acute (15 min)
application of LSS (8 dyne/cm?) prevents the LSS effect under flow
conditions by 20.7+4.0% compared to static control conditions
(N=3, n=157). C Application of Benzamil (1 pM) prevents the LSS
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(»<0.001))



Rapid shear stress-dependent ENaC membrane insertion is mediated by the endothelial glycocalyx...

Page70f 14 235

the mineralocorticoid antagonist spironolactone, also
prevented the rapid shear stress-induced ENaC mem-
brane insertion in the presence of aldosterone (N =3,
n=157-194, p <0.01) (Fig. 2B). This indicates that the
MR-dependent mechanism is also involved in the rapid
membrane insertion of ENaC. Furthermore, functional
inhibition of ENaC using benzamil reduced the number
of shear stress-induced channels in the endothelial plasma
membrane (Fig. 2C) which is in agreement with previous
findings [32].

Given the fact that the eGC was identified as an impor-
tant shear stress sensor in vascular endothelial cells [49]
and to test the role of the eGC in the context of ENaC reg-
ulation by shear stress, heparinase I (Hepl) was employed
to enzymatically remove the heparan sulfates (HS) as
they represent the major parts of the eGC. Removal of
the mechanosensing eGC led to a significant decrease in
ENaC membrane abundance under shear stress conditions
by 13.0+3.0% (N=3, n=195, p <0.01), whereas under
static conditions, no effect was observed (Fig. 2D). This
indicates that the presence and integrity of the eGC are

important for signal transduction of shear stress into the
cell regulating rapid ENaC membrane insertion.

Non-laminar shear stress induces actin
polymerization and increases cortical stiffness

Blood flow-induced shear stress is an essential feature in the
development of atherosclerosis. In particular, non-laminar
shear stress (NLSS) can be seen as a promotor of atherogen-
esis. To test whether acute NLSS influences the nanome-
chanical properties and function of endothelial cells and thus
contributes to the development of endothelial dysfunction,
specific y-shaped cell culture slides (IBIDI) were employed
to mimic conditions with disturbed blood flow that occurs
in atherosclerosis.

In this model, it was demonstrated that acute application
of NLSS increased ENaC membrane abundance compared to
static conditions (+21.4+4.7%, N=3, static n=237, LSS/
NLSS n=120, p <£0.01), but had no additional effect com-
pared to LSS (Fig. 3A).

Reorganization of the cortical actin cytoskeleton was
shown to significantly contribute to changes in endothelial

Fig.3 Impact of non-laminar A B —
shear stress. A ENaC mem- —~ =]
brane abundance was quanti- § 3- o S, 2504 kil
fied and showed a significant = *x %k > * *
increase in LSS (8 dyne/cmz) o ‘D
conditions compared to non- o © 5 c 2004
flow controls by 21.4 +4.7%. 2 :g 24 : -g
NLSS (8 dyne/cm?) increased w s = 1504
ENaC membrane abundance * 0 8
as well (+25.0+4.3%), but o ) c
it did not matter which form = o] 8 100+
of shear stress was applied % g 14 8
(N=3,n=120). B LSS lead -3 8 504
to stiffening of the cell cortex £ 3
by 18.9+5.5% compared to 5 "E
static controls. NLSS further c 0 T T T = 0 T T T
increased the cortical stiffness =~ static LSS NLSS &’ static LSS NLSS
by 67.9 +8.9% compared to
non-flow conditions (N=3,
n=37) (*=significant differ- C
ence (p <0.05, *** =signifi- = PR
cant difference (p <0.001)). C w 24
Cortical F-actin was quantified 3 = kol kX
by confocal microscopy and = 8
showed a significant increase by E o 34 :
19.2+4.0% in LSS conditions " s ;
compared to non-flow controls. © S .
NLSS further increased F-actin 2 g 2+ :
by 65.5+5.4% compared to ‘g + *
static controls (N=3, n=39). (3] g
D Scheme and representative g N 14. L ‘_ ..
images of the analysis of corti- s © "
cal actin. Static, LSS and NLSS % E
conditions are shown - 0 0

o L ] L]

= static LSS NLSS
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nanomechanics and function [25, 34]. Accordingly, appli-
cation of LSS significantly enhanced the presence of cor-
tical F-actin compared to static conditions by 19.2 +4.0%
(N=3,n=36, p<0.01). Of note, NLSS further increased
the amount of cortical F-actin (65.5+5.4%, N=3, n=39,
p <0.01) compared to static controls (Fig. 3B).

Using AFM-based nanoindentation measurements, we
could link shear stress-induced ENaC membrane abundance
and actin polymerization to the nanomechanical proper-
ties of the endothelial cortex in that LSS led to stiffening
of the cell cortex by 18.9+5.5% (N=3, n=37, p<0.01)
compared to static controls which can be explained by an
enhanced amount of F-actin under LSS condition. Impor-
tantly, the application of NLSS further increased the cortical
stiffness by 67.9+8.9% (N=3, n=36, p<0.01) (Fig. 3C)
paralleled by further, NLSS-induced actin polymerization.
These results underscored the effects of NLLS in a reliable
in vitro model. Figure 3D shows exemplary confocal images
of cortical actin, without effects on stress fibers.

Distinct effects of ENaC or MR inhibition

on endothelial nanomechanics in C57BL/6

as compared with ApoE/LDLR”" mice: an ex vivo
approach

The contribution of ENaC to endothelial nanomechanics in
a pathophysiological condition was studied in the ApoE/
LDLR™ mouse model for endothelial dysfunction and com-
pared with control C57BL/6 mice (WT).

Therefore, ex vivo endothelial cells in the isolated aorta
were probed for ENaC membrane abundance in endothelial
cells (Fig. 4A), ENaC-dependent mechanical stiffness of the
endothelial cortex (Fig. 4B), and the actin polymerization
level (Fig. 4C).

QD-based immunofluorescence stainings of aENaC-
membrane abundance revealed a decreased aENaC levels
in ApoE/LDLR” aortic endothelial cells compared to WT
(-23%, WT control: N=3, n=28; ApoE/LDLR”" control:
N=3,n=32, p<0.01) (Fig. 4A). As reported before [24,
32], functional ENaC inhibition with amiloride or appli-
cation of the MR antagonist spironolactone reduced the
amount of aENaC in the WT (approx. — 43% as compared
to control; control: 100.0 +3.79, N=3, n=28; amiloride:
57.19+£6.57, N=3, n=28; spironolactone: 56.65 +4.65,
N=3,n=28, p<0.001) (Fig. 4A). Of note, in the ApoE/
LDLR” endothelial cells ENaC or MR inhibition has
no effect on the ENaC membrane abundance (control:
76.73+7.25, N=3, n=32; amiloride: 96.04 + 8.60, N=3,
n=44; spironolactone: 68.37 +8.71, N=3, n=32) (Fig. 4A).
Cortical stiffness was analogously decreased after amiloride
and spironolactone in in situ endothelial cells of ex vivo
aorta preparations from C57BL/6 mice (20% each; control:
0.98+0.02 pN/nm, N=3, n=56; amiloride: 0.83 +0.02
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pN/nm, N =3, n=>54; spironolactone: 0.85 +0.02 pN/nm,
N=3,n=57, p<0.001) which is in agreement with previ-
ous publication [24], but was without effect in the ApoE/
LDLR™ aortae (control: 1.04 +0.03 pN/nm, N=3, n=57;
amiloride: 1.08 +0.03 pN/nm, N=3, n=152; spironolac-
tone: 1.05+0.02 pN/nm, N=3, n=56) (Fig. 4B). However,
under control conditions, the ApoE/LDLR’/ ~ endothelial
cells show a significantly increased cortical stiffness com-
pared to C57BL/6 endothelial cells (+ 6%, p <0.01), despite
reduced ENaC membrane abundance (Fig. 4B). Thus, this
observation might indicate altered nanomechanical proper-
ties due to persistent endothelial dysfunction in the aorta
from ApoE/LDLR™ mice. Accordingly, an increased corti-
cal actin polymerization in the ApoE/LDLR”" endothelial
cells could be shown compared to C57BL/6 endothelial cells
using Phalloidin-TRITC stainings for F-actin (+14.17%;
WT: N=4, n=108, mean: 55.89 +3.340 arbitrary units;
ApoE: N=4, n=125, Mean: 65.12+2.925 arbitrary units,
p <0.005) (Fig. 40).

As illustrated in Fig. 4D, functional (amiloride and ben-
zamil) and transcriptional (spironolactone) ENaC inhibi-
tion lead to decreased actin fluorescence-intensity values
within the cortical region in vitro (— 42%, — 50%, and
— 19%, respectively) (amiloride: 0.57 +0.023; benzamil:
0.49 +0.021; spironolactone: 0.82+0.02, (N=3, n=59-67,
p <0.05)), indicating depolymerization of the cortical
F-actin after application of the Na*-channel blockers. As
positive control, the destabilization agent cytochalasin D
was applied, which reduced cortical F-actin fluorescence
intensity by — 28% (0.71 +£0.030) (N=3, n=60, p <0.05)
(Fig. 4D).

Distinct effects of ENaC or MR inhibition on flow-
and Ach-dependent vasodilation in C57BL/6

as compared with ApoE/LDLR”" mice: in vivo
approach

To confirm striking differences in response to ENaC-inhi-
bition in WT vs. ApoE/LDLR’/' aortae ex vivo, we tested
whether MRI-based assessment of endothelial function
in vivo would also reveal distinct effects of ENaC inhibi-
tion. We demonstrated that the administration of benzamil
or canrenone (CA) prevented the FMD response in the femo-
ral artery (FA) of control C57BL/6 mice (Fig. SA, volume
change of the FA: 8.5% and 20.3%, respectively, vs. 27.3% in
untreated mice). In contrast, in ApoE/LDLR” mice, display-
ing impaired FMD, neither benzamil nor canrenone further
inhibited FMD (Fig. 5A, 16.7% and 14.6%, respectively, vs.
14.1% in untreated mice).

Moreover, normal Ach-induced vasodilation in
C57BL/6 mice, in the abdominal aorta (Fig. 5B, volume
change: 6.5%) was completely lost in C57BL/6 mice
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nificantly decreased the ENaC membrane expression by — 43% and
— 41% (N=3, n=28), respectively. In the ApoE/LDLR” mouse
model, this effect is abolished, indicated an alternative ENaC regu-
lation under dysfunctional conditions. Compared to WT, in ApoE/
LDLR” ex vivo endothelial cells the ENaC membrane expression
is not reduced after application of amiloride and spironolactone
(N=3, n=32-44, **significant difference=p<0.01, ***p <0.001).
B The cortical stiffness of endothelial cells ex vivo derived from

pre-treated with canrenone or benzamil. In turn, impaired
Ach-induced function in ApoE/LDLR_/_ mice (— 9.9%)
only slightly (without a statistical difference) aggravated
in the abdominal aorta (— 17.3%), after pre-treatment with
benzamil. Similarly, canrenone pre-treatment of ApoE/
LDLR” mice, did not modify Ach-induced response in
the AA. Altogether, MRI-based assessment of endothelial
function in vivo fully recapitulated our findings in ex vivo
vessels by showing distinct effects of ENaC or MR inhibi-
tion on flow- and Ach-dependent vasodilation in C57BL/6
as compared with ApoE/LDLR”" mice.
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- 17% (N=3, n=28) and — 20% (N=3, n=>56, ** significant dif-
ference=p <0.01, ***p<0.001), respectively. This effect is absent
in the ApoE/LDLR” model. C Phalloidin stainings revealed the
amount of F-actin in ApoE/LDLR”" endothelial cells is significantly
increased to WT by 14% (N=4, n=109-125, ** significant dif-
ference=p <0.01). D In in vitro endothelial cells, actin is depo-
lymerized by CyD (— 28%), amiloride (— 41%), benzamil (— 49%)
and spironolactone (— 18%). (N=3; n=60, * significant differ-
ence=p<0.05)

Discussion

In the present study, it was found that (i) rapid ENaC plasma
membrane insertion is regulated by laminar and non-laminar
shear stress, (ii) this mechanism is dependent on eGC signal-
ing and the MR and (iii) ENaC regulation is disturbed in the
presence of an existing endothelial dysfunction.

Recently, we could correlate ENaC membrane abun-
dance and the degree of cortical stiffness: the more ENaC,
the stiffer the endothelial cortex [24]. However, these stud-
ies were conducted only under static conditions. Here, we
could show that ENaC membrane insertion was stimulated
by laminar flow (i.e., LSS, 8 dyne/cm?). This supports
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Fig.5 Effects of benzamil and canrenone on endothelial function
in vivo in C57BL/6 and ApoE/LDLR’/’ mice. A Flow-induced (FMD)
vasodilation in the femoral artery (FA), after 5 min of vessel occlu-
sion, and acetylcholine(Ach)-induced vasodilation in the abdominal
aorta (B, AA) 30 min after Ach administration are shown. Results
from 4-5-month-old ApoE/LDLR'/ " (n=5) and C57BL/6 (n=5) mice
pre-treated with benzamil (n=5, both groups) or canrenone (n=35,
both groups) in comparison to age-matched, untreated ApoE/LDLR
" (n=5) and C57BL/6 mice (n=5), respectively. FMD response was
measured 30 min after benzamil (1 mg/kg, i.v) or canrenone (10 mg/
kg, i.v) administration. Ach-dependent response was measured 1 h
after benzamil or canrenone administration. Statistics: two-way
ANOVA followed by Tukey’s post hoc test (normality was assessed
using the Shapiro—Wilk test): *** p <0.001

earlier reports identifying ENaC in epithelial cells or het-
erologously expressed in oocytes of Xenopus laevis as a
mechano-sensor, which responds with an increased open
probability to higher rates of shear stress [8]. Importantly,
a new finding of the present study is that in endothelial
cells ENaC membrane insertion under shear stress occurs
rapidly within minutes and is sensitive to BFA, indicat-
ing that the additionally demanded ENaC molecules are
inserted non-genomically from intracellular pools. This
rapid ENaC membrane insertion is accompanied by actin
polymerization and subsequent mechanical stiffening of
the endothelial cortex.
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In addition to ENaC, the eGC on top of endothelial
cells is recognized as an important shear stress sensor
that is anchored via, e.g., syndecan-1 within the cell cor-
tex. This enables efficient transduction of biochemical and
biomechanical signals from the intravascular compartment
towards endothelial cells, making the eGC a critical inter-
face between the blood and vascular wall [50, 51]. Recently,
the importance of a proper eGC could be demonstrated by
showing its degradation in an ApoE/LDLR”" mouse model
which could be interpreted as early sign of endothelial dys-
function [38].

Of note, we could demonstrate that under flow conditions,
enzymatic removal of the eGC significantly decreased the
membrane abundance of ENaC. From these data, we postu-
late that shear stress sensed by the eGC activates a signal-
ing cascade leading to the rapid non-genomic membrane
insertion of ENaC. This is in agreement with a recent study
indicating that shear stress may cause deflections of the eGC
that in turn is transmitted via N-glycans to aENaC [7]; for
review, see [52].

In the present work, we were able to show that in the pres-
ence of aldosterone, the rapid shear stress-induced ENaC
membrane insertion was mediated by the MR. It is gener-
ally accepted that the aldosterone-induced increase in cell
surface ENaC expression and channel open probability is
regulated in two stages by: (i) trafficking and stabilization
of pre-expressed ENaC subunits at the apical cell membrane
(non-genomic) and (ii) through the MR-dependent regula-
tion of ENaC subunit gene transcription (genomic) [53]. In
agreement with our findings, an aldosterone/MR-dependent
non-genomic, rapid membrane insertion of ENaC has been
reported in epithelial cells [54, 55], which could be mediated
by MR cross-talk, and interaction with different signaling
cascades—potentially adding up to a functional synergism
between both effects. Recently, a rapid increase in ENaC
activity through elevated apical membrane channel density
has been linked to vesicle trafficking processes via an intact
cortical cytoskeleton and coupled to activation of small
GTPases [26, 56-58].

With the rapid membrane insertion of endothelial ENaC
due to increased fluid shear stress, the vascular cells possess
an effective mechanism to react to hemodynamic changes
within minutes. This phenomenon can be regarded as a kid-
ney-independent mechanism of blood pressure regulation
and is in line with recent findings showing that endothelial
ENaC is indispensable for the regulation of the vascular tone
under flow conditions [33].

To mimic atheroprone conditions in vitro, ENaC mem-
brane insertion and the mechanical properties of the
endothelial surface were studied under turbulent flow (i.e.,
NLSS). While the actin polymerization level and cortical
stiffness increased, the channel abundance could not be
further augmented compared to LSS. This could indicate
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(i) a saturated expression of the channel under LSS con-
ditions and (ii) a loss of ENaC-responsiveness and/or dis-
turbed signaling under atheroprone conditions (NLSS). It is
also likely that turbulent flow leads to an activation of the
NF-kappa B pathway, which down-regulates SGK1 expres-
sion decreasing ENaC membrane abundance [59]. These
observations might explain the contribution of NLSS to
pro-atherosclerotic processes—predominantly in branching
regions of blood vessels. Previous studies could show a link
between the cortical actin cytoskeleton, cortical stiffness and
the bioavailability of NO as a marker for endothelial dys-
function [60]. This is supported by data showing that eNOS
activity is increased by G-actin [61]—a property of a soft
endothelial cell exhibiting a larger G-actin/F-actin ratio and
thus possesses a better capacity to release NO during shear
stress [62]. The NLSS-induced stiffening is in agreement
with data showing that oscillatory flow activates inflam-
matory pathways, such as NF-kB, contributes to NO-defi-
ciency and promotes atherogenesis. Thus, laminar flow is an
important atheroprotective, adaptive process, while regions
of arteries under disturbed fluid shear stress are prone to
atherosclerosis.

To study the involvement of ENaC-dependent mecha-
nosignaling in the regulation of vascular stiffness, ex vivo
endothelial cells in the isolated aorta derived from a mouse
model for endothelial dysfunction were employed. In func-
tional, healthy vessels, inhibition of ENaC, either pharma-
cologically or genetically, resulted in the fall of the chan-
nel’s membrane abundance and decreased stiffness of the
endothelial cortex, most likely via depolymerisation of the
cortical actin [24], which could also be confirmed in this
study. As expected, the basal cortical stiffness of ApoE/
LDLR” endothelial cells was increased compared to WT,
indicating a severe functional impairment of the vascular
endothelium linked to disturbed endothelial nanomechanics
[63]. In agreement with that, we found an increase in cortical
endothelial F-actin in ApoE/LDLR'/ " ex vivo aorta, indicat-
ing a reorganization of the cortical actin-rich mesh. Of note,
in the ApoE/LDLR™ ex vivo endothelial cells in the aorta,
the number of membrane ENaC was even lowered compared
to WT, which was accompanied by a diminished response
to functional ENaC inhibition. This could be caused by the
fact that actin assembly and disassembly together with some
actin-binding proteins control the membrane insertion and
function of ENaC [64]. Thus, the increase in F-actin and
cortical stiffness could be responsible for improper ENaC
endo- and exocytosis and a loss of functional responsive-
ness of the channel. Further, it could be speculated that in
dysfunctional endothelium, the reduced ENaC membrane
abundance is compensatory or the increased cortical stift-
ness is based on an ENaC-independent mechanism.

From these results, we conclude that under pro-ather-
ogenic conditions the rearrangement of the cortical actin

can be seen as the important pathophysiological element of
endothelial dysfunction contributing to structural alterations
of the cytoarchitecture of the endothelial cells and dimin-
ished functional response to ENaC inhibition.

To validate our hypothesis further, we analyze the role
of ENaC-dependent mechanosignaling in the regulation of
endothelial function by MRI in in vivo conditions with an
established protocol [36, 38, 39] in WT and ApoE/LDLR'/"
mice. Using this methodology, we demonstrated that ENaC
or MR inhibition resulted in blunting of the endothelial-
dependent vasodilation in abdominal aortae induced by
Ach and in femoral artery induced by flow in C57BL/6
mice. However, in the ApoE/LDLR™ model for endothelial
dysfunction and atherosclerosis [38, 63, 65], ENaC or MR
inhibition did not modify these responses that were initially
impaired in ApoE/LDLR” mice. The contribution of ENaC
to endothelium-dependent vasodilation in healthy mice is
in agreement with previous findings [33, 39] and supports
the notion of the important role of ENaC-dependent mecha-
nosignaling in the regulation of endothelial function. These
findings can be explained by the fact that ENaC is an impor-
tant shear stress sensor and its proper function is impera-
tive to transduce the appropriate signal coming from the
streaming blood into vasodilation response [7, 8]. Indeed,
endothelium-dependent vasodilation of FMD but also the
response induced by Ach in in vivo conditions is obviously
modulated by flow [66]. Of note, Ashley et al. demonstrated
that ENaC has divergent roles in vascular responsiveness in
conduit and resistant arteries of mice [67]: In carotid arter-
ies, ENaC mediates flow-dependent vasoconstriction while
in conduit arteries ENaC acts as a vasodilator. The under-
lying reasons for this obviously local differences in ENaC
function are unclear yet.

The important and novel finding of this work was to dem-
onstrate the ENaC-dependent mechanosignaling in ApoE/
LDLR™ mice was lost and can thus be seen as an indicator
for disturbed mechanosensing and subsequent signaling.

Altogether, based on these results, we postulate the fol-
lowing scenario: under physiological shear stress conditions
(LSS and WT), upon signal transduction via the eGC, ENaC
is inserted MR-dependent into the membrane of endothelial
cells, where it contributes to proper endothelial function
including the ability to regulate endothelium-dependent
vasodilation. Under atheroprone conditions (NLSS and
ApoE/LDLR™), in contrast, an ENaC-independent reor-
ganization of the actin cytoskeleton occurs, which stiffens
the cortex, endothelium-dependent vasodilation is impaired
and ENaC-dependent mechanism regulating endothelium-
dependent function is lost (Fig. 6). This is in agreement with
data showing that endothelial cells, derived from critically
ill patients with an increased pulse wave velocity, have lost
the ability to functionally respond to ENaC inhibition [29].
Based on these results, we postulate that malfunction of
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Fig. 6 Maladaptive loss of ENaC-dependent regulation of endothelial
response to flow contributes to endothelial dysfunction Left side: in a
healthy condition, the endothelial cells can flexible adapt to changes
in their environment, e.g., different rates of shear stress. This includes
an appropriate ENaC-dependent mechanotransduction and the ability
of the vessel to react to flow with dilation. Right side: in case of a

ENaC mechanosignalling manipulates endothelial nanome-
chanics which in turn leads to SECS and disturbed vascular
homeostasis. This loss of homeostasis is considered to lead
to pathological conditions as soon as adaptive physiologi-
cal mechanisms of ENaC mechanosignalling are replaced
by maladaptive mechanisms contributing to endothelial
dysfunction.

To conclude, our results suggest that impaired flow-
mediated dilation, paralleled by an increased endothelial
stiffness, might be related to a disturbed ENaC-glycocalyx-
mediated mechanosensing leading to a loss of endothelial
homeostasis. This new mechanism contributes to the field
of mechanomedicine and provides a novel mechanisms by
which ENaC preserves endothelial hemostasis but when
this mechanism goes awry and endothelial dysfunction
develops represents a potentially useful therapeutic target.
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damaged and atheroprone endothelium, the endothelial cells lost their
plasticity. This includes disturbed regulation and mechanotransduc-
tion via ENaC, chronic stiffening of the cortex and as a result a loss
of normal functional properties of the vessel. It could be debated if
such conditions further impair ENaC function, supposing a vicious
circle of vascular dysfunction

The major challenge is to better understand the molecular
mechanism underlying the switch from adaptive to mala-
daptive ENaC-glycocalyx-mediated mechanosensing to
preserve endothelial hemostasis and to prevent or reduce
cardiovascular pathologies.

Acknowledgements We thank Prof. Hans Oberleithner for stimulating
discussions and critically reading the manuscript, Marianne Wilhelmi
and Sergej Handel (Institute of Physiology II, University of Miinster)
for their excellent technical assistance. A.B. and M.Z.P. acknowledge
the START scholarship, awarded by the Foundation for Polish Sci-
ence (Foundation for Polish Science, START2020 and START2019
program, respectively). We are grateful to COST Action BM1301 for
supporting networking activities.

Author contributions ZC, MS, BF, AB, GK MZP, LH, ML, JS,
and SH conducted the main experiments and analyzed data. SC and



Rapid shear stress-dependent ENaC membrane insertion is mediated by the endothelial glycocalyx...

Page 130f 14 235

KK-V designed the research study, analyzed the data and wrote the
manuscript.

Funding Open Access funding enabled and organized by Pro-
jekt DEAL. This work was supported by grants from the Deutsche
Forschungsgemeinschaft (KU 1496/7-1, KU 1496/7-3, INST 392/141-1
FUGG), Team Tech—Core Facility program of the FNP (Foundation
for Polish Science), co-financed by the European Union under the
European Regional Development Fund (project No. POIR.04.04.00-
00-5CAC/17-00) and partially by National Science Centre, Poland
project No. DEC-2017/24/C/ST4/00075.

Availability of data and materials The datasets generated during the
current study are available from the corresponding authors on reason-
able request.

Declarations

Conflict of interest Not applicable.

Ethical approval All experiments were approved by the Ethics Local
Committee of Jagiellonian University (Krakow, Poland) and were com-
pliant with the Guide for the Care and Use of Laboratory Animals
of the National Academy of Sciences (NIH publication No. 85-23,
revised 1996).

Consent to participate Not applicable.

Consent for publication All the authors gave their consent for publish-
ing this manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bonetti PO, Lerman LO, Lerman A (2003) Endothelial dysfunc-
tion: a marker of atherosclerotic risk. Arterioscler Thromb Vasc
Biol 23:168-175

2. Souilhol C et al (2018) Endothelial-mesenchymal transition in
atherosclerosis. Cardiovasc Res 114:565-577

3. Alexander Y et al (2021) Endothelial function in cardiovascular
medicine: a consensus paper of the European Society of Cardiol-
ogy Working Groups on Atherosclerosis and Vascular Biology,
Aorta and Peripheral Vascular Diseases, Coronary Pathophysi-
ology and Microcirculation, and Thrombosis. Cardiovasc Res
117:29-42

4. Daiber A, Chlopicki S (2020) Revisiting pharmacology of oxi-
dative stress and endothelial dysfunction in cardiovascular

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

disease: evidence for redox-based therapies. Free Radic Biol Med
157:15-37

Chlopicki S, Gryglewski RJ (2005) Angiotensin converting
enzyme (ACE) and HydroxyMethylGlutaryl-CoA (HMG-CoA)
reductase inhibitors in the forefront of pharmacology of endothe-
lium. Pharmacol Rep 57:86-96

Chistiakov DA, Orekhov AN, Bobryshev YV (2017) Effects of
shear stress on endothelial cells: go with the flow. Acta Physiol
219:382-408

Knoepp F et al (2020) Shear force sensing of epithelial Na(+)
channel (ENaC) relies on N-glycosylated asparagines in the palm
and knuckle domains of alphaENaC. Proc Natl Acad Sci U S A
117:717-726

Althaus M et al (2007) Mechano-sensitivity of epithelial sodium
channels (ENaCs): laminar shear stress increases ion channel open
probability. FASEB J 21:2389-2399

Satlin LM et al (2001) Epithelial Na* channels are regulated by
flow. Am J Physiol 280:F1010-F1018

Carattino MD, Sheng S, Kleyman TR (2005) Mutations in the
pore region modify epithelial sodium channel gating by shear
stress. J Biol Chem 280:4393-4401

Carattino MD, Sheng S, Kleyman TR (2004) Epithelial Na+
channels are activated by laminar shear stress. J Biol Chem
279:4120-4126

Fronius M et al (2010) Epithelial Na+ channels derived from
human lung are activated by shear force. Respir Physiol Neuro-
biol 170:113-119

Wang C et al (2013) Endothelial cell sensing of flow direction.
Arterioscler Thromb Vasc Biol 33:2130-2136

Fels J et al (2014) Nanomechanics of vascular endothelium. Cell
Tissue Res 355:727-737

Lang F (2011) Stiff endothelial cell syndrome in vascular
inflammation and mineralocorticoid excess. Hypertension
57:146-147

Schierke F et al (2017) Nanomechanics of the endothelial glyco-
calyx contribute to Na*-induced vascular inflammation. Sci Rep
13:46476

Korte S et al (2014) Feedforward activation of endothelial ENaC
by high sodium. FASEB J 28:4015-4025

Jeggle P et al (2015) Aldosterone synthase knockout mouse as a
model for sodium-induced endothelial sodium channel up-regu-
lation in vascular endothelium. FASEB J 30:45-53

Fels J, Kusche-Vihrog K (2018) Endothelial nanomechanics in the
context of endothelial (Dys)function and inflammation. Antioxid
Redox Signal 1:945-959

Schaefer A, Hordijk PL (2015) Cell-stiffness-induced mecha-
nosignaling—a key driver of leukocyte transendothelial migra-
tion. J Cell Sci 128:2221-2230

Markos F, Ruane O’Hora T, Noble MI (2013) What is the mecha-
nism of flow-mediated arterial dilatation. Clin Exp Pharmacol
Physiol 40:489-494

Fels B, Kusche-Vihrog K (2020) It takes more than two to tango:
mechanosignaling of the endothelial surface. Pflugers Arch
472:419-433

Su Y, Kondrikov D, Block ER (2005) Cytoskeletal regulation of
nitric oxide synthase. Cell Biochem Biophys 43:439-449

Jeggle P et al (2013) Epithelial sodium channel stiffens the vas-
cular endothelium in vitro and in Liddle mice. Hypertension
61:1053-1059

Fels J et al (2012) Cortical actin nanodynamics determines nitric
oxide release in vascular endothelium. PLoS One 7:¢41520

Mi Q et al (2011) Activation of endothelial nitric oxide synthase is
dependent on its interaction with globular actin in human umbili-
cal vein endothelial cells. J Mol Cell Cardiol 51:419-427

Tarjus A et al (2017) The endothelial alphaENaC contributes to
vascular endothelial function in vivo. PLoS One 12:¢0185319

@ Springer


http://creativecommons.org/licenses/by/4.0/

235 Page140f14

Z.C.Cosgun et al.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Hill MA, Jaisser F, Sowers JR (2020) Role of the vascular
endothelial sodium channel activation in the genesis of patho-
logically increased cardiovascular stiffness. Cardiovasc Res
7:130-140

Lenders M et al (2015) Differential response to endothelial epi-
thelial sodium channel inhibition ex vivo correlates with arterial
stiffness in humans. J Hypertens 33:2455-2462

Naruse K (2018) Mechanomedicine. Biophys Rev 10:1257-1262
Hahn CA et al (2009) Dose-dependent effects of radiation therapy
on cerebral blood flow, metabolism, and neurocognitive dysfunc-
tion. Int J Radiat Oncol Biol Phys 73:1082-1087
Kusche-Vihrog K et al (2008) Aldosterone and amiloride alter
ENaC abundance in vascular endothelium. Pflugers Arch
455:849-857

Tarjus A et al (2017) The endothelial aENaC participates to vas-
cular endothelial function in vivo. PLoS One 26:¢0185319
Kronlage C et al (2015) Feeling for filaments: quantification of
the cortical actin web in live vascular endothelium. Biophys J
109:687-698

Grimm KB, Oberleithner H, Fels J (2014) Fixed endothelial cells
exhibit physiologically relevant nanomechanics of the cortical
actin web. Nanotechnology 25:215101

Bar A et al (2020) In vivo magnetic resonance imaging-based
detection of heterogeneous endothelial response in thoracic and
abdominal aorta to short-term high-fat diet ascribed to differ-
ences in perivascular adipose tissue in mice. J] Am Heart Assoc
9:¢016929

Bar A et al (2016) Retrospectively gated MRI for in vivo assess-
ment of endothelium-dependent vasodilatation and endothelial
permeability in murine models of endothelial dysfunction. NMR
Biomed 29:1088-1097

Bar A et al (2019) Degradation of glycocalyx and multiple mani-
festations of endothelial dysfunction coincide in the early phase of
endothelial dysfunction before atherosclerotic plaque development
in apolipoprotein e/low-density lipoprotein receptor-deficient
mice. ] Am Heart Assoc 8:¢011171

Sternak M et al (2018) The deletion of endothelial sodium channel
alpha (alphaENaC) impairs endothelium-dependent vasodilation
and endothelial barrier integrity in endotoxemia in vivo. Front
Pharmacol 9:178

Kij A et al (2021) Thrombin inhibition prevents endothelial dys-
function and reverses 20-HETE overproduction without affecting
blood pressure in angiotensin II-induced hypertension in mice. Int
J Mol Sci 22:8664

Mohaissen T et al (2021) Temporal relationship between systemic
endothelial dysfunction and alterations in erythrocyte function in a
murine model of chronic heart failure. Cardiovasc Res 7:cvab306
Frolow M et al (2015) Comprehensive assessment of vascular
health in patients; towards endothelium-guided therapy. Pharma-
col Rep 67:786-792

Phinikaridou A et al (2012) Noninvasive magnetic resonance
imaging evaluation of endothelial permeability in murine athero-
sclerosis using an albumin-binding contrast agent. Circulation
126:707-719

Langbein H et al (2016) NADPH oxidase 4 protects against devel-
opment of endothelial dysfunction and atherosclerosis in LDL
receptor deficient mice. Eur Heart J 37:1753-1761

Bar A et al (2019) Vitamin K2-MK-7 improves nitric oxide-
dependent endothelial function in ApoE/LDLR(-/-) mice. Vascul
Pharmacol 122-123:106581

Proniewski B et al (2021) Systemic administration of insulin
receptor antagonist results in endothelial and perivascular adipose
tissue dysfunction in mice. Cells 10:1448

Gonzalez-Montelongo R et al (2016) Plasma membrane insertion
of epithelial sodium channels occurs with dual kinetics. Pflugers
Archiv-Eur J Physiol 468:859-870

@ Springer

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Butterworth MB et al (2009) Regulation of the epithelial sodium
channel by membrane trafficking. Am J Physiol Renal Physiol
296:F10-F24

Tarbell JIM, Ebong EE (2008) The endothelial glycocalyx: a mech-
ano-sensor and -transducer. Sci. Signal 1:t8

Weinbaum S et al (2003) Mechanotransduction and flow across the
endothelial glycocalyx. Proc Natl Acad Sci USA 100:7988-7995
Cosgun ZC, Fels B, Kusche-Vihrog K (2020) Nanomechanics
of the endothelial glycocalyx: from structure to function. Am J
Pathol 190:732-741

Zhang J et al (2021) Detrimental or beneficial: role of endothelial
ENaC in vascular function. J Cell Physiol 237:29-48

Dooley R, Harvey BJ, Thomas W (2012) Non-genomic actions of
aldosterone: from receptors and signals to membrane targets. Mol
Cell Endocrinol 350:223-234

Grossmann C et al (2005) Human mineralocorticoid receptor
expression renders cells responsive for nongenotropic aldosterone
actions. Mol Endocrinol 19:1697-1710

Funder JW (2005) The nongenomic actions of aldosterone. Endocr
Rev 26:313-321

Karpushev AV, Ilatovskaya DV, Staruschenko A (2010) The actin
cytoskeleton and small G protein RhoA are not involved in flow-
dependent activation of ENaC. BMC Res Notes 3:210
Karpushev AV et al (2010) Intact cytoskeleton is required for
small G protein dependent activation of the epithelial Na+ chan-
nel. PLoS One 5:e8827

Karpushev AV et al (2011) Novel role of Racl/WAVE signaling
mechanism in regulation of the epithelial Na+ channel. Hyperten-
sion 57(5):996-1002

de Seigneux S et al (2008) NF-kappaB inhibits sodium transport
via down-regulation of SGK1 in renal collecting duct principal
cells. J Biol Chem 283:25671-32581

Fels J et al (2012) Cortical actin nanodynamics determines nitric
oxide release in vascular endothelium. PLoS One 7:¢41520

Su Y et al (2003) Regulation of endothelial nitric oxide syn-
thase by the actin cytoskeleton. Am J Physiol-Cell Physiolog
284:C1542-C1549

Fels J et al (2010) Nitric oxide release follows endothelial nano-
mechanics and not vice versa. Pflugers Arch 460:915-923
Maase M et al (2019) Combined Raman- and AFM-based detec-
tion of biochemical and nanomechanical features of endothelial
dysfunction in aorta isolated from ApoE/LDLR-/- mice. Nanomed
Nanotechnol Biol Med 16:97-105

Morachevskaya EA, Sudarikova AV (2021) Actin dynamics as
critical ion channel regulator: ENaC and Piezo in focus. Am J
Physiol Cell Physiol 320:C696—-C702

Csanyi G et al (2012) Functional alterations in endothelial NO,
PGI(2) and EDHF pathways in aorta in ApoE/LDLR-/- mice.
Prostaglandins Other Lipid Mediat 98:107-115

Miller VM, Aarhus LL, Vanhoutte PM (1986) Modulation of
endothelium-dependent responses by chronic alterations of blood
flow. Am J Physiol 251:H520-H527

Ashley Z et al (2018) Epithelial Na(+) channel differentially
contributes to shear stress-mediated vascular responsiveness in
carotid and mesenteric arteries from mice. Am J Physiol Heart
Circ Physiol 314:H1022-H1032

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Rapid shear stress-dependent ENaC membrane insertion is mediated by the endothelial glycocalyx and the mineralocorticoid receptor
	Abstract
	Introduction
	Methods
	Cell and tissue culture
	Animals, aorta preparation and cultivation
	Shear stress experiments
	Immunofluorescence staining
	Atomic force microscopy measurements
	MRI-based assessment of endothelial function in vivo
	Statistical analysis

	Results
	Increase of ENaC membrane abundance by acute and chronic shear stress: the role of glycocalyx and MR
	Non-laminar shear stress induces actin polymerization and increases cortical stiffness
	Distinct effects of ENaC or MR inhibition on endothelial nanomechanics in C57BL6 as compared with ApoELDLR-- mice: an ex vivo approach
	Distinct effects of ENaC or MR inhibition on flow- and Ach-dependent vasodilation in C57BL6 as compared with ApoELDLR-- mice: in vivo approach

	Discussion
	Acknowledgements 
	References




