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Paris, France, 3 Institute of Physiology II, University of Muenster, Muenster, Germany, 4 UMR CNRS 6214
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Abstract

The Epithelial Sodium Channel (ENaC) is a key player in renal sodium homeostasis. The

expression of α β γ ENaC subunits has also been described in the endothelium and vascular

smooth muscle, suggesting a role in vascular function. We recently demonstrated that endo-

thelial ENaC is involved in aldosterone-modulated endothelial stiffness. Here we explore the

functional role of the endothelial αENaC subunit in vascular function in vivo. Compared to lit-

termates, mice with conditional αENaC subunit gene inactivation in the endothelium only

(endo-αENaC Knock Out mice) had no difference in their physiological parameters such as

systolic blood pressure or heart rate. Acute and long-term renal Na+ handlings were not

affected, indicating that endothelial αENaC subunit is not involved in renal sodium balance.

Pharmacological inhibition of ENaC with benzamil blunted acetylcholine-induced nitric oxide

production in mesenteric arteries from wild type mice but not in endo-αENaC KO mice, sug-

gesting a critical role of endothelial ENaC in agonist-induced nitric oxide production. In

endo-αENaC KO mice, compensatory mechanisms occurred and steady state vascular func-

tion was not altered except for flow-mediated dilation. Our data suggest that endothelial

αENaC contributes to vascular endothelial function in vivo.

Introduction

The endothelium is a thin monolayer of cells that line the interior surface of entire blood ves-

sels, forming a physical barrier between circulating blood element and underlying tissues.

Endothelial cells are involved in many aspects of vascular biology, including the response to

shear force, modulation of blood vessel tone and blood flow [1], thus playing an important

role in blood pressure regulation. However, the way how endothelial cells are able to sense the

mechanical force produced by the pulsatile circulating blood and translate it into a molecular

signal remains unknown. Several actors have been suggested as endothelial mechanosensors
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and among them, ion channels. Ion channels expressed in endothelial cells are considered to

mediate “short term” responses (in the range of seconds and minutes) to shear stress and

subsequently affect cytoskeleton rearrangement and synthesis and/or release of pro and anti-

coagulants, growth factors and vasomotor regulators [2]. Among these ion channels, a new

candidate has rose these last decades: the Epithelial Sodium Channel (ENaC). ENaC is a

sodium channel member of the ENaC/Degenerin superfamily, which includes the Degenerins

subunits that act as mechanosensors in Caenorhabditis elegans [3, 4]. ENaC has been described

in the endothelium for fifteen years, but its role in cell function and in vascular biology re-

mains largely unknown [5–8].

ENaC is expressed in the renal epithelium where it is one of the key players responsible for

the fine tuning of sodium reabsorption. ENaC is composed of three subunits (αENaC, βENaC

and γENaC coded, respectively, by the genes Scnn1a, Scnn1b and Scnn1g), forming a channel

expressed at the apical membrane of the cells, thus allowing sodium entry through the renal

epithelium [9–11]. Regulation of sodium homeostasis is a crucial physiological process, as it

maintains renal salt and water balance, blood volume, and consequently blood pressure [12,

13]. There is now evidence that ENaC opening probability is regulated by flow-induced shear

stress in oocyte and in the epithelium of cortical collecting duct [14], which highlights its impl-

ication in the detection of mechanical forces (and its potential role as a direct mechanosensor).

As in the renal collecting duct (where the epithelial cells are submitted to urine flow-

induced laminar shear stress), the endothelial cells support blood flow-induced laminar shear

stress, thus raising the potential implication of shear stress sensing in vascular endothelium. In

cultured vascular endothelial cells, ENaC mediates amiloride-sensitive Na+ currents [6–8].

Interestingly, its channel activity and its opening probability have been showed to be regulated

by flow-induced shear stress [7, 8]. Moreover, endothelial ENaC has been reported to be

involved in mechanical properties of endothelial cell: increased endothelial ENaC expression

or activity increases endothelial cell stiffness both in cultured human endothelial cells and in

aorta of Liddle syndrome mouse model [15]. Among the three subunits, αENaC has been

shown to be necessary and sufficient to produce an inward sodium current [11] and Jeggle

et al. showed that the aENaC subunit by itself could alter endothelial cortical stiffness [15]. The

consequences of pharmacological inhibition of vascular ENaC has been studied ex vivo [6, 8].

However, the role of endothelial ENaC on vascular function in vivo has not been analyzed so

far. Since ENaC is activated by flow we investigated whether it could play a role in shear stress

sensing and flow-mediated dilation in vivo.

To address this question, we focused our study on the role of the alpha ENaC in the endo-

thelium by using a constitutive knockout mouse model allowing deletion of the αENaC sub-

unit in the endothelial cells.

Materials and methods

Mouse models

αENaC subunit (Scnn1a) knockout mice, thereafter called endo-αENaC KO, were obtained

crossing αENaCf/f floxed mice (kindly provided by Bernard Rossier, Lausanne, Switzerland

[16] with transgenic mice expressing Cre recombinase under the control of Tie2 promoter on

a C57BL/6 genetic background (The Jackson Laboratory, USA). αENaC f/f littermates lacking

the Tie2-Cre transgene were used as controls. The sequences of the primers used for genotyp-

ing are listed in S1 Table. Animals were 3-6-month-old males housed in a climate-controlled

facility with a 12-hour/12-hour light/dark cycle and provided free access to food and water.

Animals were euthanized with an intraperitoneal injection of a lethal dose of ketamine/xyla-

zine and blood was withdrawn by cardiac puncture. Organs were harvested and immediately
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conserved in formalin or snap-frozen in liquid nitrogen and stored at -80˚C unless specified

otherwise. All experiments were approved by the Charles Darwin ethics committee (C2EA–

05) of Pierre et Marie Curie University, and conducted in accordance with the European legis-

lation for the care and use of laboratory animals.

cDNA isolation and real-time PCR of ENaC subunits

Total RNA from whole kidney were extracted using the TRIZOL1 reagent (Life Technologies

Corporation, USA), according to manufacturer protocol. Aortas were extracted using RNeasy

Kit (Qiagen, Germany). Reverse transcription of mRNA (500 ng) was performed using Super-

script II Reverse Transcriptase KIT (Life Technologies Corporation, USA). Transcript levels of

genes were analyzed by real-time PCR (fluorescence detection of SYBR Green) in an iCycler

iQ (Bio-Rad, USA). For each sample, mRNA levels were normalized to the housekeeping gene,

18S (Rn18s). The sequences of the primers are listed in S1 Table (Eurogentec, Belgium).

Quantum dot-based immunofluorescence of αENaC at cell surface ex

vivo

Endothelial cells of in situ endothelial cells of ex vivo aorta preparations were fixed and stained

as described elsewhere [15, 17]. Briefly, αENaC abundance on the upper cell surface (facing

the medium) was detected and quantified via Quantum Dot (QD)-based immunofluorescence.

Therefore, a primary polyclonal rabbit anti-αENaC antibody (Santa Cruz; 1:250), a secondary

QD-labeled antibody (Qdot 655 goat anti-rabbit IgG, Invitrogen; 1:800) and DAPI (4’,6-diami-

dino-2-phenylindole; Invitrogen) were used for staining. Negative controls were established by

incubating cells solely with the secondary antibody. The specificity of the primary antibody

was recently demonstrated by using M-1 cells as positive control and siαENaC-transfected EA.

hy926 cells [15]. Staining was verified by epi-fluorescence microscopy (microscope: Leica DMI

6000B, Leica Microsystems; camera: CoolSNAPHQ, Photometrics, USA). The QD-based

immunofluorescence was quantified by counting QD/1000 μm2 of cell surface using ImageJ

software (National Institutes of Health, USA). Images were taken in 3 different sections of the

endothelial monolayer and all images were analyzed simultaneously in order to account for

any variations in cell height. Staining of all groups were performed in parallel and the QD

background derived from a negative control without primary antibody was subtracted from all

samples.

Measurement of endothelial stiffness using atomic force microscope

As previously described [18], the first ~1.5 cm of aortae, from heart to diaphragm, were dis-

sected from the mice and freed from surrounding tissue. A small patch (about 1 mm2) of the

whole aorta was prepared and attached on Cell-Tak1 coated glass, a tissue adhesive (BD Bio-

sciences, Germany), with the endothelial surface facing upwards. Prior to the experiments, the

preparations were kept in minimal essential medium (MEM) (Invitrogen Corp.) with the addi-

tion of 1% MEM vitamins, penicillin G (10,000 U/mL), streptomycin (10,000 μg/mL) (Bio-

chrome AG, Germany), 1% NEAA and 20% fetal bovine serum (PAA Clone) at 37˚C and 5%

CO2.

Mechanical stiffness of the endothelial cell cortex, a layer 50–200 nm beneath the plasma

membrane, of ex vivo aorta preparations was determined using an atomic force microscope

(AFM) nano-indentation technique [19, 20]. Stiffness measurements of living endothelial cells

ex vivo were conducted with a scanning probe microscope (MultiMode1 SPM, Bruker, USA)

with a feedback-controlled heating device (Bruker) or an atomic force microscope integrated

into an inverted fluorescence microscope (BioScope CatalystTM, Bruker; combined with DMI
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6000B, Leica Microsystems, Germany). During the measurements, artery preparations were

bathed in HEPES-buffered solution (standard composition in mM: 135 NaCl, 5 KCl, 1 MgCl2,

1 CaCl2, 10 HEPES (N-2-hydroxyethylpiperazine-N0-2-ethanesulfonicacid, pH 7.4). AFM stiff-

ness measurements were performed using soft cantilevers (spring constant:<20 pN/nm;

Novascan) with a polystyrene sphere as the tip (diameter: 10μm). A maximal loading force of 2

nN was applied. Obtained AFM data were collected with NanoScope softwares 5.31 and V8.10

(Bruker). Stiffness values were calculated from force-distance curves using the Protein Unfold-

ing and Nano-Indentation Analysis Software PUNIAS 3D version 1.0 release 1.8 (http://

punias.voila.net).

Physiological parameters

Systolic blood pressure and heart rate were measured by tail cuff plethysmography in trained

conscious mice (three days of training). Ten measurements per mice were taken every day

between 1 p.m. and 3 p.m. during five days using a BP2000 Visitech model (Bioseb, France).

The values presented are the mean values obtained during five days.

Renal function and ions excretion were assessed using metabolic cages (Tecniplast, France).

Mice were allowed three days of habituation with food and water ad libidum. For renal func-

tion and sodium handling at basal state, urine was collected on a 24 hours period. Blood was

collected from the retro-orbital cavity.

For the acute sodium load challenge, 1 mEq of sodium chloride was given by gavage in

200 μl water. Urine was collected at 4, 8 and 24 hours after gavage. For amiloride (an ENaC

inhibitor), a dose of 1.45 g per gram of body weight was administrated via intra-peritoneal

injection in 100 μl of water. Urine was collected at 4, 8 and 24 hours after injection. Low salt

diet (0.1% NaCl, SAFE, France) was given for four days and urine was collected twice a day.

Urea and creatinine (enzymatic method) were quantified using a KONELAB (Thermo-

Fischer Scientific, USA), sodium and potassium using a flame photometer (Instrumentation

Laboratory, USA). Creatinine clearance was calculated using the equation U
P � V where U is

the concentration of creatinine in urine, P is the concentration of creatinine in plasma, and V
is the urine flow rate in milliliters per minute.

Aldosterone plasma levels were measured by using a radioimmunoassay Coat-a-Count

(Siemens, Germany). Plasmatic levels of corticosterone were measured using EIA kit (Cayman

Chemical Company, USA). Assays were realized according to manufacturer’s protocols.

Measurement of nitric oxide in mesenteric arteries of mice

Mesenteric arteries from endo-αENaC KO and wild type mice were isolated, cut open and

placed with the endothelial layer facing upwards. Low levels of nitric oxide (NO) were mea-

sured with 4-amino-5-Mehtylamino-2’,7’-Difluorofluoresceince (DAF-FM) as described pre-

viously [21]. In short, vessels were incubated 4 μM DAF-FM diacetate (Molecular Probes1)

followed by wash-out. The experiments were executed at an Olympus IX71microscope and

visualized by excitation at 495 nm and emission at 515 nm. Full frame images were collected

and analyzed for relative changes in fluorescence intensity (ΔF = (F/F0)). Endothelial cells that

were in focus during the whole experiment were analyzed.

Western blot and antibodies

Western blot analysis was performed on proteins extracted from whole aortas obtained from

endo-αENaC KO and wild type mice. Samples were homogenized immediately after collection,

using 150 μl of Complete Lysis-M buffer with proteases and phosphatases inhibitors cocktail

(Roche, Switzerland). Extracts were centrifuged at 14000 rpm for 10 minutes at 4˚C and
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protein concentration in the supernatant was determined by the Pierce protein assay (Bio-

Rad, USA). Thirty micrograms of total proteins were loaded on 4–15% polyacrylamide TGX

gel (Bio-Rad, USA) and transferred to nitrocellulose membranes using Trans Blot turbo (Bio-

Rad, USA). Primary antibodies were incubated at 4˚C overnight, while secondary antibodies

were incubated 1h30 at room temperature. Membranes were stripped after detection of the

phosphorylated protein in order to detect total unphosphorylated proteins. Antibodies and

dilutions are listed in the S2 Table.

Vascular reactivity analysis

Vascular contractile and relaxing responses to pharmacological agents and flow-dependent

tone in isolated segments of mesenteric arteries were assessed as previously described [22].

Briefly, mesenteric arteries were cannulated at both ends in a video-monitored perfusion sys-

tem (LSI, Burlington, VT, USA) and bathed in a PSS of the following composition (mM): 130,

NaCl; 15, NaHCO3; 3.7, KCl; 1.2 KH2PO4; 1.2, MgSO4; 11, glucose; 1.6, CaCl2; and 5, HEPES,

pH 7.4, PO2 160 mmHg, PCO2 37 mmHg). Pressure was maintained at 75 mmHg by a servo-

perfusion system and flow was generated by a peristaltic pump. For pharmacological agents,

arterial segments reactivity was estimated using first a potassium rich solution (8.10−2 M).

After that, endothelial function was evaluated using acetylcholine (10−6 M) after precontrac-

tion with phenylephrine (10−6 M). For flow mediated dilation, diameter changes and changes

in wall thickness were measured at a set pressure of 75 mmHg and flow was increased in steps.

To study the effect of pharmacological inhibition of ENaC, the mesenteric arteries of C57BL/6

were incubated 10 minutes with 10−6 M of benzamil. At the end of each experiment, arterial

segments were perfused with a Ca2+-free physiological salt solution containing ethylenbis-

(oxyethylenenitrolo) tetra-acetic acid (EGTA; 2.10−3 M), papaverin (10−4 M) and SNP (10−5

M); then passive diameter of the arteries was measured at 75 mmHg [23]. Results were

expressed as the percentage of passive diameter (measured diameter/passive diameter×100).

All the chemicals were purchase from Sigma-Aldrich if not specified otherwise.

Statistical analysis

The results are reported as mean ± standard error of the mean (SEM). Data analysis was per-

formed with GraphPad Prism (V.6.04, GraphPad Software, USA). Normality of the groups

was assessed through the D’Agostino & Pearson omnibus normality test. If normality was veri-

fied, the comparison of two groups was made using a t-test. Otherwise, non-parametric Wil-

coxson-Mann Whitney U test for comparison of two groups was used. For comparison of

more than two groups, with two parameters, a two-way ANOVA with Bonferroni post-tests

was used. P values <0.05 were considered statistically significant. Asterisks refer to: �P�0.05;
��P�0.01; ���P�0.001, ����P�0.0001. For AFM measurements, data were calculated as

median (Q1:1st quartile, Q3:3rd quartile) and are displayed as box plots: mean (square), median

(horizontal line), 25th and 75th percentile (box), outlier (whiskers).

Results

Pharmacological ENaC inhibition affect vascular function

Pre-treatment with benzamil, a specific blocker of ENaC, had no effect on Phe-induced con-

traction of mesenteric arteries from C57BL/6 mice (Fig 1A). However, the endothelium-

dependent dilatory response to acetylcholine was decreased by 75% (Fig 1B). By analogy with

the other members of the ENaC/Degenerin superfamily, ENaC has been proposed to be a

mechanotransducer and we tested whether vascular ENaC could be involved in the response
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to mechanical forces induced by blood flow by measuring flow-induced vasodilation in the

absence or the presence of benzamil. As expected, increased intraluminal flow resulted in a

large augmentation in the vessels passive diameter. Pre-incubation of the vessels with benzamil

drastically blunted the flow-mediated dilation (Fig 1C) suggesting the role of endothelial

ENaC subunit in shear stress signaling.

In vivo αENaC deletion

To determine the specific role of endothelial αENaC, we generated a mouse model with tar-

geted endothelial αENaC subunit inactivation. These mice presented Mendelian ratio at birth.

mRNA expression of the αENaC subunit was decreased by 30% in the whole aorta of endo-

αENaC KO mice, as compared to control mice, while expression of the β and γENaC subunits

were not modified (Fig 2A). In order to differentiate endothelial αENaC expression from non-

endothelial αENaC expression, we compared mRNA expression of αENaC in aortas submitted

or not to the mechanical removal of the endothelium (S1 Fig). As shown in S1A Fig, expression

of αENaC was decreased in the same proportion in the control aortas without endothelium

than in the KO aortas with endothelium, suggesting that most if not all of the αENaC may

indeed be expressed in the endothelium. However, we cannot rule out small expression of

Fig 1. Effects of pharmacological inhibition of ENaC on vascular response mesenteric arteries. (A)

Vasoconstrictive response to phenylephrine (1.10−6 M), an α-adrenergic agonist. Response to phenylephrine

was not modified after inhibition of ENaC. (B) Endothelium-dependent dilatory response induced by

acetylcholine (1.10−6 M). Dilation of mesenteric arteries to Ach was decreased after benzamil preincubation.

(C) Flow-mediated dilation in response to increased intraluminal shear stress. Dilation to flow was drastically

decreased in vessels incubated with benzamil. Values are mean ± SEM (n = 3–10 for each group). *P<0.05,

***P<0.001.

https://doi.org/10.1371/journal.pone.0185319.g001
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αENaC in VSM since the removal of endothelium was not complete (as seen by the residual

expression of the endothelial marker von Willebrand Factor, S1B Fig). Since Tie2 promoter is

known to be expressed in non-endothelial cells [24], we also verified whether αENaC expres-

sion was altered in cells from the hematopoietic lineage. We did not see any differences

between the control group and the knockout group (S2 Fig).

Apical surface expression of the αENaC subunit, as determined by quantum dot labeling,

was virtually absent in the aortic endothelium of endo-αENaC KO mice, as compared to con-

trol mice (Fig 2B and S3 Fig). γENaC subunit was still present in the plasma membrane of ex
vivo endothelial cells derived from endo-αENaC KO aorta preparations (S3 Fig). Since the

endothelium function is closely related to its structure, we analyzed endothelial cell stiffness

using AFM in aortic ex vivo preparations from endo-αENaC KO and WT mice. αENaC gene

inactivation in the endothelium decreased cortical stiffness similar to benzamil treatment of

aortic preparations of control mice (Fig 2C). Taken together these data indicate that αENaC

gene deletion is efficient in endo-αENaC KO mice and that absence of endothelial αENaC

affects endothelial stiffness in intact vessels, as previously reported in cultured endothelial cells

ex vivo [15].

Fig 2. Characterization of the endo-αENaC KO mouse model. (A) Relative mRNA expression of the three

ENaC subunits in the aorta of control mice (white bars) and endo-αENaC KO mice (black bars). Expression of

the α subunit is decreased, but not those of the β and γ subunits. (B) Surface αENaC protein expression in

aortic rings. (C) Aortic cortical stiffness of endothelial cells was determined by atomic force microscope

(AFM). Values are mean ± SEM (n = 7–9 for each group). *P<0.05, ***P<0.001.

https://doi.org/10.1371/journal.pone.0185319.g002
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Physiological consequences of αENaC deletion in the vascular

endothelium

At basal state, systolic blood pressure and heart rate were similar between control and endo-

αENaC KO mice, as well as body weight, heart/tibia length and kidney/tibia length ratio

(Table 1). The structure of the vessels was not different between control and endo-αENaC KO

mice (S3 Table). Creatinine clearance was similar between control and endo-αENaC KO mice

(Table 1) as well as steady-state 24 h renal sodium excretion (urinary Na+/creatinine ratio:

10.02 ± 0.58 vs 9.43 ± 0.63). Endothelial αENaC inactivation did not affect renin RNA expres-

sion in whole kidney (renin/18S ratio: 1.00 ± 0.08 vs 1.23 ± 0.16) nor aldosterone and cortico-

sterone plasma levels (Table 1). We next analyzed whether endothelial ENaC may affect acute

renal Na+ handling. Endo-αENaC KO mice handled acute Na+ challenge similarly to control

mice: acute Na+ load or acute ENaC inhibition with amiloride increased sodium excretion to

comparable values in both groups (S4A and S4B Fig). Low salt diet decreased Na+ excretion

with the same kinetics in endo-αENaC KO mice and control mice (S4C Fig). These results

show that αENaC inactivation in vascular endothelium does not affect the classical epithelial

ENaC-dependent renal Na+ transport.

Endothelial αENaC is involved in acetylcholine-mediated endothelial

nitric oxide production

Endothelial nitric oxide (NO) production is a hallmark of endothelial function and alteration

of NO production is critical for vascular function in both physiological and pathological condi-

tions. Agonist-mediated NO production was analyzed in isolated mesenteric arteries from

control and endo-αENaC KO mice, in the presence or absence of benzamil, a pharmacological

ENaC blocker. In control mice, 10−6 M acetylcholine induced NO release which was blocked

by benzamil (Fig 3A and 3C), indicating that ENaC function contributes to physiological NO

release upon acetylcholine stimulation. In endo-αENaC KO mice, acetylcholine–mediated NO

release was similar than in control mice (Fig 3B and 3C) but the inhibitory effect of benzamil

was lost (Fig 3B and 3C).

Endothelial NO is produced by activated endothelial nitric oxide synthase (eNOS) (by

phosphorylation on the S1177 residue by phosphorylated Akt). In the aorta of endo-αENaC
KO mice, steady state phosphorylated Akt and phosphorylated eNOS (S1177) levels were higher

than in control mice (Fig 4A and 4B). This compensatory mechanism may explain similar

vasoactive responses to potassium chloride (KCl), acetylcholine and phenylephrine observed

in control and endo-αENaC KO vessels (Fig 5A–5C).

Table 1. Physiological parameters of mice.

Control

(n = 11)

Endo-αENaC KO

(n = 9)

Systolic Blood Pressure (mmHg) 113 ± 1 112 ± 2

Heart Rate (bpm) 615 ± 20 605 ± 17

Body Weight (g) 29.5 ± 0.9 30.0 ± 1.0

Tibia Lenght (mm) 18.2 ± 0.04 18.4 ± 0.09

HW/TL ratio (mg/mm) 7.45 ± 0.39 8.09 ± 0.37

KW/TL ratio (mg/mm) 19.5 ± 0.9 20.0 ± 0.9

Creatinine Clearance (ml/min) 0.53 ± 0.06 0.49 ± 0.06

Aldosteronemia (nmol/l) 0.69 ± 0.21 0.90 ± 0.23

Corticosteronemia (nmol/l) 85.5 ± 24.3 75.3 ± 19.3

HW, Heart Weight; KW, Kidney Weight; TL, Tibia Length. Values are mean ± SEM.

https://doi.org/10.1371/journal.pone.0185319.t001
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Fig 3. Consequences of ENaC blockade or gene inactivation on nitric oxide production upon

acetylcholine stimulation. Kinetic response of NO production after stimulation with acetylcholine using

fluorescent probes in mesenteric arteries of (A) control mice and (B) endo-αENaC KO mice. (C) Bar graph of

NO measurements in mesenteric arteries after incubation with or without 1.10−6 M of acetylcholine (Ach) and

1.10−7 M of benzamil (Benz) in CT (white bars) and endo-αENaC KO mice (black bars). Values are

mean ± SEM (n = 5–10 for each group). ***P<0.001.

https://doi.org/10.1371/journal.pone.0185319.g003
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Endothelial αENaC is involved in flow-mediated dilation

We next analyzed whether endothelial αENaC could be involved in vascular response to

mechanical forces induced by blood flow. A plateau of dilation response was observed at 30 μl/

min in littermate mice (Fig 5D) while the inactivation of the αENaC subunit in the endothe-

lium almost fully inhibited the flow-mediated dilation in endo-αENaC KO (Fig 5D). This result

highlights the importance of the endothelial αENaC subunit in the mechanotransduction of

shear stress into vasodilation response.

Discussion

Using a cell-specific knockout mouse model, we find two major implications of endothelial

alpha subunit of the Epithelial Sodium Channel in vascular physiology. First, we show that the

absence of αENaC expression induces to compensatory induction of phospho-eNOS and

phospho-Akt, suggesting a crucial role of αENaC in basal condition. Second, we show that

genetic deletion of the αENaC subunit in the endothelium leads to blunted flow-mediated dila-

tion in resistant arteries. While the role of ENaC in shear stress sensing has been described in

cultured human endothelial cells [8] we describe for the first time that endothelial αENaC

modulates shear stress sensing in vivo.

The expression of the three α, β, γ subunits of ENaC has been reported in the endothelium

of rat mesenteric arteries [6, 25]. The αENaC is expressed in human endothelial cells such as

the ECV 304 cell line [5] and HUVEC [26]. Distinguishing the functional implication of the

different subunits is not possible when using pharmacological ENaC blockers like amiloride or

Fig 4. Consequences of αENaC gene inactivation on endothelial nitric oxide synthase activation pathway in the aorta.

Western Blot analysis of protein expression of (A) phosphorylated Akt/total Akt ratio and total Akt/β-Actin ratio and (B)

phosphorylated eNOS (S1177)/total eNOS ratio and total eNOS/β-Actin ratio in the aorta. White bars represent control mice and

black bars represent endo-αENaC KO mice. Values are mean ± SEM (n = 9–10 for each group). *P<0.05, **P<0.01.

https://doi.org/10.1371/journal.pone.0185319.g004
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benzamil. A mouse model with endothelium-restricted αENaC subunit deletion allowed us to

test the specific role of the αENaC subunit expressed in the endothelium. We observed 30%

decreased in αENaC mRNA expression in whole aorta and no expression of αENaC protein at

the surface of the endothelial cells. After mechanical removal of the endothelium, the aortas of

the control group showed a decrease of more than 50% compared to control aortas with endo-

thelium. Removal of the endothelium did not change expression in the endo-αENaC KO group

(indicating that removal of endothelium did not change αENaC expression in the KO mice),

so we cannot rule out that the remaining αENaC mRNA expression is related to non-endothe-

lial cells. αENaC deletion did not alter the mRNA expression of the other subunits, βENaC

and γENaC. While we were unable to study βENaC expression at the surface of endothelial

cells, γENaC did not show any differences of expression between the endo-αENaC KO mice

and their littermates. γENaC was expressed at the cell membrane in the absence of αENaC sub-

unit. This was already observed in HEK-293 and COS-7 cells when γENaC was transfected in

absence of αENaC [27]. Whether γENaC alone could have a role in vascular endothelium

remains unknown.

Functional endothelial ENaC activity leads to amiloride-sensitive inward sodium current as

reported in cultured endothelial cells [6, 7]. Liu et al. recently reported functional ENaC in

Fig 5. Effects of αENaC gene inactivation on vascular response in mesenteric arteries. Vasoactive responses in mesenteric

arteries of endo-αENaC KO mice compared to their αENaC f/f control littermates. (A) Vasoconstrictive response to 8.10−2 M of

potassium chloride. (B) Vasoconstrictive response to phenylephrine (C) Endothelium-dependent dilatory response induced by

acetylcholine (D) Flow-mediated dilation in response to increased intraluminal flow. Values are mean ± SEM (n = 5–7 for each

group). *P<0.05.

https://doi.org/10.1371/journal.pone.0185319.g005
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intact endothelium of split-open rat mesenteric arteries [25]. One week of high salt diet de-

creased ENaC open probability in mesenteric arteries [25]. Decreased endothelial ENaC activ-

ity due to increased salt intake was associated with decreased eNOS phosphorylation [25].

Since reduced endothelial ENaC current induced by high salt diet was associated with an

increased acetylcholine-mediated vasorelaxation, the decrease in eNOS S1177 phosphorylation

may be a compensatory mechanism to prevent excessive relaxation [25]. Our results indicate

that acute treatment with benzamil decreased acetylcholine-mediated NO production but that

this effect was lost in endo-αENaC KO mice, which suggest an important role of endothelial

αENaC in modulating agonist-mediated NO release in physiological conditions. of note, our

western blot data were obtained in larger vessels (aorta), which might not be fully representa-

tive of mesenteric vessels, where the NO measurements where performed. Our data therefore

points to 1) that endothelial αENaC subunit is involved for the pharmacological effect of

benzamil in the vessel, 2) endothelial αENaC subunit is important for acetylcholine-induced

NO production in mice, and 3) mice lacking endothelial αENaC subunit develop compensa-

tory mechanisms to maintain NO production in response to acetylcholine. Strikingly, there

was no compensatory mechanisms for flow-mediated dilation as compared to Ach-induced

vasodilation.

The functional consequences of pharmacological inhibition of vascular ENaC on vasoreac-

tivity have been analyzed ex vivo in rat mesenteric arteries and in mouse renal interlobar arter-

ies. Perez et al. showed that acute treatment with amiloride or benzamil decreased contractile

response to phenylephrine and serotonin [6] while Liu et al. showed increased acetylcholine-

mediated vasodilation after amiloride pre-treatment [25]. In contrast, Jernigan et al. reported

no effect of benzamil on phenylephrine-induced contraction in mouse interlobar arteries [28].

We show in the present study that constitutive endo-αENaC inactivation of endothelial

αENaC in endo-αENaC KO mice does not alter contractile response, probably because com-

pensatory mechanisms develop due to long-term absence of αENaC expression/activity in the

endothelium. This suggests an important and non-redundant role of endothelial αENaC in

endothelial physiology. ENaC activity in the endothelial cells have been shown to be regulated

by some epoxyeicosatrienoic acids (EETs)[7] suggesting potential interaction with other vaso-

active agents. Further studies should analyze the role of the other ENaC subunits in the func-

tion of endothelial ENaC.

In the present study, we confirmed an important role of endothelial αENaC in endothelial

cortical cell stiffness: both pharmacological inhibition and targeted genetic inactivation of

αENaC led to decreased stiffness of endothelial cells in ex vivo aorta preparations. Interest-

ingly, we previously reported an opposite result in a mouse model with a β subunit mutation

mimicking the Liddle mutation [29] (C-terminal truncation of the β subunit and increased

endothelial surface expression of ENaC): increased endothelial ENaC surface expression led to

an increase in endothelial cortical stiffness [15]. Acetylcholine-mediated NO release is pre-

served in endo-αENaC KO mice; however, the alteration of endothelial stiffness is maintained

despite constitutive αENaC inactivation, which suggest that endothelial αENaC has a key role

of in endothelial stiffness in vivo.

The Epithelial Na channel is expressed in the vasculature but its role in vascular function

and organ damage is poorly understood. In this study, we showed that endothelial ENaC con-

tributes to the regulation of agonist-induced NO production in the vasculature. Whether

endothelial ENaC is involved in other pathologies associated with altered shear stress response,

such as atherosclerosis or renal ischemia-reperfusion remains to be analyzed. The association

of ENaC polymorphisms like the Trp493Ar or the T663A variants (which has been shown to

decrease the functional and surface expression of hENaC in oocytes) and the increased risk of
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ischemic stroke, independently of blood pressure control, points to a possible link between

αENaC and cardiovascular damage that needs to be further explored.

In conclusion, we demonstrate in this study that endothelial αENaC plays a critical role in

vascular physiology, especially for shear-stress sensing and flow-mediated dilation. It would be

important to now explore the implication of endothelial ENaC in human physiology and

pathology.
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Visualization: Antoine Tarjus, Céline Fassot, Pernille B. L. Hansen, Kristina Kusche-Vihrog.

Writing – original draft: Antoine Tarjus, Frederic Jaisser.

Writing – review & editing: Antoine Tarjus, Ernesto Martinez-Martinez, Frederic Jaisser.

References
1. Buchanan CF, Verbridge SS, Vlachos PP, Rylander MN. Flow shear stress regulates endothelial barrier

function and expression of angiogenic factors in a 3D microfluidic tumor vascular model. Cell Adh Migr.

2014; 8(5):517–24. https://doi.org/10.4161/19336918.2014.970001 PMID: 25482628; PubMed Central

PMCID: PMCPMC4594487.

2. Nilius B, Droogmans G. Ion channels and their functional role in vascular endothelium. Physiological

reviews. 2001; 81(4):1415–59. PMID: 11581493.

3. Huang M, Chalfie M. Gene interactions affecting mechanosensory transduction in Caenorhabditis ele-

gans. Nature. 1994; 367(6462):467–70. https://doi.org/10.1038/367467a0 PMID: 7509039.

4. Ben-Shahar Y. Sensory functions for degenerin/epithelial sodium channels (DEG/ENaC). Advances in

genetics. 2011; 76:1–26. https://doi.org/10.1016/B978-0-12-386481-9.00001-8 PMID: 22099690;

PubMed Central PMCID: PMC3298668.

5. Golestaneh N, Klein C, Valamanesh F, Suarez G, Agarwal MK, Mirshahi M. Mineralocorticoid receptor-

mediated signaling regulates the ion gated sodium channel in vascular endothelial cells and requires an

intact cytoskeleton. Biochemical and biophysical research communications. 2001; 280(5):1300–6.

Epub 2001/02/13. https://doi.org/10.1006/bbrc.2001.4275 PMID: 11162670.

6. Perez FR, Venegas F, Gonzalez M, Andres S, Vallejos C, Riquelme G, et al. Endothelial epithelial

sodium channel inhibition activates endothelial nitric oxide synthase via phosphoinositide 3-kinase/Akt

in small-diameter mesenteric arteries. Hypertension. 2009; 53(6):1000–7. Epub 2009/04/29. https://doi.

org/10.1161/HYPERTENSIONAHA.108.128520 PMID: 19398659.

7. Wang S, Meng F, Mohan S, Champaneri B, Gu Y. Functional ENaC channels expressed in endothelial

cells: a new candidate for mediating shear force. Microcirculation. 2009; 16(3):276–87. Epub 2009/02/

20. https://doi.org/10.1080/10739680802653150 PMID: 19225981.

8. Guo D, Liang S, Wang S, Tang C, Yao B, Wan W, et al. Role of epithelial Na+ channels in endothelial

function. Journal of cell science. 2016; 129(2):290–7. https://doi.org/10.1242/jcs.168831 PMID:

26621031.

The endothelial αENaC contributes to vascular endothelial function in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0185319 September 26, 2017 14 / 15

https://doi.org/10.4161/19336918.2014.970001
http://www.ncbi.nlm.nih.gov/pubmed/25482628
http://www.ncbi.nlm.nih.gov/pubmed/11581493
https://doi.org/10.1038/367467a0
http://www.ncbi.nlm.nih.gov/pubmed/7509039
https://doi.org/10.1016/B978-0-12-386481-9.00001-8
http://www.ncbi.nlm.nih.gov/pubmed/22099690
https://doi.org/10.1006/bbrc.2001.4275
http://www.ncbi.nlm.nih.gov/pubmed/11162670
https://doi.org/10.1161/HYPERTENSIONAHA.108.128520
https://doi.org/10.1161/HYPERTENSIONAHA.108.128520
http://www.ncbi.nlm.nih.gov/pubmed/19398659
https://doi.org/10.1080/10739680802653150
http://www.ncbi.nlm.nih.gov/pubmed/19225981
https://doi.org/10.1242/jcs.168831
http://www.ncbi.nlm.nih.gov/pubmed/26621031
https://doi.org/10.1371/journal.pone.0185319


9. Kosari F, Sheng S, Li J, Mak DO, Foskett JK, Kleyman TR. Subunit stoichiometry of the epithelial

sodium channel. J Biol Chem. 1998; 273(22):13469–74. PMID: 9593680.

10. Alvarez de la Rosa D, Canessa CM, Fyfe GK, Zhang P. Structure and regulation of amiloride-sensitive

sodium channels. Annual review of physiology. 2000; 62:573–94. https://doi.org/10.1146/annurev.

physiol.62.1.573 PMID: 10845103.

11. Canessa CM, Schild L, Buell G, Thorens B, Gautschi I, Horisberger JD, et al. Amiloride-sensitive epithe-

lial Na+ channel is made of three homologous subunits. Nature. 1994; 367(6462):463–7. https://doi.org/

10.1038/367463a0 PMID: 8107805.

12. Rossier BC. Epithelial sodium channel (ENaC) and the control of blood pressure. Current opinion in

pharmacology. 2014; 15:33–46. https://doi.org/10.1016/j.coph.2013.11.010 PMID: 24721652.

13. Rossier BC, Staub O, Hummler E. Genetic dissection of sodium and potassium transport along the

aldosterone-sensitive distal nephron: importance in the control of blood pressure and hypertension.

FEBS letters. 2013; 587(13):1929–41. https://doi.org/10.1016/j.febslet.2013.05.013 PMID: 23684652.

14. Satlin LM, Sheng S, Woda CB, Kleyman TR. Epithelial Na(+) channels are regulated by flow. Am J Phy-

siol Renal Physiol. 2001; 280(6):F1010–8. PMID: 11352841.

15. Jeggle P, Callies C, Tarjus A, Fassot C, Fels J, Oberleithner H, et al. Epithelial sodium channel stiffens

the vascular endothelium in vitro and in Liddle mice. Hypertension. 2013; 61(5):1053–9. https://doi.org/

10.1161/HYPERTENSIONAHA.111.199455 PMID: 23460285.

16. Rubera I, Loffing J, Palmer LG, Frindt G, Fowler-Jaeger N, Sauter D, et al. Collecting duct-specific gene

inactivation of alphaENaC in the mouse kidney does not impair sodium and potassium balance. The

Journal of clinical investigation. 2003; 112(4):554–65. https://doi.org/10.1172/JCI16956 PMID:

12925696; PubMed Central PMCID: PMC171384.

17. Korte S, Strater AS, Druppel V, Oberleithner H, Jeggle P, Grossmann C, et al. Feedforward activation

of endothelial ENaC by high sodium. FASEB J. 2014; 28(9):4015–25. https://doi.org/10.1096/fj.14-

250282 PMID: 24868010.

18. Kusche-Vihrog K, Urbanova K, Blanque A, Wilhelmi M, Schillers H, Kliche K, et al. C-reactive protein

makes human endothelium stiff and tight. Hypertension. 2011; 57(2):231–7. https://doi.org/10.1161/

HYPERTENSIONAHA.110.163444 PMID: 21149827.

19. Heinz WF, Hoh JH. Spatially resolved force spectroscopy of biological surfaces using the atomic force

microscope. Trends in biotechnology. 1999; 17(4):143–50. PMID: 10203772.

20. Kasas S, Dietler G. Probing nanomechanical properties from biomolecules to living cells. Pflugers Arch.

2008; 456(1):13–27. https://doi.org/10.1007/s00424-008-0448-y PMID: 18213477.

21. Svenningsen P, Andersen K, Thuesen AD, Shin HS, Vanhoutte PM, Skott O, et al. T-type Ca(2+) chan-

nels facilitate NO-formation, vasodilatation and NO-mediated modulation of blood pressure. Pflugers

Arch. 2014; 466(12):2205–14. https://doi.org/10.1007/s00424-014-1492-4 PMID: 24627154.

22. Loufrani L, Levy BI, Henrion D. Defect in microvascular adaptation to chronic changes in blood flow in

mice lacking the gene encoding for dystrophin. Circ Res. 2002; 91(12):1183–9. PMID: 12480820.

23. Henrion D, Terzi F, Matrougui K, Duriez M, Boulanger CM, Colucci-Guyon E, et al. Impaired flow-

induced dilation in mesenteric resistance arteries from mice lacking vimentin. J Clin Invest. 1997; 100

(11):2909–14. https://doi.org/10.1172/JCI119840 PMID: 9389758.

24. Takakura N, Huang XL, Naruse T, Hamaguchi I, Dumont DJ, Yancopoulos GD, et al. Critical role of the

TIE2 endothelial cell receptor in the development of definitive hematopoiesis. Immunity. 1998; 9

(5):677–86. PMID: 9846489.

25. Liu HB, Zhang J, Sun YY, Li XY, Jiang S, Liu MY, et al. Dietary salt regulates epithelial sodium channels

in rat endothelial cells: adaptation of vasculature to salt. Br J Pharmacol. 2015. https://doi.org/10.1111/

bph.13185 PMID: 25953733.

26. Kusche-Vihrog K, Sobczak K, Bangel N, Wilhelmi M, Nechyporuk-Zloy V, Schwab A, et al. Aldosterone

and amiloride alter ENaC abundance in vascular endothelium. Pflugers Arch. 2008; 455(5):849–57.

https://doi.org/10.1007/s00424-007-0341-0 PMID: 17891415.

27. Prince LS, Welsh MJ. Cell surface expression and biosynthesis of epithelial Na+ channels. The Bio-

chemical journal. 1998; 336 (Pt 3):705–10. PMID: 9841884; PubMed Central PMCID:

PMCPMC1219923.

28. Jernigan NL, Drummond HA. Vascular ENaC proteins are required for renal myogenic constriction. Am

J Physiol Renal Physiol. 2005; 289(4):F891–901. https://doi.org/10.1152/ajprenal.00019.2005 PMID:

15914781.

29. Pradervand S, Wang Q, Burnier M, Beermann F, Horisberger JD, Hummler E, et al. A mouse model for

Liddle’s syndrome. J Am Soc Nephrol. 1999; 10(12):2527–33. PMID: 10589691.

The endothelial αENaC contributes to vascular endothelial function in vivo

PLOS ONE | https://doi.org/10.1371/journal.pone.0185319 September 26, 2017 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/9593680
https://doi.org/10.1146/annurev.physiol.62.1.573
https://doi.org/10.1146/annurev.physiol.62.1.573
http://www.ncbi.nlm.nih.gov/pubmed/10845103
https://doi.org/10.1038/367463a0
https://doi.org/10.1038/367463a0
http://www.ncbi.nlm.nih.gov/pubmed/8107805
https://doi.org/10.1016/j.coph.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24721652
https://doi.org/10.1016/j.febslet.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/23684652
http://www.ncbi.nlm.nih.gov/pubmed/11352841
https://doi.org/10.1161/HYPERTENSIONAHA.111.199455
https://doi.org/10.1161/HYPERTENSIONAHA.111.199455
http://www.ncbi.nlm.nih.gov/pubmed/23460285
https://doi.org/10.1172/JCI16956
http://www.ncbi.nlm.nih.gov/pubmed/12925696
https://doi.org/10.1096/fj.14-250282
https://doi.org/10.1096/fj.14-250282
http://www.ncbi.nlm.nih.gov/pubmed/24868010
https://doi.org/10.1161/HYPERTENSIONAHA.110.163444
https://doi.org/10.1161/HYPERTENSIONAHA.110.163444
http://www.ncbi.nlm.nih.gov/pubmed/21149827
http://www.ncbi.nlm.nih.gov/pubmed/10203772
https://doi.org/10.1007/s00424-008-0448-y
http://www.ncbi.nlm.nih.gov/pubmed/18213477
https://doi.org/10.1007/s00424-014-1492-4
http://www.ncbi.nlm.nih.gov/pubmed/24627154
http://www.ncbi.nlm.nih.gov/pubmed/12480820
https://doi.org/10.1172/JCI119840
http://www.ncbi.nlm.nih.gov/pubmed/9389758
http://www.ncbi.nlm.nih.gov/pubmed/9846489
https://doi.org/10.1111/bph.13185
https://doi.org/10.1111/bph.13185
http://www.ncbi.nlm.nih.gov/pubmed/25953733
https://doi.org/10.1007/s00424-007-0341-0
http://www.ncbi.nlm.nih.gov/pubmed/17891415
http://www.ncbi.nlm.nih.gov/pubmed/9841884
https://doi.org/10.1152/ajprenal.00019.2005
http://www.ncbi.nlm.nih.gov/pubmed/15914781
http://www.ncbi.nlm.nih.gov/pubmed/10589691
https://doi.org/10.1371/journal.pone.0185319

