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Abstract

Objective—Mineralocorticoid receptor activation of the epithelial sodium channel in endothelial
cells (ECs) (EnNaC) is accompanied by aldosterone induced endothelial stiffening and impaired
nitric oxide (NO)-mediated arterial relaxation. Recent data support enhanced activity of the alpha
subunit of EnNaC (aEnNaC) mediates this aldosterone induced endothelial stiffening and
associated endothelial NO synthase (eNOS) activation. There is mounting evidence that diet
induced obesity diminishes expression and activation of AMP-activated protein kinase a
(AMPKa), sirtuin 1 (Sirtl), which would be expected to lead to impaired downstream eNOS
activation. Thereby, we posited that enhanced EnNaC activation contributes to diet induced obesity
related increases in stiffness of the endothelium and diminished NO mediated vascular relaxation
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by increasing oxidative stress and related inhibition of AMPKa., Sirt1, and associated eNOS
inactivation.

Materials/Methods—Sixteen to twenty week-old aEnNaC knockout (aEnNaC™~) and wild
type littermate (EnNaC*/*) female mice were fed a mouse chow or an obesogenic western diet
(WD) containing excess fat (46%) and fructose (17.5%) for 16 weeks. Sodium currents of ECs,
endothelial stiffness and NO mediated aortic relaxation were examined along with indices of aortic
oxidative stress, vascular remodeling and fibrosis.

Results—Enhanced EnNaC activation-mediated WD-induced increases in sodium currents in
isolated lung ECs, increased endothelial stiffness and impaired aortic endothelium-dependent
relaxation to acetylcholine (107°-10~4 mol/L). These abnormalities occurred in conjunction with
WD-mediated aortic tissue oxidative stress, inflammation, and decreased activation of AMPKa,
Sirt1, and downstream eNOS were substantially mitigated in aEnNaC™~ mice. Importantly,
aEnNaC™~ prevented WD induced increases in endothelial stiffness and related impairment of
endothelium-dependent relaxation as well as aortic fibrosis and remodeling. However, EnNaC
signaling was not involved in diet-induced abnormal expression of adipokines and CYP11b2 in
abdominal aortic perivascular adipose tissue.

Conclusion—These data suggest that endothelial specific EnNaC activation mediates WD-
induced endothelial stiffness, impaired eNOS activation, aortic fibrosis and remodeling through
increased aortic oxidative stress and increased inflammation related to a reduction of AMPKa and
Sirt 1 mediated eNOS phosphorylation/activation and NO production.

Keywords

Obesity; endothelial sodium channels; nitric oxide; oxidative stress; fuel sensing kinases;
endothelial stiffness

Introduction

Obesity is associated with increases in cardiovascular disease (CVD) and represents a
rapidly growing health problem that has reached epidemic proportions [1, 2]. This epidemic
is driven, in part, by consumption of a Western diet (WD) high in saturated fat and processed
sugars, which may lead to vascular abnormalities characterized early by endothelial
dysfunction and vascular stiffening [3]. Importantly, studies have shown that such increases
in arterial stiffness during diet-induced obesity (DIO) usually occur prior to the development
of hypertension [4, 5]. Further, data from the Framingham Heart Study show that increased
arterial stiffening is an independent predictor of CVD in the general population, the elderly,
and hypertensive patients [6]. A possible mechanism linking arterial stiffening with obesity
is enhanced activation of vascular mineralocorticoid receptors (MRs) [5], which results in
tissue inflammation, oxidative stress, reduced nitric oxide (NO) bioavailability, fibrosis and
maladaptive remodeling [3, 7]. Recent data indicate that consumption of a WD or high fat
diet increases plasma aldosterone levels [8, 9] and promotes vascular MR-mediated
epithelial sodium channels (ENaC) in endothelial cell (EC) (EnNaC) activation, impaired
endothelial NO synthase (eNOS) activation and EC stiffness [3, 7], suggesting that WD
increased expression and activation of EnNaC through increased aldosterone and MR
activation. It is interesting that these DIO mediated abnormalities characterizing EC stiffness
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occur earlier and are more prominent in females than in males (3). However, there remains a
gap in our understanding of the molecular signaling mechanisms by which DIO induces
EnNaC mediated diminution of eNOS activation and related NO dependent vascular
relaxation.

Avrterial ECs maintain vascular homeostasis and normal physiological function partly
through the actions of EC-derived NO [10]. Recent studies indicate that aldosterone induces
EC MR-mediated activation of EnNaC which, in turn, leads to increased endothelial stiffness
and impaired eNOS activation [7]. The a-ENaC subunit is regarded as the core functional
component of this heterotrimeric channel, with the B/-y-ENaC subunits serving as amplifiers
and modulators of the channel’s activity [11, 12]. Increases in aEnNaC subunit expression
and membrane abundance in ECs leads to enhanced inward sodium (Na*) influx,
polymerization of G-actin to F-actin (increases endothelial stiffness) and reduces EC eNOS
activity and NO production [3, 7, 13]. Consistent with this notion, genetic depletion of the
aEnNaC subunit (aEnNaC™") decreased aldosterone mediated endothelial stiffness and
impaired eNOS responses [7]. However, the potential mechanisms by which EnNaC in
promoting obesity related impairment of eNOS activation and related arterial dysfunction
has not been explored.

In this regard, DIO leads to suppression of the fuel sensing molecule 5’ adenosine
monophosphate-activated protein kinase alpha (AMPKa) and sirtuin 1 (Sirtl) signaling,
which in turn, may lead to insulin resistance, endothelial dysfunction and impaired vascular
relaxation [14, 15]. Indeed, AMPKa activation is necessary for phosphorylation and optimal
activation of eNOS [16], and Sirtl promotes phosphorylation/activation of eNOS through
deacetylating lysine 496 and 506 [17]. Further, both increased AMPKa and Sirt1 can also
repress tissue oxidative stress [17, 18] thereby promoting increased bioavailable NO.

Obese women have substantially increased vascular stiffness and lose the CVD protection
normally afforded to non-obese females [5, 19, 20]. In line with these epidemiological
observations in obese women, work in preclinical models indicate that female mice fed a
WD become insulin resistant with a more rapid onset of vascular [21] and cardiac stiffness
[20] compared to males. On the basis of the above, we hypothesized that enhanced EnNaC
activation promotes WD-induced endothelial stiffness, impairs eNOS activation, and
promotes aortic fibrosis and maladaptive vascular remodeling in females. We further posited
that these adverse vascular effects are also promoted via increased inflammation and
oxidative stress that are associated with a reduction in activation of AMPKa., Sirt1, and
downstream eNOS phosphorylation/ activation.

2. Methods

All animal procedures were performed in accordance with National Institutes of Health
Guide for the Care and Use of Laboratory Animals, the Animal Care and Use Committee at
the University of Missouri-Columbia, and the Subcommittee for Animal Safety at the
Truman VA Hospital/Center. « EnNaC~/~ mice were generated and crossed with Tie 2 Cre*
mice and wild-type littermates (aEnNaC*/*) as described before [7, 22]. Sixteen to twenty
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week-old aEnNaC ™'~ and xEnNaC*/* female mice were fed a standard mouse chow (CD) or
a WD containing excess fat (46%) and fructose (17.5%) for a further 16 weeks.

2.1. Structural, biochemical parameters, and tail cuff blood pressure measurements

After 16 weeks of feeding, mice underwent body composition analysis for whole body fat
mass, lean mass and total body water using an EchoMRI-500 for quantitative magnetic
resonance analysis (Echo Medical Systems, Houston, TX, USA) as previously described
[23]. Blood samples were collected from a subset of fasting mice in each treatment group
and plasma was stored at —80°C for glucose and insulin assays and homeostatic model
assessment of insulin resistance (HOMA-IR) [23]. Tail cuff blood pressure measurements
protocols involved collection of several dozen measurements, with the software establishing
the validity of each measurement. Data were tabulated in excel files and valid readings were
used to calculate mean values for each mouse (Kent Scientific Corporation, Torrington,
Conn., USA) [24].

2.2. Aortic stiffness by pulse wave velocity (PWV)

In vivo Doppler ultrasound (Indus Mouse Doppler System, Webster, TX) was performed on
mice to determine PWV according to a previously established protocol [3]. In brief, the
distance between two locations along the aorta was divided by the difference in arrival times
and is expressed in m/s. Velocity wave forms were acquired at the aortic arch followed
immediately by measurement at the descending aorta 35 mm distal to the aortic arch.

2.3. EC isolation and patch clamp

Mouse lungs were isolated and digested with collagenase IV for 90 minutes after which ECs
were isolated by sequential passage across anti-CD45 antibody and anti-CD31 antibody-
conjugated microbeads ( Miltenyi Biotec Inc., Auburn, CA, USA) [3] and cultured for 5-8
days at 37°C, 5% CO,. Whole cell Na* currents were recorded by patch clamp using an
EPC-10 amplifier (Heka) and Patchmaster and analyzed using Igor Pro software [25]. Patch
pipette solution contained (in mM) 40 KCI, 100 K-gluconate, 1 CaCI2, 0.1 EGTA, 4
Na2ATP, 10 Glucose, 10 Hepes, 2 GTP-Na2 (pH 7.2 with KOH). Bath solution contains
NaCl, 120, 4.5 KCI, 1.0 CaCl2, 1.0 MgCl2, 10 glucose, 10 Hepes (pH 7.2 with NaOH) [26].
Borosilicte glass pipette tip resistance ranged from 4.0 to 6.0 M when filled with
intracellular solution. Whole-cell Na* currents were evoked by voltage steps delivered from
holding potential of 0 mV to potentials ranging from —80 to +80 mV, in 40 mV increments.
Series resistance (<10M) compensation was performed to minimize the duration of the
capacitive surge. EnNaC currents were confirmed by inhibition with the Na+ channel
inhibitor, amiloride (1uM). All experiments were performed at room temperature.

2.4, Atomic force microscopy (AFM) measurement of cell stiffness and ex vivo
assessment of aortic reactivity
Stiffness of ECs was determined in intact mouse aortic explants using a nanoindentation
AFM protocol as previously described [3]. For ex vivo assessment of reactivity of aortic
rings contractile responses to KCI (80 mMeL~1) were measured using myography. To assess
vasodilator capacity, aortic rings were preconstricted with U46619 (30 nM) and relaxation
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measured following cumulative addition of either acetylcholine (1 nm to 10 mM; endothelial
dependent) or sodium nitroprusside (1 nM to 10 mM; endothelial independent).

2.5. Western-blot and quantitative PCR

Protein concentration of aortic tissue homogenates were measured as previously described
[3]. To quantify specific proteins, western blots were incubated overnight at 4°C with
primary antibodies against pSer-eNOS/eNOS (1:1000 dilution, #612393/#610297, BD
Biosciences, San Jose, CA), pAMPKa/AMPKa (1:500 dilution, 2535s/2793, Cell
signaling, Danvers, MA), Sirtl (1:1000 dilution, 3931s, Cell signaling, Danvers, MA),
GAPDH (1:2000 dilution, #5174s, Cell Signaling Technology, Danvers, MA). Bands were
visualized by chemiluminescence, and images were recorded using a Bio-Rad ChemiDoc
XRS image-analysis system. For quantitative PCR, first-strand cDNA synthesis was
performed using 1ug total RNA with oligo dT (1 pg), 5x reaction buffer, MgCl,, dNTP mix,
RNAse inhibitor, and Improm 11 reverse transcriptase using an Improm Il reverse
transcription kit (Promega, Madison, WI). Real-time PCR was performed using 8 ul cDNA,
10 ul SYBR green PCR master mix (Bio-Rad Laboratories) and forward and reverse primers
(10 pM/pl) (Integrated DNA Technologies, San Diego, CA) and a real-time PCR system
(CFX96; Bio-Rad Laboratories).[3] Primer sequences used were: nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase 2 (NOX2), Forward: 5’-
CTTTGGTACAGCCAGTGAAGA -3’, Reverse: 5’- CCAGACAGACTTGAGAATGGAG
-3’; Intercellular adhesion molecule-1 (ICAM-1), Forward: 5’-
GTGATGGCAGCCTCTTATGT -3’; Reverse: 5°- GGGCTTGTCCCTTGAGTTT-3".
Vascular cell adhesion molecule-1 (VCAM-1), Forward: 5’-
GAGGGAGACACCGTCATTATC-3’; Reverse: 5’- CGAGCCATCCACAGACTTTA -3'.
Interleukin 6 (IL6), Forward: 5°- CTTCCATCCAGTTGCCTTCT-3’; Reverse: 5’-
CTCCGACTTGTGAAGTGGTATAG-3’. Monocyte chemoattractant protein 1 (MCP-1),
Forward: 5’- GATGCAGTTAATGCCCCACT-3’; Reverse: 5°-
TTCCTTATTGGGGTCAGCAC-3’. Leptin, Forward: 5’-
CCTGTGGCTTTGGTCCTATC-3’; Reverse: 5’- GATCCTGGTGACAATGGTCTT-3".
Adiponectin, Forward: 5’- TGAGACAGGAGATGTTGGAATG-3’; Reverse: 5°-
ACGCTGAGCGATACACATAAG-3’. CD11b, Forward: 5’-
CCAAGACGATCTCAGCATCA-3’; Reverse: 5’- TTCTGGCTTGCTGAATCCTT-3".
CD206, Forward: 5’- CAAGGAAGGTTGGCATTTGT- 3’; Reverse: 5’-
CCTTTCAGTCCTTTGCAAGC-3’. CYP11b2, Forward: 5’-
ATGCTCCTGCTTCACCATATAC-3’; Reverse: 5’-CTGGAGCTGGGCATCAAA-3’. ACE,
Forward: 5’-GACAGGTTCGTGGAAGAGTATG-3’; Reverse: 5°-
TTGCTGCCCTCTATGGTAATG-3’. Endothelin-1 (ET-1), Forward: 5’-
TGGTGGAAGGAAGGAAACTAC-3’; Reverse: 5’-GCGTCAACTTCTGGTCTCTAT-3".
GAPDH, Forward: 5’-GGAGAAACCTGCCAAGTATGA-3’, Reverse: 5’-
TCCTCAGTGTAGCCCAAGA-3’. PCR protocols consisted of 5 min at 95°C for initial
denaturation, 40 cycles of 30 s at 95°C, 30 s at 58°C and 30 s at 72°C. Results were
normalized against the housekeeping gene, GAPDH.
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2.6. Immunohistochemistry

Segments of thoracic aorta (approximately 2mm in length) were fixed in 3%
paraformaldehyde, dehydrated in an ethanol series, paraffin embedded, and transversely
sectioned (5um slices). To evaluate fibrosis, aortic samples were stained with picro-sirus-red.
Additional sections were incubated with antibodies to either 3-nitrotyrosine (3-NT)
(Millipore, Billerica, MA) or collagen | (Abcam, Cambridge, MA) overnight at room
temperature. Areas and the intensities of staining for 3-NT (brown color) and Collagen-1
(red color) were quantified using MetaVue.

2.7. Statistical analysis

Results are reported as means + SEM. Statistical differences were determined using one/
two-way ANOVA multiple comparison analyses and Gabriel Students-Newman-Keuls post-
test. Differences were considered significant at p<0.05. All statistical analyses were
performed using Sigma Plot (version 12) software (Systat Software, San Jose, CA).

3. Results

3.1. Effects of WD on characteristics of aEnNaC** and aEnNaC~/~ mice

We have previously observed that our WD induces weight gain and fat mass without
significant alterations in blood pressure [3, 23]. In the present study, there were no
significant differences in fat mass, body weight, peri-reproductive fat mass and blood
pressure (BP) between CD aEnNaC™/~ and their littermate controls (Table 1). Compared to
CD-fed mice, 16 weeks of WD induced 1.91, 1.15, and 1.51 fold increases in whole body fat
mass, body weight, and peri-reproductive fat mass, respectively (0<0.05) (Table 1). In
contrast, there were no significant differences in body fat mass, body weight and peri-
reproductive fat mass between aEnNaC*/* vs a EnNaC~/~ mice after consuming the WD. Of
note, there were also no significant differences in lean mass, retro-peritoneal fat, cholesterol,
triglycerides, fasting glucose, homeostatic model assessment-insulin resistance (HOMA-IR),
systolic BP, diastolic BP, or pulse pressure between any of the groups (Table 1).

3.2. aEnNaC™~ prevents WD-induced increases of EC inward Na+ currents

Our previous data demonstrated that the ENaC antagonist, amiloride (1 pmol), inhibits
inward EC Na+ currents, /n vitro [7]. To evaluate the effect of WD on EC Na* currents from
aEnNaC** and aEnNaC ™/~ mice, lung ECs from the experimental groups were isolated and
Na* currents measured by patch clamp [7]. Following 16 weeks of WD feeding a significant
increase in inward Na* current was observed in lung ECs isolated from a.EnNaC*/* mice
compared to those of mice fed the CD (Fig. LA-C). In contrast, EC Na+ currents of
aEnNaC~~ mice fed the WD were attenuated compared to those of aEnNaC*/* mice
consuming a WD (Fig. 1B-C). These data suggest that the a EnNaC subunit is required for
channel activation and the subsequent increase in EC Na* currents that occurs in response to
WD feeding.
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3.3 aEnNaC™~ prevents WD-Induced increases in endothelial stiffness and impaired NO
mediated aortic relaxation

aEnNaC*/* mice fed the WD (16 weeks) exhibited increased endothelial stiffness, measured
ex vivo, while in vivo PWV (measure of whole vessel stiffness) was unaltered (Fig. 2A-B).
The diet-induced increase in ex vivo aortic endothelial stiffness was, however, significantly
blunted in aEnNaC~~ mice (Fig. 2A-B). Similarly, WD feeding impaired aortic
endothelium (NO)-dependent relaxation to acetylcholine that was significantly attenuated in
aEnNaC~~ mice (Fig. 2C). In contrast, no significant differences were observed between
groups in response to the endothelium-independent vasodilator, sodium nitroprusside (Fig.
2D). Collectively these data indicate a role for EnNaC activation in WD-induced increases in
endothelial stiffness, reduced eNOS activation and associated impaired endothelium-
dependent relaxation.

3.4. aEnNaC™~ prevents WD-induced aortic oxidative stress

To determine the role of EnNaC in WD-induced aortic oxidative stress, we evaluated 3-NT
production and levels of NOX2 mRNA expression. The aEnNaC** mice fed the WD (16
weeks) showed significantly increased levels of 3-NT and NOX2 mRNA expression (Fig.
3A-C). Importantly, aEnNaC deletion attenuated the WD-induced increase in both 3-NT
production and NOX2 expression (Fig. 3).

3.5. aEnNaC™~ prevents WD-induced inflammation and reductions in AMPKa and Sirtl
and downstream eNOS activity

In addition to increasing aortic oxidative stress, 16 weeks consumption of a WD increased
MRNA levels of VCAM-1 and MCP-1 but not ICAM-1 and IL6 (Fig 4A). Consumption of
the WD was also associated with reduced phosphorylation/activation of AMPKa and eNOS
as well as decreased expression of Sirtl (Fig 4). Again, these impairments were significantly
blunted in aEnNaC~/~ mice (Fig 4), consistent with the notion that EnNaC activation is
critical for WD-induced increases in oxidative stress, inflammation, and inhibition of
AMPKa and Sirtl and resultant reductions in eNOS activity.

3.6. aEnNaC™~ prevents WD-induced aortic fibrosis and remodeling

Consistent with previous studies, consumption of a WD in EnNaC*/* mice increased aortic
fibrosis as shown by picro-sirius red staining. The diet-induced increase in aortic fibrosis
was significantly attenuated in a EnNaC~~ mice (Fig. 5). Compared to WD aEnNaC*/*
mice, expression of collagen | was concomitantly decreased in a EnNaC ™~ mice consuming
the obesogenic diet (Fig 5).

3.7. aEnNaC deletion in mice does not prevent WD-induced increases in inflammation
and CYP11b2 in abdominal aortic perivascular adipose tissue (PVAT)

Fat tissues release adipokines, leptin, adiponectin, macrophage M1 markers CD11b and IL6,
as well as M2 marker CD206 [27]. Consumption of a WD in EnNaC*/* mice increased
MRNA levels of leptin, macrophage M1 markers CD11b and IL6, which were not
significantly attenuated in aEnNaC™'~ mice (Fig. 6A). Meanwhile, DIO also induced an
increase of CYP11b2 (aldosterone synthase) expression, and this was not significantly
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inhibited in aEnNaC ™/~ mice in abdominal aortic PVAT (Fig 6B). There were no significant
differences in mRNA levels of adiponectin CD206, ACE and ET-1 between any of the
groups (Fig 6).

4. Discussion

This investigation provides several novel findings that advance our understanding of the role
played by the endothelial Na* channel in the development of increased endothelial stiffness
and impaired NO mediated vascular relaxation associated with DIO. First, consumption of
the WD increased inward Na* currents in isolated ECs. Secondly, the enhanced EC Na*
currents were associated with significant increases in aortic oxidative stress characterized by
increased 3-NT levels and NOX2 expression as well as the markers of inflammation,
VCAM-1 and MCP- 1. Thirdly, consumption of a WD inhibited activation (phosphorylation)
of AMPKa and eNOS and Sirtl expression. These WD induced EC abnormalities were
associated with increased endothelial stiffness, impaired NO-dependent relaxation, aortic
fibrosis and remodeling. Importantly, these endothelial abnormalities occurring in response
to WD feeding were significantly attenuated in a EnNaC~'~ mice implicating a central role
for endothelial Na* channel activation. Lastly, endothelium specific ENaC signaling was not
involved in diet-induced abnormal release of adipokines and CYP11b2 in abdominal aortic
PVAT.

The epithelial Na* channel, ENaC, is a heterotrimeric ion channel consisting of a, B, y, and
& subunits. These subunits have been reported in a variety of cell types, including most
recently in ECs [12, 28-30]. The a-ENaC subunit is regarded as the core channel forming
component while the B/-y-ENaC subunits serve as amplifiers and modulators of the
channel’s activity [11, 12]. An important role for the a subunit of EnNaC in vascular
function is supported by this subunit being critical for the regulation of flow-mediated
vascular dilation through a shear-stress sensing mechanism [3, 22]. Further, increased
expression, membrane localization and activation of the a EnNaC subunit contributes to EC
stiffness /n vitro inhuman and mouse ECs, as well as in the Liddle syndrome mouse model
[7, 11]. Our current data for the first time support a critical role for the a subunit and
activation of EnNaC in enhancing inward Na* currents which then lead to increases in EC
stiffness and impaired eNOS activation, oxidative stress and inflammation in the setting of
DIO.

Previous studies have shown that DIO is associated with increased plasma aldosterone levels
[8, 9], as well as enhanced activation of the vascular endothelial MR leading to EnNaC
activation. This, in turn, promoted Na* entry into ECs which induced polymerization of G-
actin to F-actin [3, 7]. Such cytoskeletal remodeling is thought to repress calveolar eNOS
activity which reduces NO production, resulting in EC remodeling of the actin cytoskeleton
and excessive endothelium stiffness [3, 29, 31].

Our recent studies have shown that /n vivo global inhibition of ENaC with amiloride [21]
and EC specific deletion of a EnNaC ™'~ [7] prevents MR mediated arterial stiffness and
improves flow-induced resistant artery dilation. In the current investigation the a EnNaC~/~
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genotype prevented WD-induced endothelium stiffness and associated impairment of eNOS
activation.

WD consumption by rodents has been shown to increase aortic oxidative stress which is
regarded as an important contributor to obesity related EC dysfunction and adverse arterial
remodeling [32, 33]. Evidence from studies of both rodents [34, 35] and humans [36, 37]
suggests that dietary manipulations, including a high salt diet, induce oxidative stress which
subsequently increases ENaC activity in kidney epithelial cells [38]. Oxidative stress (for
example H,O,.induced) has also been shown to increase lung aENaC expression and
activity via inhibitory effects on ubiquitin-like protein Nedd8 [39]. Accordingly, increased
oxidative stress likely promotes inward EC Na* currents and endothelial stiffness and
impaired eNOS activation. Indeed, in dendritic cells, the a/p subunits of ENaC mediate high
Na*-induced activation of p47P"°X gp91PhoX and oxidative stress through activation of the
Na*/Ca2* exchanger and protein kinase C [40]. Our recent data showed that endothelial
specific aEnNaC deletion mitigates aldosterone-induced endoplasmic reticulum stress and
NOX2 mediated oxidative stress, as well as pro-inflammatory responses [7]. Consistent with
these findings, our current data further demonstrate that EnNaC activation mediates diet-
induced obesity related increases in 3-NT, VCAM-1 and MCP-1, oxidative stress
inflammation and impaired eNQOS activation.

DIO plays an important role in development of arterial stiffness through abnormal release of
IL-6, IL-8, and inflammation adhesion molecules in aorta [1]. Our recent data indicates that
EnNaC mediates chronic aldosterone infusion-increased endothelium permeability and
subsequent elevated CD68, IL1 and IL6 [7]. In the current study, the data indicates that
EnNaC activation mediates WD-induced increases in the proinflammation cytokines
VCAM-1 and MCP-1. Meanwhile, diet and other factors regulate fuel presentation to cells,
thereby modulating AMPKa, Sirtl and eNOS activity, in part, through changes in oxidative
stress [41]. To this point, increased oxidative stress in obesity inhibits AMPK activity
through inhibition of liver kinase B1 activity [42]. Both oxidative and endoplasmic reticulum
stress can also diminish AMPK activity [43, 44]. Conversely, inhibition of oxLDL-induced
oxidative stress significantly increases the phosphorylation and activation of AMPKa in
vitro [45]. AMPKa activation is important in both stimulation of eNOS activity and anti-
oxidative effects. For instance, activation of AMPKa induces an increase of phosphorylation
of eNOS at Ser1177, and the resultant eNOS activation leads to increases in NO production
in human aorta ECs [46]. AMPKa deficiency also increases the expression of p47phox,
p67phox, and gp91phox and consequent NADPH oxidase activation in human umbilical
vein ECs [47]. The resultant increases in oxidative stress, in turn, leads to increases in NO
destruction [47]. Thus, a deficiency of AMPKa induced by diet-induced obesity, as occurred
in the present study, would be expected to decrease bioavailable NO by reducing eNOS
activation and increasing oxidative stress mediated NO destruction.

While increases in Sirtl, acting via its deacetylase activity, have been shown to increase
expression and activation of eNOS, increased eNOS activation and NO production, in turn,
also stimulates Sirtl expression [48, 49]. Conversely, increases in expression of the NADPH
subunit p22 (phox) and NADPH oxidase activity, and resulting vascular superoxide
production, have been shown to inhibit Sirt1 expression and endothelium (NO)-dependent
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relaxation [50]. Our present data are consistent with the notion that EnNaC-mediated
oxidative stress is associated with increased EC stiffness and impaired NO mediated
relaxation through reduction of expression of Sirtl and activation of AMPKa and
downstream activation of eNOS, as well as NO destruction by the increased oxidant
moieties. The resulting reduction in bioavailable NO has been shown to enhance collagen
crosslinking and promote aortic fibrosis as observed in this study of mice consuming a WD
[50].

It is important to note that there were no differences in baseline physiological parameters
such as BP and aortic relaxation between control aEnNaC** and aEnNaC~/~ mice. While
EnNaC contributes to the maintenance of normal endothelium function its deletion does not
appear to lead to a significant abnormal arterial phenotype, under control conditions (i.e.
with consumption of normal chow diet). Another factor may be that at this relatively early
stage of feeding in this study other compensatory mechanism affect in vivo arterial
hemodynamics. Indeed, a prior study showed that inhibition of ENaC with benzamil blunted
acetylcholine-induced NO production in mesenteric arteries from wild type mice but not in
aEnNaC™~ mice, suggesting a role for endothelial EnNaC in acetylcholine-induced NO
production under normal physiological circumstances [22]. This is further confirmed in the
current study as Sirtl was decreased in control aEnNaC~/~ since Sirt1 is related to NO
production. Therefore, the effects of EnNaC on vascular function appear to be different and
under pathological (ie DIO) versus physiological conditions. Further, the current
investigation shows that while WD induced EC stiffness and impaired eNOS activation, it
did not result in an increased PWV and aortic stiffness. Similar results were found in our
recent study which showed that 3 weeks of aldosterone infusion did not increase PWV in
EnNaC*/* control mice [7]. Indeed, increased aortic stiffness involves the dysfunction of not
only the EC, but also vascular smooth muscle cells and extracellular matrix stiffness [33].
Thus, we suggest that development of endothelial stiffness and associated reductions in NO
production precedes and is a necessary precursor to the development of aortic stiffness as
determined by increased PWV.

Fat tissue has been shown to be associated with abnormalities in the production/action of
adipokines and endothelium-derived contracting factors [27]. Data from this study support
this notion as DIO increased mRNA levels of leptin and macrophage M1 markers CD11b
and IL6 in aortic PVAT. DIO also increased aortic PVAT mRNA for CYP11 b2 that is related
to aldosterone production. Consistent with this, our previous data showed that WD feeding
leads to elevated plasma aldosterone levels [8] and vascular MR activation [3], which are
both involved in impaired endothelium dependent artery relaxation [3, 8]. However, deletion
of aEnNaC did not prevent the WD-induced increases in inflammation and CYP11b2 in
abdominal aortic PVAT, suggesting endothelium specific EnNaC signaling is not involved in
abnormal production/action of adipokines and vascular contracting factors in arterial PVAT.

It is important to acknowledge that the current studies focused on female mice. The rationale
for having chosen female mice related to the observation that obese and diabetic females
lose CVD protection that is typically afforded by female sex and this may relate to an
increased propensity to develop CV stiffness in obese females [20]. This notion is supported
in our previous work where C57BL6J mice fed a WD showing that female mice display a
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more rapid onset of insulin resistance as well as aortic [21] and cardiac stiffness [20]
compared to males. In addition, the elevation in plasma aldosterone levels induced by
consumption of a WD is higher in females compared to males [20]. We intend to further
examine the gender difference in diet-induced vascular stiffness and its molecular
mechanisms in future studies.

Collectively, we extend previous observations regarding the critical role for the aEnNaC
subunit activation in the development of endothelial stiffness and reduced eNOS activation
[7, 21]. This investigation also uncovered mechanisms by which excess nutrient intake leads
to diminished vascular eNOS activation. Data from this investigation further indicates that
consumption of a WD increases EnNaC activity, which subsequently leads to increased
oxidative stress, inflammation, and associated increased endothelium stiffness and impaired
NO mediated aortic relaxation (Fig 7). Our data suggest that this DIO induced diminution of
eNOS activation occurs, in part, via reduced activation of the nutrient sensitive molecules
AMPKa and Sirtl.

In summary, abnormally increased EC stiffness appears to be a critical early instigator of
vascular disease since mechanical stiffening of the ECs causes impaired NO production that
typically precede whole arterial structural and functional abnormalities and hypertension.
Interventions that prevent or mitigate endothelial stiffness offer a potential therapeutic
strategy in the prevention and early treatment of vascular stiffness and associated
impairment of relaxation associated with obesity in females.
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aENaC epithelial Na* channel alpha
aEnNaC aENaC in ECs
eNOS endothelial NO synthase
AMPKa 5’ adenosine monophosphate-activated protein kinase alpha
Sirtl sirtuin 1
Bp blood pressure
PWV pulse wave velocity
PVAT perivascular adipose tissue
3-NT 3-Nitrotyrosine
NOXs nicotinamide adenine dinucleotide phosphate oxidase
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ICAM-1 intercellular adhesion molecule-1
MCP-1 monocyte chemoattractant protein 1
IL6 interleukin 6
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Highlights
. EnNaC is critical for development of endothelium stiffness and aortic
dysfunction.
. Consumption of a WD promotes EC Na* inward currents, oxidative stress,

. Blockade of EnNaC represents a potential therapeutic strategy for

inflammation, endothelium stiffness, aortic fibrosis, remodeling and
dysfunction through reduced activation of AMPKa, Sirtl and eNOS.

ameliorating the detrimental effects of obesity-induced arterial stiffness and
dysfunction.
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Fig 1.

algnNaC"‘ mice prevents WD-induced increases of inward Na* currents on isolated lung
ECs. Na* current tracings (A), group 1-V curves of Na* currents (B), and comparison of
peak inward Na+ currents at —80 mV (C) in aEnNaC*"* and aEnNaC™~ mice fed a WD,
n=31-38 cells.t p<0.01 compared with CD aEnNaC*/* group; 1 p<0.01 compared with CD
or WD aEnNaC*"* group in multiple comparison analysis.
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Fig 2.

algnNaC"‘ mice prevents WD-induced endothelium stiffness and impaired aortic
relaxation. (A) The ex vivo measurement of endothelium stiffness by using atomic force
microscopy. n=4-5. (B) Aortic pulse wave velocity measured /n vivo, n=4-7. (C-D)
Vasodilator responses of isolated aortic rings to the endothelium-dependent dilators,
acetylcholine (C) and to the endothelium-independent vasodilator, sodium nitroprusside (D).
n=5-9. t p<0.05 compared with CD aEnNaC*/* group; ¥ p<0.05 compared with WD
aEnNaC** group in multiple comparison analysis.
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Fig 3.

aIgnNaC"‘ mice prevents WD-induced aortic oxidative stress. (A) Representative images of
aortic sections stained for 3-nitrotyrosine (3-NT), a marker of oxidant stress from
accumulation of oxidant peroxynitrite (ONOQO™) with corresponding quantitative analysis
(B). Scale bar = 50 pm, n=5-6. MRNA levels of Nox2 (C) in aortic tissues as measured by
real-time PCR. n=5-7. t p<0.05 compared with CD aEnNaC** group; f p<0.05 compared
with WD aEnNaC** group in multiple comparison analysis.
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aEnNaC~/~ mice prevents WD-induced an increase of inflammation and reduction of
AMPKa and eNOS activity and Sirtl expression. (A) mRNA levels of ICAM-1, VCAM-1,
IL6, MCP-1. (B) The protein abundance of AMPKa, eNOS, Sirtl and GAPDH in aortic
tissues were performed with immunoblotting. Quantitative analysis of protein abundance in
p-AMPKa (C), p-eNOS (D), and Sirt1 (E). T <0.05 compared with CD aEnNaC*/* group;
} p<0.05 compared with WD aEnNaC*/* group in multiple comparison analysis.
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Fig 5.

algnNaC"‘ mice prevents WD-induced aortic remodeling. Representative micrographs
show aortic fibrosis staining with picrosirius red staining (A) and collagen 1 (B) with
corresponding measures of average gray scale intensities.Scale bar = 50 um, n=5-6. 1
p<0.05 compared with CD aEnNaC*/* group; 1 p<0.05 compared with WD aEnNaC*/*
group in multiple comparison analysis.
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Fig. 6.
Deletion of aEnNaC in mice does not prevent WD-induced increases in inflammatory

factors and CYP11b2 in abdominal aortic perivascular adipose tissue. (A) mRNA levels of
adipokines in leptin, adiponectin, CD11b, IL6 and CD206. (B) mRNA levels of CYP11b2,
ACE and ET-1. N=5-7. 1 p<0.05 compared with CD aEnNaC** group in multiple
comparison analysis.
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Fig 7.

Schematic diagram showing proposed mechanisms underlying the contribution of EnNaC to
diet-induced increases in endothelial stiffness and impaired aortic NO mediated vascular
relaxation.
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Table 1.
Characteristics of mice fed a western diet
Measures CDaEnNaC** CDaEnNaC”’~ WD aEnNaC** WD aEnNaC™~
Fat mass (g) 3.70+0.44 4.04+0.25 7.08+0.707 6.17 +0.357
Lean mass (g) 15.43+0.39 14.99+0.45 14.7740.30 13.92+0.17
Body weight (g) 20.59+0.63 20.92+0.37 23.59+0.467 22.17+0.49
Peri-reproductive fat (mg) ~ 651.38+46.56  550.57+40.94  980.72+110.457  899.04+50.827
Cholesterol (mg/dl) 80.60+11.37 66.71+4.88 101.83+10.35 100.11+4.50
Triglycerides (mg/dl) 39+2.94 31.71+3.39 42.67+2.67 41.44%5.29
Retro-peritoneal fat (mg) 125.78+25.27 94.44+9.91 181.33+12.99 173.89+11.89
Fasting glucose (mg/dL) 130.8+7.3 153.4+7.3 179.2431.9 175.9+£10.0
HOMA-IR (Arbitrary units) 2.78+0.51 2.90+0.19 3.21+0.46 3.23+0.47
Systolic BP (mmHg) 109.1+4.9 109.4+4.0 106.1+3.2 99.1+1.6
Diastolic BP (mmHg) 56.7+4.7 61.3+3.8 63.1+3.6 56.4+1.2
Pulse pressure (mmHg) 52.4+3.5 48.1+0.7 43.1+34 42.6x2.1

Values are mean + SE. n=5-8.

’p<0.05 vs CD EnNaC*'*.
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