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Abstract

Rationale—Enhanced activation of the mineralocorticoid receptors (MR) in cardiovascular 

tissues increases oxidative stress, maladaptive immune responses and inflammation with 

associated functional vascular abnormalities. We previously demonstrated that consumption of a 

Western Diet (WD) for 16 weeks results in aortic stiffening, and that these abnormalities were 

prevented by systemic MR blockade in female mice. However, the cell specific role of endothelial 

MR (ECMR) in these maladaptive vascular effects has not been explored.

Objective—We hypothesized that specific deletion of the ECMR would prevent WD-induced 

increases in endothelial sodium channel (ENaC) activation, reductions in bioavailable nitric oxide 

(NO), increased vascular remodeling and associated increases in vascular stiffness in females.

Methods and Results—Four week-old female ECMR knockout and wild type mice were fed 

either mouse chow or WD for 16 weeks. WD feeding resulted in aortic stiffness and endothelial 

dysfunction as determined in vivo by pulse wave velocity (PWV) and ex vivo by atomic force 

microscopy, and wire and pressure myography. The WD-induced aortic stiffness was associated 

with enhanced ENaC activation, attenuated endothelial NO synthase (eNOS) activation, increased 

oxidative stress, a pro-inflammatory immune response and fibrosis. Conversely, cell specific 

ECMR deficiency prevented WD-induced aortic fibrosis and stiffness in conjunction with 
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reductions in ENaC activation, oxidative stress and macrophage pro-inflammatory polarization, 

restoration of eNOS activation.

Conclusions—Increased ECMR signaling associated with consumption of a WD plays a key 

role in endothelial ENaC activation, reduced NO production, oxidative stress, and inflammation 

that lead to aortic remodeling and stiffness in female mice.
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INTRODUCTION

It is well accepted that obesity is associated with increased arterial stiffness, which is a 

prognosticator for increased cardiovascular disease (CVD).1-3 In this context, data from the 

Framingham Heart Study including an analysis of 2232 participants support that arterial 

stiffness is an independent predictor of CVD morbidity and mortality in the general 

population, hypertensive patients, the elderly, and patients with end-stage renal disease.4 

Obesity is promoted by consumption of a Western Diet (WD) high in fat and refined 

carbohydrates.2, 3 There is accumulating evidence that plasma aldosterone levels are higher 

in overweight and hypertensive women and that the elevated plasma aldosterone is 

positively associated with cardiac and vascular dysfunction in females but not in males.5-8 

Mineralocorticoid excess and enhanced mineralocorticoid receptor (MR) activation promote 

oxidative stress, inflammation, endothelial dysfunction, arterial remodeling as well as 

fibrosis.3, 9

We recently reported that consumption of a WD contributed to both impairments in cardiac 

diastolic relaxation and aortic stiffening in young female mice, abnormalities that were 

prevented by MR antagonism.3, 9 One fundamental understanding is that MR mediates the 

WD-mediated attenuation of endothelial nitric oxide synthase (eNOS) activity and the 

increase in reactive oxygen species (ROS) production that mediates the destruction of nitric 

oxide (NO) leading to reduced bioavailable NO in the development cardiac and vascular 

stiffness.3 There is emerging evidence that enhanced MR activation increases activation of 

serum-and glucocorticoid-regulated kinase 1(SGK1)10, 11 and epithelial Na+ channel 

(ENaC) expression on the endothelial cell (EC) surface. This, in turn, leads to reduction of 

NO production and bioavailability which, in turn, increases cortical stiffness of the 

cytoskeleton.12, 13 Thus, cell specific endothelial MR signaling may play an important role 

in the pathogenesis of cardiovascular stiffness. We hypothesized that consumption of a WD 

would promote endothelial cell MR (ECMR) mediated aortic stiffness via increases in 

endothelial ENaC expression, reductions in eNOS activity, enhanced oxidative stress, 

maladaptive inflammation and subsequent vascular remodeling. The corollary to this 

hypothesis was that specific ECMR knockout (KO) (ECMR−/−) mice, driven by a VE-

cadherin promoter, would prevent WD-induced aortic pathophysiological changes and 

associated aortic stiffness.
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METHODS

Animals and treatments

ECMR−/− mice were generated by crossing MRf/f mice with VE-Cad-Cre+ mice as 

previously described.14 MRf/f Cad-Cre− littermates were used as controls. In these mice, 

Exon 5 and Exon 6 of the MR gene are flanked by loxP sites via homologous recombination 

(MRf/f), as previously described.14, 15 All procedures were approved in advance by the 

Institutional Animal Care and Use Committee of the University of Missouri and the Harry S. 

Truman VA Research Center and mice were cared for according to NIH guidelines. Groups 

of four-week-old female mice were fed a WD consisting of high fat (46%) and a high 

carbohydrate component as constituted with sucrose (17.5%) and high fructose corn syrup 

(17.5%) and water with or without amiloride (1mg/kg/d) for 16 weeks.16 Parallel groups of 

age-matched female controls (ECMR+/+) were fed regular mouse chow (CD) for the same 

period of time.

Aortic stiffness by pulse wave velocity (PWV) in vivo

Doppler ultrasound (Indus Mouse Doppler System, Webster, TX) was performed on mice 

according to a previously established protocol to evaluate pulse wave velocity (PWV).3

Atomic force microscopy (AFM) imaging and force measurement

ECs were isolated using anti-PECAM-1 antibody-conjugated Dynabeads as previously 

described.17 To evaluate the stiffness of the endothelium in aortic preparations, a 2×2 mm 

segment of the thoracic aorta was obtained from mice following the 16-week experimental 

period. The aorta was opened longitudinally and the adventitial surface of each explant was 

fastened to a glass cover slip using Cell Tak allowing enface access by the AFM to the EC 

surface. Stiffness of the EC surface was measured by AFM. The stiffness of EC within intact 

aortic explants from mice and primary cultured ECs was measured using a nano-indentation 

protocol with AFM according to previously described procedures.3, 18

Ex vivo aortic activity and flow-induced dilation

Aortic mechanical activity was measured by wire myography as previously described.3 

Mesenteric resistance arteries were isolated and cannulated onto glass micropipettes, 

pressurized at 70 mmHg without flow, and warmed to 37°C in commercial pressure 

myograph chambers (Living Systems Instrumentation, Burlington, VT, USA) as previously 

described.3, 19, 20

Chromatin immunoprecipitation (ChIP) and quantitative RT-PCR

ChIP analysis and qPCR were carried out as previously described.3, 21

Western blot and slot blot

Protein expression was measured by western blot as previously described.3 For slot blot, 5 

μg proteins were added in the well of a slot bolt apparatus (Hoefer Inc, Holliston, MA). 

Nitrocellulose was removed and blocked with 5% dry milk in tris-buffered saline and tween 
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20 and subsequently was incubated overnight at 4°C with blocking buffer containing 

antibodies to 3-nitrotyrosine (3-NT) (Millipore, Billerica, MA).

Aortic remodeling and fibrosis

Aortic remolding was evaluated by immunostaining and transmission electron microscopy 

as previously described.3, 15

Statistical analysis

Histologic data were collected by genotype- and treatment-blinded investigators. Data are 

reported as means ± SEM. Differences in outcomes were determined using one- or two-way 

ANOVA and paired t tests and were considered significant when p< 0.05. All statistical 

analyses were performed using Sigma Plot (version 12) software (Systat Software).

RESULTS

ECMR−/− prevents aortic and endothelium stiffness

As previously reported, tthe MR gene is specifically and completely recombined in ECs 

from Cre+ mice and MR mRNA is significantly reduced in primary ECs cultured from 

mouse lungs and hearts, but not in leukocytes from ECMR KO mice.14 Consumption of a 

WD for 16 weeks by ECMR+/+ mice induced increases in whole body fat mass, a more than 

six fold increase in peri-reproductive fat mass and insulin resistance compared to CD-fed 

mice.15 There were no significant difference in WD-induced changes in body composition 

or insulin sensitivity in ECMR−/− vs ECMR+/+ mice.15 Also, there were also no significant 

differences in lean body weight or mean arterial pressures (MAP) between any of the 

groups.15 WD induced increases in in vivo PWV and ex vivo endothelium stiffness in 

ECMR+/+ and these effects were prevented in WD ECMR−/− (Fig. 1A and 1B). Both 

measures were unaffected by CD feeding for both ECMR−/− and ECMR+/+ mice (Fig. 1A). 

To verify the effects observed on stiffness were aldosterone-MR dependent, we isolated and 

cultured endothelial cells by anti-PECAM-1 antibody-conjugated Dynabeads and then 

exposed them to aldosterone (10−8M). ECMR−/− significantly inhibited aldosterone-induced 

an increased in ECMR+/+ EC stiffness in vitro (Fig. 1C). These data are consistent with 

improved endothelium and aortic stiffness in WD ECMR−/− mice.

ECMR modulates ENaC expression

Recent data suggest endothelial ENaC is tightly regulated by MR signaling and also 

promoted by increased serum sodium thereby promoting cell swelling, stiffness and 

impaired relaxation. In this context, WD feeding in ECMR+/+ mice was associated with a 

significant increase in expression of MR (Fig. 2A) and its binding to the ENaC promoter, 

which contains at least 6 of 8 conserved nucleotides of the consensus sequence 

(NGNACAnnnTGTNCN) (Fig. 2B and 2C).22 WD indirectly induced an increase in ENaC 

promoter activity (Fig. 2C) and ENaC expression with up-regulation of SGK1 in ECs of 

ECMR+/+ mice (Fig. 2 and Online Fig. IA and IB). However, these effects were attenuated 

in ECMR−/− female mice (Fig. 2). In primary culture EC, aldosterone (10−8 M)-increased 

the expression of ENaC in the cultured ECMR+/+ ECs that was prevented in ECMR−/− cells 

(Fig. 2D)
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ENaC antagonist prevents endothelial dysfunction

In order to further investigate ENaC in the development of EC stiffness, amiloride 

(1mg/kg/d), an antagonist for ENaC, was administered in the WD ECMR+/+ female mice for 

16 weeks. Amiloride treatment increased endothelium vasodilatory responses to 

acetylcholine (Fig. 3A) in aorta, but not to sodium nitroprusside (Fig. 3B); suggesting that 

amiloride could improve endothelium-dependent relaxation in aorta but not endothelium 

independent responses. Furthermore, ECMR−/− (Fig. 3C) and amiloride (Fig. 3D), 

respectively improved flow-induced mesenteric artery dilation, suggesting that both ECMR 

and ENaC participate in promoting endothelial dysfunction in ECMR+/+ mice.

ECMR signaling promotes impaired aortic relaxation dysfunction through attenuation of 
eNOS activation

Endothelium-dependent vasodilatory responses to both acetylcholine (Fig. 4A) and insulin 

(4B) were attenuated and this decrease occurred in concert with reduced of p-protein kinase 

B (Akt)/p-eNOS signaling in WD ECMR+/+ compared with CD ECMR+/+ (Fig. 4A and 4D), 

these adverse effects were not present in the WD ECMR−/− vasculature (Fig. 4). Meanwhile, 

acetylcholine-induced bioavailable NO was greater in aortic explants of ECMR−/− ex vivo 

compared with ECMR+/+ (Online Fig. II). Thus, ECMR mediated impairment of aortic 

relaxation with WD consumption is driven by a reduction in activation of eNOS and 

bioavailable NO.

ECMR signaling mediates oxidative stress, maladaptive pro-inflammatory cytokine 
generation, and macrophage M1/M2 polarization

Vascular nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase) generated 

superoxide anions react with NO to generate peroxynitrite, thereby reducing bioavailable 

NO. In wild type mice WD consumption promoted aortic oxidant stress as indicated by 

increases in NADPH oxidase subunits Nox2, Nox4, and p22phox as well as 3-NT, a marker 

for peroxynitrite formation (Fig. 5A, 5B and Online Fig. IIIA). The attendant increase in 

oxidant stress was associated with increases in aortic tissue expression of the M1 

macrophage markers, CD86 and CD11c (Fig. 5). ECMR−/− deletion prevented WD-induced 

increases in M1 macrophage polarization. Furthermore, vasculature from ECMR−/− mice 

also displayed increased M2 marker expression (CD206 and IL10) and an increased M2/M1 

marker gene expression ratio suggesting a shift in polarization to a M2 phenotype in the 

ECMR −/− (Fig. 5).

Cell specific ECMR signaling mediates WD-induced aortic fibrosis/remodeling

Oxidant stress and inflammation contribute to maladaptive tissue remodeling and in the 

current study we observed that WD ECMR+/+ exhibited increased aortic thickness and 

fibrosis, findings prevented in WD ECMR−/− (Fig. 6A and 6B). Transmission electron 

emission analysis revealed western diet-induced increases in thickened electron dense 

plasmalemma and free ribosomes, which was largely corrected in WD ECMR−/− (Fig. 6C). 

Consistent with the aortic remodeling, WD also enhanced expression of pextracellular signal 

regulated kinase 1/2 (Erk 1/2) signaling (Fig. 6D), fibroblast growth factor 23 (FGF23) 
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(Online Fig. IIIB), osteopontin (Online Fig. IIIC) and promotes elastin fiber breakdown 

(Online Fig. IV) in aorta. However, ECMR−/− prevented these abnormalities (Fig.6).

DISCUSSION

The present investigation demonstrates that consumption of a WD for 16 weeks in female 

mice results in aortic stiffness, indicated by increases in PWV, impairment of aortic 

relaxation, and endothelial stiffness. Aortic stiffness was associated with enhanced 

membrane ENaC, oxidative stress, attenuated eNOS activity, classical macrophage 

polarization and inflammation. We previously observed that WD was associated with 

impaired diastolic relaxation at an earlier age in female mice than in male mice6 and 

systemic MR receptor blockade with spironolactone prevented the development of cardiac 

and vascular stiffness in females consuming a WD.3, 9 Here, we further demonstrate that 

EC-specific deletion of the MR prevents the development of WD-induced aortic stiffness in 

female mice. In this regard, WD-promotion of endothelial membrane ENaC expression, 

eNOS inactivity, oxidative stress, inflammation, M1/2 macrophage polarization, and 

associated aortic fibrosis was also prevented in ECMR−/− female mice. To the best of our 

knowledge, this is the first study to examine the impact of EC specific deletion of the MR on 

aortic stiffness and endothelial function in females. Moreover, this is the first endeavor to 

investigate the impact of EC specific MR deletion on vascular stiffness associated with 

consumption of a highly translational WD.

Mechanical stiffening of EC cortex in concert with impairment of eNOS activation 

characterizes the stiff endothelial cell syndrome (SECS).23 One study indicated that 

aldosterone and MR activation contribute to SECS by increasing membrane ENaC and 

mechanical stiffening of the EC cortex in concert with impaired generation of NO.24 

Further, spironolactone prevents SECS manifestation and improves endothelial function.12 

Additionally, studies conducted in mice with Liddle syndrome, a disease characterized by 

impaired ubiquinization of endothelial membrane ENaC have also demonstrated the critical 

role of this sodium channel in regulation of endothelial function and blood pressure.25 Our 

study further highlights the role of ECMR signaling in increasing membrane ENaC 

localization to promote aortic stiffness and decrease endothelium-dependent relaxation in a 

dietary model of vascular disease. The current data supports the notion that both ECMR and 

ENaC activation integratively promote stiffness and reduce eNOS activity, NO 

bioavailability, and endothelium mediated relaxation.26

It is noteworthy that the magnitude of dilatory responses to acetylcholine that we observed 

in the thoracic aorta of 20 week old female ECMR+/+ and ECMR−/− are similar to those 

observed in some previous studies,27-29 yet lower than those reported in other studies, 

despite the fact that most previous investigations have examined aortic vasoreactivity only 

in male mice.30, 31 In this regard, murine vascular function measurements are known to be 

influenced by a variety of genetic, physiological and experimental factors including genetic 

background, age, vascular collection time relative to the time of mouse sacrifice, circadian 

cycle and the segment of the vessel tested. For example, one study reported that 

endothelium-dependent and -independent vasodilation in response to carbachol and 

nitroprusside differ in magnitude between thoracic and abdominal aorta, as well as in 
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arteries from other vascular beds.32 Other studies also found the maximum response to 

acetylcholine is less than 60% and are thus similar to our results in control wild type mice 

with C57BL16J and C57BI/6N mice background.28, 29, 33-37 Furthermore, current data are 

consistent with our previous study in 20 week old female C57Bl/6J mice using the same 

technique.3

Normally, the EC is protected by a well-developed glycocalyx and membrane expression of 

ENaC is maintained in an attenuated state of activity.38 Thus, the access of Na+ into the EC 

is limited, eNOS activation is optimized and vasodilation is maintained.38 In states of 

obesity and activated reninangiotensin aldosterone system, there is evidence that increased 

ENaC membrane abundance, together with a damaged glycocalyx, facilitate Na+ entry into 

EC and triggers the polymerization of G-actin to F-actin.38 Under these conditions, normal 

caveolar function and eNOS activation are compromised and the endothelial plasma 

membrane and immediate sub-membrane cytoskeletal compartment ‘stiffens’.13 In this 

study, SGK1 was increased with consumption of a WD and this was prevented with ECMR 

deletion. This is important as SGK1 inhibits ubiquinization by up-regulation of E3 ubiquitin 

ligase (Nedd4-2), and thus increases membrane insertion of this sodium channel.39 

Therefore, these data suggest that enhancement of ECMR, SGK1 and ENaC coordinately 

contribute to aortic stiffness in female mice fed a WD.

One of the important new observations is that cell specific ECMR activation also mediates 

WD-induced NADPH oxidase activity as evidenced by increases in p22phox, Nox2, and 

Nox4. The resultant oxidative stress and inflammation responses are well known to play key 

roles in the development of aortic stiffness.40 To this point, increases in free radicals and 

inflammation directly suppress eNOS activation and reduce NO bioavailability.41, 42 

Additionally, increases in vascular ROS result in destruction of generated NO,3 which 

normally exerts a negative feedback to suppress ENaC activity by unclear signaling 

pathways.43, 44 One study has shown that H2O2 increased ENaC activity by both activation 

of phosphatidylinositide 3-kinases and inactivation of phosphatase and tensin homolog in 

renal tubular epithelium.44 Both IL6 and tumor necrosis factor activate EnaC and stimulate 

sodium uptake, in part, by activation of the Erk 1/2 signal pathway.45, 46

MR activation may also promote EC injury by increasing inflammatory cytokines such as 

vascular cell adhesion molecule 1 and intercellular adhesion molecule 1, which attract and 

promote immune cell adhesion to and transmigration through the endothelial barrier and to 

the artery wall from the bloodstream.30 Our previous study showed that WD induces an 

increase in CD11b in aorta, which represents a total macrophage cell marker.3 Interestingly, 

current data indicates that ECMR signaling also mediates WD-induced macrophage M1/M2 

polarization as this was prevented in the ECMR−/− mice. M1/M2 polarization as indicated 

by both increases in M1 markers CD86 and CD11c and decreases in M2 markers CD206 

and IL10 have been posited to be involved in the pathogenesis of tissue fibrosis and 

stiffness.3, 9, 47 The increase in M1/M2 polarization with consumption of a WD is consistent 

with previous results in mice showing that deletion of MRs in macrophages- resulted in 

reduction in M1 phenotype and mRNA levels for markers of vascular inflammation and 

fibrosis.48, 49 These observed pathophysiological changes leading to aortic fibrosis and 

remodeling were associated with increases in p-Erk 1/2, FGF 23, osteopontin, broken elastin 
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fibers, and ultrastructural abnormalities were also induced by consumption of a WD. To this 

point, Erk1/2 is a family of serine/threonine protein kinases activated as an early response to 

a variety of cytokines, growth factors, and regulate transcription factor activation, ultimately 

contributing to vascular cell differentiation, proliferation, and vascular remolding.50 In the 

present study, phospho-Erk1/2 protein levels were significantly increased in mice fed a WD 

and this abnormality was prevent in ECMR KO mice, suggesting a role for Erk 1/2 in 

ECMR mediated aortic remodeling. Thus, activation of ECMR in the setting of obesity 

resulting in increased ROS, inflammation response, and macrophage M1/M2 polarization 

could contribute to aortic remodeling and fibrosis that is characteristic of EC dysfunction 

and vascular stiffness in females with obesity and CVD.

Collectively, results of this investigation suggest a pivotal role of ECMR activation in 

development of aortic stiffness and endothelial dysfunction. These vascular changes are 

associated with increases in endothelial membrane ENaC, reduced eNOS activity, oxidative 

stress and maladaptive immune responses in the aorta of female mice fed a WD. These 

preclinical highly translational data fill a gap in our knowledge of the role of cell specific 

MR signaling in promotion of vascular stiffness. Further investigation of the precise role of 

MR signaling in other cells, (including vascular smooth muscle cells and macrophages) in 

promotion of vascular stiffness in conjunction with dietary factors is an important area of 

future investigation.
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Nonstandard Abbreviations and Acronyms

CVD cardiovascular disease

WD Western Diet

MR mineralocorticoid receptor

eNOS endothelial nitric oxide synthase

ROS reactive oxygen species

NO nitric oxide

ENaC epithelial Na+ channel

SGK1 serum-and glucocorticoid-regulated kinase 1
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EC endothelial cell

ECMR endothelial cell MR

ECMR−/− ECMR knockout

PWV pulse wave velocity

AFM atomic force microscopy

3-NT 3-nitrotyrosine

NADPH oxidase nicotinamide adenine dinucleotide phosphate-oxidase

SECS stiff endothelial cell syndrome

Erk 1/2 extracellular signal regulated kinase 1/2

Akt protein kinase B
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Novelty and Significance

What Is Known?

● Arterial stiffness is increased to a greater extent in women during obesity and 

diabetes than men.

● Consumption of a Western diet (WD) high in saturated fat and refined sugar 

increases plasma aldosterone and enhances vascular mineralocorticoid receptor 

(MR) activation.

● Vascular MR contributes to vascular stiffness by enhancing endothelial 

dysfunction and upregulating oxidase stress, inflammation, and fibrosis.

What New Information Does This Article Contribute?

● Activation of endothelial MR signaling is associated with consumption of a WD.

● Enhanced ECMR activation and resultant increases in ENaC activation lead to a 

reduction in NO production and bioavailability and associated vascular stiffness.

● ECMR mediated-promotion of oxidative stress, M1 macrophage polarization, 

leads to further decreases in NO bioavailability and associated aortic fibrosis and 

stiffness in females consuming a WD.

In comparison with male mice fed a WD, pulse wave velocity (PWV) is elevated earlier 

in female mice. This abnormality is prevented by MR antagonist. Here we show that 

ECMR mediated activation of ENaC on endothelial cells (EC) leads to reduction of NO 

production and bioavailability. We found that WD consumption prompts ECMR to bind 

the hormone response element on the site of ENaC promoter and increases ENaC 

expression in ECs. This ECMR-mediated response was associated with increased aortic 

vascular and EC stiffness. WD increased aortic remolding with an increase in 

macrophage M1 markers CD 86 and CD11c, and this inflammatory immune response 

was prevented by ECMR deletion in WD-fed female mice. These findings suggest that 

increased ECMR signaling plays a key role in ENaC activation, reduced NO 

bioavailability, and macrophage recruitment that lead to aortic stiffness in females.
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Figure 1. WD induced EC stiffness and aortic relaxation dysfunction is prevented in ECMR−/− 

female mice
(A) Aortic pulse wave velocity (PWV) measured in vivo after 16 week feeding trial on WD. 

Values are mean± SE; n=6 to 10 per group. (B) The ex vivo measurement of endothelium 

stiffness by using atomic force microscopy. n=4-5 per group. (C) A representative deflection 

image in EC shows clear stress fibers in the cytoskeleton. ECMR−/− prevented aldosterone 

treatment (10−8 M) - induced cultured EC stiffness in vitro. Values are mean±SE; n=6 per 

group. *P<0.05 compared with CD ECMR+/+; # P<0.05 compared with WD ECMR+/+.
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Figure 2. ECMR mediates ENaC expression in WD-induced aortic relaxation dysfunction. WD 
ECMR+/+ increased MR expression
(A), which bind the hormone response element (nGnACAnnnTGTnCn) on the site of ENaC 

promoter (B) and prompted an increase in ENaC expression (C). ECMR−/− prevented WD 

(C) and Aldosterone (D)-induced expression of ENaC in vivo and in vitro, respectively. 

Representative images immunostaining for ENaC (E) and SGK1 (F) in ECs with 

corresponding measures of average gray scale intensities. Scale bar = 50 μm. n=4 to 5 per 

group. *P<0.01 compared with CD ECMR+/+; # P<0.05 compared with WD ECMR+/+.
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Figure 3. In vivo amiloride administration ameliorated WD-impaired aortic relaxation and flow-
induced mesenteric artery dilation in ECMR+/+ female mice
Vasodilator responses of isolated aortic rings to the endothelium-dependent dilators, 

acetylcholine (A) and to the endothelium-independent vasodilator, sodium nitroprusside (B). 

ECMR−/− (C) and amiloride (D) improved flow-induced mesenteric artery dilation.n=4 to 5 

per group. *P<0.05 compared with WD ECMR+/+ or ECMR+/+.
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Figure 4. ECMR−/− prevents WD-impaired eNOS activation and endothelial dependent aortic 
relaxation
Vasodilator responses of isolated aortic rings to the endothelium-dependent dilators, 

acetylcholine (A) and insulin (B). (C) The expression and activation of Akt and eNOS were 

performed with immunoblotting. (B) Quantitative analysis of protein expression in p-Akt 

and p-eNOS. n=4 to 5 per group. *P<0.05 compared with CD ECMR+/+; # P<0.05 

compared with WD ECMR+/+.
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Figure 5. WD-induced aortic oxidative stress and maladaptive pro-inflammatory cytokines are 
ameliorated in ECMR−/− female mice
(A) Western blot for 3-NT, a marker of oxidant stress from accumulation of oxidant 

peroxynitrite (ONOO−). (B) mRNA expression of Nox2 and p22phox in aortic tissues. (C) 

Expression of M1/M2 macrophage marker CD86, CD11c, CD206, and IL10. (D) WD 

ECMR−/− increased M2 macrophage marker IL10 and CD206 mRNA expression in WD fed 

mice as measured by real-time PCR. n=4 per group. *P<0.01 compared with CD ECMR+/+; 

# P<0.05 compared with WD ECMR+/+.

Jia et al. Page 18

Circ Res. Author manuscript; available in PMC 2017 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. WD-induced aortic remodeling and ultrastructural abnormalities are prevented in in 
ECMR−/− female mice
Representative micrographs show medial wall thickening staining with Verhoeff-Van 

Gieson (A) and periaortic fibrosis staining with picrosirius red staining (B). (C) ECMR−/− 

prevents WD-induced increases in thickened electron dense plasmalemma and free 

ribosomes, which contributed to EC stiffness. MTO= microtuble organizing center; IEL = 

internal elastic lamina; VVO=vesiculovacuolar organelles. Magnification X 10,000; bar = 

0.5 μm. (D) ECMR−/− prevents WD-induced upregulation of p-Erk 1/2. n=4-6 per group. 

*P<0.05 compared with CD ECMR+/+; # P<0.05 compared with WD ECMR+/+.
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