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Abstract

Background: Recent evidence by our laboratory demonstrates that women and female mice endogenously
express higher endothelial mineralocorticoid receptor (ECMR) than males. Mounting clinical evidence also indicates
that aldosterone production is higher in pathological conditions in females compared to males. However, the role
for increased activation of ECMR by aldosterone in the absence of a comorbid condition is yet to be explored. The
current study hypothesized that increased ECMR activation induced by elevated aldosterone production
predisposes healthy female mice to endothelial dysfunction.

Method: Vascular reactivity was assessed in aortic rings from wild-type (WT) and ECMR KO (KO) mice fed either a
normal salt (NSD, 0.4% NaCl) or sodium-restricted diet (SRD, 0.05% NaCl) for 28 days.

Results: SRD elevated plasma aldosterone levels as well as adrenal CYP11B2 and angiotensin II type 1 receptor (AT1R)
expressions in female, but not male, WT mice. In baseline conditions (NSD), endothelial function, assessed by vascular
relaxation to acetylcholine, was higher while vascular contractility to phenylephrine, serotonin, and KCl lower in female
than male WT mice. SRD impaired endothelial function and increased vascular contractility in female, but not male, WT
mice effectively ablating the baseline sex differences. NOS inhibition with LNAME ablated endothelial relaxation to a
higher extent in male than female mice on NSD and ablated differences in acetylcholine relaxation responses between
NSD- and SRD-fed females, indicating a role for NO in SRD-mediated endothelial function. In association, SRD
significantly reduced vascular NOX4 expression in female, but not male, mice. Lastly, selective deletion of ECMR
protected female mice from SRD-mediated endothelial dysfunction and increased vascular contractility.

Conclusion: Collectively, these data indicate that female mice develop aldosterone-induced endothelial dysfunction
via endothelial MR-mediated reductions in NO bioavailability. In addition, these data support a role for ECMR to
promote vascular contractility in female mice in response to sodium restriction.
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Background
Accumulating clinical evidence suggests that mineralocor-
ticoid receptor (MR) antagonists provide a sex-specific
benefit to cardiovascular health in women [1–6]. These
clinical findings are likely attributable to an endogenous
heightened vascular sensitivity to aldosterone-MR activa-
tion in females. More specifically, emerging experimental
data indicate that the endothelial-specific MR (ECMR) is a
critical mediator of vascular dysfunction in female animal
models. In support of this notion, our lab recently pub-
lished that endothelial MR expression is endogenously
higher in female mice and humans compared to males [7].
Furthermore, we and others have demonstrated that
ECMR deletion is protective against obesity-associated
endothelial dysfunction and vascular stiffness [7–9]. How-
ever, these studies were unable to isolate the effects of
ECMR activation on vascular function in the absence of
other comorbidities associated with models of obesity.
In addition to an increased proclivity for endothelial MR

expression, clinical and experimental data demonstrate that
production of aldosterone is higher in females in response
to pathological stimuli [10–12]. In a previous report, we
demonstrated that inappropriately high aldosterone levels
in salt-sensitive hypertensive female mice were associated
with an increased expression of adrenal aldosterone
synthase, the rate-limiting enzyme of aldosterone secretion
(referred to as CYP11B2, the encoding gene whose nomen-
clature is commonly used interchangeably), as well as dys-
regulation of the localized adrenal renin-angiotensin system
[13]. These data indicate that the sex-specific clinical bene-
fits of MR antagonists on cardiovascular health in women
are attributable to a 2-pronged sex difference of heightened
ECMR expression and aldosterone production in women.
To explore the sex-specific functional mechanisms via
which aldosterone production increases as well as the
vascular-centric functional mechanisms of heightened
ECMR activation in females, we developed a model of al-
dosterone stimulation in the absence of a comorbid condi-
tion: the sodium restriction model.

Methods
Animal models
All procedures and protocols were approved by the Au-
gusta University Institutional Animal Care and Use Com-
mittee (IACUC protocol #2011-0108) and are compliant
with guidelines set forth by the NIH. All animals were
housed in an American Association of Laboratory Animal
Care-approved animal care facility at Augusta University.
Animals were housed at ambient temperature with 12:12 h
light-dark cycles with food and water ad libitum. Male and
female littermate mice at 10 weeks of age with intact endo-
thelial MR (WT) or endothelial-specific MR deletion (KO)
originally provided by Dr. Iris Jaffe [14] (Tufts University)
were bred and housed at Augusta University. KO mice

(C57BL6 background) were originally generated by flank-
ing loxP sites on MR gene exons in mice and breeding
these with vascular endothelial (VE)-cadherin Cre recom-
binase transgene (Cre+) mice to achieve an endothelial
cell-specific MR deletion. Breeding across generations con-
tinued with Cre+ heterozygotes bred with Cre− homozy-
gote mice, both with homozygote MR flox/flox, generating
an even distribution of KO mice and WT littermates. Mice
were fed either normal salt (0.4% NaCl, NSD) or sodium-
restricted diet (Envigo cat#TD.160502, 0.05% NaCl, SRD)
for 28 days. Mice were euthanized via decapitation under
isoflurane anesthesia.

Assessment of vascular reactivity
Excised thoracic aortas were cleaned of adipose tissue, cut
in 2mm rings, and mounted on DMT® wire myograph
(Ann Arbor, MI). Concentration-response curves to
phenylephrine, serotonin, sodium nitroprusside, and
acetylcholine in the presence or absence of the nitric oxide
synthase (NOS) inhibitor Nω-Nitro-L-arginine methyl
ester hydrochloride (LNAME, 100 μM, 20min preincuba-
tion) as well as maximum responses to KCl were per-
formed and recorded with the LabChart® analysis software
(AD Instruments®, Colorado Springs, CO) as previously de-
scribed (1 nM-30 μm concentrations) [7, 13, 15, 16].

Western blotting and quantitative real-time RT-PCR
Adrenal glands and aorta were homogenized, protein
measured by bicinchoninic assay (BCA, ThermoFisher®,
Waltham, MA), and then run on SDS-PAGE gels. Pro-
teins were transferred to nitrocellulose membranes and
stained for CYP11B2 (aldosterone synthase, antibodies
generously supplied by Drs. Elise and Celso Gomez-
Sanchez, University of Mississippi Medical Center) and
β-actin as previously described [7, 13]. In addition, RNA
was isolated (Qiagen® minikit, Germantown, MD) from
homogenates in Trizol (ThermoFisher®, Waltham, MA)
followed by reverse transcription to obtain cDNA (Ther-
moFisher®, Waltham, MA). qRT-PCR was performed
utilizing Sybr Green (Applied Biosystems®, Foster City,
CA) and the primer sequences in Table 1. Ct values
from each sample were normalized to 18 s expression
within the sample (ΔCt) followed by normalization to
control groups (ΔΔCt) prior to calculation of relative
gene expression (2−ΔΔCt) as previously described [7, 13]
and in accordance with Applied Biosystems guidelines
(Applied Biosystems® User Bulletin, no. 2, 1997).

Plasma aldosterone and electrolytes
Plasmas were collected at sacrifice (animals sacrificed prior
to noon) in heparin saline. Plasma concentrations of aldos-
terone (Caymen Chemical®, Ann Arbor, MI) were measured
utilizing commercially available assay (Detection range,
15.6-4000 pg/ml) as previously described [13]. Plasma Na+
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and K+ levels were measured via PinAAcle 500 atomic ab-
sorption analyzer (Perkin Elmer, Waltham, MA).

Statistical analysis
Statistical analysis was performed in the Graphpad Prism®
software (La Jolla, CA). All bar data were expressed as
mean ± S.E.M. In non-repeated variables, effects of diet
and sex or diet, sex, and KO were measured by two-way
ANOVA or three-way ANOVA, respectively, and differ-
ences among means measured by Sidak’s multiple com-
parison test. Analysis of dose-response curves utilized
two-way ANOVA with repeated variable measures. P
value of < 0.05 was considered significant.

Results
Sodium restriction does not alter body, heart, or kidney
weight in male or female mice
Characterization of the general profile of the mice revealed
that female mice have a significantly lower body weight
than males which was neither affected by SRD nor ECMR
deletion (Table 2). No significant differences were observed
in kidney or heart weights as well as plasma Na+ or K+

levels regardless of sex, diet, or ECMR deletion. However,
in response to SRD female mice demonstrated a lower uter-
ine mass compared to NSD animals.

Sodium restriction increases plasma aldosterone levels and
adrenal CYP11B2 expression in female, but not male, mice
Male and female mice demonstrated similar baseline aldos-
terone levels. Sodium restriction significantly increased
plasma aldosterone levels independent of sex; however,
post-hoc analysis demonstrated that SRD induced a signifi-
cant increase in aldosterone levels only in female mice (Fig.
1a). Female sex and SRD trended to increase CYP11B2
mRNA (Fig. 1b), and significantly increased CYP11B2 pro-
tein (Fig. 1c), expressions. In addition, post-hoc analysis re-
vealed that CYP11B2 protein expression was significantly
higher in female compared to male SRD-fed mice.

Collectively, these data indicate that SRD more potently in-
creases aldosterone production in female than male mice.

Sodium restriction increases adrenal angiotensin II type 1
receptor (AT1R) in female mice only
To investigate the potential mechanisms whether SRD in-
creases adrenal aldosterone production sex specificity, we
focused on intra-adrenal RAS activation. We measured
adrenal angiotensin II types 1 and 2 receptors (AT1R,
AT2R), angiotensinogen (AGT), and renin mRNA expres-
sion levels. The interaction of female sex and SRD signifi-
cantly increased AT1R mRNA expression in adrenals of
female mice and, in addition, post-hoc analysis revealed
that SRD increased AT1R expression compared to both
male SRD-fed and female NSD-fed mice (Fig. 2a). More-
over, female sex reduced adrenal AT2R expression in ad-
renal glands of mice on NSD, however, SRD ablated this
sex difference (Fig. 2b). However, neither female sex nor
SRD increased adrenal AGT or renin mRNA expressions
(Fig. 2c, d). These data present SRD-associated heightened
angiotensin II receptors expression as a potential candi-
date mechanism for increased adrenal aldosterone pro-
duction in female mice.

Sodium restriction impairs endothelial function in female
mice only and ablates sex differences in endothelial
function
Endothelium-mediated relaxation, as assessed by vascu-
lar relaxation to acetylcholine, was endogenously higher
in female than male mice on NSD (Fig. 3a). However,
SRD impaired endothelial function in female, but not
male mice, and effectively ablated the sex difference in
relaxation to acetylcholine. Neither sex nor SRD im-
paired endothelial-independent relaxation to sodium ni-
troprusside in male and female mice, indicating that
reductions in acetylcholine-mediated responses associ-
ated with male sex and SRD are due to impaired endo-
thelial function (Fig. 3b).

Table 1 Primer sequences for qRT-PCR

Primer Forward (5’-3’) Reverse (5’-3’)

AGT GTGCAGACAGCACCCTACTT CACGTCACGGAGAAGTTGTT

AT1R CGAAGCGATCTTACATAGGTG GACCAACTCAACCCAGAAAAGC

AT2R GATGGAGGGAGCTCGGAACT TTGAACTGCAGCAACTCCAAATT

Renin CCTCTACCTTGCTTGTGGGATT CTGGCTGAGGAAACCTTTGACT

CYP11B2 CAGTGGCATTGTGGCGGAACTAATA GGTCTGACATGGCCTTCTGAGGATT

eNOS ACCCCCGGCGCTACGAAGAATG GTGGGCGCTGGGTGCTGAACTG

NOX1 CAGTTATTCATATCATTGCACACCTATTT CAGAAGCGAGAGATCCATCCA

NOX2 CAAGATGGAGGTGGGACAGT GCTTATCACAGCCACAAGCA

NOX4 TGTTGCATGTTTCAGGTGGT AAAACCCTCGAGGCAAAGA

COX2 TGGTGCCTGGTCTGATGATG GTGGTAACCGCTCAGGTGTTG
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Table 2 Body, kidney, heart weight, and plasma Na+ and K+ in experimental groups. Measures of body weight, kidney, and heart
weights expressed as a ratio to body weight as well as plasma sodium and potassium levels at sacrifice in male and female WT and
KO mice on NSD or SRD. Three-way ANOVA with Sidak’s multiple comparisons test (N = 4-12)

Male Male Female Female Male Male Female Female

WT WT WT WT KO KO KO KO

NSD SRD NSD SRD NSD SRD NSD SRD

Body Wt (g) 27.7±0.9 26.0±0.8 21.8±0.9* 20.6±0.8*ɸ 29.4±1.4 29.3±2.2 20.7±2.0* 22.8±1.9*

Kidney/Body wt ratio 0.57±0.02 0.56±0.01 0.54±0.02 0.54±0.02 0.50±0.01† 0.52±0.02 0.54±0.02 0.53±0.03

Heart/Body wt ratio 0.50±0.01 0.47±0.01 0.53±0.02 0.49±0.01 0.44±0.01† 0.46±0.02 0.51±0.01* 0.47±0.01

Uterine/Body wt ratio N/A N/A 0.50±0.04 0.31±0.01ϕ N/A N/A 0.40±0.06 0.33±0.03

Plasma Na+ (mmol/L) 156.4±6.8 161.0±6.7 184.2±19.3 153.7±10.7 161.2±3.4 144.3±7.7 138.0±9.9 145.2±23.3

Plasma K+ (mmol/L) 7.1±0.5 7.3±0.9 6.7±0.5 5.6±0.3 6.8±0.6 6.6±1.0 5.4±0.5 5.1±0.7
*P < 0.05 vs male, ϕP < 0.05 vs NSD
†P < 0.05 vs WT
Body wt: Effect of sex: *P < 0.5, Effect of KO: P = 0.1, Effect of SRD: P = 0.8
Kidney/Body wt: Effect of sex: P = 0.9, Effect of KO: P = 0.4, Effect of SRD: P = 0.9
Heart/Body wt: Effect of sex: *P = 0.01, Effect of KO: *P = 0.02, Effect of SRD: P = 0.06
Uterine/Body wt: Effect of KO: P = 0.3, Effect of Diet: *P = 0.002, Interaction: P = 0.1 (Two-Way ANOVA)
Plasma Na+: Effect of sex: P = 0.9, Effect of KO: P = 0.09, Effect of SRD: P = 0.4
Plasma K+: Effect of sex: *P = 0.01, Effect of KO: P = 0.1, Effect of SRD: P = 0.5

Fig. 1 Sodium restriction increases aldosterone production and CYP11B2 expression only in female mice. Plasma aldosterone levels (a), and
adrenal mRNA (b), and protein expression (c) of CYP11B2 in male and female mice on NSD and SRD. Two-way ANOVA with Sidak’s multiple
comparisons test (*P < 0.05, N = 4-12)
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SRD-mediated endothelial dysfunction involves reduced
NO bioavailability in female mice
Relaxation responses to acetylcholine were performed in
the presence of the NOS-inhibitor LNAME to determine
the potential role of NO bioavailability in sex- and SRD-
mediated differences in endothelial function. LNAME in-
duced a higher reduction in relaxation in males compared
to females indicating that baseline endothelial-dependent
relaxation in males is proportionately more NO-mediated
than in females (Fig. 3c). LNAME significantly reduced
vascular relaxation in both males and females and abol-
ished the difference between NSD and SRD in female
mice, indicating that SRD impairs acetylcholine-mediated
relaxation via lowering NO bioavailability.

Sodium restriction reduces vascular eNOS expression in
both sexes but NOX4 in female mice only
To identify potential mechanisms via which SRD decreases
vascular NO bioavailability in female mice, we measured
mRNA expressions of eNOS, COX2, and NOX1, 2 and 4 in
aorta tissues. Figure 4a depicts that in baseline conditions
(NSD) female sex does not increase eNOS mRNA expres-
sion; however, SRD decreased eNOS expression in a sex-
independent manner. Baseline vascular COX2 expression

did not increase with female sex alone; however, the inter-
action of SRD and female sex significantly decreased COX2
expression (Fig. 4b). Neither female sex nor SRD increased
vascular NOX1 expression (Fig. 4c). Female sex decreased
NOX2 expression; however, SRD did not increase NOX2
expression in female mice (Fig. 4d). Female sex similarly
did not increase vascular NOX4 expression; however, the
interaction of female sex and SRD significantly reduced vas-
cular NOX4 expression (Fig. 4e).

Sodium restriction ablates sex differences in vascular
contractility responses
Female sex reduced vascular contractility as assessed by re-
sponses to the α-adrenergic receptor agonist phenylephrine,
serotonin, and KCl (Fig. 5a-c). While sodium restriction
had no effect to increase vascular contractility to phenyl-
ephrine and serotonin in male mice, SRD induced an
increase in these responses in female mice, effectively ablat-
ing the baseline sex difference in contractility. Interestingly,
although female sex reduced KCl-induced contractile re-
sponses, the statistical effect of SRD to increase KCl con-
traction was sex independent. Therefore, SRD increases
vascular depolarization responses in a sex-independent
manner, but female sex heightens sensitivity to SRD-

Fig. 2 Adrenal AT1R expression increases with sodium restriction only in female mice. Adrenal mRNA expression of angiotensin II type I receptor
(AT1R) (a), AT2R (b), angiotensinogen (AGT) (c), and renin (d) in male and female mice on NSD and SRD. Two-way ANOVA with Sidak’s multiple
comparisons test (*P < 0.05, N = 3-7)
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mediated increases in α-adrenergic and serotonin receptor-
derived vascular contractility.

ECMR deletion protects female mice from SRD-mediated
vascular dysfunction
We and others have previously demonstrated an increased
proclivity for ECMR activation in female mice [7, 17]; there-
fore, we utilized ECMR KO (KO) littermate male and female
mice to determine whether SRD-mediated vascular dysfunc-
tion is ECMR mediated. In female mice with specific dele-
tion of ECMR (KO), SRD failed to induce endothelial
dysfunction as assessed by relaxation responses to acetylcho-
line (Fig. 6a), indicating a mediatory role for ECMR activa-
tion in SRD-induced endothelial impairment. Additionally,
SRD had no effect on endothelial-independent relaxation re-
sponses to sodium nitroprusside in KO male or female mice
(Fig. 6b). ECMR deletion also ablated the effect of male sex
and SRD to increase vascular constriction to phenylephrine,
serotonin, and KCl in mice (Fig. 6c-d).

ECMR deletion restores SRD-mediated decreases in
vascular COX2 and NOX4 expressions
ECMR deletion (KO) did not increase vascular (aorta)
eNOS expression at baseline or with SRD feeding (Fig. 7a).
However, KO and SRD significantly increased vascular
COX2 expression and post-hoc analysis revealed an in-
creased COX2 expression in KO SRD-fed compared to
both WT SRD-fed and KO NSD-fed females (Fig. 7b).
Neither SRD nor KO increased NOX1 expression (Fig.
7c). SRD significantly increased NOX2 expression in KO
females, and in addition, KO restored NOX4 expressions
to baseline levels in SRD-fed females (Fig. 7d, e).

Discussion
In the current manuscript, we present data indicating that
sodium restriction ablates vascular protective mechanisms
that confer sex-specific higher endothelial function and
lower vascular contraction in female mice via endothelial
MR-mediated pathways. Our novel data indicates that (1)

Fig. 3 Sodium restriction impairs endothelial function in female mice only in an NO-dependent manner. Endothelial-dependent relaxation responses to
acetylcholine (ACH) (a), endothelial-independent relaxation responses to sodium nitroprusside (SNP) (b), and relaxation responses to acetylcholine in the
presence of nitric oxide synthase inhibitor Nω-Nitro-L-arginine methyl ester hydrochloride (LNAME) (c) in male and female mice on NSD or SRD. Two-way
ANOVA of dose-response curves with repeated measures (*P < 0.05, male NSD N = 5, male SRD N = 8, female NSD N = 5, female SRD N = 11)
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SRD sex specifically increases aldosterone production in
association with an increase in adrenal CYP11B2 and ATR
expression, (2) sodium restriction impairs endothelial
function in female mice, ablating the baseline sex differ-
ence, via reductions in NO bioavailability, (3) sodium re-
striction increases vascular contractility in female mice,
ablating baseline sex differences, and (4) endothelial MR
deletion (KO) protects female mice from SRD-induced
endothelial dysfunction and increased vascular contractil-
ity. Collectively, these data indicate that increases in aldos-
terone production in otherwise healthy female mice
increases sensitivity for vascular impairment via endothe-
lial MR activation.

In association with clinical studies [10], our data indicate
that aldosterone production elevates more acutely in fe-
male mice in response to the SRD stimulus. Previous re-
ports indicate that the female sex hormone progesterone
[18] increases aldosterone production while the male sex
hormone testosterone [19–22] as well as aromatase inhib-
ition [21, 23, 24] is associated with decreased aldosterone
production. However, these regulatory pathways are
scarcely understood at present. Notably, SRD concurrently
increased adrenal CYP11B2 expression only in female
mice in the present report. In a previous study, we demon-
strated that CYP11B2 expression increases sex specifically
in response to a high salt diet in female mice in

Fig. 4 Sodium restriction decreases vascular COX2 and NOX4 expression in female mice. Vascular abdominal aorta mRNA expression of
endothelial nitric oxide synthase (eNOS) (a), cyclooxygenase 2 (COX2) (b), nicotinamide adenine dinucleotide phosphate oxidase 1 (NOX1) (c),
NOX2 (d), and NOX4 in male and female mice on NSD or SRD. Two-way ANOVA with Sidak’s multiple comparisons test (*P < 0.05, N = 4-7)
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association with heightened adrenal AGT expression but
no change in renin or AT1R expression [13]. However,
SRD, in contrast to the high salt diet in our previous
study, did not increase adrenal AGT expression but did in-
crease AT1R mRNA. Therefore, we presume that SRD-
mediated increases in aldosterone production are likely
mediated via increased ANGII activation of adrenal AT1R.
This notion is supported by a recent clinical report which
indicates that women produce more aldosterone in re-
sponse to an ANGII stimulus than men [10]. A limitation
of the current study is the lack of knowledge of whether
ANGII levels were sex specifically increased by SRD,
which warrants further investigation.
An important strength to our current data is that we

utilized littermates, providing highly controlled baseline
(NSD) conditions in which sex is the sole variable. We
demonstrate a direct statistical comparison of the endothe-
lial function in aortas of male and female mice on NSD, re-
vealing a baseline sex difference favoring higher endothelial
function in females, which correlates with clinical reports

of higher flow-mediated dilation in healthy premenopausal
women compared to men [25–28]. Despite the seeming
protection favoring higher endothelial function in young
women, emerging experimental and clinical data indicates
that females are more susceptible to endothelial damage by
pathological conditions. Previous studies show that dia-
betes [29], obesity [16, 17], and high salt diet [13], blunts
acetylcholine relaxation responses more pronouncedly in
female rodents than in males. These data are in line with
clinical reports indicating that obese [30] and hypertensive
[31] women present greater impairments in flow-mediated
dilation than men. Given that the endothelium of females is
more sensitive to damage and that endothelial dysfunction is
a significant predictor for cardiovascular events [32, 33], the
preservation of endothelial health is of particularly high clin-
ical relevance in women.
Sex differences in both endothelial function and vascu-

lar contractility were effectively ablated with a sodium-
restricted diet in our study, which was solely attributable
to adverse effects on vascular relaxation and constriction

Fig. 5 Sodium restriction ablates sex differences in vascular constriction responses by increasing constriction in female mice. Vascular constriction
responses to phenylephrine (Phe) (a), serotonin (5-HT) (b), and KCl (c) in male and female mice on NSD or SRD. Two-way ANOVA of dose-
response curves with repeated measures (*P < 0.05, male NSD N = 5, male SRD N = 8, female NSD N = 5, female SRD N = 11)
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in females. In addition, we observed a sex difference in
the contribution of NO to endothelial relaxation in our
WT littermate mice, favoring a lower contribution of NO
to relaxation in females than in males. These data concur
with data from others demonstrating that the contribution
of other relaxation factors, notably endothelial-derived hy-
perpolarizing factor (EDHF), is higher in female mice and
rats than in males in the mediation of baseline acetylcho-
line responses [17, 29]. In addition, our novel data demon-
strate that SRD impairs endothelial function in female
mice via reducing NO bioavailability, as relaxation re-
sponses in the presence of LNAME lost the SRD-
mediated impairment effect. We also show that while

vascular eNOS expression is decreased with SRD in a sex-
independent manner, COX2 is not specifically increased
by female sex but decreases with SRD only in females.
These data indicate that SRD induces a compensatory in-
crease in COX2 in males, and presumably increases vaso-
dilatory prostaglandin production, but females lack this
protective mechanism. This notion is supported by studies
in humans [34, 35] and in eNOS-deficient mice [36, 37]
which suggest that endothelial-dependent relaxation re-
sponses can be rescued by COX2-mediated prostaglandin
production in disease states. In addition, we demonstrate
that NOX4 expression significantly decreases in female
mice specifically on SRD. Endothelial NOX4 is a

Fig. 6 Endothelial MR deletion protects female mice from sodium restriction-induced endothelial dysfunction and vascular constriction. Endothelial
relaxation responses to acetylcholine (Ach) (a), endothelial-independent relaxation responses to sodium nitroprusside (SNP) (b), vascular constriction
responses to phenylephrine (Phe) (c), serotonin (5-HT) (d), and KCl (e) in male and female WT and KO mice on NSD and SRD. Two-way ANOVA of
dose-response curves with repeated measures (*P < 0.05, male NSD KO N = 4, male KO SRD N = 4, female KO NSD N = 6, female KO SRD N = 5)
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pleiotropic factor that diversely regulates oxidative stress
pathways and NO bioavailability. In mice, deletion of
NOX4 subsequently promotes endothelial dysfunction
[38], and decreases NO production [39], which may be at-
tributable to its well-noted ability to increase hydrogen
peroxide and decrease reactive oxygen species formation
[40]. Interestingly, a previous study demonstrated that al-
dosterone increases NOX4 expression in cultured endo-
thelial cells, however, this study did not differentiate by
sex and indicates further that the decrease in NOX4 by
SRD in the current study warrants investigation of the fe-
male sex-specific regulatory mechanisms [41]. Therefore,
baseline sex differences in endothelial function are likely

mediated by increased EDHF contribution in females of
this mouse strain, however, protection from SRD-
mediated endothelial impairment in males may be attrib-
utable to protective effects of COX2- and NOX4-derived
vasorelaxation.
Our data indicate that SRD-mediated increases in aldos-

terone production and higher endogenous ECMR expres-
sion are the key mediatory mechanisms for the loss of
female sex-conferred protection from endothelial dysfunc-
tion and vascular contractility. Although aldosterone acti-
vates MR in numerous organ systems, we provide novel
data indicating that SRD-induced aldosterone impairs vas-
cular function via endothelial-specific MR activation in

Fig. 7 Endothelial MR deletion restores COX2 and NOX4 expression in female mice on SRD. Vascular abdominal aorta mRNA expression of
endothelial nitric oxide synthase (eNOS) (a), cyclooxygenase 2 (COX2) (b), nicotinamide adenine dinucleotide phosphate oxidase 1 (NOX1) (c),
NOX2 (d), and NOX4 in female WT and KO mice on NSD or SRD. Two-way ANOVA with Sidak’s multiple comparisons test (*P < 0.05, N = 4-7)
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female mice, as deletion of this receptor in our KO mice
ablated SRD effects to induce endothelial impairment and
promote vascular contractility. Endothelial MR activation
stimulates vascular inflammation and reactive oxygen spe-
cies formation which are detrimental to NO bioavailability
[42, 43]. Our data indicate that endothelial MR deletion
also results in increases in vascular COX2 and NOX4 ex-
pressions in response to SRD in female mice. Collectively,
these data indicate a novel role for endothelial MR to
regulate COX2 and NOX4 in female mice, which may be
key mediators of aldosterone-induced endothelial dysfunc-
tion and vascular contractility in mechanisms in females,
warranting future investigation.
The data generated in this report utilized active cyc-

ling female mice and age-matched males, indicating
these data pertain to premenopausal females. We further
acknowledge an additional caveat in the study regarding
that the mice were utilized at a young age, starting at 10
weeks at the initiation of SRD. Vascular function notably
decreases with age and menopausal status in females,
however, whether the sodium-restricted model results in
vascular impairment in post-cycling age or ovariecto-
mized mice warrants investigation [44]. This is particu-
larly relevant given our data indicating that SRD reduced
uterine weight, a crude measure of estrogen level, in fe-
male mice. These data indicate that SRD potentially
interrupted natural estrous cycling patterns. The litera-
ture reports that the luteal phase of the menstrual cycle
is associated with elevated plasma aldosterone level [18]
and blood pressure [45]. Therefore, the SRD in the fe-
male mice may have served as a trigger to arrest in the
diestrous (luteal in humans) phase of the estrous cycle,
which is characterized by higher progesterone levels.
Our previous report [7] demonstrated that progesterone
increases endothelial MR expression; therefore, the
female mice on SRD in the current study may have been
sensitized to endothelial MR activation by a higher
endothelial MR expression. In addition, future studies
are warranted to determine whether these lower estro-
gen levels associated with the diestrous phase may con-
tribute to the lower eNOS expression and vascular
dysfunction in female mice on SRD and further whether
these changes result in a change in blood pressure.
It is important to note that the current study does not

advocate against “low salt diets,” whose cardiovascular
benefits are well established [46]. The diet utilized in this
study contains nearly no sodium at 0.05% which is a
much lower sodium content than those recommended
by the American Heart Association for humans and is a
level of sodium content rarely consumed in a human’s
diet. The experimental design of the current study repre-
sents a model of endogenous elevations in plasma aldos-
terone level by a physiological mechanism, the SRD. A
previous study by our laboratory demonstrated that

aldosterone is inappropriately increased in response to
high salt diets in female mice, and the current study
demonstrates that females are also more sensitive to
sodium restriction-induced aldosterone production.
These studies also indicate the need for an important

consideration for young hypertensive females on diuretics
in that these therapies may have adverse effects on plasma
aldosterone levels. The available literature on diuretic effi-
cacy analyzed by both age and sex is limited at present;
however, the SPRINT trial demonstrated that thiazide pre-
scription prevalence may be higher in women than in men
[47]. Both thiazide and loop diuretics increase sodium ex-
cretion and plasma aldosterone levels, indicating that they
may be less efficacious in women than in men and aldos-
terone levels should be monitored as part of ongoing treat-
ment with such agents in young women. In addition, the
efficacy of MR antagonists vs other diuretics in hyperten-
sive premenopausal women warrants clinical investigation.

Perspectives and significance
Given the clinical data that MR antagonists are more ef-
ficacious for cardiovascular protection in women [1–6],
these data indicate that dietary control of sodium levels,
and subsequently control of aldosterone production and
MR activation, is a crucial clinical target for women.
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