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Abstract

Clinical studies indicate that salt-sensitive hypertension is more prevalent in women than men. 

However, animal models of salt-sensitivity have primarily focused on the mechanisms of salt-

sensitivity in male animals, therefore, elucidation of these mechanisms in female animal models 

are needed. We have previously shown that female Balb/C mice have higher aldosterone synthase 

expression and aldosterone production than males. We hypothesized that female Balb/C mice 

develop salt-sensitive increases in blood pressure (BP). Seven day feeding of a 4% NaCl high-salt 

diet (HSD) increased BP in female mice without altering BP in males. Females on a HSD 

displayed no apparent increases in sodium retention as assessed by 24-hour urine collection, 

sodium balance measure and saline loading excretion analysis. Females on HSD exhibited lower 

renin-angiotensin system activity (plasma angiotensin II, plasma renin activity and angiotensin 

converting enzyme activity) compared to males but developed a salt-induced elevation in adrenal 

aldosterone synthase expression and retained higher aldosterone levels than males on high-salt. 

This resulted in a higher aldosterone/plasma renin activity ratio in females compared to males on 

high-salt feeding. Adrenal mRNA expression of angiotensinogen and leptin receptor were 

increased in female mice on HSD. HSD impaired endothelium-dependent relaxation in female 

mice only. Mineralocorticoid receptor inhibition (eplerenone) restored BP and endothelial function 

in HSD females. Collectively, these data indicate that Balb/C mice develop sex-discrepant salt-

sensitive hypertension likely via aldosterone-mineralocorticoid receptor-mediated mechanisms 

involving impaired endothelium-dependent relaxation in females only. This study presents the first 

model of spontaneous sex-specific salt-sensitivity which mimics the human pathology.

Summary

Balb/C mice are salt-sensitive in a sex-specific manner. This salt-sensitivity is characterized by 

elevated aldosterone levels during high salt diet feeding, in contrast to male mice fed a high salt 

diet, and is reliant on mineralocorticoid receptor activation.
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Introduction

Hypertension rates continue to remain around one-third of the adult population in the US1. 

Dietary factors are known to play a significant role in the control of blood pressure (BP) 2–5 

and the link between dietary salt and hypertension has led to public health initiatives aimed 

at lowering population consumption of salt to reduce BP 6. Some have estimated that up to 

50% of essential hypertension cases are related to salt-sensitivity 2, 4. Salt-sensitivity, 

defined as a BP response to changes in dietary salt 6, is used to delineate individuals at 

increased risk for hypertension and other cardiovascular diseases with the consumption of a 

high salt diet. However, despite decades of research the mechanisms for the development of 

salt-sensitivity remain poorly characterized.

The prevalence of salt-sensitive hypertension is sex-discrepant in humans. Clinical reports 

indicate that women are more likely to be salt-sensitive than men, and have a more profound 

BP response to changes in dietary sodium than males7–9 which has led to the clinical dogma 

that a higher percentage of hypertensive women are salt-sensitive than the percentage of 

hypertensive men7–9. Despite this discrepancy in the human population, the majority of 

studies of salt-sensitivity in animal models have been restricted to male animals. 

Background strains such as the C57BL6 mouse and Sprague-Dawley rat have not been 

reported to develop salt-sensitive hypertension spontaneously in males or females10, 11. 

Therefore, transgenic models have traditionally been utilized to examine mechanisms of 

salt-sensitivity. However, in contrast to clinical reports of a higher salt-sensitivity prevalence 

in women, animal models of salt sensitive hypertension, such as the Dahl salt-sensitive rat 
12, the angiotensin II (ANGII)+high salt 13 and the DOCA+high salt model 14, 15, 

demonstrate an opposing sex-discrepancy, in that the males of these models have a more 

pronounced change in BP in response to elevations in dietary salt. While the mechanisms for 

the sex-discrepancies in BP responses to dietary salt have been investigated in these models 
12–14, 16, it remains that these animal models lack a propensity for salt-sensitivity in females, 

which is a needed model to study mechanisms of salt-sensitivity in women. Therefore, novel 

animal models to be utilized for the study of the mechanisms of salt-sensitivity that are 

specific to women are greatly needed.

Our lab has published that female mice are particularly susceptible to mineralocorticoid 

receptor (MR) activation and aldosterone-mediated hypertension mechanisms 17, 18, studies 

that were predominantly performed in Balb/C mice who demonstrate a sex-specific 

heightened aldosterone level in females. A heightened sensitivity to aldosterone and MR 

activation is implicated in salt-sensitivity in several animal models of hypertension 19, 20. 

Therefore, we hypothesized in the current study that female Balb/C mice develop elevations 

in BP and endothelial dysfunction in response to a high salt diet, which is mediated by 

aldosterone-MR activation.
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Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Animal Model

Male and female Balb/C mice (Jackson Labs, Bar Harbor, ME, Catalog #000651) at 10 

weeks of age were utilized for all studies. The Institutional Animal Care and Use Committee 

of Augusta University approved all protocols. Mice were implanted with indwelling 

telemeters (carotid catheter) (DSI© Model #PA-C10, New Brighton, MN) under isoflurane 

anesthesia as previously described 17, 18. Following a 7-day recovery period baseline BP 

measurements were consciously recorded for 7 days while mice were on normal salt diet 

(NS) (0.2% NaCl, Teklad #2918, Envigo, United Kingdom). Male and female mice were 

then placed on a 4% NaCl high-salt diet (HS, Teklad #92034, Envigo) for 7-day BP 

recording. A second group of female mice repeated this protocol followed by an additional 7 

days recording on HS with the added supplementation of the MR antagonist eplerenone (oral 

daily supplement, 200mg/kg/day). Uterine weights were compared from female mice at 

sacrifice to determine that estrous cycles were similar across all feeding periods.

A detailed description of the methods used is available in the online-only Data Supplement.

Statistics

All data was expressed as MEAN±S.E.M. In non-repeated variables, differences among 

means was verified by t-test with normality verified by Kolmogrov-Smirnov test. In absence 

of normality, Mann-Whitney test was used. Parametric and non-parametric data with 

multiple means utilized one-way ANOVA with Kruskal-Willis test. Repeated variable 

measures with multiple data sets utilized two-way ANOVA. Tukey post-hoc test followed all 

ANOVA. A P value of <0.05 was considered significant. All analysis were performed in 

Graphpad® Prism analysis software (La Jolla, CA).

Results

High salt diet does not change body or organ weight in male and female Balb/C mice

Body and organ weights were measured following NS or HS feeding for seven days to 

assess potential physiological changes to dietary sodium loading (Supplemental Table S1). 

Kidney weight was lower, and adrenal weight higher, in female compared to male mice. 

Kidney weight of male mice remained higher than those of females on HS and adrenal 

glands also remained larger in HS females compared to HS males. No change was observed 

in body, heart, kidney nor adrenal weight in male or female mice in response to HS. Leptin 

levels were unaltered across groups irrespective of sex or HS diet.

High salt diet increased blood pressure only in female Balb/C mice

To assess the sex-specificity of HS diet-induced BP responses in male and female Balb/C 

mice BP measurements were collected for 7 days for both NS and HS feeding in conscious 

mice. Averages for day (6:00–18:00) and night (18:00–6:00) BP values were calculated from 
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cycling light/dark recordings on radiotelemetry. Both male and female mice displayed a 

circadian rhythm of BP on both NS and HS (Figure 1A–F). Male and female mice on NS did 

not differ in mean arterial (MAP) or systolic (SBP) blood pressures (Figure 1A–D), 

however, female mice on NS exhibited a higher daytime diastolic blood pressure (DBP) 

compared to males on NS (Figure 1E). HS feeding did not induce a change in BP in male 

mice (Figure 1A–F). In contrast, HS feeding induced a significant increase in both day and 

night MAP, SBP and DBP in female mice compared to female NS (Figure 1A–F). Day and 

night MAP, SBP and MAP were also significantly higher in female mice on HS compared to 

males on HS (Figure 1A–F), indicating a sex-specific salt-sensitive increase in BP in female 

mice alone.

Salt-sensitive hypertension in female mice is not associated with an increase in sodium 
retention

To investigate the potential role for exacerbated renal sodium retention in the development 

of salt-sensitive hypertension in female mice we assessed sodium and potassium urinary 

excretion and sodium plasma levels in response to HS feeding. We observed no sex-specific 

changes in urinary sodium excretion between male and female mice on NS diets (Figure 

2A). However, HS feeding induced an increase in sodium excretion in both male and female 

mice (Figure 2A). Furthermore, female mice on HS excreted more sodium on HS than male 

mice on HS (Figure 2A). No difference in potassium excretion were observed between male 

and female mice on NS, however, potassium excretion increased in female mice on HS with 

no change observed in male mice on HS (Figure 2B). To determine acute renal sodium 

handling in male and female mice on NS and HS in response to a sodium bolus, a saline load 

experiment was performed as previously described21. No sex differences in acute renal 

sodium handling were detected in male versus female mice on either NS or HS in response 

to a sodium load (Supplemental Figure S1 A, B). Glomerulosclerosis scoring of renal cortex 

histology samples from males and females on HS indicated no development of advanced 

glomerulosclerotic fibrosis or hypertrophy in response to HS feeding (Supplemental Figure 

S1 C, D). In addition, albuminuria, an index of glomerular permeability, was unaltered in 

male or female mice with NS or HS feeding (Supplemental Figure S1 E). Urinary sodium/

potassium ratio, an additional index of renal injury, of male and female mice was increased 

by high salt diet but not changed between sexes (Figure 2C). Neither sex, dietary sodium nor 

eplerenone treatment affected plasma levels of sodium (Figure 2D). And finally, we 

determined that sodium retention was not altered between male and female mice on either 

NS, HS or HS+eplerenone, although the percentage of sodium intake excreted was increased 

by HS feeding in both male and female mice (Figure 2E). Collectively, these data indicate 

that elevated BP in female mice on HS diet is not associated with a sex-specific increase in 

sodium retention.

Plasma aldosterone/renin activity ratio and adrenal aldosterone synthase expression is 
increased in female mice on high salt diet

We sought to determine if changes in dietary sodium in male and female mice resulted in 

dysregulation in the renin-angiotensin aldosterone system. Plasma levels of angiotensin II 

(ANGII) and angiotensin converting enzyme 1 (ACE) activity were measured by mass 

spectrometry and plasma renin activity (PRA) calculated from addition of angiotensinogen I 
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and II levels22. No significant baseline differences were observed in ANGII (Figure 3A) or 

PRA levels (Figure 3B) between male and female mice on a NS diet. Female mice exhibited 

significantly lower ACE activity (Figure 3C) than males on NS. ANGII, ACE and PRA were 

unchanged in male mice in response to HS diet, however, these levels were significantly 

lower in female mice on HS compared to HS males (Figure 3A–C). No baseline differences 

in plasma aldosterone level were observed in NS male and female mice (Figure 3D), 

however, HS feeding significantly reduced aldosterone levels in male mice but failed to 

suppress aldosterone production in female mice and, in addition, female mice on HS feeding 

had a significantly increased aldosterone plasma level than male mice on HS. Eplerenone 

treatment significantly increased plasma aldosterone levels in male and female mice on HS 

diet, but no sex difference in aldosterone level was observed in HS eplerenone male and 

female mice Figure 3D). Plasma aldosterone/PRA ratio is considered an index of salt-

sensitivity in humans23. Female mice had an increased aldosterone/PRA ratio compared to 

males on NS (Figure 3E). HS feeding significantly suppressed aldosterone/PRA ratio in both 

male and female mice (Figure 3E), however, female mice on HS retained an 

aldosterone/PRA significantly higher than that of males on HS (Figure 3E). Adrenal 

aldosterone synthase (CYP11B2) protein expression was unaltered in male mice on HS 

compared to NS males, but significantly increased in female mice on HS both compared to 

female NS mice and male HS mice (Figure 3F). qRT-PCR quantification of indices of intra-

adrenal renin-angiotensin system activation indicated no significant change in adrenal renin 

mRNA expression levels between male and female mice on NS, HS or HS+eplerenone 

feeding (Figure 4A). In contrast, angiotensinogen mRNA expression was increased in 

female mice on HS compared to male mice on HS, a sex-discrepant expression that was 

ablated with eplerenone treatment in male and female mice on HS (Figure 4B). Furthermore, 

adrenal leptin receptor expression was increased similarly in female mice on HS diet 

compared to both NS female and HS males, which was restored to NS levels with 

eplerenone treatment in HS mice (Figure 4C).

Eplerenone ablates increases in blood pressure in response to high salt diet in female 
mice

To assess the functional relevance of a sustained elevation in plasma aldosterone to the salt-

sensitive hypertension we observed in female mice, we sought to determine whether MR 

antagonism would prevent salt-sensitive hypertension in female mice. Eplerenone (EPLR) 

was administered to mice in conjunction with HS for 7 days in male and female Balb/C 

mice. Consistent circadian BP fluctuations were observed in HS and HS+EPLR male and 

female mice (Figure 5A–F). EPLR treatment did not alter either MAP, SBP or DBP in male 

mice on HS diet, however, EPLR successfully decreased both day and night MAP, SBP and 

DBP in female mice on HS (Figure 5A–F). Furthermore, EPLR treatment in HS females 

significantly decreased day and night DBP in HS fed females compared to levels in HS fed 

males (Figure 5E, F). Therefore, BP elevations in response to HS feeding in females are 

ablated by MR antagonism.
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HS feeding impairs endothelial function in female mice which is prevented by eplerenone 
treatment

Kurtz et al. suggest that mechanisms of salt-sensitive hypertension primarily derive from 

vascular dysfunction and are characterized by increases in systemic vascular resistance, and 

endothelial dysfunction is a noted contributor to systemic vascular resistance 24. To 

determine if increases in BP induced by HS feeding in female mice was linked to endothelial 

impairment we assessed endothelial function by relaxation responses to acetylcholine in 

aorta. HS feeding did not induce endothelial dysfunction in male mice (Figure 6A), however, 

HS feeding significantly blunted acetylcholine-induced relaxation in female mice compared 

to NS female mice (Figure 6B). Endothelial-independent responses, as assessed by 

relaxation responses to sodium nitroprusside, were unaltered in both male and female mice 

in response to a HS (Supplemental Figure S3 A, B). No differences were observed in 

constriction responses in male or female mice to the α-agonist phenylephrine (Supplemental 

Figure S3 C, D). Eplerenone treatment in HS diet-fed male mice did not alter endothelial 

function (Figure 6C), however, eplerenone significantly attenuated endothelial dysfunction 

in female mice on HS diet (Figure 6D). Eplerenone treatment did not affect endothelial-

independent responses to sodium nitroprusside in male or female mice on HS diet 

(Supplemental Figure S4 A,B). However, eplerenone treatment significantly reduced 

constriction responses to phenylephrine in both male and female mice (Supplemental Figure 

S4 C,D). We confirmed that local vascular mineralocorticoid receptor activation was 

aldosterone-dependent via assessing 11βHSD2 mRNA expression in male and female aortas. 

We observed that 11βHSD2 expression increased in female mice on HS compared to males 

on HS (Supplemental Fig S5). Therefore, cortisol-induced activation of vascular 

mineralocorticoid receptors is unlikely increased in female mice on HS diet.

Discussion

In this report, we have demonstrated several novel findings: 1) increases in dietary salt 

elevates BP and impairs endothelial function in female Balb/C mice only 2) female Balb/C 

mice fail to decrease aldosterone production in response to HS diet and 3) MR blockade 

with eplerenone lowers BP and restores endothelial function in female Balb/C mice fed a HS 

diet. These data indicate that salt-sensitive increases in BP in Balb/C mice are sex-specific, 

characterized by high plasma aldosterone levels and responsive to MR inhibition.

Several clinical studies have indicated that salt-sensitivity is highly prevalent in women and 

that women may have more pronounced BP responses to changes in dietary salt compared to 

men 7–9. Notably, the Intersalt study, a study conducted with more than 10,000 patients from 

52 populations from all over the world and including half pre-menopausal women, 

demonstrated that the index of risk for salt-sensitive BP increases is higher in women than 

men 8. However, there is at present a discrepancy in clinical and animal studies with regard 

to the effects of salt on BP in animal models of salt sensitivity that has resulted in a dogma 

that male rodents are more salt-sensitive than females, and therefore, the study of 

mechanisms of salt-sensitive hypertension in females is very limited compared to males 25. 

The development of a female-predominant salt-sensitive phenotype in Balb/C mice has the 

potential to fill the gap in the literature of female sex-specific salt sensitivity mechanisms for 
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hypertension, both as a wild-type strain exhibiting spontaneous salt-sensitive hypertension 

and potentially as a background strain for future transgenic salt-sensitive models.

A previous study has observed that female FVB/N mice also develop a greater increase in 

BP in response to a HS diet compared to male counterparts 26, indicating that the BP 

elevation in Balb/C mice may not be an anomaly, but rather, a representation of a genetic 

predisposition for salt sensitivity in these strains of female mice that parallels the human 

population. Notably, data in the C57BL/6 mouse indicates that no such salt-sensitive 

hypertension persists in females of that genetic background 11. Therefore, strain and genetic 

specificity is particularly important for salt-sensitivity studies in females. Further studies are 

needed to evaluate the genetic variations among these and other strains that do or do not 

predispose female mice to salt-sensitive changes in BP. Of important note is the potential 

role of sex hormones and/or chromosomes in the predisposition to BP increases and 

endothelial dysfunction in response to HS in female mice in the current study. We analyzed 

uterine weights to determine whether female mice on different diets or eplerenone treatment 

differed in phase of estrous at sacrifice and did not observe a change between groups. This 

likely suggests that BP elevation and endothelial dysfunction are not the result of a decrease 

in estrogen levels. However, additional experiments in in gonadectomized animals as well as 

in the 4-core genotype mouse model are required to accurately determine whether sex-

hormones or chromosomes predispose to salt sensitivity.

In healthy individuals, aldosterone levels are characteristically decreased by an increase in 

dietary sodium, however, dysregulation of the aldosterone-MR axis is a central player in the 

pathogenesis of salt-sensitive hypertension in many animal models and in humans27. We 

observed in our study that aldosterone levels are not suppressed in female Balb/C mice in 

response to HS feeding. Taken alone, the increase in aldosterone levels in female mice on 

HS compared to HS fed males indicates an overactive systemic mineralocorticoid receptor 

activation in females in response to dietary salt. In addition, plasma aldosterone/PRA ratio 

was increased in Balb/C female mice on HS compared to males on HS, albeit a significant 

suppression in the ratio was observed in both sexes. An increase in aldosterone/PRA ratio is 

significantly correlated with BP responses to salt intake, and may be a promising diagnostic 

tool for the determination of salt-sensitivity in patients 23, 28. The difference in 

aldosterone/PRA ratio was attributable to a lower PRA in female mice compared to males as 

well as a failure to suppress aldosterone production in response to HS compared to males on 

HS. These data indicate that Balb/C mice have a sex-specific down-regulation of PRA with 

HS that is restricted to female mice, thereby indicating that inappropriate PRA and renin-

angiotensin system activation is likely not implicated in salt-sensitive BP in female mice. 

This mechanism for salt-sensitivity has been proposed in other rodent strains 29, indicating 

that inappropriate aldosterone production is an important mechanism in salt sensitive BP 

increases in Balb/C female mice.

Sodium retention, as assessed both by 24-hour urinary sodium excretion and urinary sodium 

excretion in response to an acute sodium bolus, is not increased in female HS mice 

compared to males. This is in contrast to studies in other models in which sodium retention 

is characteristically increased in response to a HS diet in accordance with elevations in BP 
12–15. It is important to note, that metabolic cage techniques are the best available technique 
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to measure electrolyte intake/excretion in mice, however, the technique presents many 

variables consistent with stress of the animals in the cage environment, the contamination of 

urine with food contents, etc. However, the assessment of sodium excretion in two methods, 

excretion/day and acute sodium loading, both indicated that sodium handling was apparently 

not altered in female mice with HS feeding. Furthermore, glomerulosclerosis scoring and 

albuminuria indicated no progression of kidney injury which may have suggested altered 

renal mechanisms in female mice on HS diet. We also determined that sodium retention was 

not altered by sex in NS, HS and HS eplerenone feeding periods between male and female 

mice, indicating no sex-specific sodium retention in our study. Potassium excretion in 

female mice also increased in female mice on HS diet, which may be an indication of a renal 

potassium-excretion response to an elevated renal aldosterone activity in these mice, 

although further studies are needed to evaluate the activation of renal MR in response to HS 

in female mice.

Adrenal CYP11B2 activity is the major source of aldosterone production in both male and 

female mice, and many studies have demonstrated that adrenal CYP11B2 expression is 

regulated by changes in dietary sodium and is decreased in both mice and rats in response to 

a HS diet 30, 31. We did not observe a reduction in CYP11B2 protein expression in male 

mice in response to a HS diet, however, expression was not increased. In contrast, female 

mice depicted a significant upregulation of adrenal CYP11B2 expression in response to HS. 

Overexpression of CYP11B2 has been shown to induce low-renin salt-sensitive 

hypertension30. As would be expected with a failure to suppress adrenal CYP11B2 
expression, aldosterone plasma levels were not suppressed in female Balb/C mice in 

response to HS diet, in contrast to male mice in whom a suppression was indicated. 

Increases in adrenal CYP11B2 expression are not explained by an increased renin-

angiotensin system activation as demonstrated by our plasma measurement of ANGII and 

PRA. Interestingly, in both male and female mice on HS, adrenal CYP11B2 protein levels 

did not correlate with circulating aldosterone levels in our study, in that male mice 

suppressed aldosterone level without a suppression of adrenal CYPP11B2 expression and 

female mice did not change aldosterone plasma levels in response to HS feeding despite an 

increase in adrenal CYP11B2 expression. These data indicate that CYP11B2 is a less 

efficient enzyme to produce aldosterone in response to high salt feeding in male and female 

Balb/C mice. As this is the first study, to our knowledge, to assess adrenal CYP11B2 and 

aldosterone levels in Balb/C mice we are limited in proposing an explanation for this 

phenomenon. We did observe that adrenal renin mRNA expression was unchanged with diet 

or eplerenone treatment in male and female mice regardless of diet or dietary salt feeding. 

However, our data indicate that adrenal angiotensinogen mRNA expression of female mice 

on HS is higher than that of male mice on HS. Furthermore, adrenal angiotensinogen levels 

were decreased in eplerenone treated female mice on HS compared to HS females, 

indicating a reduction of high salt diet-induced adrenal stimuli for angiotensinogen 

expression in females on eplerenone treatment. Peters et al. has described the regulation of 

the local renin angiotensin aldosterone system in adrenal glands 32, however, the sex 

specificity of responses of the adrenal renin angiotensin system to dietary sodium is, as yet, 

unexplored. Therefore, we may conclude that increased adrenal angiotensinogen production 

in female mice on high salt diet led to an increase in angiotensin type I receptor activation 
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via increased local angiotensin II production, however, further experimentation is warranted 

to fully elucidate the relationship of high salt diet effects on angiotensinogen-stimulated 

angiotensin II production and resulting aldosterone synthesis. We have previously shown 

that leptin is a novel regulator of CYP11B2 expression17, and we show in this study that 

although leptin levels were unaltered in the circulation, leptin receptor expression in the 

adrenal gland of female mice only was increased with HS feeding, indicating that local 

leptin receptor activation may also lead to an increase in CYP11B2 expression.

We have previously demonstrated that obesity-associated hypertension mechanisms in 

female Balb/C mice involve mineralocorticoid receptor-mediated mechanisms18. Coupled 

with our present data indicating that adrenal CYP11B2 expression is increased and 

aldosterone levels are not decreased in female mice in response to a HS diet, we proposed 

that BP increases in female mice in response to dietary salt may be mediated by MR 

activation. Eplerenone treatment in female mice on HS ablated BP increases while having no 

effect in males. The BP lowering effects of eplerenone, in either sex, are commonly 

attributed to its role in sodium retention. However, our previous studies, along with others 
33, 34, have indicated that MR-mediated BP mechanisms in female mice likely involve 

vascular mechanisms, as obesity-associated endothelial dysfunction is prevented by MR 

inhibition in female mice17, 18. Our data are in correlation with a recent study that indicates 

that females are more predisposed to aldosterone production than males 35. A further newly 

emerging topic in the mineralocorticoid receptor field is the regulation of endothelial 

function via endothelial mineralocorticoid receptors. As our study indicated that sodium 

intake and excretion balance was not sex discrepant nor affected by eplerenone in HS male 

and female mice this brings the discussion of the potential of endothelial mineralocorticoid 

receptor activation in our current study to the forefront as a potential contributing 

mechanism. Importantly, studies have demonstrated that the role of the endothelial 

mineralocorticoid receptor to regulate endothelial function in female mice is more 

pronounced than males in models of obesity 36, therefore, we may speculate that sustained 

activation of endothelial mineralocorticoid receptors in HS females contributed to the 

development of endothelial impairment in the current study. Our data demonstrating that 

eplerenone restores both BP and endothelial function in female mice on HS feeding, while 

having no effect on males, further indicates a potential role for the endothelial 

mineralocorticoid receptor in the salt sensitive phenotype we present in Balb/C mice. 

Furthermore, we determined that 11βHDS2 expression in the vasculature of our female mice 

is not suppressed, ergo it is unlikely that local cortisol activation of mineralocorticoid 

receptors was increased in female mice. Thus, we presume that vascular endothelial 

mineralocorticoid receptor activation in high salt diet fed female mice is aldosterone-

mediated. Future directions include the investigation of the regulation of endothelial 

mineralocorticoid receptor activity in response to elevations in dietary sodium in male and 

female Balb/C mice.

We observed in the present study that endothelial dysfunction induced by HS diet in female 

mice, which did not present in males, is restored by eplerenone treatment. Endothelial 

dysfunction is well-noted for its role in increasing the risk for hypertension and others have 

demonstrated that a HS-diet increases the propensity to endothelial impairment 37. This 

notion is reiterated by the hypothesis of Kurtz et al 24 who suggests it is this propensity for 
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HS-induced impairment in vascular function rather than renal sodium handling that 

predisposes salt-sensitivity. In our study, the development of endothelial dysfunction in 

female mice in absence of apparent changes in renal sodium retention indicate that impaired 

vasodilation is the more dominant BP control mechanism mediating hypertension in female 

mice on HS diet. Further, it is therefore more likely that the ablation of salt-sensitive BP 

increases observed in female mice in response to eplerenone is attributable to its beneficial 

effects on endothelial function rather than alterations in renal sodium handling. These 

results, in particular, highlight an important role for endothelial dysfunction in the control of 

BP in response to high salt feeding that is sex-specifically heightened in female Balb/C 

mice. Although our results are unable to distinguish whether increases in BP were a 

causation factor of the development of endothelial impairment, or vice versa rather, clinical 

data supports the notion that females are more likely to develop endothelial dysfunction than 

males 38. Endothelial dysfunction and salt sensitivity are associated presentations in the 

clinical population 39. Our study, therefore, indicates that female Balb/C mice are more 

sensitive to endothelial impairment due to elevated sodium intake compared to males at the 

7-day time point studied, which likely predisposed the increases in BP observed in females 

on high salt diet. These data beg the future directions of determining if longer periods of 

high salt feeding eventually induce endothelial damage and elevated BP in male mice and, 

further, examination of the underlying endothelial impairment mechanisms (i.e. reactive 

oxygen species, reduction in nitric oxide bioavailability) that may have developed earlier in 

females than males in response to high salt feeding.

The data presented here in Balb/C mice in fact correlate well with clinical studies in patients 

of African ancestry, which show a strong association of plasma aldosterone/PRA to BP 
40, 41. These studies prompt the suggestion of MR antagonists as principal hypertension 

therapy for these patients. What remains at present very poorly investigated is whether a sex-

difference in the clinical population exists. The Balb/C mouse may, therefore, prove a model 

of salt-sensitive hypertension particularly for women of African American ancestry, whom 

are more likely to be salt-sensitive than men of African ancestry 42 or women of Caucasian 

background 43.

In summary, the data indicate that Balb/C mice develop sex-specific salt-sensitive elevations 

in BP that are associated with an inability to suppress aldosterone production, and further, 

that that elevation in BP and development of endothelial dysfunction in female mice on HS 

diet is responsive to MR inhibition. These data parallel data previously observed by our 

group and others, which indicates that the aldosterone-MR system is of particular 

importance in female mice for the control of BP in pathological states such as obesity-

associated hypertension, and in this report salt-sensitive hypertension 17, 18. Collectively, 

these data indicate that the evaluation of the regulation of aldosterone production and 

activity is a promising BP target in females

Perspectives

Sex-discrepant mechanisms of hypertension continue to emerge in a variety of pathologies, 

including salt-sensitive hypertension. While the development of hypertension in the current 

study is modest by the standards of some other models, both the American Heart 
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Association and the American College of Cardiology have recently acknowledged that a BP 

10 mmHg above normal ranges is a significant risk factor as reflected by the rebranding of 

this measure as “hypertensive”. Given the current availability and long-term safety 

evaluations of MR antagonists, the implication of these pharmaceutical agents as promising 

for hypertension of hypertensive women is highly clinically relevant. In addition, the further 

development of the Balb/C female mouse as a potential model of MR-mediated hypertension 

mechanisms, among others, has high potential to impact further investigations in the field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is new?

• Female Balb/C mice develop salt-sensitive hypertension and endothelial 

dysfunction

• Female mice on high salt diet do not suppress aldosterone as male mice do

• Salt-sensitive hypertension and endothelial dysfunction is ablated by 

mineralocorticoid receptor antagonism in female mice

What is relevant?

• Aldosterone-mineralocorticoid receptor mediated mechanisms may play a 

role in this predisposition to salt sensitivity in women

• Eplerenone may be a vital therapeutic target for hypertension in salt sensitive 

women
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Figure 1. High Salt Diet Increases Blood Pressure in Female Mice Only.
Average day (6:00–18:00) and night (18:00–6:00) blood pressure values over 7 days in male 

and female mice on NS and HS diets measured as mean arterial pressure (MAP) (A–B) 

systolic blood pressure (SBP) (C–D) and diastolic blood pressure (DBP) (E–F). *P<0.05. 

N=5.
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Figure 2. High Salt Diet Does Not Induce Salt retention in Female Mice.
(A) Urinary sodium and (B) potassium excretion and (C) urinary sodium/potassium ratio in 

male and female mice on NS and HS diets. (D) Plasma sodium in male and female mice on 

NS, HS and HS+Eplerenone. (E) Sodium excretion per day expressed as a percentage of 

measured sodium intake per day in metabolic cage collection (24 hours) in male and female 

mice on gel diets: NS, HS and HS+Eplerenone. *P<0.05. N=6.
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Figure 3. High Salt Diet suppresses Aldosterone Level in Male, but not Female, Mice.
Plasma levels of (A) angiotensin II (ANGII), (B) plasma renin activity (PRA), (C) 

angiotensin converting enzyme (ACE) activity, (D) aldosterone, (E) aldosterone/plasma 

renin activity ratio. (F) Western-Blot quantification and representative image for CYP11B2 
expression in male and female mice on NS, HS and HS+Eplerenone. *P<0.05. N=4 for mass 

spectrometry measurements, N=7–18 for aldosterone ELISA, N=5–6 for western blotting.

Faulkner et al. Page 17

Hypertension. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. High Salt Diet Increases Adrenal Angiotensinogen and Leptin Receptor Expression in 
Female Mice.
Adrenal mRNA expression of (A) renin, (B) angiotensinogen and (C) leptin receptor in male 

and female mice on NS, HS or HS+Eplerenone. *P<0.05. N=3.
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Figure 5. Mineralocorticoid Receptor Blockade Restores Blood Pressure in Female Mice on a 
High Salt Diet.
Blood pressure in male and female mice on HSD and HSD+eplerenone. Average day and 

night (12 hours each) blood pressures over 7 days in male and female mice on HS and HS

+eplerenone (EPL) measured as (A–B) mean arterial pressure (MAP), (C–D) systolic blood 

pressure (SBP) and (E–F) diastolic blood pressure (DBP). *P<0.05. N=4-10.
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Figure 6. High Salt Diet Impairs Endothelial Function in Female Mice Which Is Restored by 
Eplerenone Treatment.
Vascular reactivity in male and female mice on NS, HS and HS+eplerenone (EPL). Aortic 

ring relaxation responses to acetylcholine (ACH) (endothelium-dependent relaxation) in 

male (A) and female (B) mice on NS and HS and (C) male and (D) female mice on HS and 

HS+EPL expressed as a percentage of preconstriction with serotonin. *P<0.05 vs Female 

NS, N=5-10.
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