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Abstract

Obesity is a major risk factor for cardiovascular disease in males and females. Whether obesity 

triggers cardiovascular disease via similar mechanisms in both the sexes is, however, unknown. In 

males, the adipokine leptin highly contributes to obesity-related cardiovascular disease by 

increasing sympathetic activity. Females secrete 3× to 4× more leptin than males, but do not 

exhibit high sympathetic tone with obesity. Nevertheless, females show inappropriately high 

aldosterone levels that positively correlate with adiposity and blood pressure (BP). We 

hypothesized that leptin induces hypertension and endothelial dysfunction via aldosterone-

dependent mechanisms in females. Leptin control of the cardiovascular function was analyzed in 

female mice sensitized to leptin via the deletion of protein tyrosine phosphatase 1b (knockout) and 

in agouti yellow obese hyperleptinemic mice (Ay). Hypersensitivity to leptin (wild-type, 115±2; 

protein tyrosine phosphatase 1b knockout, 124±2 mm Hg; P<0.05) and obesity elevated BP (a/a, 

113±1; Ay, 128±7 mm Hg; P<0.05) and impaired endothelial function. Chronic leptin receptor 

antagonism restored BP and endothelial function in protein tyrosine phosphatase 1b knockout and 

Ay mice. Hypersensitivity to leptin and obesity reduced BP response to ganglionic blockade in 

both strains and plasma catecholamine levels in protein tyrosine phosphatase 1b knockout mice. 

Hypersensitivity to leptin and obesity significantly increased plasma aldosterone levels and 

adrenal CYP11B2 expression. Chronic leptin receptor antagonism reduced aldosterone levels. 

Furthermore, chronic leptin and mineralocorticoid receptor blockade reduced BP and improved 

endothelial function in both leptin-sensitized and obese hyperleptinemic female mice. Together, 

these data demonstrate that leptin induces hypertension and endothelial dysfunction via 

aldosterone-dependent mechanisms in female mice and suggest that obesity leads to 

cardiovascular disease via sex-specific mechanisms.
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Obesity, which affects more women than men in the United States,1,2 is a major risk factor 

for cardiovascular disease (CVD), including hypertension and endothelial dysfunction. 

Notably, obesity has recently been identified as the cause of the 3-fold increase in the risk 

for hypertension in premenopausal women3,4 and of the rising number of school girls 

diagnosed with hypertension5,6 observed during the last 2 decades. Despite these alarming 

statistics, and the fact that similar increases in body weight induce larger elevations in blood 

pressure (BP) in premenopausal women compared with men,7 the mechanisms whereby 

body weight gain leads to hypertension and endothelial dysfunction remain unknown, in 

females.

A significant body of evidence demonstrates that the adipocyte-derived hormone leptin 

greatly contributes to the development of obesity-associated hypertension and endothelial 

dysfunction by increasing sympathetic activity, in males.8–13 Healthy premenopausal women 

secrete 3× to 4× more leptin than men,14–16 but have lower sympathetic tone than men of the 

same age.17–19 In response to obesity, women exhibit exaggerated increases in leptin levels 

compared with men, again with a mild16,20 to no increase in sympathetic tone.16,21–23 In 

addition, reduction in body weight decreases sympathetic activity in males only.16 These 

observations, which tend to minimize the contribution of the sympathetic tone as a source of 

hypertension in females, raise the question of mechanisms whereby obesity induces CVD in 

females.

Although our group recently discovered that leptin is a new direct regulator of adrenal 

aldosterone synthase (CYP11B2) expression and an inducer of aldosterone production,24 

obesity has been identified as a source of inappropriately high aldosterone levels. 

Aldosterone levels have been reported to correlate with the degree of adiposity and 

hypertension in obese women but not in men.25–27 In addition, antagonism of aldosterone 

action via mineralocorticoid receptor (MR) blockade is more effective at preventing CVD in 

women compared with men.25–27 On the basis of these observations, we hypothesized that 

leptin induces hypertension and endothelial dysfunction via aldosterone-dependent 

mechanisms in lean and obese female mice. This hypothesis was first tested in protein 

tyrosine phosphatase 1b (Ptp1b) knockout (KO) mice. The Ptp1b KO mouse is a lean mouse 

well described for its increased leptin sensitivity,11,28,29 which allows the study of the 

physiological role of leptin independently of the confounding factors of obesity.11 The 

relevance of the data gathered with the Pt1b KO mice, to obesity, was investigated with the 

agouti yellow obese mice (Ay). The ectopic expression of the agouti peptide in Ay mice 

induces a hyperphagia promoting the development of obesity, raising leptin levels, and 

making these mice a good model to study the human pathology.30

Methods

Animal Models

Ptp1b null mice (KO) provided by Dr Michel Tremblay (Goodman Cancer Center of McGill 

University)11,28,31 were bred in our laboratory and compared with their wild-type control. 

Lean (a/a, stock no. 2168) and agouti yellow obese (Ay, stock no. 2468) mice on a KK 

background were purchased from Jackson laboratory (Bar Harbor, ME). Experiments were 

conducted in littermate male and female mice of 10 to 12 weeks of age. All animals were 

Huby et al. Page 2

Hypertension. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fed standard mouse chow (0.2% sodium), and tap water was provided ad libitum. Mice were 

housed in an American Association of Laboratory Animal Care—approved animal care 

facility at the Medical College of Georgia. Experiments were conducted in accordance with 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the 

Institutional Animal Care and Use Committee approved all protocols.

Leptin Sensitivity and Cardiovascular Phenotype

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

Statistics

All data are presented as means±SEM. P values <0.05 were considered significant. 

Differences in means among groups for nonrepeated variables were compared by t test when 

normality was verified by a Kolmogorov–Smirnov test. The nonparametric Mann–Whitney 

test was used in the absence of normality. One-way ANOVA and Kruskal–Wallis test were 

used to assess significance of multiple data sets for parametric and nonparametric data, 

respectively. Differences in means among groups and treatments, with repeated variables, 

were compared by 2-way ANOVA with repeated measures, when appropriate. Tukey test 

was used as the post hoc test in ANOVA (GraphPad).

Results

General Physiological Parameters

As reported in Table, deletion of Ptp1b induced a slight increase in body weight, but no 

changes in plasma leptin levels, in female mice. Leptin sensitization with Ptp1b deletion was 

confirmed by demonstrating that female Ptp1b KO mice exhibit a larger decrease in body 

weight in response to leptin infusion compared with wild-type females (Figure S1). Female 

agouti yellow (Ay) mice are obese and exhibit a 4-fold increase in plasma leptin levels 

(Table).

Leptin Sensitization and Obesity Increase BP in Female Mice

To determine whether leptin sensitization with Ptp1b deletion or high leptin levels in Ay 

mice affect BP control, BP was measured in conscious mice via telemetry. As reported in 

Figure 1, both Ptp1b deletion (Figure 1A) and Ay (Figure 1B) induced a significant increase 

in mean arterial pressure, but did not elevate heart rate (Figure 1C and 1D). Consistent with 

the literature,11,30,32 Ptp1b deletion and Ay increased MAP in male mice (Figure S2). Seven 

days of chronic treatment with the highly specific leptin receptor antagonist Allo-Aca 

restored BP to its baseline level, in female Ptp1b KO mice, and significantly reduced it in 

female Ay mice. This suggests that Ptp1b deletion and obesity increase BP via leptin-

dependent mechanisms in female mice.

Leptin Sensitization and Obesity Induce Endothelial Dysfunction in Female Mice

Endothelial dysfunction is a precursor and major consequence of CVD. As reported in 

Figure 2, leptin sensitization in Ptp1b KO mice reduced acetylcholine-induced relaxation 

(Figure 2A) but preserved sodium nitroprusside–mediated dilatation (Figure 2C), supporting 
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a dysfunction at the level of the endothelium only, in female mice. Similarly female Ay mice 

exhibit a reduced acetylcholine-mediated dilation (Figure 2B) with no alteration of sodium 

nitroprusside–mediated relaxation (Figure 2D). Consistent with the literature,11,33 Ptp1b 

deletion did not impair endothelial function in male mice, despite hypertension. Similarly, 

obesity and hypertension did not reduce acetylcholine-mediated relaxation in male Ay mice 

(Figure S3). Seven days of treatment with the highly specific leptin receptor antagonist Allo-

Aca fully restored endothelial function in both Ptp1b KO and Ay females (Figure 2A and 

2B), whereas having no effects in wild-type and a/a females nor on the sodium 

nitroprusside–mediated relaxation (Figure 2C and 2D).

Leptin Sensitization and Obesity Reduce Neurogenic Control of BP in Female Mice

We analyzed sympathetic contribution to the control of BP by measuring BP response to 

ganglionic blockade in conscious mice and revealed that leptin sensitization (Figure 3A) and 

Ay (Figure 3B) significantly lowered BP response to mecamylamine, in females, whereas it 

significantly increased BP response to mecamylamine in male animals (Figure S4). Leptin 

sensitization with Ptp1b deletion also significantly reduced circulating norepinephrine 

(Figure 3C) and epinephrine (Figure 3E) levels in females, whereas no change in plasma 

catecholamine levels was reported in Ay females (Figure 3D and 3F).

Leptin Sensitization and Obesity Increase Aldosterone Signaling in Female Mice

As reported in Figure 4, leptin sensitization with Ptp1b deletion (Figure 4A) and Ay (Figure 

4B) induced a 2- to 3-fold increase in plasma aldosterone levels in female mice. No increase 

in plasma aldosterone levels was observed in male Ptp1b and Ay animals (Figure S5). 

Western blot quantification of adrenal aldosterone synthase (CYP11B2) expression revealed 

a significant increase with leptin sensitization (Figure 4C and 4E) and Ay (Figure 4D and 

4F) in female mice. Leptin sensitization significantly increased adrenal CYP11B2 
expression in male mice, whereas trends toward an increase were observed in male Ay mice 

(Figure S5). Chronic leptin receptor antagonism with Allo-Aca significantly reduced plasma 

aldosterone in both Ptp1b (Figure 4A) and Ay female mice (Figure 4B), supporting a direct 

link between leptin and aldosterone secretion.

Leptin Sensitization and Obesity Elevate BP Via MR-Dependent Mechanisms in Female 
Mice

The functional relevance of the increased aldosterone signaling reported in Figure 4 was 

tested by analyzing BP response to a chronic inhibition of aldosterone action via MR 

blockade. Figure 5 shows that MR blockade restored BP to control levels in leptin-sensitized 

(Figure 5A) and in Ay female mice (Figure 5B) and elevated HR in Ptp1b KO female mice 

(Figure 5C). Spironolactone treatment did not reduce BP in male Ptp1b KO mice (Figure 

S6).

Leptin Sensitization and Obesity Impair Endothelial Function Via MR-Dependent 
Mechanisms in Female Mice

To determine whether leptin sensitization and Ay induce endothelial dysfunction via 

aldosterone-dependent mechanisms, endothelial function was analyzed in female mice 
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chronically treated with the MR blocker spironolactone for 7 days. As reported in Figure 6, 

spironolactone restored endothelial function in leptin-sensitized (Figure 6A) and agouti 

yellow obese female mice (Figure 6B). Spironolactone treatment did not affect endothelium-

independent (sodium nitroprusside) relaxation in any mouse strain (Figure 6C and 6D).

Discussion

The goal of this study was to determine whether leptin, a major player in obesity-related 

CVD in males, contributes to hypertension and endothelial dysfunction in female mice. The 

main findings are that: (1) leptin sensitization with Ptp1b deletion increases BP, aldosterone 

signaling, and leads to endothelial dysfunction in female mice; (2) endogenous increases in 

plasma leptin levels with obesity elevate BP, enhance aldosterone signaling and trigger 

endothelial dysfunction, in female mice; and (3) leptin receptor antagonism and MR 

blockade restore BP and endothelial function, in obese and leptin-sensitized female mice. 

Together, these observations highlight the role of leptin and aldosterone in obesity-related 

CVD in females.

In this study, 2 mouse models were used to determine whether leptin contributes to the 

control of BP in female mice: the Ptp1b KO mouse and the agouti yellow obese mouse. 

Ptp1b KO mice were chosen for the role of Ptp1b in the control of leptin signaling. Ptp1b is 

a critical regulator of leptin signaling.28,29 Increases in Ptp1b expression decrease leptin 

signaling,34 whereas Ptp1b deletion protects both male and female mice from obesity via 

increased leptin sensitivity.35,36 Recent work from our group demonstrated that deletion of 

Ptp1b induces hypertension via leptin-dependent mechanisms in male mice.11 Insulin, the 

sensitivity of which is also increased by the deletion of Ptp1b,31 seems to intervene in the 

control of BP in the absence of leptin receptors only and most likely via indirect control of 

the metabolic function.37,38 In this present study, we confirmed that Ptp1b deletion increases 

leptin sensitivity in female mice by demonstrating that leptin infusion induces a larger drop 

in body weight in KO compared with wild-type female mice. Together, these data present 

the Ptp1b KO mouse as an ideal model to study the role of leptin in the control of the 

cardiovascular function in the absence of the confounding effects of obesity. The agouti 

yellow obese mice were used to analyze the relevance of the data generated in the Ptp1b KO 

mice in a mouse model of obesity that preserves a functional leptin signaling toward the 

cardiovascular system.30,32 Chronic ectopic expression of the agouti peptide in agouti 

yellow mice blocks hypothalamic melanocortin-4 receptors and leads to hyperphagia and 

obesity.39 This model, which presents the characteristic to mimic human obesity, exhibit 

high leptin levels, which increase sympathetic activity and BP, in male mice.32,40 Although 

the mechanisms leading to hypertension have been identified in male agouti yellow obese 

mice, it was unknown whether obesity-associated hyperleptinemia induces hypertension in 

agouti yellow obese female mice and whether similar mechanisms contribute to 

hypertension in male and female mice.

With these 2 models we demonstrate for the first time that increasing leptin sensitivity with 

Ptp1b deletion, or endogenous leptin levels with obesity, elevates BP via aldosterone-

dependent mechanisms in female mice. Indeed, although chronic leptin receptor blockade 

reduced aldosterone signaling and BP in Ptp1b KO and agouti yellow obese females, MR 
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antagonism exerted the same beneficial effects on BP. These data present leptin and 

aldosterone as major contributors to obesity-induced hypertension in females and introduce 

the new concept according to which leptin induces hypertension via sex-specific 

mechanisms. Although novel, this concept is supported by the human literature. Indeed, 

women who secrete 3× to 4× more leptin than men14–16 exhibit exaggerated increases in 

leptin levels, inappropriately high aldosterone levels and increased response to MR 

antagonists compared with men,25–27 with obesity. Furthermore, our results that minimize 

the role of sympathetic activity in leptin-mediated hypertension in females are in accordance 

with studies reporting mild16,20 to no increase in sympathetic tone16,21–23 in obese women, 

and no decrease in sympathetic activity with body weight reduction16 in women. Together 

these data support the concept that leptin induces hypertension via increased sympathetic 

activity in males and via aldosterone-dependent mechanisms in females. On the basis of our 

recent work identifying leptin as a direct regulator of adrenal aldosterone secretion,24 we 

limited our investigation to the analysis of the contribution of the adrenal glands. The 

adrenal glands is, however, not the only source of aldosterone. A recent study by Briones et 

al,41 indeed identified the adipose tissue as a new source of aldosterone. Although our 

previous study minimized the contribution of the adipose tissue to obesity-associated 

hyperaldosteronism,24 the current work does not rule out a potential contribution to the 

adipose tissue to the elevated aldosterone levels. The origin of the preferential stimulation of 

adrenal aldosterone production over sympathetic activation, in females, remains however 

completely unknown and requires further investigation.

The second key finding of this study is the demonstration that leptin triggers endothelial 

dysfunction via aldosterone-dependent mechanisms. This demonstration was made with 

aortic rings. Although this conduit artery poorly contributes to BP control, previous studies 

from our group demonstrated that the aorta is a good model to study the changes in vascular 

reactivity induced by leptin and obesity.11,42 Because of the increase in cardiac output 

associated with obesity and to the consequent increase in shear stress, aorta seem less prone 

to endothelial dysfunction than resistance arteries.42 Therefore, a dysfunction of the 

endothelium at the level of the aorta might be indicative of a dysfunction at the level of the 

resistance arteries. Here, we showed that both chronic leptin receptor antagonism and MR 

blockade restored endothelial function in leptin-sensitized and obese hyperleptinemic mice. 

These data are consistent with the recent demonstration that low dose of MR blockade 

prevents arterial stiffening43 in obese female mice and provides one more piece of evidence 

to support the sex specificity of the mechanisms, whereby leptin controls cardiovascular 

function. Indeed, although leptin triggers endothelial dysfunction via aldosterone-dependent 

mechanisms in females, recent findings demonstrate that leptin induces endothelial 

dysfunction via sympathoactivation and oxidative stress in males.12,13 In association with 

the exaggerated increases in leptin and aldosterone levels reported in obese women,25–27 the 

results of this study might provide an explanation for the higher susceptibility of 

premenopausal women to develop endothelial dysfunction with obesity compared with 

men.7,44

The lack of identification of the detailed mechanisms whereby leptin-mediated aldosterone 

production triggers hypertension in female mice might represent a limitation to this current 

study. Although the pleiotropic effects of aldosterone complicate tremendously the 
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determination of these mechanisms, it seems reasonable to speculate that leptin triggers 

hypertension via peripheral mechanisms, notably via endothelial dysfunction. Indeed, 

although aldosterone acts centrally to increase sympathetic activity in males, neither Ptp1b 

KO females nor agouti yellow obese female mice exhibit increased sympathetic activity, 

despite high circulating aldosterone levels, hence a potential role for endothelial 

dysfunction. The hypothesis of the contribution of the endothelial dysfunction is further 

supported by the lack of impaired endothelial function in male animals that exhibit similar 

BP levels to females, but may contrast with studies demonstrating that aldosterone infusion 

induces endothelial dysfunction without raising BP in male rats.45

In conclusion, this study demonstrates for the first time that leptin raises BP and induces 

endothelial dysfunction via aldosterone-dependent mechanisms in female mice and 

introduce the new concept according to which leptin controls cardiovascular function via 

sex-specific mechanisms.

Perspectives

Despite growing evidence demonstrating that CVD involve sex-specific mechanisms, 

guidelines for the treatment of hypertension and CVD do not account for sex, probably 

because of the gap in knowledge about the mechanisms involved. This study focused on 

obesity-associated CVD and identified leptin-mediated aldosterone secretion as a major 

contributor to hypertension and endothelial dysfunction in obese female mice. This work, 

which represents one of the first steps to understand the mechanisms underlying the rise of 

CVD in women, highlights the need for sex-specific therapies and provides potential new 

therapeutic avenues for the treatment of obesity-related CVD in women.
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Novelty and Significance

What Is New?

• This study demonstrates for the first time that the adipocyte-derived 

hormone leptin is a major contributor to cardiovascular disease (CVD) 

in female mice and notably induces hypertension and endothelial 

dysfunction via aldosterone-dependent mechanisms.

• This study shows for the first time that leptin and obesity induce 

hypertension and endothelial dysfunction via sex-specific mechanisms.

What Is Relevant?

• Obesity is a worldwide epidemic that affects more women than men. 

Although growing evidence reports that obesity is a major source of 

CVD in premenopausal women, the mechanisms whereby an increase 

in body weight leads to CVD remain unknown in women. Using 2 

different mouse models, we identified leptin-induced aldosterone 

secretion as a new mechanisms and potential leading factor to 

hypertension and endothelial dysfunction in obese women.

Summary

Results from this study show a novel mechanism by which the adipokine leptin triggers 

CVD and established that obesity leads to CVD via sex-specific mechanisms.
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Figure 1. 
Leptin sensitization and obesity increase blood pressure in female mice. Mean arterial 

pressure (MAP, A and B) and heat rate (HR, C and D) recorded in wild-type (WT) and 

protein tyrosine phosphatase 1b knockout (KO) mice as well as in lean (a/a) and agouti 

yellow obese (Ay) female mice treated or not with the leptin receptor antagonist Allo-Aca. 

Data are mean±SEM; n=6 to 8 for WT and KO mice and n=3 for a/a and Ay mice. *P<0.05 

vs WT or a/a, #P<0.05 vs KO or Ay.
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Figure 2. 
Leptin sensitization and obesity induce endothelial dysfunction in female mice. Aortic ring 

relaxation to acetylcholine (ACh, A and B) and sodium nitroprusside (SNP, C and D) 

measured in wild-type (WT) and protein tyrosine phosphatase 1b knockout (KO) mice as 

well as in lean (a/a) and agouti yellow obese (Ay) female mice treated or not with the leptin 

receptor antagonist Allo-Aca. Data are mean±SEM; n=6 to 8 for WT and KO mice and n=3 

for a/a and Ay mice. *P<0.05 vs WT or a/a, #P<0.05 vs KO or Ay.
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Figure 3. 
Leptin sensitization and obesity reduce neurogenic control of blood pressure. Blood pressure 

response to ganglionic blockade in (A) wild-type (WT) and leptin-sensitized (protein 

tyrosine phosphatase 1b knockout [KO]) mice as well as in (B) lean (a/a) and agouti yellow 

obese (Ay) female mice. Plasma (C and D) norepinephrine and (E and F) epinephrine levels. 

Data are mean±SEM; n=6 to 8 for WT and KO mice and n=3 for a/a and Ay mice. *P<0.05 

vs WT or a/a.
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Figure 4. 
Leptin sensitization and obesity increase aldosterone signaling. Plasma aldosterone levels 

measured in (A) wild-type (WT) and protein tyrosine phosphatase 1b knockout (KO) mice 

as well as in (B) lean (a/a) and agouti yellow obese (Ay) female mice treated or not with the 

leptin receptor antagonist Allo-Aca. C and D, Representative Western blot image for 

CYP11B2 and β-actin. E and F, Quantification of the Western blot for CYP11B2. Data are 

mean±SEM; n=6 to 12 for WT and KO mice and n=3 for a/a and Ay mice. *P<0.05 vs WT 

or a/a, #P<0.05 vs KO or Ay.
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Figure 5. 
Leptin sensitization and obesity elevate blood pressure via mineralocorticoid receptor (MR)–

dependent mechanisms. Mean arterial pressure (MAP, A and B) and heat rate (HR, C and D) 

recorded in wild-type (WT) and protein tyrosine phosphatase 1b knockout (KO) mice as 

well as in lean (a/a) and agouti yellow obese (Ay) female mice treated or not with the MR 

blocker spironolactone (spiro). Data are mean±SEM; n=6 to 8 for WT and KO mice and n=3 

for a/a and Ay mice. *P<0.05 vs WT or a/a, #P<0.05 vs KO or Ay.
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Figure 6. 
Leptin sensitization and obesity impair endothelial function via mineralocorticoid receptor 

(MR)–dependent mechanisms. Aortic ring relaxation to acetylcholine (ACh, A and B) and 

sodium nitroprusside (SNP, C and D) measured in wild-type (WT) and protein tyrosine 

phosphatase 1b knockout (KO) mice as well as in lean (a/a) and agouti yellow obese (Ay) 

female mice treated or not with the MR blocker spironolactone (spiro). Data are mean

±SEM; n=6 to 8 for WT and KO mice and n=3 for a/a and Ay mice. *P<0.05 vs WT or a/a, 

#P<0.05 vs KO or Ay.
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Table

General Physiological Parameters in Ptp1b and Agouti Yellow Obese Mice

Mouse Strain

WT Ptp1b KO a/a Ay

Weight, g 25.1±0.7 27.2±0.4* 29.7±0.7 39.4±0.5*

Leptin, pg/mL 238±76 164±27 879±13 3717±26*

Data are presented as mean±SEM. n=6 to 8 in WT and Ptp1b KO mice. n=3 in lean (a/a) and agouti yellow obese mice (Ay). KO indicates 
knockout; Ptp1b, protein tyrosine phosphatase 1b; and WT, wild-type.

*
P<0.05 vs respective control group.
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