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Abstract

Human risk allele carriers of lysine-specific demethylase 1 (LSD1) and LSD1-deficient mice have 

salt-sensitive hypertension for unclear reasons. We hypothesized that LSD1 deficiency causes 

dysregulation of aldosterone’s response to salt intake resulting in increased cardiovascular risk 

factors (blood pressure and microalbumin). Furthermore, we determined the effect of biological 

sex on these potential abnormalities. To test our hypotheses, LSD1 male and female heterozygote-

knockout (LSD1+/−) and WT mice were assigned to two age groups: 18 weeks and 36 weeks. 

Plasma aldosterone levels and aldosterone production from zona glomerulosa cells studied ex vivo 
were greater in both male and female LSD1+/− mice consuming a liberal salt diet as compared to 

WT mice consuming the same diet. However, salt-sensitive blood pressure elevation and increased 

microalbuminuria were only observed in male LSD1+/− mice. These data suggest that LSD1 

interacts with aldosterone’s secretory response to salt intake. Lack of LSD1 causes inappropriate 

aldosterone production on a liberal salt diet; males appear to be more sensitive to this aldosterone 

increase as males, but not females, develop salt sensitivity of blood pressure and increased 

microalbuminuria. The mechanism responsible for the cardiovascular protective effect in females 

is uncertain but may be related to estrogen modulating the effect of mineralocorticoid receptor 

activation.

Keywords

lysine-specific demethylase 1; sex; blood pressure; aldosterone

Correspondence should be addressed to L H Pojoga: lpojoga@partners.org.
aY Huang, T M Yao, D Brooks, G K Adler, J R Romero, J S Williams, L H Pojoga and G H Williams are now at Division of 
Endocrinology, Diabetes and Hypertension, Brigham and Women’s Hospital, Boston, Massachusetts, USA
bP Y Ting is now at UCSI University, Kuala Terengganu Campus Bukit Khor, Mukim Rusila, Marang, Terengganu Darul Iman, 
Malaysia
cT Homma is now at Daiichi-Sankyo, Tokyo, Japan
dI K Rangel is now at Faculdade de Medicina da Universidade de São Paulo Av. Dr. Arnoldo, São Paulo – SP, Brazil

Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.

HHS Public Access
Author manuscript
J Endocrinol. Author manuscript; available in PMC 2019 November 01.

Published in final edited form as:
J Endocrinol. 2019 February 01; 240(2): 111–122. doi:10.1530/JOE-18-0247.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Long-term uncontrolled high blood pressure results in left ventricular hypotrophy, kidney 

diseases and atherosclerosis (Ostchega et al. 2008). A major environmental contributor to the 

development of hypertension is liberal salt intake (Carvalho et al. 1989). A major regulator 

of sodium/volume homeostasis is aldosterone (Ehrhart-Bornstein et al. 1998, Lumbers 1999, 

Spat & Hunyady 2004, Williams 2005). For more than a half-a-century, it has been known 

that aldosterone production, that is inappropriately elevated for the level of sodium intake, 

causes hypertension (Funder et al. 2008, Spyroglou et al. 2012). At first, the cause of the 

inappropriate aldosterone production was assumed to be secondary to an adrenal tumor. 

Later, it was documented that bilateral adrenal hyperplasia was associated with excess 

aldosterone production and hypertension. Recently, we have suggested that inappropriately 

increased aldosterone secretion may be present in a substantial fraction of both 

hypertensives and normotensives (Baudrand et al. 2017, Brown et al. 2017, Hundemer et al. 
2018). The mechanisms that underlie the dysfunction in aldosterone secretion remain 

unclear.

Histone demethylase LSD1 (lysine-specific demethylase 1), also known as KDM1A, AOF2 

and BHC110, is an epigenetic regulator (Shi et al. 2004). LSD1 specifically removes methyl 

groups from methylated lysine 4 (K4) and lysine 9 (K9) of histone 3 (H3) in a flavin adenine 

dinucleotide (FAD)-dependent oxidative reaction, resulting in dynamic transcriptional gene 

repression and activation (Shi et al. 2004, Metzger et al. 2005, Hamamoto et al. 2015). Also, 

LSD1 can demethylate lysine residues at non-histone proteins including p53, MYPT1, 

DNMT1 and E2F1 (Huang et al. 2007, Wang et al. 2009, Kontaki & Talianidis 2010, Cho et 
al. 2011). Recently, we documented an association between LSD1, salt intake, aldosterone 

and hypertension. First, LSD1 levels are modified in response to changes in salt intake. 

Second, polymorphic variants of LSD1 gene in African descendants and Hispanics, but not 

Caucasians, are associated with salt-sensitive hypertension (SSH). The prevalence of the risk 

allele for hypertension is approximately 20%. Third, male LSD1 heterozygous knockout 

(LSD1+/−) mice on liberal salt (LibS) diet have SSH associated with inappropriately 

increased aldosterone secretion (Pojoga et al. 2011, Williams et al. 2012, Krug et al. 2013, 

Baudrand et al. 2014). Thus, LSD1 variants may also be involved in the association between 

increased blood pressure and dysfunctional aldosterone secretion.

Biological sex has profound influence on aldosterone production and blood pressure. In a 

recent report from our group, females had higher aldosterone levels and greater salt-sensitive 

blood pressure than males. In premenopausal women plasma aldosterone levels are higher 

and the frequency of hypertension is lower than that in men, but after menopause, the 

difference in hypertension prevalence between men and women disappears (Yong et al. 
1993, Himmelmann et al. 1994, Schunkert et al. 1997, Danser et al. 1998, Miller et al. 1999, 

Spyroglou et al. 2012). Also, it appears that estrogen protects against hypertension, while 

testosterone exacerbates hypertension (Reckelhoff 2001, Kang & Miller 2002, Sandberg & 

Ji 2003). In contradiction is the observation that giving estrogen to postmenopausal women 

increases cardiovascular risk. Furthermore, in rodents on a LibS diet, estrogen can have 

adverse cardiovascular effects (Stier et al. 2003, Oestreicher et al. 2006). Thus, estrogen has 

controversial effects on the cardiovascular system and an unclear relationship with 
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aldosterone. While there is a clear relationship between androgens and LSD1, there is less 

information concerning a relationship between LSD1 and estrogen (Garcia-Bassets et al. 
2007, Bennesch et al. 2016).

Based on these data, we posit that LSD1 deficiency causes dysregulation of the aldosterone 

response to salt intake with a resulting increase in blood pressure in a sex-specific manner. 

To test this hypothesis, we took advantage of our LSD1+/− mouse model and our well-

established, acutely isolated glomerulosa cell preparation.

Materials and methods

Animals

In a longitudinal study of estrous cyclicity in aging C57BL/6J mice, three phases were 

defined for the life of female mice: phase I with initial prolonged cycles and late-starting 

cyclers until mice are 12–15 weeks of age, phase II up to 44–64 weeks of age and cycle 

frequency declined steadily in phase III (>64 weeks of age) (Nelson et al. 1982, Felicio et al. 
1984). We studied 18- and 36-week-old female mice as representatives for the first two 

phases of the young female mouse’s life because they had relatively high plasma estradiol 

levels. Correspondingly, we studied 18-and 36-week-old male mice for sex comparison. 

Because of the findings in the female mice, we also assessed blood pressure levels in 52-

week-old female mice.

LSD1+/− mice were generated by gene trap with C57BL/6J background, as we previously 

reported (Williams et al. 2012). At 12–13 weeks of age, female and male mice were 

randomly assigned to two cohorts, each comprising 40–50 animals. One cohort was studied 

at age 18 weeks and the other at 36 weeks. Each cohort consisted of LSD1+/− and WT litter 

mates. The mice were kept on LibS diet (4% NaCl Purina Chow), except for 1-week of 

restricted salt diet (0.05% NaCl Purina Chow) to measure their systolic blood pressure on 

restricted salt (ResS) diet wwcondition. We also conducted monthly metabolic assessments, 

by housing individual mice in metabolic cages for 24 h. The 24-h data on food intake, water 

intake and urine volume were not significant different between genotypes for each sex. All 

animal procedures were approved by the Institutional Animal Care and Use Committee at 

Brigham and Women’s Hospital.

Blood pressure measurement

Blood pressure measurement was performed as previously reported by us (Pojoga et al. 
2010, Chuengsamarn et al. 2013). Systolic blood pressure (SBP) was assessed by tail-cuff 

plethysmography (CODA tail-cuff blood pressure system, Kent Scientific Corporation, 

Torrington, CT, USA). All measurements were taken in the morning after 1 week of training. 

Values from 30 to 40 measurement cycles were used to calculate average SBP and standard 

deviation (S.D.) for each mouse. Any readings greater than two S.D.from the mean were 

excluded. The final mean value of SBP for each cohort was calculated from average SBPs of 

individual mice and is presented as mean ±S.E.M. Delta SBP (ΔSBP) was calculated as SBP 

on the LibS diet minus SBP on the ResS diet. The final mean value of ΔSBP for each cohort 

was calculated from ΔSBP for individual mice and is presented as mean ±S.E.M.
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Tissue preparation

On the last day of the study, mice were anesthetized by isoflurane (Sigma-Aldrich) and 

blood was collected from the facial vein. The left ventricle of the heart and adrenal glands 

were rapidly excised, weighed, dissected, frozen in liquid nitrogen and stored at −80°C.

Plasma aldosterone and corticosterone measurements

Blood was collected in BD Microtainer tubes with EDTA. The plasma was separated by 

centrifugation. Plasma aldosterone levels were measured using an aldosterone ELISA kit 

(IBL International GMBH, Hamburg, Germany) and plasma corticosterone levels were 

measured using a corticosterone ELISA kit (Enzo Life Sciences Inc., Farmingdale, NY, 

USA).

Ex vivo aldosterone secretion and response assay

At the time of killing, most of the adrenal glands were collected fresh for preparation of a 

purified, isolated glomerulosa cell preparation as previously reported by us (Braley et al. 
1981, 1996, Baudrand et al. 2015, Garza et al. 2015, Chong et al. 2017). In brief, adrenals 

were bisected and by blunt scraping the zona glomerulosa (ZG) capsular layer was separated 

from the fasciculata/medulla. The capsules were suspended in Krebs Ringer bicarbonate 

solution (Sigma-Aldrich) (0.1% BSA, 200 mg glucose/dl, L-glutamine, 3.7 mmol/L of K+) 

(KRBGA) solution with collagenase (3.7 mg/mL) and DNAase (0.05 mg/mL) (Worthington 

Biochemical, Freehold, NJ, USA) for 60-min incubation at 37°C under 95% O2 and 5% 

CO2. Isolated ZG cells underwent three rounds of brief washing and centrifugation followed 

by determination of cell count. Purity of the preparation was determined as previously 

described (Braley et al. 1981, 1996).

Equal amounts of cells (~50,000) were incubated with 10−7 M angiotensin II (ANGII) or 8.7 

mM potassium (K+) for 60 min at 37°C under 95% O2 and 5% CO2. Basal as well as ANGII 

and K+-stimulated aldosterone secretion levels were determined, and the aldosterone levels 

normalized to 1 million cells.

Urine microalbumin

Three days prior to killing, mice were placed in metabolic cages to collect 24-h urines. Urine 

microalbumin was measured using DCA 2000 microalbumin reagent kit (Bayer, Elkhart, IN, 

USA). The detectable range was 5–300 μg/mL. The inter-assay CVs were <5%. For 

statistical purposes, an undetectable microalbumin was assigned a value of 2 μg/mL. A 24-h 

urine albumin excretion rate (24-h UAE) was calculated using the formula: urine 

microalbumin (μg/mL) × 24-h urine volume (mL) = 24-h UAE (μg/24h). The results from 

both the 18 and 36 weeks were combined.

Real time RT-PCR

Real time RT-PCR was performed as previous reported by us (Pojoga et al. 2011, 2014). In 

brief, total mRNA was extracted using RNeasy kit (Qiagen Sciences) and reverse transcribed 

using the first-strand cDNA synthesis kit (GE Healthcare, Piscataway, NJ, USA). 

Amplification was performed with TaqMan gene expression assays, using the ΔΔCt method. 
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Data were normalized to 18S rRNA. Data are presented as fold change relative to the 

measurement in 18-week WT mice.

Electrophoresis and Western blots

Electrophoresis and Western blots were performed as previous reported by us (Pojoga et al. 
2011, 2015). In brief, homogenates of mouse hearts were size-fractionated by 

electrophoresis on 10% SDS-PAGE gels. Proteins were then transferred onto nitrocellulose 

membrane. The membranes were first blocked with 5% milk for 1 h at room temperature, 

and then incubated overnight at 4°C with the primary antibodies – rabbit anti-MR (1:500, 

Santa Cruz), washed, incubated with peroxidaseconjugated secondary antibody and analyzed 

by enhanced chemiluminescence (Denville scientific Inc., Holliston, MA, USA). To correct 

for loading, blots were re-probed with mouse anti-β-tubulin (1:6000, Sigma-Aldrich). Data 

are presented as fold change relative to the measurement in WT mice.

Statistical analysis

The statistical significance of difference between groups was determined either by unpaired 

t-test (two-tailed) or by Fisher’s exact test (for limited sample size). Significance of 

differences of paired variables (i.e. salt sensitivity induced by different salt intakes) was 

tested by paired t-test. Calculated P values less than or equal to 0.05 were considered 

statistically significant except for those analyses with multiple comparisons where the P 
value was adjusted to 0.025. Mean values are presented as mean ± S.E.M.

Results

LSD1 mRNA was significantly decreased in LSD1+/− mice

To confirm LSD1+/− mice had decreased LSD1 expression, we analyzed LSD1 mRNA 

expression levels (RT-qPCR) in hearts of four randomly picked LSD1+/− and WT mice from 

each cohort of both sexes and compared the values in the LSD1+/− with WT mice by fold 

change. Both male and female LSD1+/− mice had significantly decreased LSD1 mRNA 

levels compared to WT (Fig. 1).

Male LSD1+/− mice, but not females, had elevated SBP on a LibS diet

To test whether LSD1 deficiency caused an increase in blood pressure in young LSD1+/− 

mice on LibS diet, we measured SBP. Male LSD1+/− mice had significantly higher SBP 

compared to WT mice at both 18 weeks (LSD1+/− 142.7 ± 2.3 mmHg vs WT 118.4 ± 1.4 

mmHg, P < 0.0001) and 36 weeks (LSD1+/− 121.0 ± 3.6 mmHg vs WT 108.4 ± 2.9 mmHg, 

P < 0.05) of age (Fig. 2A), consistent with our previous reports (Krug et al. 2013). However, 

we did not observe an increase of SBP in female LSD1+/− mice at either 18 weeks (LSD1+/

− 117.9 ± 3.1 mmHg vs WT 119.3 ± 3.2 mmHg, P = 0.76) or 36 weeks (LSD1+/− 121.0 

± 2.4 mmHg vs WT 116.9 ± 2.2 mmHg, P = 0.21) of age (Fig. 2B). As expected, SBP 

variation was driven by a significant age-genotype interaction in the males (P < 0.05), but 

not in the females (P = 0.31). The failure to increase blood pressure persisted even in 52-

week-old female mice (LSD1+/− 125.5 ± 2.2 mmHg, n = 10 and WT 123.4 ± 2.9 mmHg, n 
= 10). The data in the male mice are consistent with what we observed in aged male mice 

and individuals of African descent (Pojoga et al. 2011, Williams et al. 2012, Krug et al. 
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2013). However, compared to age-matched male LSD1+/− mice, female LSD1+/− mice did 

not have an increased SBP; consistently, there was a significant interaction between age and 

gender for the SBP in the LSD1+/− mice (P < 0.001).

LSD1 deficiency affected salt sensitivity of blood pressure in males but not in females

We examined the ΔSBP (SBP on LibS minus SBP on low salt) in our mice. (Franco & 

Oparil 2006, Rodriguez-Iturbe & Vaziri 2007). While male WT mice showed no significant 

ΔSBP (−2.3 ± 1.5 mmHg at 18 weeks and 8.3 ± 7.0 mmHg at 36 weeks), male LSD1+/− 

mice exhibited a highly significantly increased ΔSBP (25.1 ± 2.7 mmHg at 18 weeks and 

19.2 ± 4.6 mmHg at 36 weeks, P < 0.00001 and P < 0.01) (Table 1). In contrast, in females, 

LSD1+/− mice exhibited no significant change in ΔSBP and the WT females only had a 

small change at 36 weeks, but it was in the negative direction (Table 1).

LSD1 deficiency caused excessive aldosterone production on LibS diet in both male and 
female mice

Under normal physiological conditions consuming a LibS diet, as compared to a ResS diet, 

results in a decrease in aldosterone production and a blunted aldosterone rise in response to 

the aldosterone secretagogues angiotensin II (ANGII) and K+ both in vivo and ex vivo in 

studies of isolated rodent zona glomerulosa (ZG) cells (Williams & Hollenberg 1991). To 

determine if the increased ΔSBP observed in LSD1+/− mice is secondary to inappropriately 

increased aldosterone secretion on a LibS diet, we examined aldosterone secretion ex vivo in 

ZG cells. As early as 18 weeks of age, the ZG cells from male LSD1+/− mice, as compared 

to male WT mice, had significantly higher aldosterone levels, basally, (P < 0.001) and in 

response to ANGII (P < 0.00001) and K+ (P < 0.00001) stimulation (Fig. 3A). However, this 

phenotype disappeared by age 36 weeks. In ZG from female LSD1+/− mice at 18 weeks, the 

aldosterone response only to K+ was significantly increased compared to female WT mice. 

At 36 weeks, ZG secretion of aldosterone, basally, and in response to ANGII and K+ were 

significantly increased compared to female WT (Fig. 3B). Collectively, these ex vivo data 

strongly suggest that LSD1 deficiency contributes to abnormally high aldosterone 

production on LibS diet for both sexes.

Both male and female LSD1+/− mice had elevated circulating aldosterone levels on LibS 
diet

Consistent with what we observed ex vivo, male LSD1+/− mice had significantly higher 

plasma aldosterone levels than WT (389.0 ± 24.8 vs 303.9 ± 63.8 pg/ml, P = 0.05) at the age 

of 18 weeks, while female LSD1+/− mice had significantly higher plasma aldosterone levels 

than WT (329.1 ± 45.2 vs 200.0 ± 13.4 pg/ml, P < 0.05) at the age of 36 weeks (Fig. 4A and 

B). Thus, the changes in the plasma aldosterone levels mimic what was observed ex vivo. As 

a control for the effects of stress and/or adrenocorticotropic hormone (ACTH), we measured 

plasma corticosterone levels. There were no significant differences in corticosterone levels 

between genotypes or ages in either male or female mice (Fig. 4C and D).
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On LibS diet, male LSD1+/− mice had significantly higher 24-h urine microalbumin 
excretion rates than female LSD1+/− mice

Renal dysfunction on a LibS diet was assessed by measuring 24-h microalbuminuria. Male 

LSD1+/− mice had significantly higher 24-h microalbuminuria than female LSD1+/− mice 

(19.9 ± 2.5 vs 6.9 ± 1.3 μg/24 h, P < 0.001) regardless of age 18 or 36 weeks. Additionally, 

male WT mice also had significantly greater microalbuminuria than WT female mice (14.7 

± 2.7 vs 7.2 ± 0.5 μg/24h, P < 0.05), suggesting that in LSD1+/− mice, males may be more 

vulnerable than females to the renal injury induced by a LibS intake in the presence of 

excessive aldosterone secretion.

Decreased cardiac mineralocorticoid receptor (MR) protein levels were associated with 
elevated circulating aldosterone levels

Restricting salt intake, which increases circulating levels of aldosterone, is associated with 

decreased MR protein level in cardiac tissue likely through a negative feedback mechanism 

(Ricchiuti et al. 2011). Cardiac levels of MR protein were significantly decreased in 18-

week-old male LSD1+/− vs WT mice (0.3 ± 0.02 vs 1.0 ± 0.2, P < 0.05) (Fig. 5A), while it 

was in the 36-week-old females that the levels tended to decrease (1.1 ± 0.1 vs 1.6 ± 0.4, P = 

0.09) (Fig. 5B). These are also the ages in the two sexes when aldosterone levels were 

significantly increased. In contrast, in each sex when aldosterone levels did not differ 

between WT and LSD1+/− mice, MR protein levels in the heart also did not differ (36 weeks 

in males and 18 weeks in females). These results suggest that the changes in the circulating 

aldosterone levels led to the changes in the cardiac MR protein levels, supporting the 

functional effects of the increased aldosterone in male LSD1+/− mice.

Discussion

We hypothesized that a decrease in LSD1 causes dysregulation of the aldosterone response 

to increases in dietary salt intake with a resulting increase in blood pressure and these 

responses are modified by sex. Our results support this posit. First, in both male and female 

LSD1+/− mice, aldosterone production and circulating levels were inappropriately increased 

on a LibS intake compared to WT mice. It would be assumed that the increased aldosterone 

would result in an increase in blood pressure on the LibS diet, and indeed it did in the male 

mice. In contrast to male WT mice, male LSD1+/− mice had 15–20 mmHg higher SBPs on 

the LibS diet. This increase in SBP was present as early as 18 weeks of age and persisted to 

at least 36 weeks of age, even though aldosterone levels were decreasing toward the 

‘normal’ WT values by 36 weeks. However, the blood pressure in female LSD1+/− and WT 

mice did not differ at either age, even though the aldosterone levels of 36-week-old female 

LSD1+/− mice was clearly increased. Furthermore, even 4 months later, the blood pressures 

of 52-week female LSD1+/− mice were not increased. Not only was blood pressure 

increased in male vs female LSD1+/− mice, but also male LSD1+/− mice had more 

microalbuminuria than females. These sex differences were not secondary to the differences 

of LSD1 levels, as the reduction of LSD1 mRNA levels were similar in LSD1+/− mice of 

both sexes; nor to the ability of aldosterone to modulate MR levels, as the decreases in 

cardiac MR were associated with the increases in aldosterone levels for both sexes. Thus, we 

conclude that the sex-specific, SSH associated with LSD1 deficiency in male rodents is 
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secondary to an impaired ability to reduce aldosterone secretion in response to a LibS intake. 

In female LSD1+/−, the hormonal phenotype is present, but it does not result in the vascular 

one.

It has been postulated that hypertension is a multifactorial condition determined by sex, 

genes, diet, age, environment and their metabolic interactions (Simon et al. 2016). This 

postulate suggests that hypertension is not a disease but a syndrome: a collection of diseases 

all of which have a common sign – a blood pressure high enough to be considered elevated. 

Several approaches have been used to identify the individual diseases that underlie the 

hypertension syndrome. One has been genetic with polymorphic variants of a gene being the 

biomarker for a specific hypertension disease. LSD1 is one of these candidate genes. LSD1 

is a histone demethylase that functions as an epigenetic modulator to selectively remove 

mono- and dimethyl groups from lysine 4 or lysine 9 of histone 3, thereby causing either 

suppression or activation of gene transcription. We previously documented that salt intake 

modifies the level of LSD1 in WT mice (Williams et al. 2012) and reported that LSD1 

deficiency is associated with SSH, enhanced vascular contraction and reduced vascular 

relaxation in aged male mice. Specifically, compared to WT, aged male LSD1+/− mice had 

significantly: (1) enhanced phenylephrine concentration-dependent aortic contraction and (2) 

reduced acetylcholine concentration-dependent relaxation in aortic segments pre-contracted 

with phenylephrine (Pojoga et al. 2011). Moreover, our clinical study also identified two 

LSD1 SNPs that are significantly associated with salt-sensitive blood pressure in individuals 

of African descent (P < 0.01; P < 0.05) (Williams et al. 2012). Thus, both experimental and 

clinical data suggest that LSD1 is an important epigenetic regulator of blood pressure, which 

provides a potential link between salt intake and the development of SSH.

In several hypertensive rat models (spontaneously hypertensive, Dahl salt-sensitive and 

deoxycorticosterone salt), the SSH is linked to abnormalities in secretion of 

mineralocorticoids (Gomez-Sanchez et al. 2010, Watson et al. 2013). Thus, we assessed 

whether LSD1 deficiency also could result in dysregulated aldosterone secretion and thereby 

be a mediator of the SSH with LSD1 deficiency. Perhaps it is not surprising, given the 

genetic basis of the hypertension in this model, that the likely mechanism – inappropriately 

increased aldosterone levels on a LibS diet was present from an early age. Aldosterone’s 

dysregulation was documented in vivo and ex vivo in isolated glomerulosa cells, suggesting 

that the dysregulation is occurring at the level of the glomerulosa cell itself rather than being 

secondary to abnormalities in one or more aldosterone signaling pathways or negative 

feedback loops. This posit is further supported by the normal regulation of the MR by 

aldosterone: as aldosterone levels increased, cardiac MR levels were reduced. Thus, the 

increased aldosterone production in LSD1+/− mice suggests that LSD1 inhibits aldosterone 

secretion on a LibS diet and/or is involved in the change of aldosterone production when 

dietary salt intake is shifted from low to high. Aldosterone secretion is mainly regulated by 

the activity of two enzymes in its biosynthetic pathway—aldosterone synthase (CYP11B2) 

and cholesterol side chain cleavage enzyme (CYP17A1). CYP11B2 is more involved in 

modifying aldosterone secretion in response to changes in salt and K+ intake. However, it is 

unclear where LSD1 interacts in the aldosterone biosynthetic pathway, i.e. CYP17A1 and/or 

CYP11B2, or how, i.e. directly or indirectly. Above all, except for some differences in the 
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age of onset of the altered aldosterone secretion, LSD1 deficiency in both sexes showed the 

same aldosterone effect.

Sexual dimorphism has been documented previously for blood pressure levels and regulation 

(Yong et al. 1993, Himmelmann et al. 1994). In humans, hypertension is more common in 

young males than in premenopausal females; the difference disappears following menopause 

(Coylewright et al. 2008, Reckelhoff & Maric 2010). In rodent models of hypertension 

(spontaneously hypertensive, Dahl salt-sensitive and deoxycorticosterone salt hypertensive), 

males have higher blood pressure than age-matched females although both sexes are 

hypertensive (Ouchi et al. 1987, Karatas et al. 2008, Bubb et al. 2012). LSD1 deficiency is 

also associated with sexual dimorphism, even more extreme than what has been previously 

reported in rodent models of hypertension, when the levels of the presumed mediators are 

the same in males and females. One could reason that interaction with age is required to 

produce the hypertension. However, this possibility seems unlikely, since the blood pressure 

in 52-week-old female LSD1+/− mice was still substantially lower than that of 18-week-old 

male LSD1+/− mice.

What could explain this sex difference? Several mechanisms may be involved. First, we 

recently documented that estradiol (E2)-activated estrogen receptor alpha (ERα) inhibits 

MR-mediated gene transcription, but the reverse does not occur (Barrett Mueller et al. 
2014). Specifically, ERα and the MR are part of a complex in cell lysates. ERα’s ability to 

enter the nucleus and complex with MR correlates with its ability to inhibit MR-mediated 

gene transcriptional activity. Second, there are controversial reports concerning the 

relationship between biological sex and circulating aldosterone levels. Manrique et al 
reported female C57BL6/J fed with either a control diet or a western diet had significantly 

higher plasma aldosterone levels than males (Manrique et al. 2013). In clinical studies, 

Miller et al reported plasma aldosterone levels were lower in women than men with 

equivalent salt intake (Miller et al. 1999), while women from Framingham Offspring Study 

showed higher circulating aldosterone levels than men (Kathiresan et al. 2005). Katz et al 
reported that with salt restriction, plasma aldosterone were higher in women than in men 

(Katz et al. 1972). We recently reported, in a large cohort, that women vs men had more salt-

sensitive blood pressure and greater vascular and aldosterone response to ANGII. This study 

also documented that female vs male rats had higher aldosterone excretion rates and 

response to ANGII stimulation both ex vivo and in vivo. Female rats also had greater cardiac 

and renal dysfunction in a rat model of cardiovascular damage that was largely prevented by 

administration of a MR antagonist (Shukri et al. 2018). Because aldosterone production and 

circulating aldosterone level are delicately regulated by salt intake, these discrepancies in the 

literature are likely secondary to lack of control for environmental factors, especially salt 

intake or sample size. Yet, regardless of the facts that female and male LSD1+/− mice have 

the same increased aldosterone phenotype and other studies have reported that female rats 

will have more aldosterone-mediated cardiovascular damage, which is not the case with 

LSD1+/− mice.

Microalbuminuria is one of the earliest indications of renal injury in both diabetic and non-

diabetic subjects and is associated with high incidence of cardiovascular morbidity (Abbate 

et al. 1999, Rayner 2006, Schrader et al. 2006, Barratt & Topham 2007). Furthermore, 
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aldosterone is a potent effector of renal injury (Epstein 2001, Hostetter & Ibrahim 2003, 

Hollenberg 2004) with some studies documenting a strong correlation between aldosterone 

levels and the degree of proteinuria (Baldoncini et al. 1999, Sato et al. 2003, Nitta et al. 
2004, Bianchi et al. 2005). Experimental data also indicate that the adverse cardiorenal 

effects of aldosterone excess are dependent on concomitant high salt intake (Pimenta et al. 
2008). Thus, aldosterone excess and high dietary salt combine to increase urinary protein 

excretion and accelerate renal impairment, though the pathological processes by which this 

occurs are uncertain (Hollenberg 2004). But in our study, excessive aldosterone production 

and high-salt diet did not result in significant higher 24-h urinary albumin excretion in either 

male or female LSD1+/− mice. However, we observed, on a LibS diet, male mice had 

significantly higher 24-h urinary albumin excretion than females. Our observation of the sex 

differences in 24-h urinary albumin excretion is consistent with a study in aged stroke-prone 

spontaneously hypertensive rats (SHRSP): male SHRSP exhibited greater proteinuria than 

females. (Masineni et al. 2005). It is consistent also with a study in non-diabetic, British, 

Caucasian subjects aged 40–75 years, which reported that mean albumin excretion rates 

were significantly higher in men than women (Gould et al. 1993).

What are the clinical implications of our findings? Our study demonstrated LSD1 functions 

as an epigenetic modulator of aldosterone production for both sexes and plays roles in 

regulating blood pressure. These results are in line with the theory that impaired LSD1 

activity/expression results in an uncoupling of the normal salt-regulated control over 

aldosterone production and vasculature function (Pojoga et al. 2011). In clinic, these 

findings will allow us to identify individuals with LSD1 risk alleles and to specifically treat 

them with MR antagonists as a preventive or therapeutic modality. This mechanism-driven, 

precision approach, rather than a non-specific treatment of hypertension, will be 

groundbreaking in treating those with and/or at risk of SSH. However, it is important to 

emphasize the sex differences identified in this study relative to the mechanisms underlying 

the development of SSH and cardiovascular diseases. The results from our study raise a 

caution concerning extrapolation of mechanisms underlying SSH in males to females. The 

female mice appeared to have the same potential pathophysiological defect that could lead to 

SSH as the male mice, but SSH was not evident. Therefore, it is necessary to create more 

specific guidelines allowing clinicians to stratify risk for sex and to better tailor care to men 

and women.

There are several limitations to our study. (1) Rodents have a short reproductive cycle. 

During the 4–5 days of estrous cycle, plasma concentration of estrogen change (Nelson et al. 
1982, Felicio et al. 1984). It is well known that BP varies with estrogen levels. We did not 

synchronize the estrous cycle of studied female mice or conduct ovariectomy and estrogen 

replacement experiments to exclude the effect of variable estrogen levels on blood pressure 

readings. (2) Sex-related differences include not only the action of gonadal steroids, but also 

chromosomal sex. The present study did not consider the effect of chromosomal sex. (3) 

Aging also has profound influences on BP and aldosterone production. We had only a 

limited assessment of aging on our findings. (4) We did not perform an ablation experiment 

in the males to determine if, indeed, aldosterone was the driver of the BP response to salt 

intake. (5) Approaches to determine sample size adequacy vary considerably by type and 

purpose of analysis. Thus, the relatively small sample size for some of our outcomes may 
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reduce the statistical power. However, with our sample size, we did see a sex-specific effect 

of lower LSD1 levels on BP, but no sex-specific effects on aldosterone secretion. In both 

males and females, aldosterone secretion was abnormal. (6) Though non-invasive, tail-cuff 

blood pressure measurement is commonly used for mutagenesis or genetic linkage studies 

(Kurtz et al. 2005), tail-cuff blood pressure measurement in mice has considerable 

limitations because of the necessary physical restraint of mice and the limited time of 

measurement. Finally, in humans, polymorphism variance in LSD1 gene is associated with 

SSH. However, whether sex affects the mechanism(s) underlying the relationship between 

LSD1 function, aldosterone secretion and BP in humans is unclear. Sex-specific clinical 

studies are needed to address this question.

In conclusion, our data provide novel mechanistic insights into the development of SSH. By 

studying sex differences in a LSD1-knockdown mouse model, we observed aberrant 

aldosterone production in LSD1+/− mice in both sexes: in males, the aberrant aldosterone 

production was associated with SSBP and increased microalbuminuria, suggesting that 

aldosterone plays an essential role in the pathogenesis of the SSBP. However, in females, no 

increase of BP was observed in association with the aberrant aldosterone production, 

suggesting intrinsic difference in the mechanisms underlying the hypertension in males vs 

females, with obvious clinical consequences.
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Figure 1. 
RT-PCR of lysine-specific demethylase-1 (LSD1) mRNA expression in heart tissues from 

male (A) and female (B) mice. Data represent mean ± S.E.M. (n = 4). Statistical analyses 

were conducted using unpaired t-test (two-tailed). *P < 0.001 vs same-age WT.
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Figure 2. 
Systolic blood pressure (SBP) in male (A) and female (B) mice on a liberal salt diet. Data 

represent mean ± S.E.M. (sample sizes per genotype group: 18 week males: 20–21; 36 week 

males: 11–13; 18 week females: 21–27; 36 week females: 25–29). Statistical analyses were 

conducted using unpaired t-test (two-tailed). *P < 0.00001; #P < 0.05 vs same-age WT.
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Figure 3. 
Ex vivo aldosterone secretion and response to secretagogues (ANGII, 10− 7M and K+, 8.7 

mM) in adrenal ZG cells from male (A) and female (B) mice consuming a liberal salt diet. 

Data represent mean ± S.E.M. Sample size is 3–4/condition for males and 6–10/condition for 

females. *P < 0.05 vs corresponding measurements in WT.
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Figure 4. 
Plasma aldosterone and corticosterone levels in male (A and C) and female (B and D) mice 

consuming a liberal salt diet. Data represent mean ± S.E.M. Sample sizes for ALDO 

(corticosterone) per genotype group were: 18 week males: 9 (6); 36 week males: 17–19 (6); 

18 week females: 9–10 (6); 36 week females: 12–14 (13–14). Statistical analyses were 

conducted using unpaired t-test (two-tailed), except for the data in panel A), where the 

Fisher’s exact test was used. *P < 0.05 vs same-age WT.
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Figure 5. 
Cardiac MR protein levels relative to β-tubulin in male (A) and female (B) mice. Data 

represent mean ± S.E.M. (n = 6/group). Statistical analyses were conducted using unpaired t-
test (two-tailed) for (A) and Fisher’s exact test for (B). Gels for MR and β-tubulin 

immunoreactive bands are presented at the bottom of corresponding graphs. *P < 0.01 vs 

same-age WT.
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