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A NEW ROLE FOR THE ALDOSTERONE/MINERALOCORTICOID RECEPTOR PATHWAY IN THE DEVELOPMENT OF MITRAL VALVE PROLAPSE
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RATIONALE: Mitral valve prolapse (MVP) is one of the most common valvular disorders. However, the molecular and cellular mechanisms involved in fibromyxomatous changes in the mitral leaflet tissue have not been elucidated. Aldosterone (Aldo) promotes fibrosis in myocardium and mineralocorticoid receptor antagonists (MRAs) improve cardiac function by decreasing cardiac fibrosis. OBJECTIVE: We investigated the role of the Aldo/MR in the fibromyxomatous modifications associated with MVP. METHODS AND RESULTS: Aldo enhanced valvular interstitial cell (VIC) activation markers and induced endothelial-mesenchymal transition (EndMT) in valvular endothelial cells (VECs), resulting in increased proteoglycan secretion. MRA blocked all the above effects. Cytokine arrays showed cardiotrophin-1 (CT-1) to be a mediator of Aldo-induced VIC activation and proteoglycan secretion and CD14 to be a mediator of Aldo-induced EndMT and proteoglycan secretion in VECs. In an experimental model of MVP generated by Nordexfenfluramine (NDF) administration, MRA treatment reduced mitral-valve thickness and proteoglycan content. Endothelial-specific MR deletion prevented fibromyxomatous changes induced by NDF administration. Moreover, proteoglycan expression was slightly lower in the mitral valves of MVP patients treated with MRA. CONCLUSION: These findings demonstrate, for the first time, that the Aldo/MR pathway regulates the phenotypic, molecular, and histological changes of VICs and VECs associated with MVP development. MRA treatment appears to be a promising option to reduce fibromyxomatous alterations in MVP.

INTRODUCTION

Mitral valve prolapse (MVP) is estimated to affect 2 to 3% of the general population and over 144 million individuals worldwide [START_REF] Delling | Epidemiology and pathophysiology of mitral valve prolapse: new insights into disease progression, genetics, and molecular basis[END_REF] and is the most common cause of mitral valve surgery. MVP is characterized by progressive increases in the area and length of the mitral leaflet tissue, causing leaflets to billow backwards during ventricular contraction. This causes mitral regurgitation, which may progress and cause heart failure (HF). [START_REF] Delling | Epidemiology and pathophysiology of mitral valve prolapse: new insights into disease progression, genetics, and molecular basis[END_REF] The most common underlying pathology in the case of MVP is myxomatous degeneration, which is defined by the accumulation of mucopolysaccharides, proteoglycans, and other extracellular matrix (ECM) components, responsible for the floppy valves of MVP. [START_REF] Levine | Mitral valve disease--morphology and mechanisms[END_REF] Several studies have shown up-regulated expression of proteoglycans, such as versican, decorin, and biglycan, in the spongiosa layer in MVP. [START_REF] Gupta | Abundance and location of proteoglycans and hyaluronan within normal and myxomatous mitral valves[END_REF][START_REF] Grande-Allen | Myxomatous mitral valve chordae. II: Selective elevation of glycosaminoglycan content[END_REF] Valve organization, formed by collagen and elastin, is also highly disrupted. [START_REF] Rabkin | Activated interstitial myofibroblasts express catabolic enzymes and mediate matrix remodeling in myxomatous heart valves[END_REF] Two cell populations have been identified within the leaflet tissue that are responsible for the maintenance of homeostasis of the valve, valvular interstitial cells (VICs) and valvular endothelial cells (VECs). [START_REF] Levine | Mitral valve disease--morphology and mechanisms[END_REF][START_REF] Wang | Cardiac valve cells and their microenvironment--insights from in vitro studies[END_REF] MVP is characterized by two regulatory phenomena: i) aberrant activation and differentiation of the VEC monolayer to the activated VIC phenotype through the endothelial to mesenchymal transition (EndMT) and ii) high proliferation and activation of VICs into activated VICs (aVICs). [START_REF] Dal-Bianco | Active adaptation of the tethered mitral valve: insights into a compensatory mechanism for functional mitral regurgitation[END_REF][START_REF] Shapero | Reciprocal interactions between mitral valve endothelial and interstitial cells reduce endothelial-to-mesenchymal transition and myofibroblastic activation[END_REF] A shift to the aVIC phenotype is a key component that mediates the synthesis of matrix metalloproteinases (MMPs), inflammatory cytokines, proteoglycans, and other extracellular components in the leaflet [START_REF] Levine | Mitral valve disease--morphology and mechanisms[END_REF][START_REF] Shapero | Reciprocal interactions between mitral valve endothelial and interstitial cells reduce endothelial-to-mesenchymal transition and myofibroblastic activation[END_REF][START_REF] Wylie-Sears | Mitral valve endothelial cells with osteogenic differentiation potential[END_REF] , reducing structural integrity. [START_REF] Rabkin | Activated interstitial myofibroblasts express catabolic enzymes and mediate matrix remodeling in myxomatous heart valves[END_REF] Understanding the early molecular mechanisms that regulate the phenotypic changes of VICs and their role in remodeling and disease progression is challenging and could prevent and/or reverse MVP alterations.

Aldosterone (Aldo) is a mineralocorticoid hormone produced by the adrenal gland. [START_REF] Bollag | Regulation of aldosterone synthesis and secretion[END_REF] It is the agonist of the mineralocorticoid receptor (MR) and a potent mediator of cardiac remodeling and left ventricular dysfunction. [START_REF] Buonafine | Neutrophil Gelatinase-Associated Lipocalin from immune cells is mandatory for aldosterone-induced cardiac remodeling and inflammation[END_REF][START_REF] Martínez-Martínez | Galectin-3 blockade inhibits cardiac inflammation and fibrosis in experimental hyperaldosteronism and hypertension[END_REF] The Aldo/MR pathway is involved in cardiac fibroblast activation, [START_REF] Stockand | Aldosterone stimulates proliferation of cardiac fibroblasts by activating Ki-RasA and MAPK1/2 signaling[END_REF] as well as in endothelial cell differentiation via EndMT. [START_REF] Chen | Protective Effect of Spironolactone on Endothelial-to-Mesenchymal Transition in HUVECs via Notch Pathway[END_REF] Thus, we hypothesized that the Aldo/MR pathway may play a role in the development of MVP, modulating VIC activation and EndMT and increasing proteoglycan synthesis. Furthermore, the Aldo/MR pathway could be a new biotarget in MVP and its blockade with a MR antagonist (MRA) could prevent the fibromyxomatous mitral valve alterations associated with MVP. We tested this hypothesis using human mitral valve samples, human VICs and VECs, and dedicated animal models of MVP.

METHODS

Detailed methods are available in the supplemental material.

RESULTS

Aldosterone induced VIC activation, VEC differentiation, and proteoglycan secretion

MR was expressed by mitral tissue, VICs and VECs (Supplemental Figure 1). Aldo treatment of VICs decreased the mRNA levels of the quiescent VIC (qVIC) marker chondromodulin-1 (Chm-1) (Supplemental Figure 2A) and induced the expression of the VIC activation markers α-SMA, vimentin, and MMP-2 (p<0.05) at the mRNA (Supplemental Figure 2A) and protein levels (Figure 1A) relative to control conditions.

Aldo treatment also increased the mRNA levels of proteoglycans (decorin, biglycan, lumican, aggrecan, syndecan-1, hyaluronan, and versican) (Supplemental Figure 2B) and their secretion (Figure 1B) (p<0.05). All the above effects were blocked by treating the cells with spironolactone (Figures 1A-B) (Supplemental Figure 2A-B).

Aldo treatment of VECs significantly decreased the mRNA (Supplemental Figure 2C) and protein levels (Figure 1C) of the VEC markers CD31, VE-cadherin, and vWF (p<0.05) relative to controls. In addition, Aldo treatment of VECs increased the mRNA (Supplemental Figure 2D) and protein levels (Figure 1C) of the myofibroblast activation markers α-SMA, vimentin, and MMP-2 (p<0.05). Aldo treatment of VECs also increased proteoglycan mRNA (biglycan, lumican, syndecan-1, hyaluronan and versican) (Supplemental Figure 2E) and protein levels (decorin, biglycan and syndecan-1) (Figure 1D) (p<0.05). All these effects were blocked by spironolactone treatment, highlighting the role of the MR.

Soluble factors produced by Aldo-treated VICs or VECs act in a paracrine manner

We examined whether mitral VECs produce factors or signals that can induce VIC activation and proteoglycan secretion by incubating mitral VICs with conditioned media from the culture of mitral VECs previously treated with Aldo. The expression of VIC activation markers was higher (p<0.05) in cells incubated with the conditioned medium from Aldo-treated VECs than VICs treated with conditioned medium from control VECs (Supplemental Figure 3A). Conditioned medium from VECs treated with Aldo significantly enhanced (p<0.05) the expression and secretion of proteoglycans in VICs (Supplemental Figure 3B). Spironolactone blocked these effects.

We also examined whether mitral VICs produce factors or signals that can induce

EndMT and proteoglycan secretion by incubating primary mitral VECs with conditioned media from mitral VICs previously treated with Aldo. VECs incubated with Aldo-treated VICs supernatant showed lower expression of VEC markers (p<0.05) (Supplemental Figure 3C) and higher expression of VICs activation markers (Supplemental Figure 3D) than control cells. In addition, the expression and secretion of proteoglycans was also significantly higher (p<0.05) in VECs treated with conditioned medium from Aldo-stimulated VICs than in control cells (Supplemental Figure 3E). Spironolactone blocked all the above effects.

Cardiotrophin-1 is a mediator of Aldo effects in VICs

We analyzed the mechanisms underlying the effects of Aldo on VICs using a cytokine array. Cardiotrophin-1 (CT-1), a cytokine previously shown to be up-regulated by Aldo in other cell types, [START_REF] López-Andrés | Aldosterone induces cardiotrophin-1 expression in HL-1 adult cardiomyocytes[END_REF][START_REF] López-Andrés | A role for cardiotrophin-1 in myocardial remodeling induced by aldosterone[END_REF] was one of the main up-regulated cytokines, showing a 35% increase in its expression in Aldo-treated VICs relative to controls (Supplemental Figure 4A-B). CT-1 increase induced by Aldo was blocked by Spironolactone (Supplemental Figure 4B). We next investigated the effects of CT-1 on VICs. Recombinant CT-1 decreased Chm-1 (p<0.05) and increased VIC activation marker levels (p<0.05) (Supplemental Figure 4C-D). The expression and secretion of proteoglycans was also significantly increased (p<0.05) by CT-1 (Supplemental Figure 4E-F).

We studied whether CT-1 can mediate the effects of Aldo in VICs by CT-1 expression knock-down. Aldo did not decrease Chm-1 nor induce VIC activation markers in CT-1 silenced VICs (Figure 2A, Supplemental Figure 4G). Moreover, Aldo was unable to increase the expression and secretion of proteoglycans in CT-1 knock-down cells (Figure 2B, Supplemental Figure 4H). A scrambled siRNA was used as a control.

CD14 is a mediator of the effects of Aldo in VECs

The cytokine array revealed that Aldo up-regulated CD14 (40%), a ligand of Toll Like Receptor-4 (TLR4), which has been shown to mediate the effects of mineralocorticoids in cardiomyocytes [START_REF] Mannic | CD14 as a Mediator of the Mineralocorticoid Receptor-Dependent Anti-apolipoprotein A-1 IgG Chronotropic Effect on Cardiomyocytes[END_REF] (Supplemental Figure 5A-B). CD14 increase induced by Aldo was blocked by Spironolactone (Supplemental Figure 5B). Aldo did not decrease VEcadherin levels in CD14 knock-down VECs (Figure 2C, Supplemental Figure 5C). However, Aldo diminished the expression of CD31 (Supplemental Figure 5C). Aldo treatment also did not modify VIC activation marker levels (p<0.05) in CD14 knockdown cells (Figure 2C, Supplemental Figure 5D). VECs silenced for CD14 treated with Aldo also showed lower proteoglycan levels (Figure 2D, Supplemental Figure 5E). A scrambled siRNA was used as a control.

Paracrine interactions between VICs and VECs

In order to clarify whether CT-1 or CD14 are involved in a potential paracrine effect, VECs have been treated with conditioned media obtained from VICs after CT-1 knockdown. VECs treated with conditioned media from CT-1-silenced VICs in the presence of Aldo presented similar phenotypic characteristics (EndMT markers) and proteoglycans expression and secretion than control VECs (Supplemental Figure 6A). Secondly, VICs have been treated with conditioned media obtained from VECs after CD14 knock-down. VICs treated with conditioned media from CD14-silenced VECs in the presence of Aldo presented similar levels of vimentin and proteoglycans expression and secretion than control VICs (Supplemental Figure 6B).

Effects of spironolactone in a MVP mouse model

We next analyzed the effect of the MRA spironolactone in a mouse model in which MVP is induced by nordexfenfluramine (NDF) [START_REF] Ayme-Dietrich | The role of 5-HT2B receptors in mitral valvulopathy: bone marrow mobilization of endothelial progenitors[END_REF] . In valves from NDF-treated mice, collagen in the fibrosa is fragmented and appeared less dense than in control valves.

Moreover, NDF-treated mice showed higher staining for total proteoglycan content than controls. Some of the collagen and the elastic fibers were disoriented and disrupted.

Treatment with Spironolactone blocked NDF-induced collagen and elastin alterations as well as proteoglycans accumulation (Figure 3A).

The increase in mitral valve area and thickness (p<0.05) in NDF mice was fully prevented by Spironolactone treatment (Figures 3B-C). Spironolactone treatment prevented the effects of NDF on mitral valve remodeling (Figure 3A). NDF-treated mice exhibited higher levels of decorin, biglycan, lumican and aggrecan as compared to Controls (Figure 3D). In Spironolactone-treated mice, proteoglycans immunostainings were normalized as compared with NDF-treated mice (Figure 3D). Moreover, CT-1 and CD14 immunostainings were higher in mitral valves from NDFtreated mice as compared to controls (Supplemental Figure 7A). Spironolactone treatment decreased CT-1 and CD14 expression in mitral valves from NDF-treated mice (Supplemental Figure 7A).

Effects on mitral valve morphology and proteoglycan content in conditional MR-KO mice treated with NDF.

Both mitral valve area and thickness were significantly higher in NDF-treated control mice than in non-treated mice (p<0.05). Endothelial-specific MR deletion (Vecadh-MR-KO) protected the mice from the deleterious effects of NDF (Figure 4A-C). High magnification images showed that collagen fibers were oriented parallel to each other. Moreover, NDF-treated Vecadh-MR-KO mice did not exhibit any differences in proteoglycan levels relative to controls (Figure 4D). Nevertheless, NDF-treated SMA specific MR KO mice (SMA-MR-KO) showed similar mitral valve area and thickness as control mice (Supplemental Figure 8A-B) whereas, NDF-treated SMA-MR-KO exhibited higher proteoglycan content (Supplemental Figure 8C).

Mitral valve remodeling in MV prolapse patients

The baseline characteristics of MVP patients are shown in Table 1. The mean age was 68 ± 10 years and 68% were male, consistent with the typical characteristics of patients with MVP. A significant proportion suffered from concomitant coronary artery disease, hypertension, diabetes mellitus, and hyperlipidemia. Echocardiographic variables were those expected in patients with severe mitral regurgitation.

Within this patient population, we were able to compare nine patients receiving a MRA with 14 patients with similar left ventricular dysfunction who were not receiving a MRA. There were no significant differences between the two groups in terms of clinical variables, other medications, or echocardiographic parameters, with the exception of systolic pulmonary artery pressure. VEC marker levels were similar in the two subgroups (Figure 5A). Patients treated with MRA showed lower mRNA levels of α-SMA and MMP-2 (p<0.05) (Figure 5B). The expression of CT-1 and CD14 was also lower (p<0.05) in MRA-treated patients than those not receiving MRA treatment (Figure 5C). Proteoglycan expression was slightly reduced in the mitral valves from MVP patients treated with MRA and lumican expression was significantly lower (p<0.05) (Figure 5D). Representative immunohistological images of human mitral valves from MVP patients showed higher VEC marker levels and lower proteoglycan levels in the spongiosa layer of patients treated with MRA than those who did not receive MRA treatment (Figure 5E).

DISCUSSION

The purpose of this study was to investigate the involvement of the Aldo/MR pathway in the development of mitral valve alterations associated with MVP. Our results show that Aldo induces VIC activation and EndMT, increasing the secretion of proteoglycans and ECM proteins. In VICs, the effects of Aldo are mediated by CT-1, whereas the effects of Aldo are mediated by CD14 in VECs. Furthermore, in vivo, MR blockade has beneficial effects by preventing mitral valve remodeling associated with MVP. Specific endothelial MR deletion provided protection from the fibromyxomatous alterations associated with MVP. The remodeling process in human mitral valves from MVP patients treated with a MRA was slightly attenuated relative to mitral valves from MVP patients not receiving MRA treatment.

Aldo has a well-established pathophysiological role in hypertension and cardiovascular disease. [START_REF] Jaisser | Emerging Roles of the Mineralocorticoid Receptor in Pathology: Toward New Paradigms in Clinical Pharmacology[END_REF] In addition to its primary function in regulating blood pressure and electrolyte balance, Aldo directly promotes vascular remodeling and profibrotic changes in blood vessels. [START_REF] Fu | Aldosterone-induced osteopontin expression in vascular smooth muscle cells involves MR, ERK, and p38 MAPK[END_REF] Although VIC activation is characteristic of several forms of valve disease, the stimulus and function of this process is still poorly understood. We demonstrate, for the first time, that Aldo induces VIC activation and VEC differentiation, resulting in an increase in the level of proteoglycans and ECM components. Conditioned media experiments showed that soluble factors produced by Aldo-treated VICs or VECs act in a paracrine manner, promoting EndMT and VIC activation and proteoglycan secretion.

In this study, CT-1 emerges as a mediator of Aldo-induced VIC activation. Indeed, CT-1 has already been described to mediate the effects of Aldo in other cardiac cells [START_REF] López-Andrés | Aldosterone induces cardiotrophin-1 expression in HL-1 adult cardiomyocytes[END_REF][START_REF] Martínez-Martínez | Differential Proteomics Identifies Reticulocalbin-3 as a Novel Negative Mediator of Collagen Production in Human Cardiac Fibroblasts[END_REF][START_REF] Lopez-Andres | Vascular effects of cardiotrophin-1: a role in hypertension?[END_REF] and has been shown to stimulate myofibroblast differentiation and ECM production in human cardiac fibroblasts. [START_REF] Martínez-Martínez | CT-1 (Cardiotrophin-1)-Gal-3 (Galectin-3) Axis in Cardiac Fibrosis and Inflammation[END_REF] CT-1 does not appear to mediate the effects of Aldo in VECs (data not shown). Our results show that Aldo induces EndMT in VECs via CD14, a glycoprotein classically expressed by monocytes but also found in endothelial cells. [START_REF] Jersmann | Synthesis and Surface Expression of CD14 by Human Endothelial Cells[END_REF] Of note, CD14 has been described to be a mediator of the chronotropic effects of the Aldo/MR in cardiomyocytes. [START_REF] Mannic | CD14 as a Mediator of the Mineralocorticoid Receptor-Dependent Anti-apolipoprotein A-1 IgG Chronotropic Effect on Cardiomyocytes[END_REF] Classically, the TLR4 signaling pathway is associated with inflammation, but recent studies have confirmed its role in endothelial cell proliferation and differentiation through EndMT. [START_REF] Lu | Developmental pathways and endothelial to mesenchymal transition in canine myxomatous mitral valve disease[END_REF] In addition, the inhibition of TLR-4 signaling attenuates Aldo-induced EndMT in a rat hypertension model. [START_REF] Zhang | TAK-242, a Toll-Like Receptor 4 Antagonist, Protects against Aldosterone-Induced Cardiac and Renal Injury[END_REF] Our results further support the involvement of CD14 and TLR4 signaling on the effects of Aldo in VECs.

Several drugs, such as anorectic compounds, including NDF, [START_REF] Connolly | Valvular heart disease associated with fenfluramine-phentermine[END_REF] have been associated with remodeling of the mitral valve. Microscopically, the affected valve leaflets showed typical myxomatous lesions with plaques of proliferative myofibroblasts in an abundant ECM, composed primarily of glycosaminoglycans. [START_REF] Ayme-Dietrich | The role of 5-HT2B receptors in mitral valvulopathy: bone marrow mobilization of endothelial progenitors[END_REF] These drugs interact with the serotonergic system by targeting 5-HT2 receptor subtypes. [START_REF] Rothman | Evidence for possible involvement of 5-HT(2B) receptors in the cardiac valvulopathy associated with fenfluramine and other serotonergic medications[END_REF] Studies using microarray technology highlight the contribution of serotonergic 5-HT2B receptors in human myxomatous mitral valve tissues. [START_REF] Hulin | Emerging pathogenic mechanisms in human myxomatous mitral valve: lessons from past and novel data[END_REF] Thus, the up-regulation of 5-HT2 receptors induces VIC activation and increases the expression of proteoglycans. [START_REF] Driesbaugh | Serotonin receptor 2B signaling with interstitial cell activation and leaflet remodeling in degenerative mitral regurgitation[END_REF] Consistent with this evidence, NDF-treated mice showed an increased area and thickness of the mitral valve leaflets, as well as enhanced proteoglycan content, confirming previous results from Ayme-Dietrich and coworkers. [START_REF] Ayme-Dietrich | The role of 5-HT2B receptors in mitral valvulopathy: bone marrow mobilization of endothelial progenitors[END_REF] Importantly, our results show that pharmacological intervention using a MRA can prevent the increase in the area and thickness of mitral valve leaflets, as well as the increased expression of proteoglycans. In accordance with our findings, the addition of spironolactone to conventional therapy has been reported to increase survival compared to treatment with conventional therapy alone in dogs with naturally occurring myxomatous mitral valve disease. [START_REF] Bernay | Efficacy of spironolactone on survival in dogs with naturally occurring mitral regurgitation caused by myxomatous mitral valve disease[END_REF] NDF failed to increase mitral valve area, thickness, or proteoglycan content in mice specifically lacking endothelial MR expression. However, no changes were observed in the SMA-MR-KO model. Only aVICs are positive for -SMA but not qVICs. Thus, it is possible that MR activation in both qVICs and VECs allows NDF to induce proteoglycan synthesis, whereas the absence of the MR in VECs could protect them from EndMT, decreasing the number of aVICs in the mitral leaflets and leading to decreased proteoglycan expression. Thus, the MR in VECs is involved in the development of MVP in the serotonin-induced model. More studies are needed to clarify the possible interactions between the MR and the serotonin pathway.

Our results show that the valves from MVP patients treated with MRA showed a modest but significant reduction in proteoglycan content. Our results also provide evidence for a partially beneficial effect of MRAs on proteoglycan content in the mitral valves of patients with the worst prognoses. This opens the possibility of leaflet-specific therapy to improve mitral valve adaptation and reduce regurgitation. Clinical evidence has been accumulating suggesting that Aldo has direct adverse effects on the heart that are independent of its effects on blood pressure, as shown by Savart and colleagues in one of the largest cohort of patients with primary hyperaldosteronism (PA) [START_REF] Savard | Cardiovascular complications associated with primary aldosteronism: A controlled cross-sectional study[END_REF] . However, the prevalence of valvular heart disease in PA has never been investigated and studies on this field are needed to establish the relation between PA and MVP.

In conclusion, Aldo/MR modulates mitral valve remodeling, inducing VIC activation and EndMT and increasing proteoglycan deposition (Figure 6). We showed that MRA reduces mitral valve alterations in an experimental model of MVP, suggesting a novel therapeutic approach to reduce mitral valve remodeling associated with MVP. 
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studies are warranted to test whether MRA reduces mitral-valve alterations as well as myocardial alterations in a larger cohort of patients with MVP.
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