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Mineralocorticoid receptor activation in endothelial and smooth muscle cells can promote vascular disease by increasing oxidative stress, promoting inflammation, accelerating vascular stiffness, remodeling, and calcification, altering vessel responsiveness to various vasoactive factors, thus altering vascular tone and blood pressure, and by altering angiogenesis. Here, we review the recent evidence highlighting the impact of vascular mineralocorticoid receptor activation in pathological situations, including kidney injury, vascular injury associated with metabolic diseases, atherosclerosis, cerebral vascular injury during hypertension, vascular stiffening and aging, pulmonary hypertension, vascular calcification, cardiac remodeling, wound healing, inflammation, thrombosis, and disorders related to angiogenic defects in the eye. The possible mechanisms implicating mineralocorticoid receptor activation in various vascular disorders are discussed. Altogether, recent evidence points towards pharmacological mineralocorticoid receptor inhibition as a strategy to treat diseases in which overactivation of the mineralocorticoid receptor in endothelial and/or smooth muscle cells may play a pivotal role. 1. The vascular mineralocorticoid receptor Blood vessels are formed by an inner layer of endothelial cells (ECs), an intermediate layer comprised of vascular smooth muscle cells (VSMCs), and an external layer containing fibroblasts, pericytes, and extracellular matrix components. It is now established that mineralocorticoid receptors (MRs) are expressed in ECs and VSMCs, in which their role in normal physiology is still uncertain and in which they can promote vascular disease. The ligand that activates the MR in vascular cells is still unknown.

.

Of note, the regulation of 11βHSD2-11βHSD1 expression and activity, which could significantly contribute to altered MR signalling, is far from being elucidated, particularly in the context of disease. Thus, the endogenous ligand of ECs is considered to be aldosterone, whereas it may be either aldosterone or glucocorticoid for VSMCs, depending on local 11βHSD2-11βHSD1 activity and/or local aldosterone/glucocorticoid synthesis.

.

Effects of MR activation in endothelial cells (ECs)

MR activation in ECs has been reported to have several effects. Many studies have shown that MR activation in ECs increases the activity and expression of NADPH oxidase, thus promoting reactive oxygen species (ROS) generation and oxidative stress-induced injury [START_REF] Hashikabe | Aldosterone impairs vascular endothelial cell function[END_REF][START_REF] Iwashima | Aldosterone induces superoxide generation via Rac1 activation in endothelial cells[END_REF][START_REF] Taye | Spironolactone inhibits NADPH oxidase-induced oxidative stress and enhances eNOS in human endothelial cells[END_REF]. Moreover, aldosterone can also reduce the expression of glucose-6-phosphate dehydrogenase, a key enzyme for maintaining an optimal redox state in the cell [START_REF] Leopold | Aldosterone impairs vascular reactivity by decreasing glucose-6-phosphate dehydrogenase activity[END_REF]. In addition to increased ROS production and despite some disagreement, it is well documented that MR activation in ECs decreases nitric oxide (NO) synthesis, thus contributing to endothelial dysfunction [START_REF] Hashikabe | Aldosterone impairs vascular endothelial cell function[END_REF][START_REF] Maron | Aldosterone inactivates the endothelin-B receptor via a cysteinyl thiol redox switch to decrease pulmonary endothelial nitric oxide levels and modulate pulmonary arterial hypertension[END_REF][START_REF] Nagata | Molecular mechanism of the inhibitory effect of aldosterone on endothelial NO synthase activity[END_REF]. These effects are all translated into a reduced vasodilatory capacity of the blood vessel. Moreover, the cellular injury induced by increased ROS generation may promote activation of the pro-inflammatory pathway in ECs. Indeed, the activation of MRs in ECs in vitro increases the expression of ICAM-1 [START_REF] Caprio | Functional mineralocorticoid receptors in human vascular endothelial cells regulate intercellular adhesion molecule-1 expression and promote leukocyte adhesion[END_REF] and VCAM-1 [START_REF] Deuchar | 11beta-hydroxysteroid dehydrogenase type 2 deficiency accelerates atherogenesis and causes proinflammatory changes in the endothelium in apoe-/-mice[END_REF], molecules that are involved in leukocyte adhesion to ECs, thus facilitating inflammatory cell infiltration of the tissues. Further analyses have shown that the ICAM-1 promoter contains an MR-responsive element that directly mediates an increase in ICAM-1 expression by the MR in ECs [START_REF] Marzolla | Essential role of ICAM-1 in aldosterone-induced atherosclerosis[END_REF]. Of note, MRdependent regulation of ICAM-1 and leukocyte adhesion is inhibited by the estrogen receptor [START_REF] Mueller | Estrogen receptor inhibits mineralocorticoid receptor transcriptional regulatory function[END_REF], possibly contributing to the difference in gender susceptibility observed in cardiovascular diseases.

The potential role of the endothelial MR in the control of blood pressure through its effects on the vasodilatory capacity of blood vessels has also been investigated. A first study by Nguyen et al., in which the human MR was over-expressed in mouse endothelial cells, found that endothelial MR over-expression induced a moderate increase in blood pressure, independent of alterations in renal sodium handling, an effect that was reversed by the MR antagonist canreonate [START_REF] Nguyen Dinh | The endothelial mineralocorticoid receptor regulates vasoconstrictor tone and blood pressure[END_REF]. Moreover, the resistance arteries from mice overexpressing the MR in ECs showed an increased contractile response to vasoconstrictors, such as phenylephrine, a thromboxane A (2) analog, Ang II, and endothelin-1 [START_REF] Nguyen Dinh | The endothelial mineralocorticoid receptor regulates vasoconstrictor tone and blood pressure[END_REF]. Later studies in mice, in which specific MR deletion in ECs was achieved (EC-MR-KO mice), allowed direct evaluation of the role of the endogenous MR in blood pressure regulation. In contrast to the results of the earlier study, specific MR deletion in ECs did not affect normal or salt-sensitive blood pressure levels in mice [START_REF] Mueller | Endothelial Mineralocorticoid Receptors Differentially Contribute to Coronary and Mesenteric Vascular Function Without Modulating Blood Pressure[END_REF][START_REF] Rickard | Endothelial cell mineralocorticoid receptors regulate deoxycorticosterone/salt-mediated cardiac remodeling and vascular reactivity but not blood pressure[END_REF], showing that the MR does not contribute to blood pressure control under basal conditions. However, the observation that specific and inducible overexpression of human MRs in ECs resulted in increased blood pressure in the mouse, suggests that a deleterious effect of MRs on blood pressure might occur under specific conditions in which MR expression by ECs is upregulated or the receptor over-activated. Indeed, EC-MR-KO mice showed no vascular alterations under basal conditions, but those with Ang II-induced hypertension showed prevention of the impaired endothelial dependent relaxation in mesenteric vessels, suggesting that the endothelial MR regulates endothelial function in adverse situations, such as hypertension [START_REF] Mueller | Endothelial Mineralocorticoid Receptors Differentially Contribute to Coronary and Mesenteric Vascular Function Without Modulating Blood Pressure[END_REF]. Of note, the Ang II-associated impaired relaxation in coronary vessels was not modified by EC-MR-KO, suggesting that the MR may contribute to the regulation of vascular tone specifically in the vascular bed [START_REF] Mueller | Endothelial Mineralocorticoid Receptors Differentially Contribute to Coronary and Mesenteric Vascular Function Without Modulating Blood Pressure[END_REF]. Consistent with this possibility, aldosterone infusion of mice impaired the acetylcholine-induced relaxation of mesenteric arteries and aorta, an effect that was prevented only in the aorta, but not mesenteric arteries, of EC-MR-KO mice. [START_REF] Rickard | Endothelial cell mineralocorticoid receptors regulate deoxycorticosterone/salt-mediated cardiac remodeling and vascular reactivity but not blood pressure[END_REF] MR over-activation in ECs may also contribute to the regulation of vascular tone by modulating the expression of the epithelial sodium channel (EnNaC). Indeed, it has been shown that increased EnNaC expression induced by aldosterone stimulation is associated with stiff endothelial cells, endothelial glycocalyx damage, and reduced NO generation. [START_REF] Fels | Menage a trois: aldosterone, sodium and nitric oxide in vascular endothelium[END_REF][START_REF] Schierke | Nanomechanics of the endothelial glycocalyx contribute to Na(+)-induced vascular inflammation[END_REF] In summary, MR over-activation in ECs may contribute to vascular injury through an increase in oxidative stress, reduced vasodilator function of the vessel, increased expression of EC adhesion molecules, promoting inflammation, and up-regulation of epithelial sodium channels, which facilitates vascular stiffness and reduced NO production.

Effects of MR activation in vascular smooth muscle cells (VSMCs)

Similar to ECs, one of the consequences of MR activation in VSMCs is increased oxidative stress mediated by the activation and increased expression of NADPH oxidases (Callera et al., 2005a;Callera et al., 2005b;[START_REF] Maron | Aldosterone increases oxidant stress to impair guanylyl cyclase activity by cysteinyl thiol oxidation in vascular smooth muscle cells[END_REF]. In VSMCs, oxidative stress promotes proliferation and affects the regulation of blood pressure: VSMC MRs directly contribute to regulating blood pressure under normal conditions. This was shown by McCurley et al., who reported that mice with a specific and inducible MR gene knockout in SMCs (SMC-MR-KO) do not display the aging-associated increases in blood pressure observed in control mice [START_REF] Dupont | Vascular mineralocorticoid receptor regulates microRNA-155 to promote vasoconstriction and rising blood pressure with aging[END_REF][START_REF] Mccurley | Direct regulation of blood pressure by smooth muscle cell mineralocorticoid receptors[END_REF]. Of note, MR KO in SMCs is not associated with disturbances in renal function and sodium handling [START_REF] Dupont | Vascular mineralocorticoid receptor regulates microRNA-155 to promote vasoconstriction and rising blood pressure with aging[END_REF][START_REF] Galmiche | Smooth muscle cell mineralocorticoid receptors are mandatory for aldosterone-salt to induce vascular stiffness[END_REF][START_REF] Mccurley | Direct regulation of blood pressure by smooth muscle cell mineralocorticoid receptors[END_REF]. Indeed, the blunted hypertension observed in aged SMC-MR-KO mice was due to decreased spontaneous vascular myogenic tone and reduced vasoconstriction mediated by changes in L-type calcium channel expression and function [START_REF] Dupont | Vascular mineralocorticoid receptor regulates microRNA-155 to promote vasoconstriction and rising blood pressure with aging[END_REF][START_REF] Mccurley | Direct regulation of blood pressure by smooth muscle cell mineralocorticoid receptors[END_REF]. Moreover, the SMC-MR-KO mice displayed reduced vascular oxidative stress, vasoconstriction; and hypertension induced by Ang II [START_REF] Dupont | Vascular mineralocorticoid receptor regulates microRNA-155 to promote vasoconstriction and rising blood pressure with aging[END_REF][START_REF] Mccurley | Direct regulation of blood pressure by smooth muscle cell mineralocorticoid receptors[END_REF]. Additionally, aged SMC-MR-KO mice showed decreased vascular tone and the aged vessels exhibited decreased contractile responses to thromboxane, Ang II, and calcium-channel agonists [START_REF] Dupont | Vascular mineralocorticoid receptor regulates microRNA-155 to promote vasoconstriction and rising blood pressure with aging[END_REF][START_REF] Mccurley | Direct regulation of blood pressure by smooth muscle cell mineralocorticoid receptors[END_REF]. This is consistent with the results obtained in control mice that were studied at 3, 12, and 18 months of age, in which aging was linked to increased vascular stiffness and fibrosis, effects that were prevented in SMC-MR-KO mice [START_REF] Kim | Smooth Muscle Cell-Mineralocorticoid Receptor as a Mediator of Cardiovascular Stiffness With Aging[END_REF]. Aldosterone administration resulted in increased levels of the L-type voltage-dependent calcium channel Cav1.2 in VSMCs from different beds, such as the left anterior descending coronary arteries, aorta, or mesenteric arteries. This effect is mediated through the direct action of MRs on the P1 promoter [START_REF] Mesquita | Specific Activation of the Alternative Cardiac Promoter of Cacna1c by the Mineralocorticoid Receptor[END_REF]. This could contribute to MR-induced increased vascular tone in the vessels.

MR activation in human VSMCs induces the expression of genes that modulate vascular remodeling and proliferation, such as collagen I and 3, IL-16, CTLA4, and genes associated with vascular calcification [START_REF] Jaffe | Angiotensin II and aldosterone regulate gene transcription via functional mineralocortocoid receptors in human coronary artery smooth muscle cells[END_REF][START_REF] Newfell | Aldosterone regulates vascular gene transcription via oxidative stress-dependent and -independent pathways[END_REF].

Moreover, microarray analysis identified 72 genes that are modulated by aldosterone in the mouse aorta. There was an increase in the expression of genes involved in oxidative stress, vascular cell proliferation, and extracellular matrix deposition. Spironolactone and eplerenone blunted the induced expression of the aldosterone-modulated genes in the mouse aorta [START_REF] Newfell | Aldosterone regulates vascular gene transcription via oxidative stress-dependent and -independent pathways[END_REF]. In addition, all the genes tested (except PGF) were also upregulated by aldosterone in primary mouse aortic SMCs [START_REF] Newfell | Aldosterone regulates vascular gene transcription via oxidative stress-dependent and -independent pathways[END_REF]. Thus, MR activation in SMCs contributes to vascular remodeling. Indeed, vascular remodeling in mice induced by aldosterone infusion is prevented in SMC-MR-KO mice. In a model of hypertension induced by nephrectomy and salt and aldosterone infusion, wildtype mice develop increased vascular stiffness and decreased distensibility and induced expression of the integrin alpha-5 subunit in the carotid arteries. The SMC-MR-KO mice did not show these changes [START_REF] Galmiche | Smooth muscle cell mineralocorticoid receptors are mandatory for aldosterone-salt to induce vascular stiffness[END_REF].

Aldosterone increases the expression of galectin-3 in cultured VSMCs in a concentration and MR-dependent manner, suggesting that galectin-3 may be another SMC-MR-regulated gene involved in VSMC MR-mediated remodeling. [START_REF] Calvier | Galectin-3 mediates aldosterone-induced vascular fibrosis[END_REF] In addition, placental growth factor (PGF) has been shown to be regulated by aldosterone/MR activation. Indeed, an aldosterone-responsive MR binding site has been found upstream of the PGF gene [START_REF] Jaffe | Placental growth factor mediates aldosterone-dependent vascular injury in mice[END_REF]. Aldosterone infusion provoked carotid artery remodeling and increased PGF expression, which was prevented in MR-SMC-KO mice [START_REF] Pruthi | Aldosterone promotes vascular remodeling by direct effects on smooth muscle cell mineralocorticoid receptors[END_REF]. Although VEGFR1 is only expressed by ECs in normal vessels, it is also found on VSMCs after injury. This effect was not observed in mice deficient for the MR in SMCs.

Interestingly, the vascular remodeling induced by aldosterone after vessel injury is inhibited by a VEGFR1-blocking antibody [START_REF] Pruthi | Aldosterone promotes vascular remodeling by direct effects on smooth muscle cell mineralocorticoid receptors[END_REF].

MR activation in VSMCs can also lead to the modulation of micro-RNA expression.

MR activation by aldosterone reduces the level of miR-29b, which regulates cell proliferation, migration, and apoptosis in the murine aorta and human VSMCs, without affecting its levels in ECs [START_REF] Bretschneider | Activated mineralocorticoid receptor regulates micro-RNA-29b in vascular smooth muscle cells[END_REF]. Enhanced VSMC migration upon aldosterone stimulation required miR-29 [START_REF] Bretschneider | Activated mineralocorticoid receptor regulates micro-RNA-29b in vascular smooth muscle cells[END_REF]. Profiling of mi-RNAs identified miR-155 as the mi-RNA most downregulated during vascular ageing in wildtype but not SMC KO mice. [START_REF] Dupont | Vascular mineralocorticoid receptor regulates microRNA-155 to promote vasoconstriction and rising blood pressure with aging[END_REF]. The targets of miR-155 are Cav1.2 and the angiotensin type 1 receptor. Importantly, restoring miR-155 expression in SMCs from aged wildtype mice decreased Cav1.2 and angiotensin type 1 receptor mRNA levels [START_REF] Dupont | Vascular mineralocorticoid receptor regulates microRNA-155 to promote vasoconstriction and rising blood pressure with aging[END_REF]. Moreover, serum miR-155 levels measured in elderly humans are predictive of the response to BP treatment [START_REF] Dupont | Vascular mineralocorticoid receptor regulates microRNA-155 to promote vasoconstriction and rising blood pressure with aging[END_REF]. A role for miR-34b/C has also been established for aldosterone-mediated VSMC calcification [START_REF] Hao | MicroRNA-34b/c inhibits aldosterone-induced vascular smooth muscle cell calcification via a SATB2/Runx2 pathway[END_REF].

In summary, MR overactivation in VSMCs induces oxidative stress, proliferation, increased expression of genes involved in vascular remodeling and calcification, modifies mi-RNA expression, and has an important role in the regulation of blood pressure through modulating vessel responsiveness to various vasoactive factors.

The involvement of vascular MRs in pathological conditions

Vascular MRs contribute to kidney injury

Pharmacological antagonism of the MR has shown beneficial effects in models of acute kidney injury induced by ischemia/reperfusion (IR) and cyclosporine A nephrotoxicity [START_REF] Bobadilla | New insights into the pathophysiology of cyclosporine nephrotoxicity: a role of aldosterone[END_REF][START_REF] Girerd | Mineralocorticoid receptor antagonists in kidney transplantation: time to consider?[END_REF][START_REF] Mejia-Vilet | Renal ischemia-reperfusion injury is prevented by the mineralocorticoid receptor blocker spironolactone[END_REF][START_REF] Barrera-Chimal | Mineralocorticoid receptor antagonists and kidney diseases: pathophysiological basis[END_REF]. Specific MR KO in SMCs prevents the kidney tubular lesions and functional disturbances caused by IR induction or acute cyclosporine A administration [START_REF] Amador | Deletion of mineralocorticoid receptors in smooth muscle cells blunts renal vascular resistance following acute cyclosporine administration[END_REF][START_REF] Barrera-Chimal | Benefit of Mineralocorticoid Receptor Antagonism in AKI: Role of Vascular Smooth Muscle Rac1[END_REF]. This protective effect was mediated by the prevention of vasoconstriction, Rac1-induced oxidative stress, and blunted L-type calcium channel activity in SMC-MR-KO mice, thus maintaining normal renal perfusion and hemodynamic improvement [START_REF] Amador | Deletion of mineralocorticoid receptors in smooth muscle cells blunts renal vascular resistance following acute cyclosporine administration[END_REF][START_REF] Barrera-Chimal | Benefit of Mineralocorticoid Receptor Antagonism in AKI: Role of Vascular Smooth Muscle Rac1[END_REF]. In contrast, MR KO in ECs showed no protective effect in these models of acute kidney injury [START_REF] Amador | Deletion of mineralocorticoid receptors in smooth muscle cells blunts renal vascular resistance following acute cyclosporine administration[END_REF][START_REF] Barrera-Chimal | Benefit of Mineralocorticoid Receptor Antagonism in AKI: Role of Vascular Smooth Muscle Rac1[END_REF]. Similarly, EC MR KO had no effect in preventing renal fibrosis, glomerular injury, proteinuria, or inflammation in a model of renal and cardiac remodeling induced by salt and DOCA infusion [START_REF] Lother | Deoxycorticosterone Acetate/Salt-Induced Cardiac But Not Renal Injury Is Mediated By Endothelial Mineralocorticoid Receptors Independently From Blood Pressure[END_REF]. However, cardiac tissue remodeling was avoided by a mechanism involving reduced VCAM expression [START_REF] Lother | Deoxycorticosterone Acetate/Salt-Induced Cardiac But Not Renal Injury Is Mediated By Endothelial Mineralocorticoid Receptors Independently From Blood Pressure[END_REF]. Similarly, MR deletion in ECs did not protect the kidney against Ang II-induced contraction in renal arteries, proteinuria, or kidney injury [START_REF] Laursen | Endothelial mineralocorticoid receptor ablation does not alter blood pressure, kidney function or renal vessel contractility[END_REF]. However, EC MR ablation prevented kidney arterial stiffness, reduced eNOS activation, and increased oxidative stress and fibrosis induced by western diet-obesity in female mice [START_REF] Aroor | Diet-Induced Obesity Promotes Kidney Endothelial Stiffening and Fibrosis Dependent on the Endothelial Mineralocorticoid Receptor[END_REF]. The vascular role of the MR in nephrology is not limited to its participation in the kidney, as MR antagonists have been helpful in treating arteriovenous fistula in chronic kidney disease patients, due to the important contribution of SMC MRs in vascular remodeling [START_REF] Chen | Mineralocorticoid receptor: A hidden culprit for hemodialysis vascular access dysfunction[END_REF].

Vascular MRs have an important role in vascular injury associated with metabolic disease

Vascular dysfunction is a common feature of obesity and metabolic disorders. The crosstalk between adipose tissue and the vasculature is thought to be at least in part mediated by aldosterone/MR activation in both the vasculature and adipose tissue. Early evidence supporting adipose tissue/vasculature crosstalk came from the study of Nguyen et al., in which MR overexpression in mouse adipocytes influenced vascular function [START_REF] Nguyen Dinh | Adipocyte-Specific Mineralocorticoid Receptor Overexpression in Mice Is Associated With Metabolic Syndrome and Vascular Dysfunction: Role of Redox-Sensitive PKG-1 and Rho Kinase[END_REF]. Mesenteric arteries from mice overexpressing the MR in adipocytes showed reduced contractility and rho kinase activity, increased oxidative stress, and higher elastin content in the mesenteric arteries [START_REF] Nguyen Dinh | Adipocyte-Specific Mineralocorticoid Receptor Overexpression in Mice Is Associated With Metabolic Syndrome and Vascular Dysfunction: Role of Redox-Sensitive PKG-1 and Rho Kinase[END_REF]. Further studies have shown that under normal conditions, perivascular adipose tissue releases vasodilator mediators, such as adiponectin and adipocyte-derived relaxing factors. However, upon obesity, enhanced MR signaling in perivascular adipose tissue activates NADPH oxidase and promotes the release of inflammatory mediators, which impair vascular function and relaxation [START_REF] Feraco | Role of mineralocorticoid receptor and renin-angiotensin-aldosterone system in adipocyte dysfunction and obesity[END_REF][START_REF] Gil-Ortega | Regional differences in perivascular adipose tissue impacting vascular homeostasis[END_REF][START_REF] Omar | Proinflammatory phenotype of perivascular adipocytes[END_REF]. Indeed, MR over-activation in adipose tissue may lead to the malfunctioning of adipocyte autophagy, oxidative stress, and the release of pro-inflammatory mediators [START_REF] Armani | Mineralocorticoid receptor antagonism induces browning of white adipose tissue through impairment of autophagy and prevents adipocyte dysfunction in high-fat-diet-fed mice[END_REF][START_REF] Feraco | Role of mineralocorticoid receptor and renin-angiotensin-aldosterone system in adipocyte dysfunction and obesity[END_REF]. Moreover, during obesity, the renin angiotensin aldosterone system is activated and adipose tissue releases aldosterone and contributes to hypertension, coronary heart disease, heart failure, and cardiovascular disease [START_REF] Jia | The role of mineralocorticoid receptor signaling in the cross-talk between adipose tissue and the vascular wall[END_REF]. Despite all the evidence from animal models, a recent study found that the constriction and relaxation of human internal mammary and renal segmental arteries, prepared with or without perivascular adipose tissue, were not affected by exogenous or endogenous aldosterone. [START_REF] Assersen | Periarterial fat from two human vascular beds is not a source of aldosterone to promote vasoconstriction[END_REF] Thus, the relevance of perivascular adipose tissue in influencing vascular function through the effects of aldosterone in humans requires further study.

Rodent models of obesity have also provided evidence for the role of vascular MRs in cardiovascular injury during obesity. In female mice given a western-like diet (high fat and carbohydrates) for 16 weeks to induce obesity, low-dose spironolactone prevented stiffening of the aorta and the femoral artery, as well as vessel fibrosis [START_REF] Demarco | Low-Dose Mineralocorticoid Receptor Blockade Prevents Western Diet-Induced Arterial Stiffening in Female Mice[END_REF]. Moreover, cellular stiffness was also reduced in ECs and SMCs from aortic explants from obese animals treated with spironolactone [START_REF] Demarco | Low-Dose Mineralocorticoid Receptor Blockade Prevents Western Diet-Induced Arterial Stiffening in Female Mice[END_REF]. In the same obesity model, EC-MR-KO prevented aortic stiffness, endothelial dysfunction, kidney arterial stiffening and reduced eNOS activation, oxidative stress, inflammation, and fibrosis induced by a western diet [START_REF] Aroor | Diet-Induced Obesity Promotes Kidney Endothelial Stiffening and Fibrosis Dependent on the Endothelial Mineralocorticoid Receptor[END_REF][START_REF] Jia | Endothelial Mineralocorticoid Receptor Mediates Diet-Induced Aortic Stiffness in Females[END_REF]. The deficiency of MRs in ECs was associated with increased eNOS activation and reduced M1 macrophage infiltration [START_REF] Aroor | Diet-Induced Obesity Promotes Kidney Endothelial Stiffening and Fibrosis Dependent on the Endothelial Mineralocorticoid Receptor[END_REF][START_REF] Jia | Endothelial Mineralocorticoid Receptor Mediates Diet-Induced Aortic Stiffness in Females[END_REF]. The aforementioned effects of endothelial MRs in vascular injury induced by obesity appear to be sexually dimorphic. Davel et al. showed that only females are sensitive to endothelial dysfunction induced by obesity and that endothelial MR knockout prevents these effects in females by increasing nitric oxide levels and preventing oxidative stress [START_REF] Davel | Sex-Specific Mechanisms of Resistance Vessel Endothelial Dysfunction Induced by Cardiometabolic Risk Factors[END_REF]. In obese female mice, leptininduced hypertension and endothelial dysfunction is also mediated by MR activation [START_REF] Huby | Leptin Induces Hypertension and Endothelial Dysfunction via Aldosterone-Dependent Mechanisms in Obese Female Mice[END_REF]. Of note, leptin also induces an increase in plasma aldosterone levels and stimulates aldosterone production and secretion in the zona glomerulosa of the adrenal glands [START_REF] Faulkner | Leptin and Aldosterone[END_REF].

The MR is also involved in vascular dysfunction in diabetic animal models. In db/db diabetic mice, aldosterone levels are higher than in controls, an effect associated with increased vascular MR signaling and increased contraction induced by norepinephrine in the mesenteric arteries of diabetic mice [START_REF] Nguyen Dinh | Vascular dysfunction in obese diabetic db/db mice involves the interplay between aldosterone/mineralocorticoid receptor and Rho kinase signaling[END_REF]. The MR antagonist canrenoate or Rho kinase inhibitor fasudil prevented these vascular alterations [START_REF] Nguyen Dinh | Vascular dysfunction in obese diabetic db/db mice involves the interplay between aldosterone/mineralocorticoid receptor and Rho kinase signaling[END_REF]. Vascular hypercontractility in this model was due to increased myosin light chain phosphorylation and reduced expression of PKG1alpha [START_REF] Nguyen Dinh | Vascular dysfunction in obese diabetic db/db mice involves the interplay between aldosterone/mineralocorticoid receptor and Rho kinase signaling[END_REF]. A direct effect of adipocyte MRs in diabetes has also been reported. In obese db/db mice, the adipose tissue shows senescent characteristics, together with activation of the p53-p21 pathway, decreased Sirtuin 1 and Sirtuin 3 levels, and mitochondrial dysfunction, whereas MR antagonism with canrenoate can prevent these alterations. [START_REF] Lefranc | MR (Mineralocorticoid Receptor) Induces Adipose Tissue Senescence and Mitochondrial Dysfunction Leading to Vascular Dysfunction in Obesity[END_REF]. In the same study, healthy perivascular adipose tissue showed anticontractile effects, preventing hypercontraction, and improving vasorelaxation, which were absent in adipose tissue from obese diabetic mice and restored after MR inhibition [START_REF] Lefranc | MR (Mineralocorticoid Receptor) Induces Adipose Tissue Senescence and Mitochondrial Dysfunction Leading to Vascular Dysfunction in Obesity[END_REF]. Aldosterone also inhibits the effects of insulin in the vasculature, thereby promoting insulin resistance [START_REF] Briet | The role of aldosterone in the metabolic syndrome[END_REF]. The mechanism by which aldosterone/MR induces insulin resistance in ECs is still unclear but it has been proposed that aldosterone can affect insulin-induced eNOS activation, oxidative stress, and proteasomal degradation of the insulin receptor substrate [START_REF] Bruder-Nascimento | The involvement of aldosterone on vascular insulin resistance: implications in obesity and type 2 diabetes[END_REF]. Finally, spironolactone treatment of db/db mice reduced endothelial dysfunction, increased eNOS activation, and reduced ROS generation in the aorta, thus confirming a role for the MR in vascular injury during diabetes. [START_REF] Silva | Spironolactone treatment attenuates vascular dysfunction in type 2 diabetic mice by decreasing oxidative stress and restoring NO/GC signaling[END_REF] In the Otsuka Long-Evans Tokushima Fatty rat (OLEFT), spironolactone attenuated diabetes induced adipose and cardiac inflammation and fibrosis and improved coronary endothelium dependent vasodilation, without modifying metabolic parameters or blood pressure. RNA sequencing revealed increased levels of proteins involved in nitric oxide synthesis [START_REF] Brown | Mineralocorticoid receptor antagonism reverses diabetes-related coronary vasodilator dysfunction: A unique vascular transcriptomic signature[END_REF]. Similarly, MR antagonism prevented obesity-associated cardiac diastolic dysfunction in Zucker obese rats via a mechanism involving the restoration of endothelium-dependent vasodilation [START_REF] Bender | Mineralocorticoid receptor antagonism treats obesity-associated cardiac diastolic dysfunction[END_REF].

Involvement of vascular MRs in atherosclerosis

Recent evidence supports the idea that aldosterone-MR activation in the vessels is involved in the pathogenesis of atherosclerosis. Eplerenone treatment improved endothelium dependent relaxation of aortic rings, reduced oxidative stress, collagen content, and macrophage number in the atherosclerotic plaque in a model of mild atherosclerosis, atherosclerosis-prone apolipoprotein E deficient mice (ApoE -/-mice) fed a cholesterol-rich diet for eight weeks [START_REF] Kratz | Improvement of endothelial function in a murine model of mild cholesterol-induced atherosclerosis by mineralocorticoid antagonism[END_REF]. Aldosterone treatment of ApoE -/- mice fed an atherogenic diet led to atherosclerotic plaque formation in the aortic root after four weeks of treatment, accompanied by increased expression of ICAM-1 [START_REF] Marzolla | Induction of Atherosclerotic Plaques Through Activation of Mineralocorticoid Receptors in Apolipoprotein E-deficient Mice[END_REF] [START_REF] Marzolla | Essential role of ICAM-1 in aldosterone-induced atherosclerosis[END_REF], a gene previously reported to be upregulated in ECs by MR activation [START_REF] Caprio | Functional mineralocorticoid receptors in human vascular endothelial cells regulate intercellular adhesion molecule-1 expression and promote leukocyte adhesion[END_REF]. Aldosterone infusion of ApoE -/-mice increased the plaque lipid and inflammatory cell content, whereas mice in which ApoE and ICAM-1 were deleted were protected against the aldosterone-induced increase in plaque size, showing the participation of the aldosterone/MR/ICAM-1 axis in atherosclerosis [START_REF] Marzolla | Essential role of ICAM-1 in aldosterone-induced atherosclerosis[END_REF].

In contrast, MR deletion in SMCs of atherosclerotic prone ApoE -/-mice, in which a high-fat diet induced atherosclerotic plaque formation, had no effect, showing that SMCs do not play a role in atherosclerotic-plaque formation or inflammation [START_REF] Moss | No Significant Role for Smooth Muscle Cell Mineralocorticoid Receptors in Atherosclerosis in the Apolipoprotein-E Knockout Mouse Model[END_REF]. Finally, spironolactone treatment prevented atherosclerosis and endothelial dysfunction, while reducing inflammation, in a pig model of metabolic syndrome [START_REF] Li | Long-term spironolactone treatment reduces coronary TRPC expression, vasoconstriction, and atherosclerosis in metabolic syndrome pigs[END_REF].

Vascular MRs in cerebral artery injury and stroke

Hypertension is a risk factor for stroke and cerebral artery remodeling. MR activation may be one of the mechanisms linking hypertension and cerebral artery injury.

Mice with Ang II-induced hypertension show increased parenchymal arteriole myogenic tone and impaired carbachol-induced dilation, which are prevented by eplerenone treatment. Moreover, eplerenone prevented the decline in cognitive function and reduced microglia density induced by hypertension [START_REF] Diaz-Otero | Mineralocorticoid receptor antagonism improves parenchymal arteriole dilation via a TRPV4-dependent mechanism and prevents cognitive dysfunction in hypertension[END_REF]. In the same hypertensive model, EC-MR-KO mice showed better cerebral perfusion than control littermates and the prevention of posterior cerebral artery remodeling [START_REF] Diaz-Otero | Endothelial Mineralocorticoid Receptor Mediates Parenchymal Arteriole and Posterior Cerebral Artery Remodeling During Angiotensin II-Induced Hypertension[END_REF]. The deletion of EC MRs in mice exhibiting a small increase in blood pressure induced by aldosterone infusion (0.72 mg/kg/day) prevented ROS generation and the increase in certain inflammatory mediators in cerebral arteries, although it did not affect the increase in blood pressure [START_REF] Dinh | Aldosterone-induced oxidative stress and inflammation in the brain are mediated by the endothelial cell mineralocorticoid receptor[END_REF]. Spironolactone had a similar protective effect on cerebral arteries, together with reducing blood pressure levels. Thus, MR antagonism may provide additional beneficial effects in hypertension, reducing stroke risk. [START_REF] Dinh | Aldosterone-induced oxidative stress and inflammation in the brain are mediated by the endothelial cell mineralocorticoid receptor[END_REF] The protective effect of MR antagonists against the pathogenesis of stroke appears to be mostly mediated by myeloid MRs and its influence on macrophage infiltration of the ischemic core and the pro-inflammatory M1 phenotype [START_REF] Frieler | Myeloid-specific deletion of the mineralocorticoid receptor reduces infarct volume and alters inflammation during cerebral ischemia[END_REF].

Vascular MRs in arterial stiffness and aging

Arterial stiffness is a predictor of cardiovascular events. MR deficiency in SMCs in a model of large-artery remodeling and increased arterial stiffness induced by nephrectomy, salt, and aldosterone infusion, protected against these effects [START_REF] Galmiche | Smooth muscle cell mineralocorticoid receptors are mandatory for aldosterone-salt to induce vascular stiffness[END_REF]. The normal increase in vascular stiffness and fibrosis that occurs with ageing is less in SMC-MR-KO mice than controls [START_REF] Kim | Smooth Muscle Cell-Mineralocorticoid Receptor as a Mediator of Cardiovascular Stiffness With Aging[END_REF]. Furthermore, the cardiac stiffness and fibrosis, as well as the decline in exercise capacity, that is observed in aged mice is prevented in SMC-MR-KO mice [START_REF] Kim | Smooth Muscle Cell-Mineralocorticoid Receptor as a Mediator of Cardiovascular Stiffness With Aging[END_REF]. These findings can be translated to humans, as short-term MR antagonism in older men is associated with an antifibrotic signature of circulating biomarkers comparable to that observed in the vasculature of SMC-MR deficient mice [START_REF] Kim | Smooth Muscle Cell-Mineralocorticoid Receptor as a Mediator of Cardiovascular Stiffness With Aging[END_REF]. Another study examined the effect of acute MR inhibition with eplerenone on vascular function in older adults without clinical cardiovascular disease. The authors found that acute MR inhibition (eplerenone at 100 mg/dose, two doses, 24 hours between doses) reduced flow-mediated dilation and eNOS activity [START_REF] Hwang | Acute effect of mineralocorticoid receptor antagonism on vascular function in healthy older adults[END_REF]. These data suggest that MR antagonism may impair vascular endothelial function in healthy older adults. However, the difference between acute and chronic MR antagonism on vascular function and aging is yet to be studied.

SMC MR activation promotes vascular calcification

Vascular calcification contributes largely to the cardiovascular disease burden.

Vascular calcification is commonly found in the elderly, chronic kidney disease, and atherosclerotic and diabetic patients. The activation of MRs on VSMCs increases the expression of osteogenic transcription factors, upregulates sodium-dependent phosphate transporter (PIT1) expression, and promotes cell mineralization. [START_REF] Jaffe | Mineralocorticoid receptor activation promotes vascular cell calcification[END_REF][START_REF] Lang | Impact of aldosterone on osteoinductive signaling and vascular calcification[END_REF]. Spironolactone prevents vascular calcification in rats with adenine-induced chronic kidney disease and in klotho hypomorphic mice [START_REF] Tatsumoto | Spironolactone ameliorates arterial medial calcification in uremic rats: the role of mineralocorticoid receptor signaling in vascular calcification[END_REF][START_REF] Voelkl | Spironolactone ameliorates PIT1-dependent vascular osteoinduction in klotho-hypomorphic mice[END_REF]. Moreover, the expression of aldosterone synthase in human aortic SMCs increases under conditions that promote vascular calcification, such as high phosphate levels or klotho deficiency. This effect may amplify the contribution of aldosterone/MRs in vascular calcification [START_REF] Alesutan | Involvement Of Vascular Aldosterone Synthase In Phosphate-Induced Osteogenic Transformation Of Vascular Smooth Muscle Cells[END_REF]. Indeed, aldosterone synthase gene silencing in VSMCs reduced phosphate-induced osteogenic reprogramming and calcification [START_REF] Alesutan | Involvement Of Vascular Aldosterone Synthase In Phosphate-Induced Osteogenic Transformation Of Vascular Smooth Muscle Cells[END_REF]. In addition, it has been suggested that glucocorticoid-associated vascular calcification may be mediated by the MR, as the addition of a glucocorticoid receptor (GR) antagonist had no effect on mouse VSMC calcification, whereas the MR antagonist eplerenone decreased corticosterone-induced VSMC calcification, showing that corticosterone acts through MRs to induce vascular calcification (Zhu et al., 2016). MR inhibition might therefore be a useful strategy to prevent vascular calcification.

MR activation in ECs and pulmonary hypertension

The use of spironolactone or eplerenone in two rat animal models of pulmonary arterial hypertension prevented vascular remodeling and improved cardiopulmonary hemodynamics [START_REF] Maron | Aldosterone inactivates the endothelin-B receptor via a cysteinyl thiol redox switch to decrease pulmonary endothelial nitric oxide levels and modulate pulmonary arterial hypertension[END_REF]. A similar effect was observed in mice with pulmonary hypertension, in which eplerenone attenuated the development of pulmonary hypertension and remodeling of the pulmonary arterioles [START_REF] Boehm | Eplerenone attenuates pathological pulmonary vascular rather than right ventricular remodeling in pulmonary arterial hypertension[END_REF]. A major feature of pulmonary arterial hypertension is reduced endothelial NO production. In human pulmonary artery ECs, aldosterone increases ROS generation, inducing oxidative modification of the cysteinyl thiols of the eNOS activating region of the endothelin B receptor, resulting in its functional inactivation. Such functional inactivation decreased tendothelin-1 induced eNOS activity in ECs. The MR antagonist spironolactone prevented this effect [START_REF] Maron | Aldosterone inactivates the endothelin-B receptor via a cysteinyl thiol redox switch to decrease pulmonary endothelial nitric oxide levels and modulate pulmonary arterial hypertension[END_REF]. Thus, the use of MR antagonists could be considered as a novel therapeutic approach in pulmonary arterial hypertension patients.

Vascular MRs in cardiac remodeling and infarction

The role of vascular MRs in some rodent models of cardiac remodeling and infarction has been explored. In cardiac pressure overload induced by transverse aortic constriction, mice develop systolic dysfunction and cardiac hypertrophy, remodeling, and inflammation [START_REF] Salvador | Endothelial mineralocorticoid receptor contributes to systolic dysfunction induced by pressure overload without modulating cardiac hypertrophy or inflammation[END_REF]. In this model, EC-MR-KO mice were protected against systolic dysfunction and increased TNF-alpha and endothelin receptor expression in the left ventricle. However, no difference was observed on cardiac hypertrophy or fibrosis, ICAM-1 expression, or inflammatory cell infiltration [START_REF] Salvador | Endothelial mineralocorticoid receptor contributes to systolic dysfunction induced by pressure overload without modulating cardiac hypertrophy or inflammation[END_REF]. In rats with sustained beta-adrenergic stimulation, spironolactone prevented cardiac hypertrophy and increased the vasoconstrictor response to phenylephrine in the aorta through eNOS coupling [START_REF] Victorio | Spironolactone Prevents Endothelial Nitric Oxide Synthase Uncoupling and Vascular Dysfunction Induced by beta-Adrenergic Overstimulation: Role of Perivascular Adipose Tissue[END_REF]. In mice subjected to myocardial infarction by coronary artery ligation, MR ablation in VSMCs only improved left ventricular compliance and reduced interstitial fibrosis, as well as coronary endothelial function, in septal coronary arteries and coronary perfusion, estimated by MRI. [START_REF] Gueret | Vascular Smooth Muscle Mineralocorticoid Receptor Contributes to Coronary and Left Ventricular Dysfunction After Myocardial Infarction[END_REF] These data support the participation of endothelial and SMC MRs in cardiac remodeling and dysfunction.

Vascular MRs in wound healing

An evolutionary role of MRs in the vasculature has been recently proposed. MR activation in the vasculature may contribute to survival following hemorrhage and hypotension, induced by mechanical injury to the vessels, by promoting vasoconstriction, blood clotting, vascular wound healing, and scar formation (fibrosis), as well as preventing infection in the injured area of the vasculature [START_REF] Biwer | Vascular Mineralocorticoid Receptor: Evolutionary Mediator of Wound Healing Turned Harmful by Our Modern Lifestyle[END_REF]. Accordingly, reendothelization was accelerated by treatment with the MR antagonist finerenone in a model of electric injury of the carotid artery. Finerenone also inhibited intimal and medial cell proliferation after wire-induced injury of the femoral artery and attenuated neointimal lesion formation [START_REF] Dutzmann | The novel mineralocorticoid receptor antagonist finerenone attenuates neointima formation after vascular injury[END_REF]. In wire-induced carotid artery injury, MR-SMC-KO mice showed a reduction of almost 80% in the SMC proliferation induced by aldosterone and artery injury [START_REF] Pruthi | Aldosterone promotes vascular remodeling by direct effects on smooth muscle cell mineralocorticoid receptors[END_REF].

Involvement of MRs in pathological angiogenesis

The formation of new vessels (angiogenesis) is a physiological process that is essential for development, growth, and repair. Defective or uncontrolled angiogenesis can lead to pathological situations. Capillary rarefaction in the heart is one of the hallmarks of the hypertension induced by DOCA-salt. Capillary rarefaction was prevented in mice with specific deletion of the MR in ECs [START_REF] Lother | Endothelial cell mineralocorticoid receptors oppose VEGF-induced gene expression and angiogenesis[END_REF]. A similar antiangiogenic effect of MR activation was observed in capillary-sprouting aortic-ring segments, in which MR activation acts in opposition to VEGF-induced gene expression [START_REF] Lother | Endothelial cell mineralocorticoid receptors oppose VEGF-induced gene expression and angiogenesis[END_REF]. EC-MR-KO mice subjected to hindlimb ischemia showed improved blood flow recovery and increased vessel density in the ischemic limbs [START_REF] Zheng | Mineralocorticoid receptor negatively regulates angiogenesis through repression of STAT3 activity in endothelial cells[END_REF]. Moreover, MR deficiency in ECs accelerated the growth of tumors and vessel density in mice after xenograft of melanoma cells, supporting that concept that the MR might be a negative regulator of angiogenesis. [START_REF] Zheng | Mineralocorticoid receptor negatively regulates angiogenesis through repression of STAT3 activity in endothelial cells[END_REF] In humans, preliminary results suggest that MR blockade might increase circulating endothelial progenitor cells in patients with congestive heart failure [START_REF] Levi | The Effect of Mineralocorticoid Receptor Antagonists on Recruitment and Function of Endothelial Progenitor Cells in Patients with Congestive Heart Failure[END_REF].

The role of the MR in angiogenesis appears to be different in eye vessels. In the human eye, MR expression has been detected in retinal cone cells, pigment epithelium, ciliary body epithelium, the iris, cornea, lens, glia, and ECs [START_REF] Mirshahi | Immunochemical demonstration of the mineralocorticoid receptor in ocular tissues[END_REF][START_REF] Mirshahi | The mineralocorticoid hormone receptor and action in the eye[END_REF]. MR and 11β-hydroxysteroid dehydrogenase type 2 enzyme mRNA levels are particularly high in ciliary epithelium and corneal epithelium and endothelium [START_REF] Stokes | Distribution of glucocorticoid and mineralocorticoid receptors and 11beta-hydroxysteroid dehydrogenases in human and rat ocular tissues[END_REF] .

Angiogenesis plays an important role in pathological situations in the eye, such as retinopathy associated with prematurity, diabetic retinopathy, and age-related macular degeneration, leading to visual impairment. VEGF blockade with intra-vitreal anti-VEGF drugs has been used to control angiogenesis and prevent retinal neovascularization.

However, although it provides a benefit, it is not always effective. Moreover, it has been recently recognized that intravitreal VEGF inhibitor injection may also have systemic effects, such as accelerated hypertension, glomerular disease, and decline in renal function by affecting plasma VEGF activity. [START_REF] Hanna | Nephrotoxicity induced by intravitreal vascular endothelial growth factor inhibitors: emerging evidence[END_REF] An early demonstration of a role for MRs in angiogenesis in the eye was provided by the study of Klauber et al., who showed that spironolactone inhibits angiogenesis induced by fibroblast growth factor in a rabbit corneal micropocket assay [START_REF] Klauber | New activity of spironolactone. Inhibition of angiogenesis in vitro and in vivo[END_REF]. Spironolactone later showed an antiangiogenic effect in a model of pathological angiogenesis in rats with oxygen-induced retinopathy (OIR). [START_REF] Wilkinson-Berka | Identification of a retinal aldosterone system and the protective effects of mineralocorticoid receptor antagonism on retinal vascular pathology[END_REF]. Furthermore, spironolactone modulated inflammation, as shown by reduced MCP-1 levels and leukocyte infiltration [START_REF] Wilkinson-Berka | Identification of a retinal aldosterone system and the protective effects of mineralocorticoid receptor antagonism on retinal vascular pathology[END_REF]. Moreover, aldosterone stimulated proliferation and tubulogenesis in bovine retinal ECs, which was reversed by spironolactone [START_REF] Wilkinson-Berka | Identification of a retinal aldosterone system and the protective effects of mineralocorticoid receptor antagonism on retinal vascular pathology[END_REF]. Aldosterone reduced G6PD mRNA levels in bovine ECs and early OIR, whereas it increased levels of the Nox4 subunit of NADPH oxidase in late OIR, suggesting a role for increased oxidative stress in mediating the deleterious effect of the MR in the pathogenesis of OIR [START_REF] Wilkinson-Berka | Identification of a retinal aldosterone system and the protective effects of mineralocorticoid receptor antagonism on retinal vascular pathology[END_REF]. In neonatal OIR, in which the oxygen concentration was modulated from postnatal day 0 to 11, aldosterone synthase inhibition by subcutaneous administration of FAD286 from day 12 to 18 reduced neovascularization and prevented the increase in VEGF protein levels [START_REF] Deliyanti | Neovascularization is attenuated with aldosterone synthase inhibition in rats with retinopathy[END_REF].

Central serous chorioretinopathy (CSCR) is an eye disease characterized by leaking of the choroid vessels underneath the retina, causing sub-retinal serous fluid accumulation.

A role for the MR in this disease was explored by Zhao et al., who showed that intravitreous injection of glucocorticoids or aldosterone in rats induced experimental CSCR, characterized by choroid vessel dilation and leakage through an increase in K channel KCa2.3 expression in ECs, suggesting that EC-MRs contributed to these effects (Zhao et al., 2012). Moreover, patients with chronic CSCR given oral eplerenone showed a remarkable recovery of visual acuity associated with the resolution of retinal detachment and choroidal vasodilation [START_REF] Zhao | Mineralocorticoid receptor is involved in rat and human ocular chorioretinopathy[END_REF]. A following pilot study suggested a sustained beneficial effect of oral eplerenone administration for four months in 13 patients with CSCR, who showed reduced central macular thickness and subretinal fluid levels and improved visual acuity [START_REF] Bousquet | Mineralocorticoid receptor antagonism in the treatment of chronic central serous chorioretinopathy: a pilot study[END_REF]. Further studies confirmed this beneficial effect of MR inhibition in CSCR patients [START_REF] Cakir | Clinical experience with eplerenone to treat chronic central serous chorioretinopathy[END_REF][START_REF] Daruich | Oral Mineralocorticoid-Receptor Antagonists: Real-Life Experience in Clinical Subtypes of Nonresolving Central Serous Chorioretinopathy With Chronic Epitheliopathy[END_REF][START_REF] Gergely | Mineralocorticoid Receptor Antagonist Treatment in Bilateral Chronic Central Serous Chorioretinopathy: A Comparative Study of Exudative and Nonexudative Fellow Eyes[END_REF][START_REF] Ghadiali | Central Serous Chorioretinopathy Treated with Mineralocorticoid Antagonists: A One-Year Pilot Study[END_REF][START_REF] Herold | Spironolactone in the treatment of central serous chorioretinopathy -a case series[END_REF][START_REF] Leisser | Eplerenone in patients with chronic recurring central serous chorioretinopathy[END_REF][START_REF] Pichi | Comparison of two mineralcorticosteroids receptor antagonists for the treatment of central serous chorioretinopathy[END_REF][START_REF] Rahimy | A Randomized Double-Blind Placebo-Control Pilot Study of Eplerenone for the Treatment of Central Serous Chorioretinopathy (Ecselsior)[END_REF][START_REF] Singh | Oral eplerenone for the management of chronic central serous chorioretinopathy[END_REF][START_REF] Zola | Two-year follow-up of mineralocorticoid receptor antagonists for chronic central serous chorioretinopathy[END_REF]. The option of delivering the MR antagonist with intra-vitreous microspheres as vehicle, to avoid the systemic consequences of MR inhibition, is in development and has shown promising results. [START_REF] Zhao | Tolerance of high and low amounts of PLGA microspheres loaded with mineralocorticoid receptor antagonist in retinal target site[END_REF] Age-related macular degeneration is a condition that leads to progressive visual loss, in which choroidal neovascularization (CNV) plays a crucial role. Drugs targeting VEGF or PGF have been used as a therapy, but some patients are refractory to this treatment and these drugs do not contribute to the regression of CNV. A recent study showed that oral administration of spironolactone in patients with CNV refractory to anti-VEGF treatment reduced central retinal thickness and volume, foveal thickness, and subretinal fluid levels [START_REF] Zhao | Mineralocorticoid receptor antagonism limits experimental choroidal neovascularization and structural changes associated with neovascular age-related macular degeneration[END_REF]. it was shown that spironolactone administration efficiently prevented choroidal vascular leakage in an experimental model of CNV induced by laser photocoagulation, in which an argon laser induces a rupture of Bruch's membrane and therefore the growth of vessels from the choroid towards the retina. When administered together with anti-VEGF treatment, spironolactone provided an additive beneficial effect.

Spironolactone reduced the expression of MCP-1, without modifying VEGF levels. In this model, intravitreal injections of spironolactone loaded microspheres was also effective, showing the promise of this strategy [START_REF] Zhao | Mineralocorticoid receptor antagonism limits experimental choroidal neovascularization and structural changes associated with neovascular age-related macular degeneration[END_REF]. In the mouse, genetic and targeted deletion of the MR in ECs inhibited laser-induced CNV through a VEGF-independent mechanism and by upregulating the protein decorin, which has been reported to act as an anti-angiogenic molecule [START_REF] Zhao | Mineralocorticoid receptor antagonism limits experimental choroidal neovascularization and structural changes associated with neovascular age-related macular degeneration[END_REF]. Of note, angiogenesis was inhibited in EC-MR-KO mice with neovascular growth induced by corneal de-epithelization [START_REF] Zhao | Mineralocorticoid receptor antagonism limits experimental choroidal neovascularization and structural changes associated with neovascular age-related macular degeneration[END_REF]. These recent results open a new therapeutic approach for wet age-related macular degeneration in patients unresponsive to anti-VEGF therapy.

Finally, spironolactone has been reported to reduce endothelin-2-induced injury of the blood retinal barrier, thus reducing the number of inflammatory cells in the retina, damage to retinal Müller cells, and vascular leakage [START_REF] Alrashdi | Endothelin-2 Injures the Blood-Retinal Barrier and Macroglial Muller Cells: Interactions with Angiotensin II, Aldosterone, and NADPH Oxidase[END_REF].

Vascular MRs and inflammation

In a murine model of endotoxic septic shock, aldosterone administration improved survival and the arterial response to phenylephrine, suggesting a role for endothelial MRs. Indeed, MR expression was reduced in the aorta of septic mice. MR expression was also downregulated in human vascular cells treated with TNF-alpha and this effect was dependent on the NFkB pathway [START_REF] Fadel | Aldosterone and Vascular Mineralocorticoid Receptors in Murine Endotoxic and Human Septic Shock[END_REF]. Moreover, MR expression was diminished in human ECs treated with the plasma of septic patients [START_REF] Fadel | Aldosterone and Vascular Mineralocorticoid Receptors in Murine Endotoxic and Human Septic Shock[END_REF]. Thus, reduced MR expression in ECs related to inflammation might play a role in hemodynamic failure during sepsis [START_REF] Fadel | Aldosterone and Vascular Mineralocorticoid Receptors in Murine Endotoxic and Human Septic Shock[END_REF].

The role of the MR in inflammation is not limited to its role in ECs and SMCs, as MRs expressed in inflammatory cells also participate in vascular injury and inflammation.

T cell-specific MR KO can prevent Ang II-induced hypertension and vascular injury induced in mice [START_REF] Sun | T-Cell Mineralocorticoid Receptor Controls Blood Pressure by Regulating Interferon-Gamma[END_REF]. This protective effect was mediated by a decrease in the vascular infiltration of IFN-gamma producing CD8 + T cells. Eplerenone had a similar effect as T-cell MR deletion [START_REF] Sun | T-Cell Mineralocorticoid Receptor Controls Blood Pressure by Regulating Interferon-Gamma[END_REF]. MRs expressed in macrophages may play a role in vascular injury. Mice deficient of the MR in myeloid cells showed reduced macrophage accumulation and vascular inflammation and remodeling after femoral artery injury [START_REF] Sun | Mineralocorticoid Receptor Deficiency in Macrophages Inhibits Neointimal Hyperplasia and Suppresses Macrophage Inflammation Through SGK1-AP1/NF-kappaB Pathways[END_REF].

The vascular MR and thrombosis

The role of the MR in thrombosis is still a matter of debate. Some studies in rodents have suggested a prothrombotic role for aldosterone through the induction of platelet activation and impaired fibrinolysis [START_REF] Bodary | Aldosterone promotes thrombosis formation after arterial injury in mice[END_REF][START_REF] Gromotowicz | Study of the mechanisms of aldosterone prothrombotic effect in rats[END_REF].

Lagrange et al. studied mice over-expressing the MR in ECs to delineate the role of endothelial MR activation in thrombosis [START_REF] Lagrange | Endothelial mineralocorticoid receptor activation enhances endothelial protein C receptor and decreases vascular thrombosis in mice[END_REF]. Thrombosis induced by ferric chloride injury was indeed delayed in mice overexpressing the MR in ECs and aldosterone infusion induced similar effects. This effect was mediated by increased expression of the EC protein C receptor (EPCR) in the MR over-expressing mice [START_REF] Lagrange | Endothelial mineralocorticoid receptor activation enhances endothelial protein C receptor and decreases vascular thrombosis in mice[END_REF]. Aldosterone treatment reduced thrombin generation at the surface of human aortic endothelial cells and increased MR-mediated EPCR expression [START_REF] Lagrange | Endothelial mineralocorticoid receptor activation enhances endothelial protein C receptor and decreases vascular thrombosis in mice[END_REF]. Thus, MR activation in ECs appears to protect against thrombosis through EPCR over-expression.

MR antagonism in human vascular injury

Some evidence in humans supports a role for the MR in vascular disease. In patients with uncontrolled hypertension, the addition of eplerenone improved arterial stiffness, measured by the cardio-ankle vascular index, during the two months of treatment and the effect was sustained after 12 months [START_REF] Shibata | Effects of Add-on Therapy Consisting of a Selective Mineralocorticoid Receptor Blocker on Arterial Stiffness in Patients with Uncontrolled Hypertension[END_REF]. In a similar context of resistant hypertension, low-dose eplerenone treatment decreased aortic stiffness, as determined by lower pulse-wave velocity in the eplerenone than placebo group, together with lower augmentation pressure [START_REF] Kalizki | Low dose-eplerenone treatment decreases aortic stiffness in patients with resistant hypertension[END_REF]. In patients with primary aldosteronism, eplerenone treatment reduced the thickness of the carotid intima-media and reduced blood pressure. [START_REF] Matsuda | Eplerenone improves carotid intima-media thickness (IMT) in patients with primary aldosteronism[END_REF] In addition, patients with primary aldosteronism had significantly lower flow and nitrate-mediated dilation than essential hypertension patients.

The defects in vascular dilation were restored one year after adrenalectomy [START_REF] Chou | Aldosterone Impairs Vascular Smooth Muscle Function: From Clinical to Bench Research[END_REF]. The addition of spironolactone (25 mg/day) to the treatment of type 2 diabetic (T2DM) patients, with chronic angiotensin-converting enzyme inhibition by enalapril and controlled plasma glucose levels, improved the coronary flow reserve relative to that of placebo or hydrochlorothiazide groups, suggesting that spironolactone may be beneficial in preventing cardiovascular disease in T2DM patients [START_REF] Garg | Mineralocorticoid receptor blockade improves coronary microvascular function in individuals with type 2 diabetes[END_REF]. However, six weeks of treatment of obese normotensive individuals with spironolactone did not modify endothelial function [START_REF] Garg | Effect of mineralocorticoid receptor antagonist on insulin resistance and endothelial function in obese subjects[END_REF], whereas a study performed in obese older adults without cardiovascular disease showed that treatment with eplerenone (100 mg/day) for one month resulted in individual improvements in flow-mediated dilation [START_REF] Hwang | Mineralocorticoid receptors modulate vascular endothelial function in human obesity[END_REF].

Conclusion

Although there is disagreement on the ligand that activates the MR in ECs or SMCs, the contribution of MR activation to vascular and organ damage in numerous diseases, including kidney disease, atherosclerosis, cardiac remodeling, vascular injury and calcification, disturbances in angiogenesis in the eye, and inflammation, among others, is now well accepted. Increased MR activation translates into an oxidative imbalance, inflammation, vascular stiffness, remodeling, and calcification and changes in vascular tone and the angiogenic process. The use of MR antagonists is a promising pharmacological strategy for the treatment of numerous vascular related diseases.
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