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	REVIEW
published: 03 July 2019
doi: 10.3389/fendo.2019.00442





[image: image2]

Estrogen Contributions to Microvascular Dysfunction Evolving to Heart Failure With Preserved Ejection Fraction

Ariane A. Sickinghe, Suzanne J. A. Korporaal, Hester M. den Ruijter and Elise L. Kessler*

Laboratory of Experimental Cardiology, University Medical Center Utrecht, Utrecht, Netherlands

Edited by:
Georgios Kararigas, Charité Medical University of Berlin, Germany

Reviewed by:
Yan Ma, Edwards Lifesciences, United States
 Virginia M. Miller, Mayo Clinic, United States

*Correspondence: Elise L. Kessler, e.l.kessler@umcutrecht.nl

Specialty section: This article was submitted to Molecular and Structural Endocrinology, a section of the journal Frontiers in Endocrinology

Received: 01 March 2019
 Accepted: 19 June 2019
 Published: 03 July 2019

Citation: Sickinghe AA, Korporaal SJA, den Ruijter HM and Kessler EL (2019) Estrogen Contributions to Microvascular Dysfunction Evolving to Heart Failure With Preserved Ejection Fraction. Front. Endocrinol. 10:442. doi: 10.3389/fendo.2019.00442



Heart failure with preserved ejection fraction (HFpEF) is a syndrome involving microvascular dysfunction. No treatment is available yet and as the HFpEF patient group is expanding due to the aging population, more knowledge on dysfunction of the cardiac microvasculature is required. Endothelial dysfunction, impaired angiogenesis, (perivascular) fibrosis and the pruning of capillaries (rarefaction) may all contribute to microvascular dysfunction in the heart and other organs, e.g., the kidneys. The HFpEF patient group consists mainly of post-menopausal women and female sex itself is a risk factor for this syndrome. This may point toward a role of estrogen depletion after menopause in the development of HFpEF. Estrogens favor the ratio of vasodilating over vasoconstricting factors, which results in an overall lower blood pressure in women than in men. Furthermore, estrogens improve angiogenic capacity and attenuate (perivascular) fibrosis formation. Therefore, we hypothesize that the drop of estrogen levels after menopause contributes to myocardial microvascular dysfunction and renders post-menopausal women more vulnerable for heart diseases that involve the microvasculature. This review provides a detailed summary of molecular targets of estrogen, which might guide future research and treatment options.
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INTRODUCTION

Cardiovascular disease (CVD) is the most common cause of death worldwide with 17.9 million deaths annually1. As the world adopts more westernized lifestyles, the incidence of CVD risk factors, like obesity and diabetes, increases. There are known sex differences in prevalence, incidence, risk factors, and prognosis of different CVDs (1). When corrected for age, in Europe, CVD is responsible for 49% of the deaths among women and 41% among men, causing death in over 4 million people every year (2). The incidence of CVDs is higher in men before the age of 50 than in pre-menopausal women. However, after menopause, CVD incidence in women rises and eventually exceeds CVD incidence in men (3). Furthermore, men more often die of ischemic heart disease, while women more often die from stroke and heart failure (HF) (3).

Epidemiology and Comorbidities for HFpEF

Although HF was originally associated with a reduced left ventricular (LV) ejection fraction (HFrEF), it now seems that nearly half of the HF patients (45–50%) have a preserved ejection fraction (HFpEF) (4). In both sexes, the incidence of HFpEF, and HFrEF increases with age. However, HFpEF incidence is higher in women at any given age, especially in post-menopausal women. In contrast, HFrEF incidence is higher in men at any given age (4–6).

HFrEF develops following an ischemic event involving the bigger vessels of the heart, e.g., a myocardial infarction (MI), that leads to the reduced contraction of the ventricles (7). Comorbidities, like diabetes, obesity, and smoking are seen in both HFrEF, and HFpEF, but there are evident sex differences in the degree of association of some comorbidities for HF and underlying CVDs; hypertension, atrial fibrillation, female sex, and age have a stronger correlation with HFpEF1. Comorbidities and diseases present in HFpEF in combination with higher age (after menopause) and estrogen levels affect several pathophysiologic pathways, which will be illustrated in this review.

HFpEF is characterized by left ventricular diastolic dysfunction (LVDD) (8), and develops gradually suggested to involve the microvasculature of the heart (6, 9). In contrast to post-menopausal women, pre-menopausal women seem to be protected from HFpEF and other CVDs, which points toward the influence of estrogens in the development of microvascular dysfunction. Insights into the molecular basis of diseases affecting the microvasculature of the heart are lacking, but given that the prevalence of HFpEF is increasing, this information is crucial (4). Several pathological processes like endothelial dysfunction, impaired angiogenesis, (perivascular) fibrosis, and blood vessel rarefaction are estrogen-mediated and contribute to microvascular dysfunction. Expanding our knowledge on the role of estrogens on these pathophysiological processes may guide new treatment options for cardiac syndromes like HFpEF.

This review will provide an in-depth summary of the impact of estrogens on pathophysiological processes in which the cardiac microvasculature is involved.

The Vascular Tone

The most important component of vascular function is the regulation of the vascular tone, which is coordinated by the ability of vascular smooth muscle (VSM) cells to react to changes in blood flow. The vascular tone is strictly regulated by vasoconstricting and vasodilating factors that can be systemically and locally derived and is coordinated by Ca2+ influx into the cells. If the vascular tone is chronically increased, hypertension develops, and as a consequence this contributes to the development of CVDs and cardiac remodeling (10, 11). Vascular tone can be regulated by the nervous system, which stimulates vasoconstriction through α-adrenergic receptors and vasodilatation through β-adrenergic receptors.

In the heart, the vascular tone is mostly controlled by energy demands of the myocardium, which are sensed in the microvasculature. Hypoxia activates the systemic renin-angiotensin (Ang II)-aldosterone-system (RAAS), in which Ang II induces VSM constriction. Sustained RAAS activation can lead to extensive collagen deposition (fibrosis) and stiffening of blood vessels, which culminates into an increased vascular tone (12). The vascular endothelium appears to be a key player in the regulation of the vascular tone: (sex) hormones and shear force trigger the endothelium to secrete factors that influence contractility of VSM cells (13).

Endothelial Dysfunction and Dysregulation of the Vascular Tone

HFpEF patients often present with dysregulation of the vascular tone involving a disturbed balance of secretion of vasoconstricting and -dilating factors by the endothelium of the microvasculature. Vasodilation almost always involves NO produced from L-arginine by three NO synthases of which endothelial NO synthase (eNOS) is the most important for vascular tone regulation (11). NO elevates cyclic GMP (cGMP) concentrations in VSM cells by stimulation of soluble guanylyl cyclase (sGC) activity. Elevated cGMP levels activate protein kinase G (PKG), which diminishes Ca2+ levels in the cell through multiple mechanisms, and consequently vasorelaxation is induced (14). Reduced availability and/or responsiveness to NO hinders the vasculature to accustom to constriction/dilatation in response to blood flow changes (15).

Vasodilating pathways can be modulated by estrogens, as depicted in Figure 1. In detail, 17β-estradiol (E2) can positively regulate eNOS activity and thereby NO production by binding to the estrogen receptors (ER)-α and -β that are both present in endothelial cells (represented in the mid-section of Figure 1) (16). Especially endothelial ER-α has cardioprotective properties. Although estrogen receptors are mostly present in the nucleus, where they act as transcription factors, a small pool of ERs has been reported to lay in the vicinity of the plasma membrane, where they stimulate eNOS activity involving protein kinases PI3K and Akt (right section of Figure 1) (17). ER-α activation prevents fatty streak formation by decreasing lipoprotein deposition acting on local inflammation and immune regulation of the early atherosclerotic plaque. This effect is achieved independently of eNOS (18). As the HFpEF phenotype is associated with a proinflammatory state (19), this supports our hypothesis that E2 prevents HFpEF in pre-menopausal women. Alongside endothelial expression, ER-α and -β are also present in VSM cells, where they inhibit VSM cell proliferation in female, but not in male rats, through p38/MAPK signaling (20). In VSM cells, the expression of ER-α, and -β does not differ significantly between male and female rats (21). However, ER-β is up-regulated more in women following pressure overload, and this has been correlated with an inhibition of Ang II-induced hypertrophy in female mice (22, 23). In addition, it protects against reperfusion-induced arrhythmias and inflammation following ischemia in rodents (24).
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FIGURE 1. The regulation of endothelial function. All presented pathways affect the cytosolic Ca2+ concentration in VSM cells by regulating endothelial function, which determines constriction/relaxation. Solid arrows indicate stimulation and lines with a flattened end indicate inhibition. Dashed lines indicate translocation of the molecule. Green squares are receptors. Ang II, angiotensin-II; AT, angiotensin-II receptor; cGMP, cyclic guanosine monophosphate; GPR30, G-protein coupled estrogen receptor 30; E2, 17β-estradiol; EDHF, endothelial-derived hyperpolarizing factor; eNOS, endothelial nitric oxide synthase; ER, estrogen receptor; ET, endothelin-1 receptor; ET-1, endothelin-1; MAPK/ERK, mitogen-associated protein kinase/extracellular signal-regulated kinases; NO, nitric oxide; PGI2, prostacyclin; PI3K, phosphoinositide 3-kinase; PKG, protein kinase G; ROS, reactive oxygen species; TXA2, thromboxane A2.



Other vasodilating factors are prostacyclin (PGI2), endothelial-derived hyperpolarizing factor (EDHF), and adenosine. E2 stimulates PGI2 production through ER-α and cyclooxygenase (COX)-1 signaling (25). EDHF can compensate for NO loss under pathological conditions and some studies indicate that EDHF-mediated vasodilatation is more prevalent in pre-menopausal women than in post-menopausal women and men, which is reviewed by Villar et al. (26). This might protect pre-menopausal women from impaired vasodilatation and the development of HFpEF. Adenosine receptor expression has been shown to be altered upon E2 administration in an in vitro model. However, the implication of this observation in vascular function has not been investigated yet (27).

Vasoconstricting factors are endothelin-1 (ET-1), Ang II, thromboxane A2 (TXA2), and reactive oxygen species (ROS) (11). The influence of E2 on Ang II generation and has not been reported. However, in a I/R mouse model, E2 influences the ratio of angiotensin II receptor (ANGTR)1/ANGTR2 in favor of the first, which was associated with protection against I/R injury (28). E2 does not influence TXA2 production in an in vitro model (25). Although the effects of E2 on ET-1 expression and activity have not been reported, the expression pattern of ET-1 receptors in men renders them more vulnerable for ET-1 induced vasoconstriction compared to women (29).

ROS, such as superoxide, hydroxyl radical, lipid peroxyl radical, and alkoxyl radicals increase the influence of inflammation, diabetes, obesity, and age on endothelial function and thereby NO bioavailability (11). ROS levels are lower in women than men due to differences in phosphorylation patterns of mitochondrial proteins, e.g., aldehyde dehydrogenase (ALDH)2. In an ischemia/reperfusion (I/R) rat model, it was found that ALDH2, an enzyme that detoxifies ROS-generated aldehyde products, had an increased phosphorylation and activity in females compared to males. This was associated with less I/R injury in female mice (30).

E2 can effect ROS levels: E2 decreases oxidative stress by upregulating mitochondrial enzyme, e.g., manganese superoxide dismutase, levels and activity (31). Moreover, ROS formation can be inhibited by E2-G protein-coupled estrogen receptor 30 (GPR30) signaling, which is illustrated by the observation that GRP30 deficiency results in oxidative stress in ovariectomized rats (32). Furthermore, GPR30 signaling seems to be more prevalent in females than males, protecting females from oxidative stress (represented in the left section of Figure 1) (33). In a HFpEF mouse model, the GPR30 agonist G1 was able to abolish abnormal cardiac structure, fibrosis formation, and LVDD (34). This highlights the importance of GPR30 signaling in the pathophysiology of HFpEF. Furthermore, G1 might provide an interesting therapy option for HFpEF patients.

IMPAIRED ANGIOGENESIS

Angiogenesis is the process in which blood vessels sprout from pre-existing capillaries to meet the increased oxygen demands of developing or damaged tissue. It is essential for physiological processes, like growth, responses to sustained exercise, the estrous cycle, wound healing and aging, as well as for recovery from pathological processes like hypertrophy and ischemia (35). Angiogenesis is induced by a number of myocardium-derived factors, of which vascular endothelial growth factor (VEGF) is the most prominent. Other regulators include angiopoietin-1 and−2 (ANGPT-1 and−2), fibroblast growth factor (FGF), transforming growth factor (TGF), and platelet-derived growth factor (PDGF). These factors regulate angiogenesis through various signaling pathways on genomic and non-genomic levels and their role in myocardial angiogenesis has been extensively reviewed in the literature (36–39). The most important pathways that are influenced by E2 are shown in Figure 2.
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FIGURE 2. E2 positively influences angiogenic pathways resulting in an increased angiogenic capacity of pre-menopausal women potentially protecting them from HFpEF. All represented pathways positively affect angiogenesis in the heart. Estrogens influence pro-angiogenetic processes, rendering women less susceptible for impaired angiogenesis. This potentially protects pre-menopausal women from HFpEF. AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; E2, 17β-estradiol; eNOS, endothelial nitric oxide synthase; ER, estrogen receptor; ERE, estrogen responsive element; ET, endothelin-1 receptor; ET-1, endothelin-1; GPR30, G protein-coupled estrogen receptor 30; MAPK, mitogen-activated protein kinase; NO, nitric oxide; PI3K, phosphoinositide 3-kinase; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.



E2 can stimulate angiogenesis: upon E2 binding, ER-α and -β translocate to the nucleus and bind the estrogen response element (ERE) of the VEGF gene, thereby upregulating transcription of VEGF and stimulation of angiogenesis (represented in the right section of Figure 2) (40). VEGF stimulates eNOS, which in turn activates tyrosine and PI3 kinases (left section of Figure 2). This regulates NO production and release by endothelial cells (41). Especially ER-α activation stimulates angiogenesis through both genomic and non-genomic processes (42). Non-genomic processes involve rapid changes in activities of adenylate cyclase (AC), mitogen-activated protein kinase (MAPK), PI3K and eNOS or in concentrations of cytoplasmic Ca2+. GPR30-activation can induce angiogenesis via non-genomic processes, like Ca2+ influx, cyclic adenosine monophosphate (cAMP) synthesis or PI3K activation, which is presented in the right section of Figure 2 (43). Furthermore, ER-α and eNOS assembly initiates ERK1/2 signaling, thereby promoting reendothelialization (44).

Pre-menopausal women have higher baseline levels of E2 compared to men and post-menopausal women. Therefore, they may have a better angiogenic capacity following MI (42). Furthermore, hypoxia can induce angiogenesis involving sirtuins (SIRT), proteins responsible for maintaining mitochondrial function and cellular metabolism. They have been shown to be key regulators in the coupling of hypoxia-induced angiogenesis and its levels decrease with age (45). SIRT3 transcription can be increased by E2-ER-β signaling in an in vitro model, thereby promoting hypoxia-induced angiogenesis (46). The importance of SIRT was indicated in a sirtuin-deleted mouse model, in which angiogenesis was impaired. This led to the development of LVDD (47). Taken all this together, we postulate that the reduced estrogen levels in post-menopausal women contribute to an impaired hypoxia-angiogenesis coupling evolving to LVDD and the development of HFpEF.

(PERIVASCULAR) FIBROSIS FORMATION

Perivascular fibrosis is the formation of fibrosis around blood vessels. While replacement fibrosis is more prevalent in HFrEF, HFpEF is associated with perivascular fibrosis formation in the microvasculature independent of epicardial stiffening (48–50). Estrogens can influence fibrosis formation through several signaling pathways. A recent study shows that rat cardiac fibroblast ER-α activation by E2 leads to inhibition of collagen I and III production in females, while E2 binding to ER-β promotes collagen production in males (51). However, another study shows that increased levels of ER-β after MI protect from inflammation and fibrosis formation in female mice (52). These studies do not have to be conflictive seeing that ER-α and -β dimerization inhibits collagen deposition, and an increased ER-β concentration could amplify this (51). Interestingly, androgens can influence cardiac fibrosis formation by upregulation of TGF-β, which is known to induce extracellular matrix (ECM) deposition predisposing men to cardiac fibrosis (53). Sex differences in cardiac structural remodeling and fibrosis have been extensively reviewed and are beyond the scope of this review.

Perivascular fibrosis and cardiac hypertrophy can be reduced by E2-induced GPR30 activation, which results in the suppression of inducible NOS (iNOS) activity (represented in the left section of Figure 3) (34). iNOS activity is minimal under physiological conditions, but it is activated during infections and chronic inflammation, where it continuously produces NO (11). iNOS impairs vasoconstriction by activating sGC, but simultaneously reduces vasodilatation by limiting tetrahydrobiopterin (BH4) availability for eNOS, thus inducing vascular dysfunction (54). When GPR30 is located at the plasma membrane, it appears to have cardioprotective effects, whilst GPR30 located at the cytosol is associated with perivascular fibrosis formation (55). GPR30 is held at the plasma membrane by receptor activity modifying protein 3 (RAMP3) (55). RAMP3 expression is regulated by E2, and as a consequence, women present with more GPR30 located at the plasma membrane than men (represented in the left section of Figure 3) (56). This is represented in Figure 3. We postulate that the drop of estrogen levels after menopause induces perivascular fibrosis formation involving above-mentioned mechanisms leading to HFpEF.
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FIGURE 3. The influence of E2 on (perivascular) fibrosis formation. (Perivascular) fibrosis formation is attenuated in women through E2-induced inhibition of collagen production. However, E2 receptor dimerization promotes fibrosis formation in men. GPR30 localization in men results in perivascular fibrosis formation, while GPR30 localization at the plasma membrane inhibits fibrosis formation in women. Yellow circles indicated with a “P” represent phosphorylated serine residues. ER-α is phosphorylated at Ser-118, while ER-β is phosphorylated at Ser108. Ang II, angiotensin II; AR, androgen receptor; ARE, androgen responsive element; ATR, angiotensin II receptor; Co-R, co-receptor; E2, 17β-estradiol; ER, estrogen receptor; ERE, ααestrogen responsive element; GPR30, G protein coupled receptor 30; iNOS, inducible nitric oxide synthase; RAMP3, receptor activity modifying protein 3; TGF-β, transforming growth factor-β.



CAPILLARY RAREFACTION

Rarefaction is the decrease of capillary density, causing hypoxia in mice and rats (57). It is associated with hypertension (58, 59), hypertrophy (60), diabetes (61), and aging in multiple tissues in both men and women (62). Coronary microvascular rarefaction was shown to be a prominent cause of HFpEF in male and female patients (63, 64). However, mechanisms underlying coronary rarefaction are not fully understood, but are likely comparable to those in other circulatory organs, such as the kidneys. Inflammation, dysregulation of angiogenic molecules, and pericyte loss are phenomena underlying kidney rarefaction. E2 influences some of these pathologic processes and we postulate that these mechanisms could also play a role in coronary rarefaction contributing hypoxia in HFpEF, as will be described in the following section. However, capillary rarefaction may also be the result of cardiomyocyte death leading to a decreased oxygen need.

Lessons From Renal Rarefaction

Upon renal transplantation, capillary dilatation and rarefaction are strongly correlated with intracapillary inflammation (65). It is known that TNF-α mediated inflammation affects vascular endothelial cells, which can result in apoptosis in vitro (66). Endothelial apoptosis leads to pruning of blood vessels in humans (67). TNF-α is a cytokine mediating the inflammatory response and promoting apoptosis by inhibition of Akt-mediated cell survival (68). E2 can inhibit TNF-α induced apoptosis by binding to its ER-β-receptor, which induces Akt phosphorylation and Notch1 expression, thereby promoting cell survival (66). Furthermore, women show lower LV expression of pro-inflammatory genes during pressure-overload than men (69). Consequently, pre-menopausal women might be protected from inflammation-induced apoptosis of vascular endothelial cells and resulting rarefaction.

Shear force is required for endothelial cell survival, through Akt phosphorylation (70). Furthermore, shear force stimulates the production of pro-angiogenic factors, such as NO and VEGF. When shear force is diminished, cell survival and pro-angiogenic signals are reduced and this results in vessel pruning (71). The role of VEGF dysregulation in kidney rarefaction is extensively reviewed (57). Whether this plays a role in coronary vascular endothelial cell apoptosis in a reaction to changes in shear force still has to be determined.

Role of Pericytes

Pericytes are perivascular cells that stabilize the vascular wall and maintain vascular quiescence and integrity. During kidney and lung fibrosis, TGF-β stimulates pericytes to detach from the vascular wall and differentiate into myofibroblasts, contributing to myocardial fibrosis (72, 73). The loss of pericytes in the perivascular region leads to destabilization of capillaries, capillary dysfunction and, ultimately, rarefaction. Although the role of pericytes in lung and kidney fibrosis has been established, the importance of pericytes in ventricular remodeling during HFpEF has not been fully established. There are implications that pericytes could play a role in coronary capillary rarefaction. Pericyte recruitment is regulated by the ratio of ANGPT-1 vs.-2, molecules that are secreted by mesenchymal and endothelial cells (74). Both molecules can bind the endothelial Tie-2 receptor. Binding of ANGPT-1 attracts pericytes and stimulates vessel assembly and maturation, whereas ANGPT-2 impairs pericyte recruitment. The latter was shown to induce vessel rarefaction in a tumor mouse model (74). Thrombospondin-1 (TSP-1) can disturb the ANGPT-1/-2 ratio in favor of ANGPT-2, thereby inducing capillary rarefaction in a diabetic mouse model (61). The influence of E2 on TSP-1 levels and responsiveness or ANGPT-1 and-2 stimulation have not been reported so far.

DISCUSSION

As established in this review, sex differences in the molecular mechanisms of endothelial dysfunction, impairment of angiogenesis, (perivascular) fibrosis formation, and capillary rarefaction are abundant and render men more vulnerable for CVDs at younger age than pre-menopausal women. However, after menopause, E2 levels drop and testosterone levels increase in women, which is associated with an elevated risk for CVDs, coronary heart disease (CHD) and HF (3, 75, 76). High E2 levels in post-menopausal women are associated with a lower risk of CHD (77). Post-menopausal women outnumber men in a ratio of 2:1 in CVDs, in which the microvasculature is affected, such as in HFpEF (78). Besides the effects of E2 on pathophysiologic processes described in this review, E2 affects other systemic and cellular processes. First of all, it is postulated that, in reaction to low E2 levels after menopause, RAAS is activated, which increases ROS and decreases NO. This results in an increase of collagen synthesis and LVDD, the main characteristic of HFpEF (6). Moreover, the effects of E2 on mitochondrial metabolism in LVDD have been described in the literature. In short, E2 maintains mitochondrial biogenesis and function through several signaling pathways, involving e.g., peroxisome proliferator-activated receptor (PPAR)α, nuclear respiratory factor (NRF)-1 and AMP-activated protein kinase (AMPK). Loss of E2 is associated with abnormal mitochondrial function, oxidative stress, and LVDD (79). Therefore, we hypothesize that due to the drop of E2 levels after menopause, the protective effects of E2 on the microvasculature involving the above-mentioned mechanisms are strongly diminished, which results in the incidence of HFpEF in the two decades following menopause. Also, non-hormone related causes can be appointed: in an acute I/R four core genotype mouse model, where you can investigate the sex chromosome effect independently of the sex hormone effect, the presence of a second X chromosome made mice more vulnerable for I/R damage. It was suggested that incomplete inactivation of the second X chromosome may result in escaping genes that are constitutively higher expressed in mice with two X chromosomes. This suggests that a second X chromosome by itself has a detrimental effect on the vasculature and the heart (80). If and how sex chromosomes interplay with sex hormones and affect HF subtypes is yet to be determined. Together, these studies suggest that the development of HFpEF is an interplay between several sex-related processes.

Future Perspectives and Treatment Options

Interestingly, E2 level-restoring therapies, like hormone therapy (HT), show conflicting effects. The Women's Health Initiative (WHI) hormone therapy trial was a large trial designed to investigate the effects of HT in women between 50 and 79 years of age. Although HT was beneficial for the management of menopausal symptoms in healthy women, the use of HT for the prevention of chronic disease was not supported. The risks of HT outweighed the benefits in all age groups (81). In this trial only one dose was used, therefore the smaller Kronos Early Estrogen Prevention Study (KEEPS) and the Early vs. Late Interventional Trial with Estradiol (ELITE) study sought to investigate the effects of different doses and forms of estradiol at several time points around menopause in women without CVD at entry. Although the ELITE study showed that estradiol could slow atherosclerosis progression in post-menopausal women within 6 years after menopause, the KEEPS study did not show beneficial effects on the vasculature. HT, however, did not seem to be harmful for cardiovascular health either (81, 82). Up to now, there is no data on the effects of HT on the development or progression of LVDD or HFpEF and it remains to be investigated if long-term menopausal HT could reduce the development of HFpEF.

Therapies that improve the vascular function of the heart might be promising. Angiogenic therapies have been under investigation during the last 20 years. Although preclinical results are promising, clinical trial results are unambiguous (83). Angiogenic gene therapy seems to be more effective in post-menopausal women than in men and younger women. But overall, angiogenic therapy alone does not improve vascularity significantly in a clinical setting (84). Better definition of patient sub-groups, improvement of targeted delivery and combination with other therapies might improve angiogenic therapy response. The information on sex differences in angiogenesis provided in this review might assist the development of such regenerative therapies, e.g., involving pericytes.

Revascularization therapy using pericytes has shown to be effective in the attenuation of cardiac remodeling. Transplantation of pericytes into the ischemic myocardium improves the capillary density in the heart with 45% compared to non-pericyte injected hearts in mice (85). Pericytes accomplish this effect by upregulating VEGF, PDGF-β, and TGF-β. The beneficial effects of TGF-β are questionable since other studies report that TGF-β induces pericyte differentiation and fibrosis (72, 73). Pericyte transplantation might be effective in the attenuation of cardiac remodeling evolving to HFpEF, but before clinical translation to HFpEF patients can be made more research should be conducted into molecular effects of pericyte transplantation in a HFpEF setting. Furthermore, the long-term efficiency of pericyte transplantation might be limited due to cell longevity and repeated injections could hinder the clinical application. The use of pericytes in regenerative medicine is relatively new and more research should be conducted into phenotyping and function should be conducted.

Inhibition of vascular decay by chemically promoting pericyte localization at the vascular wall could provide an efficient therapy against capillary rarefaction. This could also avoid trans-differentiation of pericytes into myofibroblasts decreasing (peri) vascular fibrosis. Especially in diseases like HFpEF, in which the smallest vessels in the heart are susceptible for decay, vascular stabilization poses an interesting research option. Vascular decay might also be interesting in the search for biomarkers for microvascular dysfunction, which could help detect vascular remodeling preceding CVDs in an early stage with low patient burden. Post-menopausal women suffering from HFpEF are underdiagnosed as efficient microvascular imaging techniques are expensive and time-consuming. The use of a microvascular decay biomarker might help the early detection of HFpEF patients.

CONCLUSION

Microvascular dysfunction is a prominent contributor to HFpEF in men and post-menopausal women. Treatment options for these diseases have not been successful so far. There are differences between the sexes and between pre- and post-menopausal women that render pre-menopausal women less vulnerable for microvascular dysfunction and subsequent CVDs. Considering differences in prevalence of the processes mentioned in this review, we hypothesize that capillary rarefaction might be more prevalent in post-menopausal women than in pre-menopausal women and men, thereby rendering them more vulnerable for CVDs associated with microvascular decay, e.g., HFpEF. On a molecular level, suggested therapeutic targets, including GPR30 and ETA. GPR30 agonists and ETA antagonists are promising for improving microvascular function and preventing decay, which might attenuate HFpEF (34, 86).
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AC, adenylate cyclase; ACS, acute coronary syndromes; AMPK, AMP activated protein kinase; Ang II, angiotensin-II; ANGPT, angiopoietin; AR, androgen receptor; ARE, androgen responsive element; AS, aortic stenosis; ATR, angiotensin-II receptor; BH4, tetrahydrobioptin; CAD, coronary artery disease; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; CHD, coronary heart disease; Co-R, co-receptor; COX, cyclooxogenase; CVD, cardiovascular disease; E2, 17β-estradiol; ECM, extracellular matrix; EDHF, endothelial-derived hyperpolarizing factor; EDV, end diastolic volume; eNOS, endothelial nitric oxide synthase; ER, estrogen receptor; ERE, estrogen response element; ET, endothelin-1 receptor; ET-1, endothelin-1; FGF, fibroblast growth factor; GPR30, G protein-coupled estrogen receptor 30; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HT, hormone replacement therapy; I/R, ischemia/reperfusion; LVDD, left ventricular diastolic dysfunction; MAPK, mitogen-activated protein kinase; MI, myocardial infarction; NO, nitric oxide; NRF, nuclear respiratory factor; PDGF, platelet-derived growth factor; PGI2, protacyclin; PI3K, phosphoinositide 3-kinase; PKG, protein kinase G; PPAR, peroxisome proliferator-activated receptor; RAAS, renin-angiotensin-aldosterone-system; RAMP3, receptor activity modifying protein 3; ROS, reactive oxygen species; SCAD, spontaneous coronary artery dissection; sGC, soluble guanylyl cyclase; SIRT, Sirtuin; TGF, transforming growth factor; TNF-α, tumor necrosis factor-α; TNFR, tumor necrosis factor receptor; TSP-1, thrombospondin-1; TXA2, thromboxane A2; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; VSM, vascular smooth muscle.

FOOTNOTES

1http://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds).
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