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Sex Steroid Hormones and the Cardiovascular System


Given the differences in cardiovascular disease between the sexes and potential protective effect or estrogen on the cardiovascular system, there is considerable interest in understanding the effects or sex steroid hormones on the cardiovascular system. The primary sex steroid hormones are estrogen, progesterone, and testosterone. [1]. The estrogens in humans are estrone, estriol, and the most active form 17β -estradiol [1]. While all three estrogens may affect cardiovascular runction, most studies have focused on the actions or 17β-estradiol on the heart and vasculature.




Estrogens act through the two forms or the estrogen receptor (ER-α and ER-β) that are highly homologous. The ligand-binding and DNA-binding domains are highly conserved between them [2]. These receptors have been shown to signal via both genomic and non-genomic pathways [1]. There is also evidence that a G-protein coupled receptor with a high affinity for estrogen (known as GPER or GPR30) is present in the heart, and may modulate rapid signaling events [3].


To initiate genomic signaling, estrogen binds to the ligand- binding domain or the ERs[ 1,2]. In the absence or hormone, the ERs are localized in the cytosol. Estrogen binding causes a conformational change in the ERs, leading to their dimerization and translocation to the nucleus [1,2]. Once in the nucleus, the ERs bind to estrogen response elements (EREs) on DNA. In turn, ERs recruit the transcriptional machinery, coactivators and corepressors resulting in an increase or decrease in gene expression [1,2]. In genes that are regulated by the ER but do not contain an ERE, ER can bind to DNA indirectly via transcription ractors [2]. The ER can also be phosphorylated allowing it to bind to ERE or bind DNA indirectly via transcription ractors to regulate gene transcription even in the absence or ligand binding
[1].


Nuclear ER-α and ER-β can also signal in a non-genomic manner This mechanism of action issimilar in ER-α and ER-β isoforms. Estrogen can bind to ERs localized to the plasma membrane and activate the phosphatidylinositol 3-kinase (PI3K) signaling pathway [4]. In briet, PI3K activates protein kinase B(Akt). Akt can subsequently activate nitric oxide synthase (NOS) to produce nitric oxide (NO) [5,2]. No can then modulate components or the EC-coupling pathway, such as ion channels [5]. PI3K has also been shown to regulate cAMP levels, which would modulate PKA activity within ventricular myocytes [6,7].



Estrogen can also bind to ERs to activate a second non- genomic signaling pathway that acts through mitogen-activated protein kinases (MAPK), specifically the extracellular signal- regulated kinases (ERK) [8,9].



When ERK becomes activated, it translocates to the nucleus and activates transcription factors required for gene expression [5]. Recently, it has been shown that estrogen also binds to an orphan G-protein-coupled receptor known as GPER [10], and that GPER is expressed in cardiac tissue [2,3]. When estrogen binds to GPER, it can also activate the PI3K and MAPK non- genomic signaling pathways [2]. The binding or estrogen to the various ERs in the heart is thought to have important effects on cardiac {unction as outlined in the next section.



Estrogens and the Heart


Many studies have shown that estrogens have important effects on the structure and runction or the heart in the setting or cardiovascular disease. Estrogens have been shown to decrease apoptosis and prevent cardiac remodeling in myocardial infarction [2]. Adult myocytes isolated from infarcted rat hearts showed less apoptosis and greater survival in culture when treated with estrogen when compared to untreated controls[11].Other studies have shown that 17β -estradiol treatment of ovariectomized (OVX) mice reduces cardiomyocyte apoptosis following coronary artery-ligation induced myocardial infarction[12].Further, studies in OVX rabbits have shown that in vivo administration or estrogen prior to coronary artery-ligation induced myocardial infarction can reduce infarct size [13]. This may be due to the ability of estrogen to activate survival signals within cardiomyocytes. Pressure overload in OVX rats results in a significant decrease in the prosurvival kinase, Akt, when compared to sham controls [14].




Conversely, treatment of cultured neonatal rat cardiomyocytes with 17β -estradiol has been shown to rapidly increase the activation of Akt [12]. Increased activation of Akt also occurs in vivo in mice supplemented with 17β -estradiol prior to coronary artery ligation [12]. Further, premenopausal women have greater Akt activity in their cardiac myocytes when compared to men or to postmenopausal women [15]. Together, these studies suggest that the increased expression of the prosurvival kinase Akt in the female heart may contribute to the cardio protection observed in cardiovascular disease models. Estrogen has also been shown to prevent cardiac hypertrophy. In female mice, less cardiac hypertrophy occurs in comparison to males after transaortic constriction, which induces pressure overload [16,17].



Interestingly, studies also show that knockout of ER-β, but not ER-α, in female mice abolishes the protective effects of female sex on cardiac hypertrophy [16,17]. Similarly, OVX and ER-a knockout female mice treated with 17β-estradiol showed reduced cardiac hypertrophy after transaortic constriction in comparison to untreated controls [18-20]. However, 17β-estradiol had no effect on cardiac hypertrophy in ER-β knockout mice [18]. It has been suggested that estrogen may prevent induction of the calcineurin stress response pathway that leads to an hypertrophic response. Studies have shown that 17β-estradiol activates the calcineurin antagonist known as the modulatory calcineurin-interacting protein 1 (MC1P1) [21,22]. Additionally, OVX mice treated with 17β-estradiol showed a reduction in calcineurin A levels in comparison to placebo-treated females [14]. Treatment with an ER antagonist or knockout of ER-βprevented 17β-estradiol mediated decreases in calcineurin levels and activity [19,22]. Overall, these findings suggest that 17β-estradiol acts through the estrogen receptor to prevent cardiomyocyte apoptosis and hypertrophy. This likely occurs by activating anti-apoptotic Akt signaling and inhibiting stress response signaling through the calcineurin pathway.


Estrogen has also been shown to affect cardiac function. As mentioned above, contractile function in intact hearts and cardiac tissue is greater in male than in female rats [23-27]. Interestingly, a recent study also showed that the degree of left ventricular fractional shortening as determined by echocardiography is greater in rats subjected to OVX than in controls [28]. These findings suggest estrogen may suppress contractility. Similar effects are evident at the level of the individual myocyte. Cellular contractions from OVX animals are significantly larger when compared to sham-controls [23,24]. OVX has also beenshown to increase the size of Ca2+ transients [23,29,30,24]. In addition, the speed of contractile responses is faster in myocytes from OVX animals [23]. OVX also increases the rates of rise and decay of the Ca2+ transient when compared to sham [23,29] Interestingly, the enhanced responses observed with OVX are reversed with estrogen replacement [23,24,29]. Taken together, these findings suggest that removal of ovarian-derived estrogen increases the speed and size of contractile responses and Ca2+ transients in the female heart.


Estrogen may affect cardiac contractile function by modulating the underlying EC-coupling pathway. Estrogen has been shown to affect ion channels in the heart. Acute application of estrogen to isolated ventricular myocytes from guinea pigs has been shown to reduce ICaL [31]. Studies of chronic estrogen reduction have shown that ICaL and L-type Ca2+ channel density is increased in ER knockout mice in comparison to control [32]. Further, OVX increases the expression of Cav1.2, the main L-type Ca2+ channel subunit in rat ventricular myocytes [33]. Estrogen may also affect potassium channels. ER knockout mice show an increase in APD and a prolongation of the QT interval without significant changes in PQ or QRS intervals [32]. Estrogen has also been shown to downregulate Kv1.5 and Kv4.3 subunits resulting in smaller transient outward (1TO) and delayed rectifier (IKur) potassium currents [34,35], which would prolong APD. Taken together these finding suggest that estrogen may regulate Ca2+ and K+ channels by decreasing channel expression and ionic current density in the female heart.



Estrogen may also affect Ca2+ storage and Ca2+ removal mechanisms. One study has shown that OVX significantly increased the size of intracellular Ca2+ stores in the SR [29]. This suggests that reduced estrogen levels may promote SR Ca2+ loading. Investigation of proteins involved in Ca2+ removal have shown that while SERCA2a, PLB, and NCX expression are unchanged or in some instances reduced with OVX, the activity of the NCX may be elevated [36,37,23,29]. As responses become faster when estrogen is removed, changes in NCX activity may contribute to enhanced decay rates observed in OVX animals.


Taken together, these findings suggest that estrogen suppresses cardiac contractile function at the level of the individual cardiomyocyte by modulating components of the EC-coupling pathway. However, our knowledge of the effects of estrogen on specific EC-coupling mechanisms in cardiomyocytes is still limited. As premenopausal women have a lower incidence of cardiovascular disease in comparison to postmenopausal women [1,38], female sex steroids may play a role in protecting the aging heart. One possibility is that estrogen suppresses Ca2+ release, which prevents Ca2+ overload and Ca2+ dysregulation in the setting of cardiovascular disease.


Estrogens and Mitochondria



By all the things mentioned above it is accepted that women suffer cardiovascular diseases (CVD) especially after menopause and at an older age than men, in such way sex and age are considered now as major risk factors in the development of CVDs [39,40] It is thought that steroid sex hormones play a substantial role in sexual dimorphism in CVDs [41]. Specially estrogens that are important participants in metabolic regulation, different studies have shown that estrogens play a regulatory role in mitochondrial runction modulating ATP production, generation or mitochondrial membrane potential, mitochondrial biogenesis and regulation or calcium concentrations [42,43] in such way the loss of the main circulating estrogen, 17β-estradiol, due to either natural or surgical menopause has errects that go beyond reproductive health.


Dirrerent studies have shown the EŔs presence in mitochondria [44] and specific binding of estrogens to sites inside [45] so, it is possible to think that estrogens influence mitochondrial runction by altering mitochondrial ROS formation and induce antioxidant responses [42].


It has been shown that cardiac mitochondria in remale Wistar rats have higher phosphorylation capacity than males of 15-month old [46] and higher activities of mitochondrial complexes III-V in heart or remale monkeys compared to males [47]. In this sense in MCF-7 cells, mitochondrial oxygen consumption was increased 4-6 days arter estrogens treatment, rollowing increased expression or the mitochondrial respiratory chain components [48] besides, rats with normal estrous cycles have enhanced mitochondrial respiration, compared with ovariectomized rats [42] a condition that in women occurs in menopausal age, when they suffer rrom low energy levels, reduced exercise capacity, tiredness and susceptibility to weight gain.


Mitochondrial dysrunction also has been linked with CVDs, for example mutations in nuclear and mitochondrial genes encoding mitochondrial proteins associated with oxidative phosphorylation have been shown to cause cardiomyopathy and cardiac defects due to impaired mitochondrial energy production and increased reactive oxygen species (ROS) production [49] conditions that our group reproduced in isolated heart mitochondria or castrated remale rats [42].


Another condition linked to cardiac pathology is altered ratty acid oxidation activity within mitochondria. It has been suggested that mitochondrial dysrunction in cardiomyocytes could lead to decreasedenergy production, reduced contractility, altered electrical properties and cell death [50]. In heart failure (HF) a complex clinical syndrome characterized by impaired contractile perrormance or the myocardium leading to inability of the heart to supply adequate amounts of blood to meet the metabolic needs of peripheral tissues, cardiac energy deficits have been reported,due to impairment or all components or cardiac bioenergetics [51]. Both, mitochondrial biogenesis and runction are affected, exhibiting a biphasic pattern with an early increase and a late decline that coincides with the transition from hypertrophy to heart failure [52]. Female gender and old age are associated with adverse outcomes in HF [53-57].


The molecular mechanisms underlying sex-based differences in development or CVDs are multi factorial, however, evidence involve the possible participation or mitochondria and its failure
when estrogens are absent [58-64].
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