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Obstructive sleep apnea-hypoventilation syndrome (OSAHS) is a prevalent clinical sleep breathing disorder that affects both pediatric and adult populations. If left untreated, OSAHS can induce or aggravate systemic dysfunction across multiple organ systems, with a particularly pronounced impact on cardiovascular health, thereby posing a substantial threat to overall human well-being. Notably, there exists a significant sex disparity in the prevalence and severity of OSAHS, with a higher incidence and greater severity observed in males. However, this disparity tends to diminish post-menopause. Research indicates that sex differences in OSAHS are associated with gonadal function, wherein estrogen exerts a protective effect by modulating pharyngeal muscle tone and mitigating oxidative stress. This regulatory role of estrogen partially reduces the incidence of OSAHS and attenuates its pathological impact. Conversely, OSAHS may adversely affect gonadal function, resulting in decreased estrogen levels, which can exacerbate the condition. This review examines the beneficial role of estrogen in the progression of OSAHS and explores the potential impact of OSAHS on estrogen levels.
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1 Introduction

OSAHS is primarily characterized by the recurrent partial or complete obstruction of the upper airway during sleep, leading to chronic intermittent hypoxemia and associated pathophysiological consequences, including disrupted sleep architecture, prolonged sympathetic activation, and carbon dioxide retention (1). Epidemiological data suggest that the prevalence of OSAHS is on the rise annually, with an estimated 425 million adults aged 30 to 69 years affected by moderate to severe forms of the condition worldwide (2). Furthermore, the prevalence is notably higher in males compared to premenopausal females, with a male-to-female ratio of approximately 2:1 (3, 4). In females, the incidence of OSAHS increases with age, particularly following menopause (3, 5, 6), exhibiting minimal differences when compared to males (1, 7). For instance, the HypnoLaus cohort study conducted by Heinzer et al. (8) (n = 2,121) revealed a significantly greater prevalence of OSAHS in males compared to premenopausal females (83.8% vs. 35.1%). However, this prevalence gap was considerably reduced when comparing males to postmenopausal females (83.8% vs. 71.6%). Additionally, the prevalence of OSAHS was markedly higher in postmenopausal females not undergoing hormone replacement therapy than in both premenopausal females and postmenopausal females receiving hormone replacement therapy, particularly when controlling for confounding variables such as body mass index (BMI) and neck circumference (5, 6). Alarmingly, over 90% of perimenopausal and postmenopausal females with OSAHS remain undiagnosed (8). In comparison to premenopausal females, postmenopausal females with OSAHS exhibit more severe symptoms and elevated apnea-hypopnea index (AHI) levels (9, 10), with serum estradiol (E2) levels demonstrating a significant negative correlation with both AHI and arousal index (11).

Research has indicated that hormone replacement therapy is associated with a decreased prevalence of sleep apnea in postmenopausal women, even after controlling for confounding variables such as age, body mass index (BMI), and neck circumference (12). Notably, estrogen, which is crucial for the physiological response and adaptation to hypoxic conditions (13), significantly influences the gender-specific effects of obstructive sleep apnea-hypopnea syndrome (OSAHS) on cardiovascular outcomes. It has been shown to lower the incidence of cardiovascular diseases associated with OSAHS, as well as related morbidity and mortality (4, 14), and to mitigate the risk of depression (8, 11). Estrogen’s protective role in OSAHS operates through various mechanisms, and a comprehensive investigation of these mechanisms could provide a theoretical foundation for identifying new therapeutic targets for OSAHS. Such insights could enhance clinicians’ understanding of sleep-related disorders and their complications in postmenopausal women, thereby reducing the likelihood of missed diagnoses and delays in clinical intervention.

In addition, a chronic systemic inflammatory response in OSAHS adversely affects multiple organs throughout the body. Despite the protective effect of estrogen on OSAHS, it also suffers from the pathologic damage of OSAHS (Figure 1). Significantly, sleep deprivation disrupts the circadian rhythm of estrogen secretion and causes a variety of endocrine disorders, leading to a decline in estrogen levels (15). In theory, this would further exacerbate the condition of OSAHS. As there are few studies on this, we discuss the adverse effects of estrogen in terms of the common pathomechanisms of OSAHS, aiming to provide ideas for future research.
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FIGURE 1
 Summary of the interaction between OSAHS and estrogen. E, estrogen; OSAHS, obstructive sleep apnea-hypopnea syndrome; HPG, hypothalamic–pituitary-gonadal.




2 Important protective role of estrogen in OSAHS

The most biologically active form of estrogen is estradiol (E2), whose genomic effects are facilitated by two receptor subtypes, estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ), both of which are classified as nuclear receptors. The distribution and expression levels of ERα and ERβ differ across various tissues, which underlies the diverse biological effects of estrogen (16). It has been established that E2 exerts its protective effects on OSAHS primarily through ERα and Erβ (Figure 2).
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FIGURE 2
 Important protective role of estrogen in OSAHS. OSAHS: Obstructive sleep apnea-hypopnea syndrome; HA, hyaluronic acid; ROS, reactive oxygen species; CaMKII, calcium/calmodulin-dependent protein kinase II; HIF-1α, hypoxia-inducible factor-1α; VEGF, vascular endothelial growth factor; sLRP-1, soluble low-density lipoprotein receptor-related protein-1. Created in BioRender.



2.1 Airway protection

Sex hormones play a protective role in maintaining the patency of the upper airway in premenopausal females. The condition of the upper airway is influenced by the interplay between the positive intraluminal pressure that keeps the airway open and the opposing surface tension that tends to close it (17). Research indicates that upper airway collapsibility may be more pronounced in males than females, as evidenced by measurements of critical closure pressure, defined as the pressure at which airflow ceases due to airway collapse (18). The pharyngeal muscle, a key skeletal muscle responsible for dilating the upper airway, significantly impacts airway patency through its functional status. This muscle is particularly important in the pathogenesis of OSAHS, especially regarding its pathomorphological characteristics (19). The genioglossus muscle is crucial for maintaining an open airway to facilitate adequate respiration among the pharyngeal muscles (17, 20). Furthermore, exposure to chronic intermittent hypoxia (CIH) enhances the body’s ventilatory response to hypoxia, leading to prolonged respiratory motor output, whether sublingual or diaphragmatic. This prolonged output can increase the susceptibility of skeletal muscles to fatigue and atrophy, ultimately impairing muscle function and potentially exacerbating sleep apnea (21).

The functional characteristics of mammalian skeletal muscle are influenced by the various types of muscle fibers present, with the rate of force production, fatigue resistance, and energy metabolism being contingent upon the composition of these fibers, which include both slow and fast types (21, 22). Slow muscle fibers, classified as type I, and fast muscle fibers, categorized as type II (encompassing types IIa, IIb, and IIx), exhibit distinct physiological properties. In healthy individuals, approximately 90% of the pharyngeal muscles consist of fatigue-resistant fibers (types I and IIa), while only 10% comprise fatigue-sensitive fibers (type IIb). The predominance of fatigue-resistant fibers in human pharyngeal muscle can be attributed to the high mitochondrial content of type I fibers, which utilize fatty acids oxidatively to generate acetyl-coenzyme A, and the enhanced oxidative capacity of type IIa fibers (23). Conversely, individuals with OSAHS demonstrate a reduced ratio of type I to type IIb fibers, alongside an increased proportion of type IIa fibers (23). Notably, the ratio of type I fibers is positively correlated with the lowest oxygen saturation levels (24), contributing to pharyngeal muscle fatigue and an increased vulnerability to pharyngeal collapse during sleep (21, 23, 25). Research indicates that CIH leads to a diminished contractile function of the genioglossus muscle, a condition that is further aggravated by menopause in human females (26) or ovariectomy (OVX) in rats (27, 28). Estrogen has been shown to enhance myoelectric activity and tonic muscle tone in the genioglossus (26–28), counteracting the reduction in cross-sectional area and proportion of type IIa fibers associated with estrogen deficiency and hypoxia, while also increasing the cross-sectional area of type IIb and IIx fibers (27). These findings suggest that estrogen plays a significant role in the positive regulation of genioglossus muscle function.

ERα is extensively present in mouse skeletal muscle, and it is posited that estrogen may enhance muscle endurance by modulating muscle fiber composition via the ERα signaling pathway (24). Research conducted by Cabelka et al. (29) demonstrated that mice with a skeletal muscle-specific knockout of ERα exhibited increased susceptibility to fatigue compared to control mice, and they showed impaired recovery of strength, indicating the critical role of ERα in mitigating skeletal muscle fatigue and facilitating recovery. Additionally, a significant concentration of ERα is found in the genioglossus muscle, where E2 influences its contractility primarily through the ERα pathway, while also promoting the expression of ERα mRNA and protein, with no observed effect on ERβ (30). Chen et al. (24) reported a reduction in the expression levels of ERα and type I muscle fibers in the palatopharyngeal tissues of patients with OSAHS, revealing a significant positive correlation between the two. Most studies indicate that OSAHS is linked to an increase in type II muscle fibers and a decrease in type I fibers. As the severity of OSAHS progresses, there is a gradual decline in the proportion of type I fibers, accompanied by a corresponding increase in type II fibers (21). However, Chen et al. (24) specifically noted an increase in type IIx muscle fibers in the palatopharyngeal tissues of OSAHS patients, rather than an increase in type II fibers. Furthermore, animal studies have shown that ERα expression and a decrease in type I muscle fibers were observed in the sternohyoid muscle of OVX rats, with no significant alterations in type IIb muscle fiber expression (24). The underlying changes in muscle fiber types associated with OSAHS remain unclear and may be influenced by various factors, including age, sex, and the specific biopsy site. The direct contribution of these fiber type changes to OSAHS is still uncertain. Current evidence suggests a beneficial effect of estrogen on skeletal muscle contractility; however, further research is warranted to confirm this effect and to investigate the mechanisms through which estrogen interacts with different receptors.

A recent investigation revealed diminished plasma concentrations of hyaluronic acid (HA) and markedly elevated levels of hyaluronidases (HYAL) in individuals diagnosed with OSAHS (31). HA, a glycosaminoglycan, serves as a crucial component of the extracellular matrix within tracheal and bronchial mucosa and endothelial cells (32, 33). High-molecular weight HA (HMW-HA) functions as a vital anti-inflammatory and antioxidant agent, whereas low molecular weight HA is associated with promoting inflammatory processes (34). The metabolism of HA is primarily facilitated by HYAL, particularly HYAL1 and HYAL2, which are present in various tissues, including the lungs. This metabolic process generates low molecular weight fragments that can exacerbate inflammatory responses, thereby intensifying inflammatory damage (35). Alterations in HA synthesis and metabolism have been identified in airway diseases characterized by chronic inflammation and oxidative stress, such as bronchial asthma and chronic obstructive pulmonary disease (COPD). These alterations increase lung inflammation and remodeling, reducing lung compliance and airway obstruction (33, 35, 36). Klagas et al. (33) reported that HA levels were significantly lower in primary human airway smooth muscle cells derived from patients with asthma and COPD. This reduction was correlated with a notable decrease in HA synthase-1 and -2 expression, alongside a significant increase in HYAL1, indicating a suppression of HA synthesis and an enhancement of its catabolism. Furthermore, Klagas et al. observed a decline in CD44 receptor expression, which hindered the clearance of HA degradation products, thereby perpetuating inflammation (33). Meszaros et al. (31) found a significant negative correlation between plasma levels of HMW-HA and the apnea-hypopnea index (AHI) in patients with OSAHS, while HYAL-1 exhibited a significant positive correlation with both AHI and the oxygen desaturation index (ODI). This suggests that chronic hypoxia is linked to elevated plasma concentrations of HYAL-1 and accelerated degradation of HMW-HA (31). Additionally, one study indicated that estrogen treatment resulted in increased skin HA levels in mice, an effect that could be inhibited by estrogen receptor antagonists, implying that estrogen elevates HA levels through the activation of its specific receptors (37). However, more studies need to address this topic, necessitating further investigation into the alterations in lung HA levels among OSAHS patients. It is also imperative to consider the effects of sleep deprivation and to evaluate changes in these indices following treatments such as continuous positive airway pressure (CPAP) and estrogen therapy. Such research will enhance our understanding of HA’s role in airway inflammation in OSAHS and provide additional evidence regarding the airway protective effects of estrogen.



2.2 Promotion of metabolism

In postmenopausal women and the OVX rat model, a reduction in estrogen levels has been linked to the onset of central obesity, dyslipidemia, insulin resistance, and an elevated risk of developing non-alcoholic fatty liver disease, type 2 diabetes, and cardiovascular disease (10, 38, 39). Following the decline in ovarian estrogen production in postmenopausal women, estrone becomes the predominant form of estrogen, primarily synthesized through the peripheral aromatization of androstenedione in muscle and adipose tissues. This process often increases body mass and visceral fat accumulation during the postmenopausal phase (40–42). A metabolic syndrome characterized by visceral obesity is associated with the onset and progression of OSAHS (1, 8). Research indicates that CIH further contributes to an increase in body mass (43) and a reduction in rectal temperature (44) in OVX rats, implying that OSAHS may exacerbate the hypo-metabolic condition induced by decreased estrogen levels.

The regulation of metabolism by estrogen is predominantly mediated through ERα. Administration of E2 has been shown to enhance mitochondrial function in the liver while simultaneously decreasing the production of reactive oxygen species (ROS) and mitigating insulin resistance in rat models (45). Furthermore, E2 treatment reduces the expression of hypoxia-inducible factor-1α (HIF-1α) and vascular endothelial growth factor in the periaortic and intra-abdominal adipose tissue of OVX rats. This reduction contributes to decreased visceral fat accumulation and improved insulin sensitivity, as evidenced by restored blood glucose and serum leptin levels, thereby providing a comprehensive improvement in metabolic syndrome (39). Additionally, multiple studies have substantiated the beneficial effects of E2 on metabolic and visceral obesity and its protective role in OSAHS (43, 44). However, Boukari et al. (46) conducted a study involving OVX rats exposed to CIH and treated with selective ERα receptor agonists, which revealed no significant alterations in body mass. This lack of change may be attributed to the brief duration of hypoxic exposure.

Recent research has indicated that soluble low-density lipoprotein receptor-related protein-1 (sLRP-1) levels are significantly diminished in patients diagnosed with OSAHS. This reduction has been correlated with severe nocturnal hypoxia and disrupted lipid metabolism in vivo (47). sLRP-1 plays a crucial role in anti-inflammatory and metabolic processes within the body, and its low concentrations are linked to metabolic irregularities associated with OSAHS, implying its function as a protective protein. It has been suggested that OSAHS may elevate LRP1 expression through the action of HIF-1α, which could result in the accumulation of low-density lipoprotein cholesterol esters in cardiomyocytes (48) and vascular smooth muscle cells (49). It is plausible that other inhibitory mechanisms may counteract this stimulatory effect, leading to the observed decline in sLRP-1 concentrations in OSAHS. The inhibitory influence of estrogen on HIF-1α is discussed further, and we postulate that estrogen may suppress sLRP1 expression. This hypothesis was substantiated by an animal study involving tilapia, which demonstrated a significant reduction in LRP1 levels following treatment with a high dose (50 mg/kg) of E2 accompanied by hepatic lipid accumulation (50). The conclusion must be considered with caution due to species differences, which suggests that we need to pay attention to the dual effects of estrogen on OSAHS metabolism. The mechanism of interaction between estrogen and adipose function and metabolic disorders needs to be clarified by further studies.

Conversely, postmenopausal women who received estrogen therapy exhibited greater physical activity and engaged in higher levels of moderate to vigorous exercise compared to their untreated counterparts (51). This indicates that estrogen is crucial in modulating physical activity levels following menopause. In a study conducted by Cabelka et al. (29), OVX rats were administered estrogen, progesterone, and a combination of both hormone treatments, with subsequent comparisons regarding changes in activity levels before and after treatment. The findings revealed that the activity levels of rats receiving estrogen and the combined hormone treatment were significantly elevated compared to the control group, with the increase particularly pronounced in the latter. These results suggest that estrogen is the primary ovarian hormone influencing physical activity, while progesterone may enhance the effects of estrogen. Estrogen can potentially elevate metabolism to a certain degree by influencing physical activity levels.



2.3 Protection of the cardiovascular system

OSAHS has been associated with numerous adverse effects on the cardiovascular system, potentially inducing or exacerbating pre-existing conditions (1). This phenomenon is particularly pronounced in postmenopausal women, who demonstrate an elevated risk for hypertension, arrhythmias, and heart failure (52, 53).

Research conducted by Lan et al. (14) indicates that the surgical removal of ovaries in rats leads to hypoxia-induced oxidative stress and damage to the vascular endothelium. This damage is characterized by disorganization, hypertrophy, and proliferation of vascular smooth muscle cells, as well as the destruction of endothelial cells and thickening of the middle layer of the endothelium, all of which contribute to an increased risk of atherosclerosis. Estrogen has been shown to mitigate vascular oxidative stress in OVX rats subjected to intermittent hypoxia (3). Furthermore, treatment with E2 may offer protective benefits against vascular complications in female patients with OSAHS (46). Additionally, ERαis highly expressed in the carotid body and central structures that regulate sympathetic nerve activity and vascular function (54). E2 has been found to decrease cardiac output, heart rate, and arterial pressure during CIH exposure by activating ERα, which in turn inhibits the activation of the cardiac branch of the sympathetic nervous system and enhances nitric oxide-mediated vasodilatory responses (3).

Heart failure represents a significant comorbidity associated with OSAHS. Research indicates that female patients with OSAHS exhibit a higher propensity for developing heart failure with preserved ejection fraction compared to those with heart failure characterized by reduced ejection fraction (53, 55). Furthermore, echocardiographic parameters have been found to correlate significantly with the severity of OSAHS. Notably, diastolic left ventricular filling is more frequently compromised in female patients than in their male counterparts, with this impairment showing a significant correlation to minimum oxygen saturation levels and the duration of oxygen saturation below 90%. Additionally, ventricular diastolic sarcoplasmic reticulum calcium leakage has been closely linked to ventricular systolic dysfunction and arrhythmias. Lebek et al. (56) reported an increase in calcium/calmodulin-dependent protein kinase II (CaMKII)-induced sarcoplasmic reticulum calcium leakage among patients with OSAHS, a phenomenon potentially associated with elevated production of ROS resulting from the condition. E2 has been shown to confer cardioprotective effects by mitigating oxidative stress, reducing ROS production, inhibiting CaMKII expression, and decreasing cardiomyocyte necrosis and apoptosis (57). Consequently, diminished levels of estrogen render postmenopausal female patients with OSAHS more vulnerable to severe cardiovascular complications, while E2 appears to alleviate the cardiovascular damage associated with OSAHS.




3 Important protective mechanisms of estrogen in OSAHS

The presence of considerable oxidative stress, inflammatory responses, and sympathetic activation in OSAHS has the potential to harm various tissues and organs within the body. Estrogen may play a protective role by mitigating these pathological response mechanisms (Figure 3).
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FIGURE 3
 Important protective mechanisms of estrogen in OSAHS. E, estrogen; Mito, mitochondria; NOX, reduced nicotinamide adenine dinucleotide phosphate oxidase; XOD, xanthine oxidase; ROS, reactive oxygen species; Zn/Mn-SOD, zinc-manganese superoxide dismutase; GSH-Px, glutathione peroxidase; MAPK, mitogen-activated protein kinase; HIF-1α, hypoxia-inducible factor-1α; NF-κB, nuclear factor kappa B; CFH, complement factor H; Bcl-2, B cell lymphoma-2; Cyto C, cytochrome c; NTS, nucleus tractus solitarius; RVLM, rostral ventrolateral medulla; NOS, nitric oxide synthase; VNA, vagus nerve activity; SNA, sympathetic nerve activity.



3.1 Inhibition of oxidative stress

An imbalance between pro-oxidants and antioxidants can result in tissue and organ damage, known as “oxidative stress.” This imbalance may arise from excessive production of ROS or deficiencies in the antioxidant defence mechanisms (14). The primary sources of ROS include mitochondria, NADPH oxidase, and xanthine oxidase (58, 59). In patients with OSAHS, recurrent nocturnal hypoxemia leads to significant ROS production and diminished antioxidant capacity within the organism. The accumulation of excessive ROS can induce cellular damage (60–62), impairing tissues and organs’ normal functioning.

E2, recognized as the most biologically active form of estrogen, has been shown to exhibit antioxidant properties. It promotes the synthesis of antioxidant enzymes by binding to specific receptors that enhance the expression of nuclear genes related to antioxidant enzymes within mitochondria, thereby reducing intracellular levels of ROS (44, 59, 63). A substantial body of research indicates that CIH exposure induces oxidative stress across various tissues, including lung tissue, the cerebral cortex, the brainstem, adrenal glands, vascular endothelium, and other organs in OVX rats. Furthermore, E2 supplementation has been found to mitigate the elevated oxidative stress levels induced by CIH significantly and to enhance the activity of antioxidant enzymes, such as zinc/manganese superoxide dismutase and glutathione peroxidase, which protect against oxidative stress-related damage (14, 44, 64, 65). In a study conducted by Ribon-Demars et al. (61), E2 treatment was observed to increase the activity of antioxidant enzymes in the tissues of OVX rats while concurrently exacerbating oxidative stress levels. This observation suggests that E2 may stimulate mitochondrial ROS production, potentially influenced by the concentration of supplemental estrogen or the distribution of receptors; however, the overall effect on oxidative stress appears to be inhibitory. Irwin et al. (64) further clarified that only ERβ, and not ERα, affected the expression of genes encoded by mitochondrial DNA in brain tissue, with ERα activation serving as the primary mechanism for initiating the scavenging of lipid peroxides in brain mitochondria. Consequently, there are notable differences in the distribution and function of various estrogen receptor subtypes across different tissues, with ERβ playing a pivotal role in mitigating oxidative stress.



3.2 Inhibition of the inflammatory response

In the context of OSAHS, CIH activates the nuclear factor-κB (NF-κB) and HIF-1αsignaling pathways, with NF-κB serving as a pivotal transcription factor in the inflammatory response (62). NF-κB can also induce muscle atrophy, leading to the loss of slow-twitch muscle fibers and affecting muscle tone (66). Estrogen has been shown to inhibit NF-κB activity by activating its receptor (67). Research indicates a pronounced inflammatory response in the lung tissues of female rats subjected to hypoxia, characterized by a significant increase in the nuclear levels of the NF-κB p65 subunit protein, which was further exacerbated following ovariectomy (13). Additionally, a notable inflammatory response was detected in the bronchoalveolar lavage fluid of ovariectomized rats exposed to CIH, evidenced by elevated levels of total proteins, inflammatory cells (including macrophages, neutrophils, and lymphocytes), tumor necrosis factor-alpha (TNF-α), and lipid peroxides (13). Conversely, a study conducted by Torres et al. (43) found that while intermittent hypoxia intensified the inflammatory response (as indicated by the overexpression of IL-6 and IL-8 genes) in the cardiac and cerebral tissues of rats, it did not further elevate inflammatory markers in ovariectomized rats, aligning with the observations of Ribon-Demars et al. (61). This phenomenon may be attributed to estrogen’s role in stabilizing HIF-1α activity, which activates NF-κB to facilitate inflammatory responses (62). Under hypoxic conditions, estrogen enhances the stability of HIF-1αand promotes NF-κB activation, thereby increasing the expression of IL-6 and IL-8. In contrast, a reduction in estrogen levels leads to diminished HIF-1α activity in ovariectomized rats, resulting in decreased NF-κB activity and the expression of its target genes, IL-6 and IL-8 (43). However, numerous studies have demonstrated that E2 can inhibit HIF-1α expression via ERα (17, 28, 68) or ERβ (69), presenting contradictory evidence that suggests the existence of alternative pathways through which estrogen may influence HIF-1α. Notably, Torres did not further investigate this inflammatory response mechanism through estrogen replacement therapy, whereas Huang et al. (13) reported a significant reduction in the inflammatory response following the administration of a low dose of E2 to ovariectomized rats, indicating a more reliable outcome and suggesting that estrogen may mitigate hypoxia-induced inflammatory responses in the lung.

Numerous inflammatory diseases are characterized by increased recruitment of immune cells to vascular sites. P-selectin, an inflammatory adhesion molecule, plays a crucial role in this mechanism, particularly atherogenesis (70). Research conducted by Horváth et al. (71) demonstrated that plasma levels of P-selectin were significantly elevated in patients suffering from severe OSAHS, although these levels did not correlate with the arousal index. This finding indicates that P-selectin is implicated in the inflammatory response associated with OSAHS, which is influenced by nocturnal hypoxia. Furthermore, estrogen has been shown to modulate P-selectin levels; for instance, P-selectin levels decrease in response to elevated E2 during the menstrual cycle in females, and similarly, levels in males decline following intramuscular E2 administration (72). This observation provides additional evidence supporting the anti-inflammatory properties of estrogen.

Additionally, clusterin, a heterodimeric protein known for its anti-apoptotic and anti-inflammatory functions (73), is involved in the inflammatory processes related to OSAHS. Elevated clusterin levels in OSAHS patients have been linked to nocturnal hypoxic stimulation and have shown a positive correlation with the severity of the disease (74). This suggests clusterin may be a protective mechanism against OSAHS and could partially inhibit NF-κB activity (75). However, a study indicated that estrogen downregulates clusterin gene expression in the rat endometrium (76), which appears to contradict the anti-inflammatory effects of estrogen. It is essential to consider the tissue-specific variability in estrogen action, which may be influenced by the distribution of its receptor subtypes (77). Further research is necessary to validate these findings.

The overexpression of complement components C3, C5, and C9 has been observed in patients with OSAHS (78), indicating an activation of the complement system (78, 79). This system plays a crucial role in the hazard perception cascade response and is integral to humoral innate immunity, encompassing functions such as antimicrobial defense, immunomodulation, clearance of immune complexes, and apoptosis (80, 81). Research conducted by Horvath et al. (79) identified a significant association between elevated levels of C3a and CIH in OSAHS patients; however, no notable alterations were detected in the levels of C5a or SC5b-9. C3a is generated through the cleavage of C3 by the C3 converting enzyme, while the binding of C5b-9, known as the membrane attack complex (MAC), to S-protein results in the formation of the inactive stabilized form SC5b-9 (80). The activation of the complement system may be linked to a decrease in the expression of complement component 4-binding protein alpha in OSAHS (78), as this protein serves as an inhibitor of both the classical and clusterin pathways and obstructs the formation of C3b and C4b2b. The stable levels of plasma C5a and SC5b-9 suggest a potential attenuation of the complement cascade or the existence of a protective feedback mechanism in OSAHS (79). Complement factor H (CFH) is a crucial regulator of the alternative pathway within the complement system, inhibiting the activity of the C5 converting enzyme, reducing C5 cleavage, and exerting anti-inflammatory effects (81). Nevertheless, no significant changes in CFH levels were noted in OSAHS patients, which complicates understanding the observed attenuation of the complement cascade. Additionally, clusterin, which inhibits MAC formation and thereby mitigates cytolysis and the inflammatory response (81), may account for the unchanged levels of SC5b-9. The proposition of a sluggish complement cascade necessitates further investigation. Lastly, the impact of estrogen on the complement system has been evaluated, albeit with limited studies available. One investigation indicated that estrogen enhances C3 secretion in rat uterine epithelium, a phenomenon not replicated in the liver (82), suggesting that the effects of estrogen may be tissue-specific and cannot be generalized as universally activating the complement system. Further research is warranted to elucidate this relationship.

The inflammatory response associated with OSAHS is intricate, and there exists a diversity of perspectives regarding the influence of estrogen. Comprehensive research is required to investigate this phenomenon across various tissues and organs, allowing for adequate consideration of environmental exposures. Such investigations are essential to elucidate whether the inflammatory response is tissue-specific or if it involves more profound molecular mechanisms. Furthermore, clinical studies should focus on monitoring changes in pertinent indices following OSAHS treatment while also accounting for the impacts of obesity, sleep deprivation, and other confounding variables.



3.3 Regulation of apoptosis and autophagy

CIH is a well-established trigger for apoptosis, with numerous studies indicating that hypoxia prompts pharyngeal myocytes in rat models to generate ROS excessively. This overproduction subsequently influences the expression of genes associated with apoptosis, ultimately resulting in organ dysfunction (20, 21, 62). Survivin (83) and Klotho (84) are pivotal anti-apoptotic proteins in inflammation and immune regulation. In individuals diagnosed with OSAHS, hypoxia has been shown to inhibit these two proteins, with their regulation being influenced by estrogen; however, there is a notable absence of data regarding their status following CPAP treatment. Kunos et al. (85) were the first to document the impact of OSAHS on Survivin levels, revealing a significant reduction in plasma Survivin among OSAHS patients, which correlated with nocturnal hypoxia and elevated C-reactive protein levels. Estrogen has been found to enhance Survivin gene expression (86, 87), thereby inhibiting both inflammation and apoptosis, an effect that is dependent on ERα (87). Additionally, Pákó et al. (88) reported a significant decrease in Klotho protein levels in the plasma of OSAHS patients, which was also associated with nocturnal hypoxia. Nonetheless, there is insufficient direct evidence to elucidate the relationship between Klotho protein and markers of inflammation and apoptosis in OSAHS patients. Research has demonstrated that estrogen exerts varying effects on Klotho protein expression. For instance, Oz et al. (89) observed that Klotho protein levels were markedly elevated in aromatase-deficient mice, while estrogen pretreatment normalized these levels, suggesting that estrogen may lead to a reduction in Klotho protein. Conversely, Sárvári et al. (90) reported a significant upregulation of Klotho mRNA in the hippocampi of OVX rats subjected to continuous E2 treatment for 29 days. The underlying reasons for these discrepancies in findings are currently unclear, indicating the potential involvement of additional mechanisms that may influence the effects of estrogen on Klotho proteins. In summary, the regulation of apoptosis appears to be dysregulated in OSAHS and is modulated by estrogen.

The regulation of cell viability through the apoptotic process is a critical function of mitochondria. Increasing mitochondrial cytochrome c levels enhances electron flow within the respiratory chain, which may reduce the rate of ROS production (59). The B cell lymphoma-2 (Bcl-2) protein, known for its anti-apoptotic properties, plays a significant role in the mitochondria-mediated apoptotic pathway. It can diminish ROS production and mitigate apoptosis and hypoxia-induced damage by elevating cytochrome c levels within mitochondria (58). Furthermore, estrogen receptors, ERα and ERβ, regulate mitochondrial respiration and can ameliorate CIH-induced mitochondrial dysfunction and metabolic reprogramming through distinct pathways, thereby enhancing cognitive function (64, 65). Genistein, a soy isoflavone that preferentially binds to ERβ, has been shown to reduce hypoxia-induced hydrogen peroxide (H2O2) production, increase Bcl-2 expression, decrease cytochrome c release from mitochondria, and significantly lower apoptosis rates associated with hypoxia (69). This action resembles E2 while potentially mitigating the adverse effects of E2 on the reproductive system (20). Hsu et al. (91) demonstrated that resveratrol enhances the expression of Klotho mRNA and protein in mouse kidneys both in vivo and in vitro. In summary, E2 has the potential to modulate apoptosis, thereby improving the functional status of tissues and organs in patients with OSAHS. However, further research is necessary to substantiate the protective effects of E2 and to elucidate the specific molecular regulatory mechanisms involved, which could lead to the development of additional therapeutic strategies.

In contrast to apoptosis, autophagy is characterized by the self-degradation of intracellular proteins and damaged organelles, serving a crucial regulatory function during hypoxic stress. Autophagy induced by hypoxia is acknowledged as a mechanism that promotes cell survival and provides cytoprotection; however, it can also lead to cell death in specific contexts (92, 93). BNIP3, a member of the pro-apoptotic protein family, is upregulated in response to hypoxic conditions and has been implicated in the induction of autophagic cell death (93). Autophagy contributes to cell survival by dismantling dysfunctional mitochondria and decreasing ROS levels, a process contingent upon the hypoxia-induced expression of HIF-1α, which involves the HIF-1α/BNIP3 signaling pathway (94). Beclin 1 is a pivotal intersection among cellular autophagy, apoptosis, and proliferation, and it inhibits autophagy through its interaction with Bcl-2 (95). Research indicates that in genioglossus myogenic stem cells, hypoxia leads to increased HIF-1α expression and the formation of HIF-1 heterodimers, subsequently upregulating BNIP3 expression. This upregulation disrupts the Beclin 1/Bcl-2 complex, releasing Beclin 1, which then promotes autophagy under hypoxic conditions (96). Consequently, the damage to genioglossus tissue resulting from chronic hypoxia exposure in OSAHS is partially associated with autophagy-induced cell death. Numerous studies have demonstrated that E2 exerts an inhibitory effect on HIF-1α expression (17, 28, 68), aligning with the mechanisms through which OSAHS induces cellular autophagy, suggesting that E2 may modulate autophagy via the HIF-1α pathway. This hypothesis was substantiated by research conducted by Hsieh et al. (69), which revealed that E2 inhibited cardiomyocyte autophagy by suppressing hypoxia-induced HIF-1α expression, consequently limiting the expression of genes associated with autophagy. Nevertheless, a significant body of literature indicates that the regulatory effects of E2 on autophagy levels are complex and, in many instances, exhibit a stimulatory effect (97). Therefore, further investigation is warranted to elucidate the regulatory role of E2 on OSAHS-induced cellular autophagy across various tissues and organs, particularly emphasizing the mechanisms governing the interaction between E2 and HIF-1α.



3.4 Regulation of HIF-1α activity

HIF-1 is a heterodimeric protein consisting of HIF-1α and HIF-1β subunits, with the expression of HIF-1α being meticulously regulated by intracellular oxygen levels. Under hypoxic conditions, the stabilization of the HIF-1α protein occurs, leading to the translocation of the HIF-1 complex into the nucleus, which activates target genes crucial for cellular proliferation, survival, and differentiation (17, 62). The overexpression of HIF-1α induces a transformation of slow-twitch muscle fibers into fast-twitch muscle fibers, thereby influencing muscle tone (98). Research indicates that HIF-1α plays a significant role in regulating myogenic cell proliferation in hypoxic environments. Specifically, inhibiting HIF-1α expression in myoblasts exposed to CIH has enhanced myoblastogenesis (28). Furthermore, estrogen has been observed to downregulate HIF-1α expression in the genioglossus muscle of CIH-exposed rats, thereby improving the endurance of upper airway muscles (68). This suggests that estrogen may confer protective effects on the upper airway by inhibiting CIH-induced HIF-1α expression (17, 28, 68), with ERα mediating this effect (17). The mitogen-activated protein kinase (MAPK) signaling pathway is well-established in regulating various cellular processes, including proliferation, calcification, inflammation, and oxidative stress. A study conducted by Li et al. (17) demonstrated that the activation of the p38 MAPK pathway is further stimulated by the binding of E2 to ERα, as evidenced by a notable increase in phosphorylated p38 MAPK levels. The inhibitory effect of a p38 MAPK inhibitor on E2’s action suggests that the p38 MAPK pathway is integral to suppressing HIF-1α by E2 in myofibroblasts. Similarly, ERβ has also been shown to downregulate the hypoxia-induced increase in HIF-1α levels (65, 69).

However, research by Ding et al. (20) revealed that p38 MAPK protein levels did not significantly change in rat genioglossus muscle myoblasts subjected to hypoxia. Instead, this study found that hypoxia inhibited the expression of PI3K-Akt and ERK1/2 MAPK proteins while suppressing Bcl-2-mediated apoptosis in genioglossus myogenic cells. Notably, the effects observed with hypoxia treatment were replicated using Akt and ERK1/2 MAPK inhibitors (20), indicating that hypoxia-induced tissue damage may involve multiple pathways. Additionally, in vascular smooth muscle cells, inhibiting the MAPK pathway by E2 resulted in reduced proliferation and oxidative stress, a process associated with the upregulation of BHLHE40 (45), a transcriptional repressor, although the precise mechanism underlying this action remains unclear.

In conclusion, HIF-1α is a critical regulator for the protective effects of E2. The MAPK pathway plays a significant role in mediating the protective actions of E2 against apoptosis and oxidative stress. However, the underlying mechanisms are intricate and multifaceted, warranting further investigation to elucidate this relationship.



3.5 Regulation of sympathetic activity

Cyclic enhancement of sympathetic nerve activity is observed in OSAHS, as indicated by increased muscle sympathetic nerve activity (MSNA) (99), elevated urinary norepinephrine concentrations (100), and reduced heart rate variability (101), which persists during wakefulness (102). The overactivation of the sympathetic nervous system is a critical factor in the pathogenesis of cardiovascular disease among individuals with OSAHS.

Recent research has identified that the sympathetic nerve activity (SNA) associated with OSAHS is primarily linked to changes in the chemosensitivity of the carotid body (CB) induced by CIH (103, 104). The CB is the principal peripheral oxygen sensor, initiating reflex physiological responses to acute hypoxemia and facilitating ventilatory adaptation to sustained chronic hypoxemia (105). ROS produced by CIH activate chemoreflex mechanisms, thereby enhancing the chemosensitivity and responsiveness of the CB to hypoxic conditions and stimulating sympathetic nervous system activity (105, 106). This mechanism is crucial in the pathway through which CIH contributes to elevated blood pressure and arrhythmias (103, 104). Evidence suggests that pro-inflammatory mediators downstream of ROS, such as IL-1β, IL-6, and TNF-α (107, 108), are significant contributors to the increased sensitivity of CB chemoreceptors (105, 109). Gassmann et al. (110) demonstrated that chronic hypoxia-induced elevations in rats’ erythropoietin (EPO) levels led to the sensitization of CB chemoreceptors and enhanced hypoxic ventilatory responses. Additionally, mice with a heterozygous deficiency in hypoxia-inducible factor 1 (HIF-1 +/−) exhibited impaired carotid body function and diminished adaptive responses to chronic hypoxia (111). Consequently, the hypoxic adaptation and inflammatory responses induced by CIH may result in altered CB sensitivity, with HIF-1 potentially playing a pivotal role.

Further investigations have indicated that E2 reduces the ventilatory response to hypoxia in OVX rats without affecting responses to hypercapnia (44). E2 has been shown to inhibit the upregulation of EPO and mitigate the hypoxic ventilatory response in the CB of hypoxic rats (110). This suggests that E2 exerts a modulatory influence on the CB, thereby indirectly alleviating CIH-induced SNA. However, there is a paucity of research regarding the role of estrogen in modulating CB chemoreceptor-associated SNA, a vital aspect of the protective effects against OSAHS. The protective mechanisms of E2 against oxidative stress and inflammatory responses have been previously discussed, primarily through the downregulation of HIF levels. Future research should pursue this avenue to elucidate further the underlying mechanisms involved.

Recent research has elucidated the role of estrogen in regulating SNA in females. Notably, variations in SNA among females are linked to physiological cycles and menopause. In younger females, fluctuations in resting MSNA throughout the menstrual cycle negatively correlate with changes in plasma E2 levels (112). Premenopausal females demonstrate lower levels of sympathetic nerve activity compared to their male counterparts of the same age, while a relative increase in sympathetic nerve activity is observed post-menopause (113–115). Furthermore, many studies conducted on both animal models and human subjects have indicated that estrogen supplementation can mitigate SNA (115–119). The underlying mechanism is believed to be associated with estrogen’s influence on critical brainstem regions integral to neurocardiovascular regulation (54).

Research has identified the presence of estrogen receptors in autonomic centres of the rat brainstem, including the nucleus tractus solitarius and the rostral ventral lateral medulla (RVLM), where mRNA expression for estrogen receptor subtypes ERα and ERβ has been documented. These regions receive, integrate, and coordinate input signals to elicit appropriate autonomic responses (54, 120). For instance, localized administration of E2 into the RVLM of OVX rats has decreased sympathetic nervous tension and blood pressure (121). Additionally, E2 appears to diminish sympathetic excitation induced by the RVLM in OVX rats through the antagonism of cannabinoid receptors (118). Moreover, evidence suggests that estrogen may enhance the sensitivity of the sympathetic stress reflex, thereby inhibiting SNA (122–124). In conditions such as OSAHS, CIH typically leads to a suppression of the stress reflex, indicating that estrogen may also ameliorate SNA in OSAHS through this pathway. However, some studies have reported that E2 does not influence sympathetic stress reflex sensitivity in postmenopausal women (115, 119) This phenomenon may be related to the duration of estrogen treatment, with sympathetic activation decreasing only following chronic, rather than acute, administration. Estrogen may exert its effects by activating an inducible NO synthase signaling pathway (125). NO has been shown to inhibit noradrenergic neurotransmission at pre-sympathetic junctions and in various tissues (126, 127). Chronic estrogen treatment has been demonstrated to have a central effect in rats by enhancing the expression of neuronal NO synthase, which plays a role in the inhibitory regulation of brainstem sympathetic outflow (117, 128). Additionally, a study involving rats indicated that decreased E2 levels could diminish cardiac vagal inhibition of renal sympathetic nerves while simultaneously enhancing cardiac sympathetic excitation, leading to a significant overall increase in reflex-driven sympathetic excitability (116). This finding suggests that vagal reflexes also play a role in the estrogen-mediated regulation of sympathetic nerves.




4 Effect of OSAHS on estrogen levels

Numerous studies have indicated that female patients with OSAHS exhibit reduced estrogen levels (129–132), which correlate negatively with the severity of the condition (11, 133). This observation suggests a complex interplay between OSAHS and estrogen. Specifically, a decline in estrogen levels, which may result from various conditions such as polycystic ovary syndrome or premature ovarian failure, as well as from natural physiological changes like menopause, appears to facilitate the onset and progression of OSAHS. Consequently, estrogen may be considered a protective factor against this syndrome. Furthermore, the intermittent hypoxia, sleep deprivation, and other pathological processes associated with OSAHS may further contribute to decreased estrogen levels. Research conducted by Stavaras et al. (132) on pre- and postmenopausal women, after controlling for BMI, revealed a correlation between the Female Sexual Function Index (FSFI) scores and the severity of OSAHS, with significantly lower estrogen levels observed in patients with severe OSAHS. This finding implies a detrimental impact of OSAHS on female sexual function, potentially linked to variations in sex hormone levels (132). While CPAP treatment has been shown to improve sexual dysfunction in females (134, 135), some studies have reported no significant changes in sex hormone levels following such treatment (136).

In male patients with OSAHS, a robust association between the severity of the condition and sexual dysfunction has been documented (137–140). Notably, a decrease in testosterone levels has been observed (137, 139, 141, 142), alongside increases in follicle-stimulating hormone (FSH), luteinizing hormone (LH), and testosterone levels after one month of CPAP treatment (139). However, certain studies have found no significant differences in sex hormone levels between male OSAHS patients and healthy controls, nor any substantial changes after three months of CPAP treatment (140). These discrepancies may be attributed to factors such as small sample sizes, variations in age and BMI, and the circadian rhythm of sex hormone secretion, which may have influenced the results due to the lack of sleep assessments in the studies.

There is a paucity of research examining the effects of OSAHS on estrogen levels in females, with the majority of studies concentrating on sexual function. It is important to note that sexual function is influenced by a multitude of factors, including psychological, neurological, endocrine, and vascular abnormalities, which cannot be solely ascribed to sex hormone levels. Therefore, further validation through rigorous clinical and animal studies is warranted. Based on the current findings, we propose the hypothesis that OSAHS may impact estrogen secretion in females and briefly discuss the underlying mechanisms involved (Figure 4).

[image: Figure 4]

FIGURE 4
 Effect of OSAHS on estrogen levels. CIH, chronic intermittent hypoxia; ROS, reactive oxygen species; GnRH, gonadotropin-releasing hormone; HPG, hypothalamic–pituitary-gonadal; FSH, follicle-stimulating hormone; LH, luteinizing hormone; RAAS, renin-angiotensin-aldosterone system. Created in BioRender.



4.1 CIH

CIH represents a significant pathological consequence of OSAHS, resulting in excessive oxidative stress within the body and initiating both local and systemic inflammatory responses. These responses can ultimately lead to tissue and organ dysfunction or failure (60–62). However, there is a notable paucity of research examining the impact of CIH on the structural integrity of ovarian tissue. Yang et al. (143) elucidated the adverse effects of oxidative stress and chronic inflammation on ovarian functionality, suggesting that exogenous estrogen supplementation may mitigate chronic low-grade inflammation and enhance follicular development. Furthermore, Yang et al. (144) demonstrated that CIH adversely affected the function and cellular ultrastructure of the hypothalamic–pituitary-gonadal (HPG) axis in male rats, evidenced by nuclear deformation and consolidation, vacuole formation within the cellular matrix, and mild mitochondrial swelling, which collectively resulted in diminished levels of FSH, LH, and testosterone. The study also reported elevated levels of the oxidative stress marker malondialdehyde and increased inflammatory cytokines IL-6 and TNF-α, alongside reduced activity of antioxidant enzymes; these alterations were ameliorated by pretreatment with reduced glutathione (144). This evidence indirectly supports the detrimental impact of CIH on the HPG axis in females.

Additional research has indicated that OSAHS is correlated with elevated prolactin levels (145), which may inhibit the secretion of hypothalamic gonadotropin-releasing hormone (GnRH), thereby indirectly influencing the release of sex hormones (146). Notably, prolactin levels can be decreased through CPAP treatment (145). These findings suggest that CIH may directly or indirectly impair the secretory function of the HPG axis via oxidative stress and inflammatory mechanisms, ultimately leading to reduced levels of sex hormones.



4.2 Sleep deprivation

Sleep deprivation, commonly characterized by frequent nocturnal awakenings and disrupted sleep patterns in individuals with OSAHS (1), has several implications for estrogen secretion. Firstly, estrogen secretion follows a circadian rhythm regulated by the supraoptic nucleus of the hypothalamus. Disruption of this rhythmicity due to sleep deprivation can impair the functioning of the HPG axis (15). A cross-sectional study conducted by Sowers et al. (147) involving 365 participants indicated a negative correlation between E2 levels and sleep quality in females. Furthermore, a prospective study by Michels et al. (148), which included 259 regularly menstruating women, demonstrated that an additional hour of sleep per day was associated with a significant increase of 3.9% in mean E2 concentration.

Secondly, sleep plays a crucial role in regulating the activity of the hypothalamic–pituitary–adrenal (HPA) axis. In patients with OSAHS, nocturnal hypoxic stress and sleep deprivation can activate the HPA axis, leading to disturbances in cortisol secretion rhythms (133, 142). Notably, cortisol levels have been found to correlate significantly with the AHI and minimum oxygen saturation (142), with reductions in cortisol levels observed following treatment with CPAP (149). Elevated cortisol levels can cause direct damage to ovarian tissue (150) and, when affecting the pituitary gland, can disrupt the synthesis and release of gonadotropins, thereby indirectly influencing ovarian secretory function (151).

Thirdly, sleep deprivation activates the renin-angiotensin-aldosterone system (RAAS), resulting in increased aldosterone and angiotensin II secretion (152), which may contribute to oxidative stress damage within the HPG axis. Lastly, TNF-α levels exhibit a circadian pattern, and sleep deprivation has been associated with elevated levels of TNF-α and IL-6 (153), which may inflict damage on ovarian tissue through the activation of inflammatory responses.

The impact of sleep deprivation on estrogen levels within the body is well-documented; however, it remains relatively underexplored in individuals diagnosed with OSAHS. The direct influence of alterations in sleep architecture on estrogen levels can be assessed through PSG monitoring.



4.3 Obesity

There exists a reciprocal promotional relationship between OSAHS and obesity, wherein OSAHS exacerbates endocrine dysfunction, thereby worsening obesity in individuals with obesity (1). In obese female patients, insulin resistance leads to increased ovarian production of androgens. At the same time, excess adipose tissue enhances aromatase activity, facilitating the conversion of androgens to estrogens, predominantly estrone (42, 145). Additionally, visceral adipose tissue releases significant inflammatory and immune mediators (143), stimulating the ovaries and adrenal glands to secrete these hormones (154). Elevated levels of androgens and estrogens disrupt the negative feedback mechanism of the HPG axis, resulting in the inhibition of FSH and LH secretion. Consequently, obese females may exhibit low FSH, LH, estrogen metabolites, and urinary progesterone (155). These hormonal imbalances can lead to impaired follicle development, ovulatory dysfunction, and menstrual irregularities (145, 156), often presenting as polycystic ovary syndrome (PCOS) in female patients.

A meta-analysis indicated that bariatric surgery significantly improved the signs and symptoms of PCOS and reduced free testosterone and estrogen levels in females (154). Another meta-analysis focusing on obese females without PCOS reached similar conclusions, noting that bariatric surgery ameliorated menstrual irregularities, improved insulin resistance, decreased testosterone and estrogen levels, and increased sex hormone-binding globulin levels. However, no significant changes in LH and FSH levels were observed (156). Some studies involving females (145, 157) and males (154) have reported elevated FSH and LH levels post-bariatric surgery, with this variation potentially influenced by the menstrual cycle during which the samples were collected. Sarwer et al. (157) conducted a four-year follow-up study involving 106 females post-bariatric weight loss, revealing an average weight reduction of 30% at four years post-surgery, alongside a significant decrease in estrogen levels after the procedure, with a notable increase in estrogen levels from the third year onward. This finding suggests that the inhibition of the HPG axis is alleviated following weight loss, leading to the normalization of hormone regulation. In summary, obesity results from multiple endocrine dysfunctions that inhibit the HPG axis, and weight loss surgery can mitigate pathological estrogen levels and relieve this inhibition.

In conclusion, OSAHS may influence estrogen production through various mechanisms, with sleep deprivation likely being the predominant factor. It is important to note that while examining the impact of reduced estrogen levels on OSAHS, one must also consider the reciprocal effects of OSAHS on estrogen synthesis and secretion. There is a notable scarcity of research investigating the fluctuations in sex hormone levels before and after treatment in female patients with OSAHS. This gap in the literature can be attributed to the inherent variability in the female menstrual cycle, which poses challenges in standardization and is further influenced by factors such as age, pregnancy, and the use of steroid hormones.




5 Exploration of the application of estrogen in the treatment of OSAHS

In the United States, more than 1.3 million women undergo menopause annually. A cross-sectional study assessed the trends in the utilization of menopausal hormone therapy among postmenopausal women in the United States from 1999 to March 2020, indicating a decrease in prevalence from 26.9% in 1999 to 4.7% in 2020 (158). During the menopausal transition, it is estimated that between 50 and 75% of women experience vasomotor symptoms, such as hot flashes and night sweats, which may lead to increased anxiety and insomnia. Additionally, over 50% of women report experiencing genitourinary symptoms (159), which can have a profound effect on their personal and social well-being (160). Estrogen therapy is recognized as the primary treatment for both vasomotor symptoms and menopausal genitourinary syndrome (159).


5.1 Effects of estrogen therapy on humans

The adverse effects of estrogen therapy primarily pertain to the associated risks of neoplasms, cardiovascular disease (CVD), and stroke. The existing literature on the implications of estrogen therapy for human health presents inconsistencies, particularly regarding the risks of CVD and breast cancer. Estrogen was previously advocated for the management of menopausal symptoms in women; however, its utilization significantly declined following findings from the Heart and Estrogen/Progestin Replacement Study (HERS) (161)and the Women’s Health Initiative (WHI) (162, 163) randomized trials. These studies revealed an elevated risk of CVD and breast cancer linked to the oral administration of 0.625 mg/d conjugated equine estrogens (CEE) in conjunction with 2.5 mg/d medroxyprogesterone acetate (MPA) (161–163). The concerns surrounding hormone therapy extend beyond CVD and breast cancer, as it has also been correlated with an increased risk of venous thromboembolism, overall mortality, and cancer-related deaths (164, 165). Recent research indicates that these risks may be more closely associated with progestogens, given that contraceptives containing both estrogen and progestogen, as well as progestogen-only formulations, have been shown to elevate the risk of breast cancer (166, 167). Notably, the WHI randomized trials (163, 168) and a meta-analysis (169) have demonstrated that treatment with CEE alone significantly decreases the risk of breast cancer. Furthermore, estrogen therapy does not appear to be linked to all-cause, cardiovascular, or cancer-related mortality risks (170). A meta-analysis involving over 2.5 million menopausal women suggests that oral hormone therapy is not associated with an increased risk of heart disease, and that low-dose oral and transdermal hormone therapies may confer cardioprotective benefits (171). Recent findings from the KEEPS trial indicate that oral CEE may slow the accumulation of epicardial fat tissue and impede the progression of coronary atherosclerosis (172). It is crucial to acknowledge that the studies focusing on estrogen monotherapy predominantly involve women who have undergone hysterectomy. For women with an intact uterus, the administration of CEE alone may heighten the risk of endometrial cancer, while combined treatment with MPA can mitigate this risk (173). Additionally, the WHI has reported that postmenopausal women receiving estrogen alone face an increased risk of stroke (174), as well as heightened incidence and mortality rates of ovarian cancer (173).

The etiology of organ damage linked to hormone therapy may be influenced by the age at which treatment commences, especially in relation to the age of menopause. Additionally, factors such as the type, dosage, and method of administration of estrogen, along with the concurrent use of progestogens, may also play a significant role (171).There is substantial evidence indicating that estrogen therapy may confer cardioprotective benefits when initiated around the time of menopause. In contrast, its initiation during the late menopausal period (more than ten years post-menopause) may be detrimental (171). This phenomenon can be attributed to the less favorable CVD risk profile observed in women who are further along in the menopausal transition, rendering them more susceptible to CVD (175). A secondary analysis of the WHI revealed that women aged 50 to 59 years, or those who are less than ten years post-menopause, exhibited a decreased risk of heart disease, a lower likelihood of mortality from all causes, and no significant increase in stroke risk, in contrast to women who commenced hormone therapy after the age of 60 (176). Furthermore, early initiation of estrogen replacement therapy has been shown to significantly impede the progression of coronary atherosclerosis, diminish the risk of colon cancer, and potentially reduce all-cause mortality by 20–40% (177). Conversely, the initiation of hormone replacement therapy a decade post-menopause may elevate the risk of cardiovascular disease, among other health concerns (177). Consequently, the timing of hormone therapy initiation relative to menopause is a critical determinant of its effects on chronic disease risk (165). The duration of estrogen’s absence prior to therapy is particularly relevant, as it influences the risk of atherosclerosis. Additionally, it is essential to note that while estrogen is not inherently carcinogenic, it can promote the growth of pre-existing tumors; thus, timely screening for tumors is essential for menopausal women, particularly prior to the commencement of hormone therapy (165). Unless contraindicated, patients may opt to continue hormone therapy until the associated risks surpass the benefits (165). Regular reassessment of a woman’s health status is necessary throughout treatment.

In summary, the formulation of a personalized approach to estrogen therapy is of paramount importance (178). A comprehensive evaluation of various factors, including the dosage of the medication, the administration route, the specific type of hormonal agent utilized (whether combined estrogen or progestin), the timing of treatment initiation, the patient’s age, her cardiovascular disease history, and the thromboembolic characteristics associated with estrogen and progestin, is essential for postmenopausal hormone replacement therapy (171). The debate surrounding the advantages and disadvantages of estrogen therapy remains unresolved.



5.2 Clinical studies of estrogen therapy for OSAHS

Wesström et al. (179) administered a regimen of hormone replacement therapy consisting of 2 mg/d of estradiol and 0.5 mg/d of trimegeston orally for a duration of 5–6 weeks to four postmenopausal women and one perimenopausal woman diagnosed with OSAHS via PSG monitoring. The results indicated a significant average reduction of 75% in the AHI post-treatment. In a separate study conducted by Keefe et al. (180), treatment with oral estrogen (2 mg/d) and combined progesterone (10 mg/d) yielded reductions in AHI of 25 and 50%, respectively. Additionally, Heinzer et al. (8) reported that postmenopausal women undergoing hormone replacement therapy exhibited comparatively lower AHI values. Conversely, Cistulli et al. (181) conducted a study involving 15 postmenopausal women with moderate OSAHS, administering estrogen (either oral CEE at 0.625 mg/d, estradiol valerate at 1 mg/d, or transdermal estradiol at 8 mg/week) in conjunction with combined progesterone (MPA at 2.5–10 mg/d) over a period of 50 days, and found no significant reduction in sleep-disordered breathing events. Notably, both the studies by Keefe and Cistulli were unblinded and lacked a control group. Additionally, Wesström’s investigation was a small-sample clinical trial without a placebo control, leading to ongoing debates regarding the validity of the results. Currently, there is insufficient conclusive evidence to ascertain the efficacy of estrogen alone or estrogen-progestin combination therapy in postmenopausal women with OSAHS. Nevertheless, findings from various animal studies and clinical investigations suggest that estrogen therapy may confer a protective effect against the onset and progression of OSAHS and its associated complications in postmenopausal women, with the combination of progestin potentially enhancing therapeutic efficacy (6). Further extensive and methodologically rigorous clinical studies are warranted to substantiate these conclusions.



5.3 Basic research on estrogen therapy for OSAHS

The impact of CIH on female patients with OSAHS is influenced by various stages of ovarian hormone production, including the physiological menstrual cycle, pregnancy, and menopause. This observation indicates that hormonal therapies aimed at contraception, alleviating menopausal symptoms, or treating estrogen receptor-positive breast cancer may interact with CIH, potentially modifying the responses of other tissues such as the lungs, cardiovascular system, brain, and kidneys in female OSAHS patients (61). Research has demonstrated that low doses of E2 can reduce inflammatory and immune responses (67), while physiologically elevated levels of E2 may intensify these responses (182). In a study conducted by Huang et al. (13), the subcutaneous implantation of E2 silicone capsules demonstrated that supplementation with low concentrations of E2 (30 mg/mL) significantly diminished the apnea reflex induced by CIH in OVX rats, as well as the afferent response to chemical stimuli and the pulmonary inflammatory response; conversely, higher concentrations of E2 (50 and 150 mg/mL) did not yield significant effects.

These findings suggest that the influence of estrogen on the inflammatory response induced by CIH may be concentration-dependent, warranting further investigation to determine whether similar concentration-dependent effects of estrogen are observed in other tissues.

Recent investigations into the utilization of phytoestrogens have yielded promising results. Genistein, a polyphenolic nonsteroidal compound derived from plants, is among the most extensively studied phytoestrogens, exhibiting estrogen-like bioactivity without significant toxic effects during prolonged use (183). A study conducted by Zhou et al. (28) demonstrated that genistein enhances the endurance of upper airway muscles and mitigates airway collapse by down-regulating the expression of HIF-1α in the genioglossus of CIH rats. However, this effect was less pronounced than that of estrogen. Subsequent research indicated that genistein reduces oxidative stress and myogenic apoptosis through various mechanisms, including the regulation of ROS, lipid peroxidation, Bcl-2, and the apoptosis marker caspase-3 via the PI3K-Akt and ERK1/2 MAPK signaling pathways, with its effects remaining unaffected by estrogen receptor antagonists [28]. This suggests that the protective role of genistein against hypoxia-induced damage to genioglossus myogenic cells may operate through a non-genomic pathway rather than a genomic pathway mediated by estrogen receptors (28).

Moreover, genistein exhibits a high affinity for ERβ, while ERα is predominantly distributed in skeletal muscle. Experimental findings indicate that low concentrations of genistein confer a more pronounced protective effect against adult myocyte injury, suggesting that this protective effect may be both tissue-specific and concentration-dependent (20). Further research is warranted to elucidate its physiological effects and mechanisms in other tissues. Additionally, other phytoestrogens, such as resveratrol dimer (a derivative of resveratrol), which possesses superior estrogenic properties and minimal cytotoxicity, can enhance ERα expression by binding to ERα, thereby activating the p38 MAPK pathway to inhibit HIF-1α expression, ultimately improving the function of the genioglossus (17).

In conclusion, the utilization of estrogen for the management of OSAHS presents specific practical considerations; however, there is a deficiency of robust clinical evidence to substantiate its efficacy. Phytoestrogens exhibit various protective effects against OSAHS and may mitigate the adverse effects of conventional estrogens. Further investigation into their mechanisms of action is essential, as this research holds considerable importance for preventing and treating OSAHS in postmenopausal women. Additionally, hormone replacement therapy for postmenopausal women with OSAHS carries inherent risks and potential benefits.




6 Conclusion

A substantial body of evidence indicates that the chronic systemic inflammatory response associated with OSAHS impacts the body’s estrogen levels. Notably, estrogen serves a crucial protective function in the context of OSAHS. Disruption of this balance may exacerbate the condition. Future research should focus on a more comprehensive examination of the interplay between OSAHS and estrogen. The advancement and utilization of phytoestrogens have partially mitigated the severe complications associated with traditional estrogen therapy, positioning them as a promising therapeutic adjunct for postmenopausal patients with OSAHS. Given the significant relationship between OSAHS and estrogen, we propose that a combination therapy involving CPAP and E2 could be explored to substantially enhance the clinical symptoms of affected individuals, at least in the short term. However, this approach necessitates robust empirical support through extensive experimental data.



Author contributions

PZ: Conceptualization, Investigation, Writing – original draft, Writing – review & editing, Supervision. HML: Conceptualization, Investigation, Supervision, Writing – original draft, Writing – review & editing. HYL: Conceptualization, Investigation, Writing – original draft. YC: Conceptualization, Resources, Writing – original draft. YL: Conceptualization, Funding acquisition, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the National Natural Science Foundation of China, Number: 1760022; Hanfang Expert Workstation in Yunnan Province, No. 202105AF150022. Yunnan Province “Xing Dian Talent Support Program” Project, No. XDYC-MY-2022-0013.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Gottlieb, DJ, and Punjabi, NM. Diagnosis and Management of Obstructive Sleep Apnea: a review. JAMA. (2020) 323:1389–400. doi: 10.1001/jama.2020.3514 

 2. Benjafield, AV, Ayas, NT, Eastwood, PR, Heinzer, R, Ip, MSM, Morrell, MJ , et al. Estimation of the global prevalence and burden of obstructive sleep apnoea: a literature-based analysis. Lancet Respir Med. (2019) 7:687–98. doi: 10.1016/S2213-2600(19)30198-5 

 3. Ribon-Demars, A, Pialoux, V, Boreau, A, Marcouiller, F, Larivière, R, Bairam, A , et al. Protective roles of estradiol against vascular oxidative stress in ovariectomized female rats exposed to normoxia or intermittent hypoxia. Acta Physiol. (2019) 225:e13159. doi: 10.1111/apha.13159 

 4. Fietze, I, Laharnar, N, Obst, A, Ewert, R, Felix, SB, Garcia, C , et al. Prevalence and association analysis of obstructive sleep apnea with gender and age differences - results of SHIP-trend. J Sleep Res. (2019) 28:e12770. doi: 10.1111/jsr.12770 

 5. Lozo, T, Komnenov, D, Badr, MS, and Mateika, JH. Sex differences in sleep disordered breathing in adults. Respir Physiol Neurobiol. (2017) 245:65–75. doi: 10.1016/j.resp.2016.11.001 

 6. Shahar, E, Redline, S, Young, T, Boland, LL, Baldwin, CM, Nieto, FJ , et al. Hormone replacement therapy and sleep-disordered breathing. Am J Respir Crit Care Med. (2003) 167:1186–92. doi: 10.1164/rccm.200210-1238OC 

 7. Martins, FO, and Conde, SV. Gender differences in the context of obstructive sleep apnea and metabolic diseases. Front Physiol. (2021) 12:792633. doi: 10.3389/fphys.2021.792633 

 8. Heinzer, R, Marti-Soler, H, Marques-Vidal, P, Tobback, N, Andries, D, Waeber, G , et al. Impact of sex and menopausal status on the prevalence, clinical presentation, and comorbidities of sleep-disordered breathing. Sleep Med. (2018) 51:29–36. doi: 10.1016/j.sleep.2018.04.016 

 9. Mirer, AG, Young, T, Palta, M, Benca, RM, Rasmuson, A, and Peppard, PE. Sleep-disordered breathing and the menopausal transition among participants in the sleep in midlife women study. Menopause. (2017) 24:157–62. doi: 10.1097/GME.0000000000000744 

 10. Dancey, DR, Hanly, PJ, Soong, C, Lee, B, and Hoffstein, V. Impact of menopause on the prevalence and severity of sleep apnea. Chest. (2001) 120:151–5. doi: 10.1378/chest.120.1.151 

 11. Cai, L-Q, Huang, L, Wei, L-L, Yao, J-S, Xu, L-Y, and Chen, W. Reduced plasma estradiol levels are associated with sleep apnea in depressed Peri- and post-menopausal women. Neuropsychiatr Dis Treat. (2021) 17:3483–8. doi: 10.2147/NDT.S333154 

 12. Bixler, EO, Vgontzas, AN, Lin, HM, Ten Have, T, Rein, J, Vela-Bueno, A , et al. Prevalence of sleep-disordered breathing in women: effects of gender. Am J Respir Crit Care Med. (2001) 163:608–13. doi: 10.1164/ajrccm.163.3.9911064 

 13. Huang, Y-C, Yuan, ZF, Yang, C-H, Shen, Y-J, Lin, J-Y, and Lai, CJ. Estrogen modulates the sensitivity of lung vagal C fibers in female rats exposed to intermittent hypoxia. Front Physiol. (2018) 9:847. doi: 10.3389/fphys.2018.00847 

 14. Lan, XF, Zhang, XJ, Lin, YN, Wang, Q, Xu, HJ, Zhou, LN , et al. Estradiol regulates Txnip and prevents intermittent hypoxia-induced vascular injury. Sci Rep. (2017) 7:10318. doi: 10.1038/s41598-017-10442-7 

 15. Beroukhim, G, Esencan, E, and Seifer, DB. Impact of sleep patterns upon female neuroendocrinology and reproductive outcomes: a comprehensive review. Reprod Biol Endocrinol. (2022) 20:16. doi: 10.1186/s12958-022-00889-3 

 16. McDonnell, DP, and Norris, JD. Connections and regulation of the human estrogen receptor. Science (New York, NY). (2002) 296:1642–4. doi: 10.1126/science.1071884 

 17. Li, Y, Liu, Y, Lu, Y, and Zhao, B. Inhibitory effects of 17β-estradiol or a resveratrol dimer on hypoxia-inducible factor-1α in genioglossus myoblasts: involvement of ERα and its downstream p38 MAPK pathways. Int J Mol Med. (2017) 40:1347–56. doi: 10.3892/ijmm.2017.3123 

 18. Kirkness, JP, Schwartz, AR, Schneider, H, Punjabi, NM, Maly, JJ, Laffan, AM , et al. Contribution of male sex, age, and obesity to mechanical instability of the upper airway during sleep. J Appl Physiol. (2008) 104:1618–24. doi: 10.1152/japplphysiol.00045.2008 

 19. Boyd, JH, Petrof, BJ, Hamid, Q, Fraser, R, and Kimoff, RJ. Upper airway muscle inflammation and denervation changes in obstructive sleep apnea. Am J Respir Crit Care Med. (2004) 170:541–6. doi: 10.1164/rccm.200308-1100OC 

 20. Ding, W, Chen, X, Li, W, Fu, Z, and Shi, J. Genistein protects genioglossus myoblast against hypoxia-induced injury through PI3K-Akt and ERK MAPK pathways. Sci Rep. (2017) 7:5085. doi: 10.1038/s41598-017-03484-4 

 21. Dong, J, Niu, X, and Chen, X. Injury and apoptosis in the Palatopharyngeal muscle in patients with obstructive sleep apnea-hypopnea syndrome. Med Sci Monit. (2020) 26:e919501. doi: 10.12659/MSM.919501 

 22. Ferraro, E, Giammarioli, AM, Chiandotto, S, Spoletini, I, and Rosano, G. Exercise-induced skeletal muscle remodeling and metabolic adaptation: redox signaling and role of autophagy. Antioxid Redox Signal. (2014) 21:154–76. doi: 10.1089/ars.2013.5773 

 23. Smirne, S, Iannaccone, S, Ferini-Strambi, L, Comola, M, Colombo, E, and Nemni, R. Muscle fibre type and habitual snoring. Lancet. (1991) 337:597–9. doi: 10.1016/0140-6736(91)91651-A 

 24. Chen, HH, Lu, J, Guan, YF, Li, SJ, Hu, TT, Xie, ZS , et al. Estrogen/ERR-α signaling axis is associated with fiber-type conversion of upper airway muscles in patients with obstructive sleep apnea hypopnea syndrome. Sci Rep. (2016) 6:27088. doi: 10.1038/srep27088 

 25. Chen, HH, Guan, YQ, Xie, ZS, Zhang, W, Liu, X, Li, Q , et al. Pathologic changes of the palatopharyngeal muscles in adult patients with obstructive sleep apnea hypopnea syndrome. Zhonghua er bi yan hou tou jing wai ke za zhi. (2013) 48:746–51. doi: 10.3760/cma.j.issn.1673-0860.2013.09.010

 26. Popovic, RM, and White, DP. Upper airway muscle activity in normal women: influence of hormonal status. J Appl Physiol. (1998) 84:1055–62.

 27. Liu, YH, Huang, Y, and Shao, X. Effects of estrogen on genioglossal muscle contractile properties and fiber-type distribution in chronic intermittent hypoxia rats. Eur J Oral Sci. (2009) 117:685–90. doi: 10.1111/j.1600-0722.2009.00681.x 

 28. Zhou, J, and Liu, Y. Effects of genistein and estrogen on the genioglossus in rats exposed to chronic intermittent hypoxia may be HIF-1α dependent. Oral Dis. (2013) 19:702–11. doi: 10.1111/odi.12060 

 29. Cabelka, CA, Baumann, CW, Collins, BC, Nash, N, Le, G, Lindsay, A , et al. Effects of ovarian hormones and estrogen receptor α on physical activity and skeletal muscle fatigue in female mice. Exp Gerontol. (2019) 115:155–64. doi: 10.1016/j.exger.2018.11.003 

 30. Hou, YX, Jia, SS, and Liu, YH. 17beta-estradiol accentuates contractility of rat genioglossal muscle via regulation of estrogen receptor alpha. Arch Oral Biol. (2010) 55:309–17. doi: 10.1016/j.archoralbio.2010.02.002 

 31. Meszaros, M, Kis, A, Kunos, L, Tarnoki, AD, Tarnoki, DL, Lazar, Z , et al. The role of hyaluronic acid and hyaluronidase-1 in obstructive sleep apnoea. Sci Rep. (2020) 10:19484. doi: 10.1038/s41598-020-74769-4 

 32. Monzon, ME, Casalino-Matsuda, SM, and Forteza, RM. Identification of glycosaminoglycans in human airway secretions. Am J Respir Cell Mol Biol. (2006) 34:135–41. doi: 10.1165/rcmb.2005-0256OC 

 33. Klagas, I, Goulet, S, Karakiulakis, G, Zhong, J, Baraket, M, Black, JL , et al. Decreased hyaluronan in airway smooth muscle cells from patients with asthma and COPD. Eur Respir J. (2009) 34:616–28. doi: 10.1183/09031936.00070808 

 34. Campo, GM, Avenoso, A, D'Ascola, A, Prestipino, V, Scuruchi, M, Nastasi, G , et al. Inhibition of hyaluronan synthesis reduced inflammatory response in mouse synovial fibroblasts subjected to collagen-induced arthritis. Arch Biochem Biophys. (2012) 518:42–52. doi: 10.1016/j.abb.2011.12.005 

 35. Dentener, MA, Vernooy, JH, Hendriks, S, and Wouters, EF. Enhanced levels of hyaluronan in lungs of patients with COPD: relationship with lung function and local inflammation. Thorax. (2005) 60:114–9. doi: 10.1136/thx.2003.020842 

 36. Monzón, ME, Manzanares, D, Schmid, N, Casalino-Matsuda, SM, and Forteza, RM. Hyaluronidase expression and activity is regulated by pro-inflammatory cytokines in human airway epithelial cells. Am J Respir Cell Mol Biol. (2008) 39:289–95. doi: 10.1165/rcmb.2007-0361OC 

 37. Uzuka, M, Nakajima, K, Ohta, S, and Mori, Y. The mechanism of estrogen-induced increase in hyaluronic acid biosynthesis, with special reference to estrogen receptor in the mouse skin. Biochim Biophys Acta. (1980) 627:199–206. doi: 10.1016/0304-4165(80)90321-9 

 38. Gupte, AA, Pownall, HJ, and Hamilton, DJ. Estrogen: an emerging regulator of insulin action and mitochondrial function. J Diabetes Res. (2015) 2015:916585:1–9. doi: 10.1155/2015/916585 

 39. Xu, J, Xiang, Q, Lin, G, Fu, X, Zhou, K, Jiang, P , et al. Estrogen improved metabolic syndrome through down-regulation of VEGF and HIF-1α to inhibit hypoxia of periaortic and intra-abdominal fat in ovariectomized female rats. Mol Biol Rep. (2012) 39:8177–85. doi: 10.1007/s11033-012-1665-1 

 40. Burger, HG. The endocrinology of the menopause. Maturitas. (1996) 23:129–36. doi: 10.1016/0378-5122(95)00969-8 

 41. Davis, SR, Castelo-Branco, C, Chedraui, P, Lumsden, MA, Nappi, RE, Shah, D , et al. Understanding weight gain at menopause. Climacteric. (2012) 15:419–29. doi: 10.3109/13697137.2012.707385

 42. Meyer, MR, Clegg, DJ, Prossnitz, ER, and Barton, M. Obesity, insulin resistance and diabetes: sex differences and role of oestrogen receptors. Acta Physiol (Oxf). (2011) 203:259–69. doi: 10.1111/j.1748-1716.2010.02237.x 

 43. Torres, M, Palomer, X, Montserrat, JM, Vázquez-Carrera, M, and Farré, R. Effect of ovariectomy on inflammation induced by intermittent hypoxia in a mouse model of sleep apnea. Respir Physiol Neurobiol. (2014) 202:71–4. doi: 10.1016/j.resp.2014.08.009 

 44. Laouafa, S, Ribon-Demars, A, Marcouiller, F, Roussel, D, Bairam, A, Pialoux, V , et al. Estradiol protects against cardiorespiratory dysfunctions and oxidative stress in intermittent hypoxia. Sleep. (2017) 40. doi: 10.1093/sleep/zsx104 

 45. Galmés-Pascual, BM, Martínez-Cignoni, MR, Morán-Costoya, A, Bauza-Thorbrügge, M, Sbert-Roig, M, Valle, A , et al. 17β-estradiol ameliorates lipotoxicity-induced hepatic mitochondrial oxidative stress and insulin resistance. Free Radic Biol Med. (2020) 150:148–60. doi: 10.1016/j.freeradbiomed.2020.02.016 

 46. Boukari, R, Laouafa, S, Ribon-Demars, A, Bairam, A, and Joseph, V. Ovarian steroids act as respiratory stimulant and antioxidant against the causes and consequences of sleep-apnea in women. Respir Physiol Neurobiol. (2017) 239:46–54. doi: 10.1016/j.resp.2017.01.013 

 47. Meszaros, M, Kunos, L, Tarnoki, AD, Tarnoki, DL, Lazar, Z, and Bikov, A. The role of soluble low-density lipoprotein receptor-related Protein-1 in obstructive sleep Apnoea. J Clin Med. (2021) 10:1494. doi: 10.3390/jcm10071494 

 48. Cal, R, Castellano, J, Revuelta-López, E, Aledo, R, Barriga, M, Farré, J , et al. Low-density lipoprotein receptor-related protein 1 mediates hypoxia-induced very low density lipoprotein-cholesteryl ester uptake and accumulation in cardiomyocytes. Cardiovasc Res. (2012) 94:469–79. doi: 10.1093/cvr/cvs136 

 49. Castellano, J, Aledo, R, Sendra, J, Costales, P, Juan-Babot, O, Badimon, L , et al. Hypoxia stimulates low-density lipoprotein receptor-related protein-1 expression through hypoxia-inducible factor-1α in human vascular smooth muscle cells. Arterioscler Thromb Vasc Biol. (2011) 31:1411–20. doi: 10.1161/ATVBAHA.111.225490 

 50. Zhang, X, Han, Z, Zhong, H, Yin, Q, Xiao, J, Wang, F , et al. Regulation of triglyceride synthesis by estradiol in the livers of hybrid tilapia (Oreochromis niloticus ♀ × O. aureus ♂). Comp Biochem Physiol B Biochem Mol Biol. (2019) 238:110335. doi: 10.1016/j.cbpb.2019.110335 

 51. Melanson, EL, Lyden, K, Gibbons, E, Gavin, KM, Wolfe, P, Wierman, ME , et al. Influence of estradiol status on physical activity in premenopausal women. Med Sci Sports Exerc. (2018) 50:1704–9. doi: 10.1249/MSS.0000000000001598 

 52. Perger, E, Pengo, MF, and Lombardi, C. Hypertension and atrial fibrillation in obstructive sleep apnea: is it a menopause issue? Maturitas. (2019) 124:32–4. doi: 10.1016/j.maturitas.2019.02.012 

 53. Koo, P, Gorsi, U, Manson, JE, Allison, MA, LaMonte, MJ, Roberts, MB , et al. Prospective association of obstructive sleep apnea risk factors with heart failure and its subtypes in postmenopausal women: the Women's Health Initiative. J Clin Sleep Med. (2020) 16:1107–17. doi: 10.5664/jcsm.8438 

 54. Shughrue, PJ, Lane, MV, and Merchenthaler, I. Comparative distribution of estrogen receptor-alpha and -beta mRNA in the rat central nervous system. J Comp Neurol. (1997) 388:507–25. doi: 10.1002/(SICI)1096-9861(19971201)388:4<507::AID-CNE1>3.0.CO;2-6 

 55. Lebek, S, Hegner, P, Tafelmeier, M, Rupprecht, L, Schmid, C, Maier, LS , et al. Female patients with sleep-disordered breathing display more frequently heart failure with preserved ejection fraction. Front Med. (2021) 8:675987. doi: 10.3389/fmed.2021.675987 

 56. Lebek, S, Pichler, K, Reuthner, K, Trum, M, Tafelmeier, M, Mustroph, J , et al. Enhanced CaMKII-dependent late I(Na) induces atrial Proarrhythmic activity in patients with sleep-disordered breathing. Circ Res. (2020) 126:603–15. doi: 10.1161/CIRCRESAHA.119.315755

 57. Ma, Y, Cheng, WT, Wu, S, and Wong, TM. Oestrogen confers cardioprotection by suppressing Ca2+/calmodulin-dependent protein kinase II. Br J Pharmacol. (2009) 157:705–15. doi: 10.1111/j.1476-5381.2009.00212.x 

 58. Cadenas, E, and Davies, KJ. Mitochondrial free radical generation, oxidative stress, and aging. Free Radic Biol Med. (2000) 29:222–30. doi: 10.1016/S0891-5849(00)00317-8 

 59. Borrás, C, Gambini, J, López-Grueso, R, Pallardó, FV, and Viña, J. Direct antioxidant and protective effect of estradiol on isolated mitochondria. Biochim Biophys Acta. (2010) 1802:205–11. doi: 10.1016/j.bbadis.2009.09.007 

 60. Chainy, GBN, and Sahoo, DK. Hormones and oxidative stress: an overview. Free Radic Res. (2019) 54:1–26. doi: 10.1080/10715762.2019.1702656 

 61. Ribon-Demars, A, Jochmans-Lemoine, A, Ganouna-Cohen, G, Boreau, A, Marcouiller, F, Bairam, A , et al. Lung oxidative stress and transcriptional regulations induced by estradiol and intermittent hypoxia. Free Radic Biol Med. (2021) 164:119–29. doi: 10.1016/j.freeradbiomed.2020.12.433 

 62. Yu, L-M, Zhang, W-H, Han, X-X, Li, Y-Y, Lu, Y, Pan, J , et al. Hypoxia-induced ROS contribute to myoblast Pyroptosis during obstructive sleep apnea via the NF-κB/HIF-1α signaling pathway. Oxidative Med Cell Longev. (2019) 2019:1–19. doi: 10.1155/2019/4596368

 63. Hegner, P, Lebek, S, Maier, LS, Arzt, M, and Wagner, S. The effect of gender and sex hormones on cardiovascular disease, heart failure, diabetes, and atrial fibrillation in sleep apnea. Front Physiol. (2021) 12:741896. doi: 10.3389/fphys.2021.741896 

 64. Irwin, RW, Yao, J, To J, Hamilton, RT, Cadenas, E, and Brinton, RD. Selective oestrogen receptor modulators differentially potentiate brain mitochondrial function. J Neuroendocrinol. (2012) 24:236–48. doi: 10.1111/j.1365-2826.2011.02251.x 

 65. Laouafa, S, Roussel, D, Marcouiller, F, Soliz, J, Gozal, D, Bairam, A , et al. Roles of oestradiol receptor alpha and beta against hypertension and brain mitochondrial dysfunction under intermittent hypoxia in female rats. Acta Physiol. (2019) 226:e13255. doi: 10.1111/apha.13255 

 66. Wang, Y, and Pessin, JE. Mechanisms for fiber-type specificity of skeletal muscle atrophy. Curr Opin Clin Nutr Metab Care. (2013) 16:243–50. doi: 10.1097/MCO.0b013e328360272d 

 67. Kalaitzidis, D, and Gilmore, TD. Transcription factor cross-talk: the estrogen receptor and NF-kappaB. Trends Endocrinol Metab. (2005) 16:46–52. doi: 10.1016/j.tem.2005.01.004 

 68. Jia, SS, and Liu, YH. Down-regulation of hypoxia inducible factor-1alpha: a possible explanation for the protective effects of estrogen on genioglossus fatigue resistance. Eur J Oral Sci. (2010) 118:139–44. doi: 10.1111/j.1600-0722.2010.00712.x 

 69. Hsieh, DJ, Kuo, WW, Lai, YP, Shibu, MA, Shen, CY, Pai, P , et al. 17β-estradiol and/or estrogen receptor β attenuate the Autophagic and apoptotic effects induced by prolonged hypoxia through HIF-1α-mediated BNIP3 and IGFBP-3 signaling blockage. Cell Physiol Biochem. (2015) 36:274–84. doi: 10.1159/000374070

 70. Woollard, KJ, and Chin-Dusting, J. P-selectin antagonism in inflammatory disease. Curr Pharm Des. (2010) 16:4113–8. doi: 10.2174/138161210794519192 

 71. Horváth, P, Lázár, Z, Gálffy, G, Puskás, R, Kunos, L, Losonczy, G , et al. Circulating P-selectin glycoprotein ligand 1 and P-selectin levels in obstructive sleep apnea patients. Lung. (2020) 198:173–9. doi: 10.1007/s00408-019-00299-0 

 72. Jilma, B, Hildebrandt, J, Kapiotis, S, Wagner, OF, Kitzweger, E, Müllner, C , et al. Effects of estradiol on circulating P-selectin. J Clin Endocrinol Metab. (1996) 81:2350–5.

 73. Pereira, RM, Mekary, RA, da Cruz Rodrigues, KC, Anaruma, CP, Ropelle, ER, da Silva, ASR , et al. Protective molecular mechanisms of clusterin against apoptosis in cardiomyocytes. Heart Fail Rev. (2018) 23:123–9. doi: 10.1007/s10741-017-9654-z 

 74. Meszaros, M, Horvath, P, Kis, A, Kunos, L, Tarnoki, AD, Tarnoki, DL , et al. Circulating levels of clusterin and complement factor H in patients with obstructive sleep apnea. Biomark Med. (2021) 15:323–30. doi: 10.2217/bmm-2020-0533 

 75. Du, J, Liu, L, Yu, B, Hao, F, Liu, G, Jing, H , et al. Clusterin (apolipoprotein J) facilitates NF-κB and Bax degradation and prevents I/R injury in heart transplantation. Int J Clin Exp Pathol. (2018) 11:1186–96.

 76. Heikaus, S, Winterhager, E, Traub, O, and Grümmer, R. Responsiveness of endometrial genes Connexin26, Connexin43, C3 and clusterin to primary estrogen, selective estrogen receptor modulators, phyto- and xenoestrogens. J Mol Endocrinol. (2002) 29:239–49. doi: 10.1677/jme.0.0290239 

 77. Paech, K, Webb, P, Kuiper, GG, Nilsson, S, Gustafsson, J, Kushner, PJ , et al. Differential ligand activation of estrogen receptors ERalpha and ERbeta at AP1 sites. Science (New York, NY). (1997) 277:1508–10. doi: 10.1126/science.277.5331.1508 

 78. Jurado-Gamez, B, Gomez-Chaparro, JL, Muñoz-Calero, M, Serna Sanz, A, Muñoz-Cabrera, L, Lopez-Barea, J , et al. Serum proteomic changes in adults with obstructive sleep apnoea. J Sleep Res. (2012) 21:139–46. doi: 10.1111/j.1365-2869.2011.00955.x 

 79. Horvath, P, Tarnoki, DL, Tarnoki, AD, Karlinger, K, Lazar, Z, Losonczy, G , et al. Complement system activation in obstructive sleep apnea. J Sleep Res. (2018) 27:e12674. doi: 10.1111/jsr.12674 

 80. Ricklin, D, Reis, ES, and Lambris, JD. Complement in disease: a defence system turning offensive. Nat Rev Nephrol. (2016) 12:383–401. doi: 10.1038/nrneph.2016.70 

 81. Noris, M, and Remuzzi, G. Overview of complement activation and regulation. Semin Nephrol. (2013) 33:479–92. doi: 10.1016/j.semnephrol.2013.08.001 

 82. Sundstrom, SA, Komm, BS, Ponce-de-Leon, H, Yi, Z, Teuscher, C, and Lyttle, CR. Estrogen regulation of tissue-specific expression of complement C3. J Biol Chem. (1989) 264:16941–7. doi: 10.1016/S0021-9258(19)84798-1 

 83. Gravina, G, Wasén, C, Garcia-Bonete, MJ, Turkkila, M, Erlandsson, MC, Töyrä Silfverswärd, S , et al. Survivin in autoimmune diseases. Autoimmun Rev. (2017) 16:845–55. doi: 10.1016/j.autrev.2017.05.016 

 84. Prud'homme, GJ, Kurt, M, and Wang, Q. Pathobiology of the klotho antiaging protein and therapeutic considerations. Front Aging. (2022) 3:931331. doi: 10.3389/fragi.2022.931331 

 85. Kunos, L, Horvath, P, Kis, A, Tarnoki, DL, Tarnoki, AD, Lazar, Z , et al. Circulating Survivin levels in obstructive sleep Apnoea. Lung. (2018) 196:417–24. doi: 10.1007/s00408-018-0120-z 

 86. Nabilsi, NH, Broaddus, RR, McCampbell, AS, Lu, KH, Lynch, HT, Chen, LM , et al. Sex hormone regulation of survivin gene expression. J Endocrinol. (2010) 207:237–43. doi: 10.1677/JOE-10-0128

 87. Chuwa, AH, Sone, K, Oda, K, Tanikawa, M, Kukita, A, Kojima, M , et al. Kaempferol, a natural dietary flavonoid, suppresses 17β-estradiol-induced survivin expression and causes apoptotic cell death in endometrial cancer. Oncol Lett. (2018) 16:6195–201. doi: 10.3892/ol.2018.9340 

 88. Pákó, J, Kunos, L, Mészáros, M, Tárnoki, DL, Tárnoki, ÁD, Horváth, I , et al. Decreased levels of anti-aging klotho in obstructive sleep apnea. Rejuvenation Res. (2020) 23:256–61. doi: 10.1089/rej.2019.2183 

 89. Oz, OK, Hajibeigi, A, Howard, K, Cummins, CL, van Abel, M, Bindels, RJ , et al. Aromatase deficiency causes altered expression of molecules critical for calcium reabsorption in the kidneys of female mice. J Bone Mineral Research. (2007) 22:1893–902. doi: 10.1359/jbmr.070808 

 90. Sárvári, M, Kalló, I, Hrabovszky, E, Solymosi, N, Rodolosse, A, Vastagh, C , et al. Hippocampal gene expression is highly responsive to estradiol replacement in middle-aged female rats. Endocrinology. (2015) 156:2632–45. doi: 10.1210/en.2015-1109 

 91. Hsu, SC, Huang, SM, Chen, A, Sun, CY, Lin, SH, Chen, JS , et al. Resveratrol increases anti-aging klotho gene expression via the activating transcription factor 3/c-Jun complex-mediated signaling pathway. Int J Biochem Cell Biol. (2014) 53:361–71. doi: 10.1016/j.biocel.2014.06.002 

 92. Su, LJ, Zhang, JH, Gomez, H, Murugan, R, Hong, X, Xu, D , et al. Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and Ferroptosis. Oxidative Med Cell Longev. (2019) 2019:5080843. doi: 10.1155/2019/5080843

 93. Azad, MB, Chen, Y, Henson, ES, Cizeau, J, McMillan-Ward, E, Israels, SJ , et al. Hypoxia induces autophagic cell death in apoptosis-competent cells through a mechanism involving BNIP3. Autophagy. (2008) 4:195–204. doi: 10.4161/auto.5278

 94. Zhang, H, Bosch-Marce, M, Shimoda, LA, Tan, YS, Baek, JH, Wesley, JB , et al. Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response to hypoxia. J Biol Chem. (2008) 283:10892–903. doi: 10.1074/jbc.M800102200 

 95. Tran, S, Fairlie, WD, and Lee, EF. BECLIN1: protein structure, function and regulation. Cells. (2021) 10:1522. doi: 10.3390/cells10061522 

 96. Zhang, D, Jia, S, Wang, H, Huang, S, Xiao, L, Ma, L , et al. Effect of sustained hypoxia on autophagy of genioglossus muscle-derived stem cells. Med Sci Monit. (2018) 24:2218–24. doi: 10.12659/MSM.906195 

 97. Xiang, J, Liu, X, Ren, J, Chen, K, Wang, HL, Miao, YY , et al. How does estrogen work on autophagy? Autophagy. (2019) 15:197–211. doi: 10.1080/15548627.2018.1520549 

 98. Lunde, IG, Anton, SL, Bruusgaard, JC, Rana, ZA, Ellefsen, S, and Gundersen, K. Hypoxia inducible factor 1 links fast-patterned muscle activity and fast muscle phenotype in rats. J Physiol. (2011) 589:1443–54. doi: 10.1113/jphysiol.2010.202762 

 99. Somers, VK, Dyken, ME, Clary, MP, and Abboud, FM. Sympathetic neural mechanisms in obstructive sleep apnea. J Clin Invest. (1995) 96:1897–904. doi: 10.1172/JCI118235 

 100. Dimsdale, JE, Coy, T, Ziegler, MG, Ancoli-Israel, S, and Clausen, J. The effect of sleep apnea on plasma and urinary catecholamines. Sleep. (1995) 18:377–81.

 101. Qin, H, Keenan, BT, Mazzotti, DR, Vaquerizo-Villar, F, Kraemer, JF, Wessel, N , et al. Heart rate variability during wakefulness as a marker of obstructive sleep apnea severity. Sleep. (2021) 44:zsab018. doi: 10.1093/sleep/zsab018 

 102. Berry, BR In: RB Berry, editor. Pathophysiology of obstructive sleep apnea. Saint Louis: W.B. Saunders (2012). 263–79.

 103. Del Rio, R, Andrade, DC, Lucero, C, Arias, P, and Iturriaga, R. Carotid body ablation abrogates hypertension and autonomic alterations induced by intermittent hypoxia in rats. Hypertension. (2016) 68:436–45. doi: 10.1161/HYPERTENSIONAHA.116.07255

 104. Iturriaga, R, Andrade, DC, and Del Rio, R. Crucial role of the carotid body chemoreceptors on the development of high arterial blood pressure during chronic intermittent hypoxia. Adv Exp Med Biol. (2015) 860:255–60. doi: 10.1007/978-3-319-18440-1_29 

 105. Iturriaga, R, Del Rio, R, Idiaquez, J, and Somers, VK. Carotid body chemoreceptors, sympathetic neural activation, and cardiometabolic disease. Biol Res. (2016) 49:13. doi: 10.1186/s40659-016-0073-8 

 106. Del Rio, R, Moya, EA, Parga, MJ, Madrid, C, and Iturriaga, R. Carotid body inflammation and cardiorespiratory alterations in intermittent hypoxia. Eur Respir J. (2012) 39:1492–500. doi: 10.1183/09031936.00141511 

 107. Lam, SY, Tipoe, GL, Liong, EC, and Fung, ML. Chronic hypoxia upregulates the expression and function of proinflammatory cytokines in the rat carotid body. Histochem Cell Biol. (2008) 130:549–59. doi: 10.1007/s00418-008-0437-4

 108. Powell, FL. Adaptation to chronic hypoxia involves immune cell invasion and increased expression of inflammatory cytokines in rat carotid body. Am J Physiol Lung Cell Mol Physiol. (2009) 296:L156–7. doi: 10.1152/ajplung.90597.2008 

 109. Del Rio, R, Moya, EA, and Iturriaga, R. Differential expression of pro-inflammatory cytokines, endothelin-1 and nitric oxide synthases in the rat carotid body exposed to intermittent hypoxia. Brain Res. (2011) 1395:74–85. doi: 10.1016/j.brainres.2011.04.028 

 110. Gassmann, M, Pfistner, C, Doan, VD, Vogel, J, and Soliz, J. Impaired ventilatory acclimatization to hypoxia in female mice overexpressing erythropoietin: unexpected deleterious effect of estradiol in carotid bodies. Am J Physiol Regul Integr Comp Physiol. (2010) 299:R1511–20. doi: 10.1152/ajpregu.00205.2010 

 111. Kline, DD, Peng, YJ, Manalo, DJ, Semenza, GL, and Prabhakar, NR. Defective carotid body function and impaired ventilatory responses to chronic hypoxia in mice partially deficient for hypoxia-inducible factor 1 alpha. Proc Natl Acad Sci USA. (2002) 99:821–6. doi: 10.1073/pnas.022634199 

 112. Carter, JR, Fu, Q, Minson, CT, and Joyner, MJ. Ovarian cycle and sympathoexcitation in premenopausal women. Hypertension. (2013) 61:395–9. doi: 10.1161/HYPERTENSIONAHA.112.202598 

 113. Matsukawa, T, Sugiyama, Y, Watanabe, T, Kobayashi, F, and Mano, T. Gender difference in age-related changes in muscle sympathetic nerve activity in healthy subjects. Am J Phys. (1998) 275:R1600–4. doi: 10.1152/ajpregu.1998.275.5.R1600 

 114. Barnes, JN, and Charkoudian, N. Integrative cardiovascular control in women: regulation of blood pressure, body temperature, and cerebrovascular responsiveness. FASEB J. (2021) 35:e21143. doi: 10.1096/fj.202001387R 

 115. Vongpatanasin, W, Tuncel, M, Mansour, Y, Arbique, D, and Victor, RG. Transdermal estrogen replacement therapy decreases sympathetic activity in postmenopausal women. Circulation. (2001) 103:2903–8. doi: 10.1161/01.CIR.103.24.2903 

 116. Pinkham, MI, and Barrett, CJ. Estradiol alters the chemosensitive cardiac afferent reflex in female rats by augmenting sympathoinhibition and attenuating sympathoexcitation. Clin Exp Pharmacol Physiol. (2015) 42:622–31. doi: 10.1111/1440-1681.12392 

 117. Tanaka, R, Tsutsui, H, Kobuchi, S, Sugiura, T, Yamagata, M, Ohkita, M , et al. Protective effect of 17β-estradiol on ischemic acute kidney injury through the renal sympathetic nervous system. Eur J Pharmacol. (2012) 683:270–5. doi: 10.1016/j.ejphar.2012.02.044 

 118. Yao, F, and Abdel-Rahman, AA. Estrogen dampens central cannabinoid receptor 1-mediated neuroexcitation and pressor response in conscious female rats. Biochem Pharmacol. (2022) 201:115102. doi: 10.1016/j.bcp.2022.115102 

 119. Weitz, G, Elam, M, Born, J, Fehm, HL, and Dodt, C. Postmenopausal estrogen administration suppresses muscle sympathetic nerve activity. J Clin Endocrinol Metab. (2001) 86:344–8. doi: 10.1210/jc.86.1.344 

 120. Spary, EJ, Maqbool, A, and Batten, TF. Oestrogen receptors in the central nervous system and evidence for their role in the control of cardiovascular function. J Chem Neuroanat. (2009) 38:185–96. doi: 10.1016/j.jchemneu.2009.05.008 

 121. Saleh, MC, Connell, BJ, and Saleh, TM. Autonomic and cardiovascular reflex responses to central estrogen injection in ovariectomized female rats. Brain Res. (2000) 879:105–14. doi: 10.1016/S0006-8993(00)02757-8 

 122. He, XR, Wang, W, Crofton, JT, and Share, L. Effects of 17beta-estradiol on sympathetic activity and pressor response to phenylephrine in ovariectomized rats. Am J Phys. (1998) 275:R1202–8. doi: 10.1152/ajpregu.1998.275.4.R1202 

 123. Mohamed, MK, El-Mas, MM, and Abdel-Rahman, AA. Estrogen enhancement of baroreflex sensitivity is centrally mediated. Am J Phys. (1999) 276:R1030–7. doi: 10.1152/ajpregu.1999.276.4.R1030 

 124. Hunt, BE, Taylor, JA, Hamner, JW, Gagnon, M, and Lipsitz, LA. Estrogen replacement therapy improves baroreflex regulation of vascular sympathetic outflow in postmenopausal women. Circulation. (2001) 103:2909–14. doi: 10.1161/01.CIR.103.24.2909 

 125. Shih, CD. Activation of estrogen receptor beta-dependent nitric oxide signaling mediates the hypotensive effects of estrogen in the rostral ventrolateral medulla of anesthetized rats. J Biomed Sci. (2009) 16:60. doi: 10.1186/1423-0127-16-60 

 126. Moncada, S, Palmer, RM, and Higgs, EA. Nitric oxide: physiology, pathophysiology, and pharmacology. Pharmacol Rev. (1991) 43:109–42. doi: 10.1016/S0031-6997(25)06663-3

 127. Rand, MJ. Nitrergic transmission: nitric oxide as a mediator of non-adrenergic, non-cholinergic neuro-effector transmission. Clin Exp Pharmacol Physiol. (1992) 19:147–69. doi: 10.1111/j.1440-1681.1992.tb00433.x 

 128. Weiner, CP, Lizasoain, I, Baylis, SA, Knowles, RG, Charles, IG, and Moncada, S. Induction of calcium-dependent nitric oxide synthases by sex hormones. Proc Natl Acad Sci USA. (1994) 91:5212–6. doi: 10.1073/pnas.91.11.5212 

 129. Netzer, NC, Eliasson, AH, and Strohl, KP. Women with sleep apnea have lower levels of sex hormones. Sleep Breath. (2003) 7:25–9. doi: 10.1007/s11325-003-0025-8 

 130. Galvan, T, Camuso, J, Sullivan, K, Kim, S, White, D, Redline, S , et al. Association of estradiol with sleep apnea in depressed perimenopausal and postmenopausal women: a preliminary study. Menopause. (2017) 24:112–7. doi: 10.1097/GME.0000000000000737 

 131. Sigurðardóttir, ES, Gislason, T, Benediktsdottir, B, Hustad, S, Dadvand, P, Demoly, P , et al. Female sex hormones and symptoms of obstructive sleep apnea in European women of a population-based cohort. PLoS One. (2022) 17:e0269569. doi: 10.1371/journal.pone.0269569 

 132. Stavaras, C, Pastaka, C, Papala, M, Gravas, S, Tzortzis, V, Melekos, M , et al. Sexual function in pre- and post-menopausal women with obstructive sleep apnea syndrome. Int J Impot Res. (2012) 24:228–33. doi: 10.1038/ijir.2012.20 

 133. Ruchała, M, Bromińska, B, Cyrańska-Chyrek, E, Kuźnar-Kamińska, B, Kostrzewska, M, and Batura-Gabryel, H. Obstructive sleep apnea and hormones - a novel insight. Archives Med Sci. (2017) 13:875–84. doi: 10.5114/aoms.2016.61499 

 134. Petersen, M, Kristensen, E, Berg, S, and Midgren, B. Long-term effects of continuous positive airway pressure treatment on sexuality in female patients with obstructive sleep apnea. Sex Med. (2013) 1:62–8. doi: 10.1002/sm2.18 

 135. Jara, SM, Hopp, ML, and Weaver, EM. Association of Continuous Positive Airway Pressure Treatment with Sexual Quality of life in patients with sleep apnea: follow-up study of a randomized clinical trial. JAMA Otolaryngol Head Neck Surgery. (2018) 144:587–93. doi: 10.1001/jamaoto.2018.0485

 136. Celec, P, Mucska, I, Ostatníková, D, and Hodosy, J. Testosterone and estradiol are not affected in male and female patients with obstructive sleep apnea treated with continuous positive airway pressure. J Endocrinol Investig. (2014) 37:9–12. doi: 10.1007/s40618-013-0003-3 

 137. Hammoud, AO, Walker, JM, Gibson, M, Cloward, TV, Hunt, SC, Kolotkin, RL , et al. Sleep apnea, reproductive hormones and quality of sexual life in severely obese men. Obesity. (2011) 19:1118–23. doi: 10.1038/oby.2010.344 

 138. Feng, C, Yang, Y, Chen, L, Guo, R, Liu, H, Li, C , et al. Prevalence and characteristics of erectile dysfunction in obstructive sleep apnea patients. Front Endocrinol. (2022) 13:812974. doi: 10.3389/fendo.2022.812974 

 139. Li, Z, Tang, T, Wu, W, Gu, L, Du, J, Zhao, T , et al. Efficacy of nasal continuous positive airway pressure on patients with OSA with erectile dysfunction and low sex hormone levels. Respir Med. (2016) 119:130–4. doi: 10.1016/j.rmed.2016.09.001 

 140. Zhang, XB, Lin, QC, Zeng, HQ, Jiang, XT, Chen, B, and Chen, X. Erectile dysfunction and sexual hormone levels in men with obstructive sleep apnea: efficacy of continuous positive airway pressure. Arch Sex Behav. (2016) 45:235–40. doi: 10.1007/s10508-015-0593-2 

 141. Alvarenga, TA, Fernandes, GL, Bittencourt, LR, Tufik, S, and Andersen, ML. The effects of sleep deprivation and obstructive sleep apnea syndrome on male reproductive function: a multi-arm randomised trial. J Sleep Res. (2023) 32:e13664. doi: 10.1111/jsr.13664 

 142. Mohammadi, H, Rezaei, M, Sharafkhaneh, A, Khazaie, H, and Ghadami, MR. Serum testosterone/cortisol ratio in people with obstructive sleep apnea. J Clin Lab Anal. (2020) 34:e23011. doi: 10.1002/jcla.23011 

 143. Yang, Z, Tang, Z, Cao, X, Xie, Q, Hu, C, Zhong, Z , et al. Controlling chronic low-grade inflammation to improve follicle development and survival. Am J Reprod Immunol. (2020) 84:e13265. doi: 10.1111/aji.13265

 144. Yang, T, Liu, W, Li, L, and Yu, Q. The effects of intermittent hypoxia on the function and ultrastructure of hypothalamus-pituitary-gonadal axis in rats and the protective influence of reduced glutathione. J Clin Int Med. (2015) 32:710–2. doi: 10.3969/j.issn.1001-9057.2015.10.023

 145. Macrea, MM, Martin, TJ, and Zagrean, L. Infertility and obstructive sleep apnea: the effect of continuous positive airway pressure therapy on serum prolactin levels. Sleep Breath. (2010) 14:253–7. doi: 10.1007/s11325-010-0373-0 

 146. Kaiser, UB. Hyperprolactinemia and infertility: new insights. J Clin Invest. (2012) 122:3467–8. doi: 10.1172/JCI64455 

 147. Sowers, MF, Zheng, H, Kravitz, HM, Matthews, K, Bromberger, JT, Gold, EB , et al. Sex steroid hormone profiles are related to sleep measures from polysomnography and the Pittsburgh sleep quality index. Sleep. (2008) 31:1339–49.

 148. Michels, KA, Mendola, P, Schliep, KC, Yeung, EH, Ye, A, Dunietz, GL , et al. The influences of sleep duration, chronotype, and nightwork on the ovarian cycle. Chronobiol Int. (2020) 37:260–71. doi: 10.1080/07420528.2019.1694938 

 149. Dadoun, F, Darmon, P, Achard, V, Boullu-Ciocca, S, Philip-Joet, F, Alessi, MC , et al. Effect of sleep apnea syndrome on the circadian profile of cortisol in obese men. Am J Physiol Endocrinol Metab. (2007) 293:E466–74. doi: 10.1152/ajpendo.00126.2007 

 150. Dare, JB, Arogundade, B, Awoniyi, OO, Adegoke, AA, and Adekomi, DA. Dexamethasone as endocrine disruptor; type I and type II (anti) oestrogenic actions on the ovary and uterus of adult Wistar rats (Rattus Novergicus). JBRA Assisted Reprod. (2018) 22:307–13. doi: 10.5935/1518-0557.20180061 

 151. Sciarra, F, Franceschini, E, Campolo, F, Gianfrilli, D, Pallotti, F, Paoli, D , et al. Disruption of circadian rhythms: a crucial factor in the etiology of infertility. Int J Mol Sci. (2020) 21:3943. doi: 10.3390/ijms21113943 

 152. Loh, HH, Lim, QH, Chai, CS, Goh, SL, Lim, LL, Yee, A , et al. Influence and implications of the renin-angiotensin-aldosterone system in obstructive sleep apnea: an updated systematic review and meta-analysis. J Sleep Res. (2023) 32:e13726. doi: 10.1111/jsr.13726 

 153. Kheirandish-Gozal, L, and Gozal, D. Obstructive sleep apnea and inflammation: proof of concept based on two illustrative cytokines. Int J Mol Sci. (2019) 20:459. doi: 10.3390/ijms20030459 

 154. Escobar-Morreale, HF, Santacruz, E, Luque-Ramírez, M, and Botella Carretero, JI. Prevalence of 'obesity-associated gonadal dysfunction' in severely obese men and women and its resolution after bariatric surgery: a systematic review and meta-analysis. Hum Reprod Update. (2017) 23:390–408. doi: 10.1093/humupd/dmx012 

 155. Santoro, N, Lasley, B, McConnell, D, Allsworth, J, Crawford, S, Gold, EB , et al. Body size and ethnicity are associated with menstrual cycle alterations in women in the early menopausal transition: the study of Women's health across the nation (SWAN) daily hormone study. J Clin Endocrinol Metab. (2004) 89:2622–31. doi: 10.1210/jc.2003-031578 

 156. Lv, B, Xing, C, and He, B. Effects of bariatric surgery on the menstruation- and reproductive-related hormones of women with obesity without polycystic ovary syndrome: a systematic review and meta-analysis. Surgery Obesity Related Dis. (2022) 18:148–60. doi: 10.1016/j.soard.2021.09.008 

 157. Sarwer, DB, Wadden, TA, Spitzer, JC, Mitchell, JE, Lancaster, K, Courcoulas, A , et al. 4-year changes in sex hormones, sexual functioning, and psychosocial status in women who underwent bariatric surgery. Obes Surg. (2018) 28:892–9. doi: 10.1007/s11695-017-3025-7 

 158. Yang, L, and Toriola, AT. Menopausal hormone therapy use among postmenopausal women. JAMA Health Forum. (2024) 5:e243128. doi: 10.1001/jamahealthforum.2024.3128 

 159. Crandall, CJ, Mehta, JM, and Manson, JE. Management of Menopausal Symptoms: a review. JAMA. (2023) 329:405–20. doi: 10.1001/jama.2022.24140 

 160. Monteleone, P, Mascagni, G, Giannini, A, Genazzani, AR, and Simoncini, T. Symptoms of menopause - global prevalence, physiology and implications. Nat Rev Endocrinol. (2018) 14:199–215. doi: 10.1038/nrendo.2017.180 

 161. Hulley, S, Grady, D, Bush, T, Furberg, C, Herrington, D, Riggs, B , et al. Randomized trial of estrogen plus progestin for secondary prevention of coronary heart disease in postmenopausal women. Heart Estrogen Progestin Replacement Study. (1998) 280:605–13. doi: 10.1001/jama.280.7.605 

 162. Manson, JE, Hsia, J, Johnson, KC, Rossouw, JE, Assaf, AR, Lasser, NL , et al. Estrogen plus progestin and the risk of coronary heart disease. N Engl J Med. (2003) 349:523–34. doi: 10.1056/NEJMoa030808 

 163. Manson, JE, Chlebowski, RT, Stefanick, ML, Aragaki, AK, Rossouw, JE, Prentice, RL , et al. Menopausal hormone therapy and health outcomes during the intervention and extended poststopping phases of the Women's Health Initiative randomized trials. JAMA. (2013) 310:1353–68. doi: 10.1001/jama.2013.278040 

 164. Prentice, RL, Manson, JE, Langer, RD, Anderson, GL, Pettinger, M, Jackson, RD , et al. Benefits and risks of postmenopausal hormone therapy when it is initiated soon after menopause. Am J Epidemiol. (2009) 170:12–23. doi: 10.1093/aje/kwp115 

 165. Genazzani, AR, Monteleone, P, Giannini, A, and Simoncini, T. Hormone therapy in the postmenopausal years: considering benefits and risks in clinical practice. Hum Reprod Update. (2021) 27:1115–50. doi: 10.1093/humupd/dmab026 

 166. Mørch, LS, Skovlund, CW, Hannaford, PC, Iversen, L, Fielding, S, and Lidegaard, Ø. Contemporary hormonal contraception and the risk of breast Cancer. N Engl J Med. (2017) 377:2228–39. doi: 10.1056/NEJMoa1700732 

 167. Fitzpatrick, D, Pirie, K, Reeves, G, Green, J, and Beral, V. Combined and progestagen-only hormonal contraceptives and breast cancer risk: a UK nested case-control study and meta-analysis. PLoS Med. (2023) 20:e1004188. doi: 10.1371/journal.pmed.1004188 

 168. Chlebowski, RT, Anderson, GL, Aragaki, AK, Manson, JE, Stefanick, ML, Pan, K , et al. Association of Menopausal Hormone Therapy with Breast Cancer Incidence and Mortality during Long-term Follow-up of the Women's Health Initiative randomized clinical trials. JAMA. (2020) 324:369–80. doi: 10.1001/jama.2020.9482 

 169. Chlebowski, RT, Aragaki, AK, Pan, K, Mortimer, JE, Johnson, KC, Wactawski-Wende, J , et al. Randomized trials of estrogen-alone and breast cancer incidence: a meta-analysis. Breast Cancer Res Treat. (2024) 206:177–84. doi: 10.1007/s10549-024-07307-9

 170. Manson, JE, Aragaki, AK, Rossouw, JE, Anderson, GL, Prentice, RL, LaCroix, AZ , et al. Menopausal hormone therapy and long-term all-cause and cause-specific mortality: the Women's Health Initiative randomized trials. JAMA. (2017) 318:927–38. doi: 10.1001/jama.2017.11217 

 171. Oliver-Williams, C, Glisic, M, Shahzad, S, Brown, E, Pellegrino Baena, C, Chadni, M , et al. The route of administration, timing, duration and dose of postmenopausal hormone therapy and cardiovascular outcomes in women: a systematic review. Hum Reprod Update. (2019) 25:257–71. doi: 10.1093/humupd/dmy039 

 172. El Khoudary, SR, Venugopal, V, Manson, JE, Brooks, MM, Santoro, N, Black, DM , et al. Heart fat and carotid artery atherosclerosis progression in recently menopausal women: impact of menopausal hormone therapy: the KEEPS trial. Menopause. (2020) 27:255–62. doi: 10.1097/GME.0000000000001472 

 173. Chlebowski, RT, Aragaki, AK, Pan, K, Haque, R, Rohan, TE, Song, M , et al. Menopausal hormone therapy and ovarian and endometrial cancers: long-term follow-up of the Women's Health Initiative randomized trials. J Clin Oncol. (2024) 42:3537–49. doi: 10.1200/JCO.23.01918 

 174. Hendrix, SL, Wassertheil-Smoller, S, Johnson, KC, Howard, BV, Kooperberg, C, Rossouw, JE , et al. Effects of conjugated equine estrogen on stroke in the Women's Health Initiative. Circulation. (2006) 113:2425–34. doi: 10.1161/CIRCULATIONAHA.105.594077 

 175. Cho, L, Kaunitz, AM, Faubion, SS, Hayes, SN, Lau, ES, Pristera, N , et al. Rethinking menopausal hormone therapy: for whom, what, when, and how long? Circulation. (2023) 147:597–610. doi: 10.1161/CIRCULATIONAHA.122.061559 

 176. Rossouw, JE, Prentice, RL, Manson, JE, Wu, L, Barad, D, Barnabei, VM , et al. Postmenopausal hormone therapy and risk of cardiovascular disease by age and years since menopause. JAMA. (2007) 297:1465–77. doi: 10.1001/jama.297.13.1465 

 177. Lobo, RA. Hormone-replacement therapy: current thinking. Nat Rev Endocrinol. (2017) 13:220–31. doi: 10.1038/nrendo.2016.164 

 178. Pan, M, Zhou, J, Pan, X, Wang, J, Qi, Q, and Wang, L. Drugs for the treatment of postmenopausal symptoms: hormonal and non-hormonal therapy. Life Sci. (2023) 312:121255. doi: 10.1016/j.lfs.2022.121255 

 179. Wesström, J, Ulfberg, J, and Nilsson, S. Sleep apnea and hormone replacement therapy: a pilot study and a literature review. Acta Obstet Gynecol Scand. (2005) 84:54–7. doi: 10.1111/j.0001-6349.2005.00575.x 

 180. Keefe, DL, Watson, R, and Naftolin, F. Hormone replacement therapy may alleviate sleep apnea in menopausal women: a pilot study. Menopause. (1999) 6:196–200. doi: 10.1097/00042192-199906030-00004 

 181. Cistulli, PA, Barnes, DJ, Grunstein, RR, and Sullivan, CE. Effect of short-term hormone replacement in the treatment of obstructive sleep apnoea in postmenopausal women. Thorax. (1994) 49:699–702. doi: 10.1136/thx.49.7.699 

 182. Hirano, S, Furutama, D, and Hanafusa, T. Physiologically high concentrations of 17beta-estradiol enhance NF-kappaB activity in human T cells. Am J Physiol Regul Integr Comp Physiol. (2007) 292:R1465–71. doi: 10.1152/ajpregu.00778.2006 

 183. Spagnuolo, C, Russo, GL, Orhan, IE, Habtemariam, S, Daglia, M, Sureda, A , et al. Genistein and cancer: current status, challenges, and future directions. Adv Nutr. (2015) 6:408–19. doi: 10.3945/an.114.008052 


Copyright
 © 2025 Zhou, Li, Li, Chen and Lv. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmed-12-1369393-g003.jpg
Ayanoe enseu opeuedwiAs

e macrophages. noutrophils

&R er —> MAPK — HIF-la

o th e O]
oo AP —E — D —
Xxop

Regulation of
HIF-1a activity ® w3

(i Y/ pastectn

Inhibition of HiEdS Inhibition of

oxidative stress inflammatory |——— Clusterin
“amnson) response
‘ . E \—c3 (c5 cr

Regulation of
e Regulation of apoptosis and
Brain sympathetic autophagy

“ nerve activity

— —
-
Carotid body s
NN,

— (s %
@.\

— RonalSNA  +— CardiacVWNA <~ | E

=
—_ argn Bactint 2

Bai2| > Gywc)

E . (W) —> @)





OPS/images/fmed-12-1369393-g004.jpg
stiess.

o T
[y
et c31e)

= $e
—@

<« Insulin Aromatase

resistance t
L RS © ]
Estroge; Androgen Estrogen T

4

S 8\ FSH. LHL
eep geprivat™
" nucleusthythm
" disurbances ()

Rns)

Aldosteronet 4~ -

— Aogtansntt
) .

22 AV I






OPS/xhtml/Nav.xhtml




Contents





		Cover



		A possible important regulatory role of estrogen in obstructive sleep apnea hypoventilation syndrome



		1 Introduction



		2 Important protective role of estrogen in OSAHS



		2.1 Airway protection



		2.2 Promotion of metabolism



		2.3 Protection of the cardiovascular system









		3 Important protective mechanisms of estrogen in OSAHS



		3.1 Inhibition of oxidative stress



		3.2 Inhibition of the inflammatory response



		3.3 Regulation of apoptosis and autophagy



		3.4 Regulation of HIF-1α activity



		3.5 Regulation of sympathetic activity









		4 Effect of OSAHS on estrogen levels



		4.1 CIH



		4.2 Sleep deprivation



		4.3 Obesity









		5 Exploration of the application of estrogen in the treatment of OSAHS



		5.1 Effects of estrogen therapy on humans



		5.2 Clinical studies of estrogen therapy for OSAHS



		5.3 Basic research on estrogen therapy for OSAHS









		6 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fmed-12-1369393-g001.jpg
e CEER R gems BEE
1
i

Protection of the
Airway protection cardiovascular i’;’:gﬂﬁ;‘"‘\’f
system

¥

€ Inhibition -

>






OPS/images/fmed-12-1369393-g002.jpg
Genioglossus

es== -0

Cross-sectional area and proportion of type lla
myofibers T

Cross-sectional area of type llb and lix
myofibers T

Oxidative stress in
blood vessels ¢

b. Trachea and bronchi

‘_.;“”
e
e

Airway protection

d. Cardiovascular system

Sympathetic cardiac ml\ Cardiovascular

/ diastol
éﬁl .. -
tective
~ CaMKIlL I
B Ne is and
R — "
Cardiomyocytes
. Metabolism
HETa, vEGEs - 00
-

Visceral fat





OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

A possible important regulatory
role of estrogen in obstructive
sleep apnea hypoventilation
syndrome












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Medicine






