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Abstract

:

Orexins are neuropeptides that play important roles in sleep-wake regulation and food intake in the central nervous system, but their receptors are also expressed in peripheral tissues, including the endocrine system. In the present study, we investigated the functions of orexin in adrenal steroidogenesis using human adrenocortical H295R cells by focusing on its interaction with adrenocortical bone morphogenetic proteins (BMPs) that induce adrenocortical steroidogenesis. Treatment with orexin A increased the mRNA levels of steroidogenic enzymes including StAR, CYP11B2, CYP17, and HSD3B1, and these effects of orexin A were further enhanced in the presence of forskolin. Interestingly, orexin A treatment suppressed the BMP-receptor signaling detected by Smad1/5/9 phosphorylation and Id-1 expression through upregulation of inhibitory Smad7. Orexin A also suppressed endogenous BMP-6 expression but increased the expression of the type-II receptor of ActRII in H295R cells. Moreover, treatment with BMP-6 downregulated the mRNA level of OX1R, but not that of OX2R, expressed in H295R cells. In conclusion, the results indicate that both orexin and BMP-6 accelerate adrenocortical steroidogenesis in human adrenocortical cells; both pathways mutually inhibit each other, thereby leading to a fine-tuning of adrenocortical steroidogenesis.
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1. Introduction


Orexins are neuropeptides that have various effects on sleep and wakefulness regulation, food intake, emotions, and stress responses [1,2]. Orexins have two isoforms, orexin A and orexin B, which are derived from a precursor peptide [1]. Orexins act through two types of G protein-coupled receptors: orexin receptor type 1 (OX1R) and orexin receptor type 2 (OX2R). Orexin A binds to both OX1R and OX2R, whereas orexin B binds only to OX2R [1,2,3]. Orexins and their receptors are not restricted to the hypothalamus but are also expressed in peripheral tissues such as the pancreas, gonads, kidney, intestine, adipose tissue, and adrenal gland [4]. It has been confirmed that orexins affect pancreatic insulin and glucagon secretion, testicular androgen production, ovulation, intestinal motility and secretion, lipid metabolism, and adrenomedullary catecholamine release [4]. Furthermore, there is growing evidence that orexins play functional roles in the regulation of the endocrine system, including the hypothalamic-pituitary-adrenal (HPA) axis [1,5,6].



It has been reported that OX1R and OX2R are expressed in the rat, porcine, and human adrenal cortex [7,8] and that orexins stimulate glucocorticoid and mineralocorticoid secretion from adrenocortical cells of various species [9,10,11,12,13,14]. Importantly, there is accumulating evidence that orexins are involved in the control of blood pressure and hypertension [15,16]. Pharmacological blockade of orexin receptors reduced blood pressure in spontaneously hypertensive rats, an animal model of human essential hypertension [17], and in BPH/2J mice, a genetic model of hypertension associated with an overactive sympathetic nervous system [18]. The upregulation of OX1R contributed to hypertension in obese Zucker rats, an animal model of obesity-related hypertension [19]. In addition, studies on orexin-deficient narcoleptic patients and animal models showed a variable decrease in arterial blood pressure (ABP) during wakefulness and a blunted decrease in ABP from wakefulness to non-rapid-eye-movement sleep (NREM) and rapid-eye-movement sleep (REM) [20,21]. Of note, there have been a few studies in which the HPA system in individuals with narcolepsy was investigated. It was found that the basal secretion of adrenocorticotropin (ACTH) was dramatically reduced [22] and that cortisol levels after dexamethasone suppression were significantly lowered in narcolepsy patients [23]. These results suggested that orexin is physiologically involved in the control of blood pressure via various mechanisms, which potentially include the regulation of the HPA axis and adrenal steroids.



Adrenocortical steroidogenesis is directly stimulated by angiotensin II (Ang II), ACTH, and potassium. In addition to the major stimulants, several factors have been reported to play roles in the regulation of adrenocortical steroidogenesis [24,25]. Among these, we have focused on the roles of bone morphogenetic proteins (BMPs), which are members of the transforming growth factor (TGF)-β superfamily, in the adrenal gland [26]. The BMP receptors consist of type-I receptors, including activin receptor-like kinase (ALK)-2, -3, and -4, and type-II receptors, including activin type-II receptor (ActRII) and BMP type-II receptor (BMPRII) in human adrenocortical cells [27]. Based on the results of in vitro studies, BMP-6 enhances Ang II-induced aldosterone production via activation of mitogen-activated protein kinase (MAPK) signaling by interacting with ALK-2 and -3, and ActRII among the BMP receptors [27,28,29,30]. In addition, activin enhances ACTH-induced aldosterone production by activating cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) signaling [27,31]. Interestingly, it has recently been found that melatonin, a pineal gland hormone that is involved in sleep regulation and circadian functions [32], enhanced aldosterone production induced by ACTH, and activin [31] and that Clock mRNA expression was suppressed by both BMP-6 and activin and was linked to the expression of steroidogenic enzymes [33]. However, the functional link between the signaling of BMPs and orexin in adrenocortical steroidogenesis has not been elucidated.



In the present study, we aimed to investigate the functional roles of orexin in the regulation of adrenocortical steroidogenesis by focusing on its interaction with the BMP system in human adrenocortical cells.




2. Results


First, the effects of orexin on adrenocortical steroidogenesis were examined. Since there have been some studies showing that changes in the expression of steroidogenic enzymes and the concentration of secreted cortisol after orexin treatment were time-dependent, with 24 h treatment exhibiting one of the peaks [34,35], the treatment time was fixed at 24 h. Forskolin (FSK) is a stimulator of adenylyl cyclase and increases intracellular cAMP, which leads to the induction of steroidogenesis in the adrenal cortex [36]. Given the findings that an adenylyl cyclase inhibitor and a PKA inhibitor abolished the enhanced cortisol secretion by orexin A [37], the cAMP/PKA pathway is possibly linked to the roles of orexin A in adrenocortical steroidogenesis. Moreover, it has been recently demonstrated that HSD3B1 is expressed in the zone glomerulosa and is stimulated by Ang II rather than potassium [38,39].



As shown in Figure 1, orexin A (10 to 300 nM) treatment significantly enhanced the expression of steroidogenic enzymes, including StAR, CYP11B2, CYP17, and HSD3B1, in the absence of FSK. However, the orexin A concentration showing the maximal effect was different among the steroidogenic enzymes: 30 nM of orexin A for the expression of StAR, 100 nM for that of CYP11B2, 10 nM for that of CYP17, and 300 nM for that of HSD3B1. FSK (1 μM) stimulation increased the expression of steroidogenic enzymes, and co-treatment with orexin A further upregulated the expression of the enzymes in a dose-dependent manner. Co-treatment with 300 nM of orexin A resulted in a significant enhancement of the expression of all of the enzymes. Thus, orexin treatment enhanced the expression of steroidogenic enzymes and enhanced the FSK-induced expression of steroidogenic enzymes in H295R cells.



Next, the effects of orexin on BMP signaling, an inducer of adrenocortical steroidogenesis, were evaluated using H295R cells. Stimulation with BMP-6 (30 ng/mL) for 1 h readily activated the phosphorylation of Smad1/5/9 in H295R cells, and pretreatment with orexin A (300 nM) for 24 h suppressed the Smad1/5/9 phosphorylation induced by BMP-6 (Figure 2A). Then, the effect of orexin A on the transcription of Id-1, a target gene of BMP signaling, was examined. As shown in Figure 2B, BMP-6 (30 ng/mL) treatment for 24 h enhanced Id-1 mRNA expression, whereas co-treatment with orexin A (300 nM) suppressed the expression of Id-1 induced by BMP-6. These results suggested that orexin A suppressed BMP signaling in H295R cells.



We then confirmed the mRNA expression of OX1R (158 bp) and OX2R (204 bp) in H295R cells (Figure 2C). Thus, the effects of BMP-6 on orexin receptors were examined. It was found that treatment with BMP-6 (30 ng/mL) for 24 h significantly downregulated the expression of OX1R but not that of OX2R (Figure 2D). These results suggested that BMP-6 suppressed the effects of orexin A on H295R cells by downregulating OX1R expression.



To investigate the mechanism by which orexin A suppresses BMP signaling in H295R cells, we further examined the effects of orexin A on BMP signaling, endogenous BMP-6, and BMP receptors. It was found that orexin A (300 nM) treatment for 24 h upregulated the expression of Smad7 (inhibitory Smad; I-Smad) in the presence of BMP-6 (30 ng/mL), suggesting that orexin suppresses BMP signaling by activating I-Smad (Figure 3A). Orexin A treatment (300 nM) for 24 h suppressed the expression of endogenous BMP-6 mRNA in H295R cells (Figure 3B). On the other hand, orexin A (300 nM) tended to upregulate the expression of ALK-3, ActRII, and BMPRII, in which the expression of ActRII was significantly upregulated among the BMP receptor subtypes, suggesting that downregulation of BMP signaling by orexin A enhances the expression of BMP receptors as a feedback loop (Figure 3C).




3. Discussion


In the present study, the roles of orexin A and BMP signaling in adrenocortical steroidogenesis were uncovered in human adrenocortical H295R cells (Figure 4). Orexin A enhanced the expression of steroidogenic enzymes and further upregulated the expression of these enzymes induced by FSK. Orexin A suppressed both Smad1/5/9 phosphorylation and subsequent Id-1 mRNA expression via upregulation of I-Smad. Orexin A suppressed the expression of endogenous BMP-6 and enhanced the expression of ActRII among the BMP receptor subtypes, indicating that orexin A suppresses BMP-Smad signaling and induces BMP receptor expression, possibly as a feedback system. On the other hand, BMP-6 treatment downregulated OX1R expression. These results suggest that orexin A and BMP, both of which stimulate adrenocortical steroidogenesis, mutually suppress the downstream signaling, leading to the fine-tuning of adrenocortical steroidogenesis in adrenocortical cells.



In this present study, orexin upregulated the expression of StAR, CYP11B2, CYP17, and HSD3B1, indicating an increased production of both mineralocorticoids and glucocorticoids. Consistent with these results, it was reported that orexins increased the mRNA levels and protein levels of StAR in H295R cells in a dose-dependent manner and that the effects were blocked by treatment with an OX1R antagonist [34]. It was also shown that orexins increased the promoter activity of CYP11B2, 3β-hydroxysteroid dehydrogenase type 2 (HSD3B2), and to a lesser extent, CYP11B1 and human steroid 21-hydroxylase (CYP21) [40]. Moreover, it was reported that orexin A increased the mRNA and protein expression levels of 3β-HSD and cortisol secretion by H295R cells in a dose-dependent manner, with 1 μM of orexin A showing the maximal effect. Of note, the effects were partly blocked by an OX1R antagonist [41,42]. These results suggest that orexin enhances a wide range of steroidogenic enzymes that are involved in the synthesis of mineralocorticoids and glucocorticoids. Likewise, BMP-6 treatment enhanced aldosterone production by upregulating the mRNA expression of StAR, P450scc, and CYP11B2 among the steroidogenic enzymes by H295R cells [27,28]. These findings suggested that both orexin and BMP-6 individually stimulate the expression of steroidogenic enzymes and subsequent adrenal hormone secretion. However, these stimulatory effects on adrenocortical steroidogenesis interact with each other and their effects are modulated via the crosstalk of intracellular signaling.



Regarding the signaling mechanisms, it was revealed that the effects of orexins on adrenocortical steroidogenesis were regulated by OX1R-induced MAPK activation: Gq- and to a lesser extent Gs-mediated extracellular receptor kinase 1/2 (ERK1/2) and p38 activation [43]. Moreover, it was reported that the upregulation of 3β-HSD and cortisol by orexin A was blocked by an AKT antagonist [41]. As for BMP signaling, our group has reported that BMP-6 enhances Ang II-induced aldosterone production via the activation of MAPK signaling by interacting with ALK-2 and -3, and ActRII [27,28,29,30]. In the present study, it was found that orexin A upregulated the expression of FSK-induced steroidogenic enzymes and inhibited BMP signaling by influencing I-Smad and ActRII. These results suggest that orexin and BMP actions lead to the maintenance of adrenocortical steroidogenesis by activating intracellular signaling, a part of which is shared by both of them.



Orexins and orexin receptors are expressed in the adrenal cortex in a species-specific pattern [14]. It has been demonstrated that both OX1R and OX2R are expressed in the human adrenal cortex [10,44]. Regarding the localization of orexin receptors in the human adrenal cortex, OX1R is expressed in all three layers (zona glomerulosa, fasciculata, and reticularis) of the adrenal cortex [37,45]. Mazzocchi et al. revealed that OX2R is expressed in the zona fasciculata and reticularis [37], and Randeva et al. showed that OX2R is expressed in the zona glomerulosa and reticularis [46]. As for the physiological roles of the receptors, multiple reports showed that orexin A modulates steroidogenesis via OX1R rather than OX2R in human adrenocortical cells, which was proven by the selective blockade of OX1R [10,41,43]. In the present study, it was elucidated that both OX1R and OX2R were expressed in H295R cells and that BMP-6 treatment inhibited the expression of OX1R. It is thought that the effects of orexin via OX1R are modulated by the local BMP system in adrenocortical cells.



It has been revealed that BMPs, as well as orexin, are among the important accelerators of adrenocortical steroidogenesis and are functionally involved in the control of blood pressure. In our previous studies, it was revealed that BMP-6 enhances Ang II-induced aldosterone production via activation of MAPK signaling in human adrenocortical cells [27,28] and in the rat adrenal gland [47]. It is of note that endogenous BMP-6 [29,47] plays functional roles and that BMP-6 in the adrenal cortex may contribute to the phenomenon of aldosterone breakthrough, in which aldosterone concentration increases above pretreated levels after long-term therapy with an angiotensin-converting enzyme (ACE) inhibitor or an Ang II type 1 receptor blocker (ARB) [30]. Moreover, Farnworth et al. revealed that inhibin A, another member of the TGF-β superfamily, antagonized the inhibitory effects of BMP-6 on CYP17 expression and 17α-hydroxyprogesterone production in mouse adrenocortical cells [48], which indicates that adrenocortical cells have an intrinsic regulatory system of endogenous BMP-6 function. These results indicate that not only orexin but also BMP-6 are functionally involved in the regulation of adrenocortical steroidogenesis and the control of blood pressure. The results of the present study explain the functional interactions of these stimulants of adrenocortical steroidogenesis and may lead to a further understanding of the regulatory mechanism of hypertension.



It has been revealed that orexin also plays physiological roles in the HPA axis. Orexin receptors are expressed at all levels of the HPA axis, including corticotropin-releasing hormone (CRH)-synthesizing neurons in the parvocellular part of the paraventricular nucleus (PVH), corticotrope cells in the pituitary, and also in the adrenal cortex [12]. Central injection of orexins increases the mRNA expression of CRH and arginine vasopressin (ADH) in CRH-synthesizing parvocellular neurons, and the increase in expression is accompanied by increases in circulating levels of ACTH and glucocorticoid [5,49,50]. Given that the central effect of orexins was inhibited by pretreatment with a CRH antagonist [50], it is presumed that orexin activates hypothalamic CRH-producing neurons and the subsequent activation of the HPA axis. In addition, it has been reported that orexin enhances basal but not ACTH-stimulated glucocorticoid secretion and that antagonizing the ACTH receptor blunted the corticosterone response to ACTH but not to orexin [37]. Therefore, it is also possible that orexin has secretagogue effects on adrenal steroids independent of its effects on the HPA axis. Moreover, in our previous study, it was found that BMP-4 suppressed ACTH secretion and that orexin A enhanced pro-opiomelanocortin (POMC) transcription by upregulating CRH receptor signaling and downregulating BMP-Smad signaling [51,52,53]. Taken together, the results indicate that orexin and the BMP system mutually activate adrenocortical steroidogenesis both directly and indirectly by influencing multiple levels in the HPA axis.



Collectively, the results of the present study indicate that orexin stimulates adrenocortical steroidogenesis in FSK-free and FSK-induced conditions and that orexin and BMP-6 modulate steroidogenesis by suppressing each other’s downsignaling in the adrenal cortex. It was shown that orexin and the BMP system control adrenocortical steroidogenesis directly and via the activation of the HPA axis. Further research on the functional interaction between orexins and the endogenous BMP system in the adrenal cortex could expand our understanding of the pathophysiology of the secretory regulation of adrenocortical steroids.




4. Materials and Methods


4.1. Experimental Reagents


Forskolin (FSK) was purchased from Sigma-Aldrich Co. Ltd. (St. Louis, MO, USA) and recombinant human BMP-6 was purchased from R&D Systems Inc. (Minneapolis, MN, USA). Human orexin A was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The H295R human adrenocortical cell line was cultured in DMEM/F12 containing 10% FBS supplemented with insulin-transferrin-selenium (ITS-G; Thermo Fisher Scientific, Waltham, MA, USA) with 5% CO2 at 37 °C [27].




4.2. Quantitative Real-Time PCR Analysis


H295R cells (3 × 105 cells/mL) were treated with FSK (1 μM), BMP-6 (30 ng/mL), and orexin A (10 to 300 nM) in serum-free DMEM/F12 in 12-well plates for 24 h. Total RNAs were extracted using TRI Reagent® (Cosmo Bio Co., Ltd., Tokyo, Japan) and then RNA concentrations were evaluated using the NanoDropTM One spectrophotometer (Thermo Fisher Scientific) and the LightCycler® 96 system (Roche Diagnostic Co., Tokyo, Japan). Primer pairs for PCR were determined from different exons to eliminate PCR products derived from chromosomal DNA. Primer pairs for steroidogenic acute regulatory protein (StAR), inhibitor of DNA binding 1 (Id-1), Smad6, Smad7, activin receptor-like kinase (ALK)-2 and -3, activin type-II receptor (ActRII), BMP type-II receptor (BMPRII), and ribosomal protein L19 (RPL19), a housekeeping gene, were prepared as we reported previously [54]. Primer pairs for cytochrome P450 family 11 subfamily B member 2 (CYP11B2), cytochrome P450 family 17 subfamily A member 1 (CYP17), and 3β-hydroxysteroid dehydrogenase type 1 (HSD3B1) were prepared according to other reports [31,33]. Other primer pairs were prepared as follows: OX1R, 214–233 and 352–371 (from GenBank accession #NM_001525); OX2R, 113–132 and 297–316 (NM_001384272); BMP-6, 1760–1779 and 1912–1931 (NM_00718). Reverse transcription was performed using ReverTra Ace® (TOYOBO CO., LTD., Osaka, Japan), and quantitative PCR (qPCR) analysis was then performed using the MyGo Pro qPCR Instrument (IT-IS Life Science Ltd., Dublin, Ireland) after optimizing the annealing conditions. The relative mRNA expression of the target genes was evaluated by using the Δ threshold cycle (Ct) method. The values of ΔCt were calculated by subtracting the Ct values of RPL19 from those of the target genes. Each target mRNA level, normalized to the RPL19 mRNA level, was expressed as 2−(ΔΔCt). The results are shown as ratios of target mRNA to RPL19 mRNA.




4.3. Western Immunoblotting Analysis


H295R cells (3 × 105 cells/mL) were pretreated with orexin A (300 nM) in serum-free DMEM/F12 for 24 h. After stimulation with BMP-6 (30 ng/mL) for 1 h, the cells were solubilized using a sonicator in 100 μL RIPA lysis buffer (Upstate Biotechnology, Lake Placid, NY, USA) containing 1 mM Na3VO4, 1 mM NaF, 2% SDS, and 4% β-mercaptoethanol. The cell lysates were then subjected to SDS-PAGE/immunoblotting analysis using antibodies against phospho-Smad1/5/9 (pSmad1/5/9) and total-Smad1 (tSmad1; Cell Signaling Technology, Inc., Beverly, MA, USA). The integrated signal density of each protein was analyzed using the C-DiGit® Blot Scanner System (LI-COR Biosciences, Lincoln, NE, USA). To evaluate phospho-Smad1/5/9 levels, the ratios of the signal intensities of phospho-Smad1/5/9/total-Smad1 were calculated.




4.4. Statistics


All data were obtained from at least three independent experiments performed in triplicate. All of the results are shown as means ± SEM. Statistical analysis was performed using an unpaired t-test. The p values < 0.05 were accepted as statistically significant.








Author Contributions


Methodology, Y.S., N.I., R.N. and M.H.; Validation, N.I., Y.N. and K.Y.; Data curation, Y.N. and A.S.; Writing—original draft, Y.S.; Writing—review & editing, K.Y., A.S. and F.O.; Supervision, F.O.; Funding acquisition, F.O. All authors have read and agreed to the published version of the manuscript.




Funding


The present work was supported by Grants-in-Aid for Scientific Research (21K08556).




Institutional Review Board Statement


Ethical review and approval were waived for this study, due to not applicable for studies not involving humans or animals.




Informed Consent Statement


Not applicable for studies not involving humans.




Data Availability Statement


Data is contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


ACTH, adrenocorticotropin; ActRII, activin type-II receptor; ALK, activin receptor-like kinase; Ang II, angiotensin II; BMP, bone morphogenetic protein; BMPRII, BMP type-II receptor; FSK, forskolin; HPA, hypothalamic-pituitary-adrenal; HSD3B1, 3β-hydroxysteroid dehydrogenase type 1; Id-1, inhibitor of DNA binding 1; ORX, orexin A; OX1R, orexin receptor type 1; OX2R, orexin receptor type 2; and StAR, steroidogenic acute regulatory protein.




References


	



Sakurai, T. The role of orexin in motivated behaviours. Nat. Rev. Neurosci. 2014, 15, 719–731. [Google Scholar] [CrossRef]

	



Xu, T.R.; Yang, Y.; Ward, R.; Gao, L.; Liu, Y. Orexin receptors: Multi-functional therapeutic targets for sleeping disorders, eating disorders, drug addiction, cancers and other physiological disorders. Cell. Signal. 2013, 25, 2413–2423. [Google Scholar] [CrossRef]

	



Kukkonen, J.P.; Turunen, P.M. Cellular Signaling Mechanisms of Hypocretin/Orexin. Front. Neurol. Neurosci. 2021, 45, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Kagerer, S.M.; Jöhren, O. Interactions of orexins/hypocretins with adrenocortical functions. Acta Physiol. 2010, 198, 361–371. [Google Scholar] [CrossRef] [PubMed]

	



Heinonen, M.V.; Purhonen, A.K.; Mäkelä, K.A.; Herzig, K.H. Functions of orexins in peripheral tissues. Acta Physiol. 2008, 192, 471–485. [Google Scholar] [CrossRef]

	



Tsunematsu, T.; Yamanaka, A. The role of orexin/hypocretin in the central nervous system and peripheral tissues. Vitam. Horm. 2012, 89, 19–33. [Google Scholar] [CrossRef]

	



Jöhren, O.; Neidert, S.J.; Kummer, M.; Dendorfer, A.; Dominiak, P. Prepro-orexin and orexin receptor mRNAs are differentially expressed in peripheral tissues of male and female rats. Endocrinology 2001, 142, 3324–3331. [Google Scholar] [CrossRef] [PubMed]

	



Jöhren, O.; Brüggemann, N.; Dominiak, P. Orexins (hypocretins) and adrenal function. Horm. Metab. Res. 2004, 36, 370–375. [Google Scholar] [CrossRef]

	



Malendowicz, L.K.; Tortorella, C.; Nussdorfer, G.G. Orexins stimulate corticosterone secretion of rat adrenocortical cells, through the activation of the adenylate cyclase-dependent signaling cascade. J. Steroid Biochem. Mol. Biol. 1999, 70, 185–188. [Google Scholar] [CrossRef] [PubMed]

	



Ziolkowska, A.; Spinazzi, R.; Albertin, G.; Nowak, M.; Malendowicz, L.K.; Tortorella, C.; Nussdorfer, G.G. Orexins stimulate glucocorticoid secretion from cultured rat and human adrenocortical cells, exclusively acting via the OX1 receptor. J. Steroid Biochem. Mol. Biol. 2005, 96, 423–429. [Google Scholar] [CrossRef]

	



Malendowicz, L.K.; Hochol, A.; Ziolkowska, A.; Nowak, M.; Gottardo, L.; Nussdorfer, G.G. Prolonged orexin administration stimulates steroid-hormone secretion, acting directly on the rat adrenal gland. Int. J. Mol. Med. 2001, 7, 401–404. [Google Scholar] [CrossRef] [PubMed]

	



López, M.; Tena-Sempere, M.; Diéguez, C. Cross-talk between orexins (hypocretins) and the neuroendocrine axes (hypothalamic-pituitary axes). Front. Neuroendocrinol. 2010, 31, 113–127. [Google Scholar] [CrossRef] [PubMed]

	



Nanmoku, T.; Isobe, K.; Sakurai, T.; Yamanaka, A.; Takekoshi, K.; Kawakami, Y.; Goto, K.; Nakai, T. Effects of orexin on cultured porcine adrenal medullary and cortex cells. Regul. Pept. 2002, 104, 125–130. [Google Scholar] [CrossRef]

	



Spinazzi, R.; Andreis, P.G.; Rossi, G.P.; Nussdorfer, G.G. Orexins in the regulation of the hypothalamic-pituitary-adrenal axis. Pharmacol. Rev. 2006, 58, 46–57. [Google Scholar] [CrossRef] [PubMed]

	



Huber, M.J.; Chen, Q.H.; Shan, Z. The Orexin System and Hypertension. Cell. Mol. Neurobiol. 2018, 38, 385–391. [Google Scholar] [CrossRef] [PubMed]

	



Sieminski, M.; Szypenbejl, J.; Partinen, E. Orexins, Sleep, and Blood Pressure. Curr. Hypertens. Rep. 2018, 20, 79. [Google Scholar] [CrossRef]

	



Li, A.; Hindmarch, C.C.; Nattie, E.E.; Paton, J.F. Antagonism of orexin receptors significantly lowers blood pressure in spontaneously hypertensive rats. J. Physiol. 2013, 591, 4237–4248. [Google Scholar] [CrossRef]

	



Jackson, K.L.; Dampney, B.W.; Moretti, J.L.; Stevenson, E.R.; Davern, P.J.; Carrive, P.; Head, G.A. Contribution of Orexin to the Neurogenic Hypertension in BPH/2J Mice. Hypertension 2016, 67, 959–969. [Google Scholar] [CrossRef]

	



Zhou, J.J.; Yuan, F.; Zhang, Y.; Li, D.P. Upregulation of orexin receptor in paraventricular nucleus promotes sympathetic outflow in obese Zucker rats. Neuropharmacology 2015, 99, 481–490. [Google Scholar] [CrossRef]

	



Alvente, S.; Berteotti, C.; Bastianini, S.; Lo Martire, V.; Matteoli, G.; Silvani, A.; Zoccoli, G. Autonomic mechanisms of blood pressure alterations during sleep in orexin/hypocretin-deficient narcoleptic mice. Sleep 2021, 44, zsab022. [Google Scholar] [CrossRef]

	



Berteotti, C.; Silvani, A. The link between narcolepsy and autonomic cardiovascular dysfunction: A translational perspective. Clin. Auton. Res. 2018, 28, 545–555. [Google Scholar] [CrossRef]

	



Kok, S.W.; Roelfsema, F.; Overeem, S.; Lammers, G.J.; Strijers, R.L.; Frölich, M.; Meinders, A.E.; Pijl, H. Dynamics of the pituitary-adrenal ensemble in hypocretin-deficient narcoleptic humans: Blunted basal adrenocorticotropin release and evidence for normal time-keeping by the master pacemaker. J. Clin. Endocrinol. Metab. 2002, 87, 5085–5091. [Google Scholar] [CrossRef]

	



Maurovich-Horvat, E.; Keckeis, M.; Lattová, Z.; Kemlink, D.; Wetter, T.C.; Schuld, A.; Sonka, K.; Pollmächer, T. Hypothalamo-pituitary-adrenal axis, glucose metabolism and TNF-α in narcolepsy. J. Sleep Res. 2014, 23, 425–431. [Google Scholar] [CrossRef]

	



Ehrhart-Bornstein, M.; Hinson, J.P.; Bornstein, S.R.; Scherbaum, W.A.; Vinson, G.P. Intraadrenal interactions in the regulation of adrenocortical steroidogenesis. Endocr. Rev. 1998, 19, 101–143. [Google Scholar] [CrossRef] [PubMed]

	



Le Roy, C.; Li, J.Y.; Stocco, D.M.; Langlois, D.; Saez, J.M. Regulation by adrenocorticotropin (ACTH), angiotensin II, transforming growth factor-beta, and insulin-like growth factor I of bovine adrenal cell steroidogenic capacity and expression of ACTH receptor, steroidogenic acute regulatory protein, cytochrome P450c17, and 3beta-hydroxysteroid dehydrogenase. Endocrinology 2000, 141, 1599–1607. [Google Scholar] [CrossRef] [PubMed]

	



Otsuka, F. Multiple endocrine regulation by bone morphogenetic protein system. Endocr. J. 2010, 57, 3–14. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, J.; Otsuka, F.; Inagaki, K.; Takeda, M.; Ogura, T.; Makino, H. Novel action of activin and bone morphogenetic protein in regulating aldosterone production by human adrenocortical cells. Endocrinology 2004, 145, 639–649. [Google Scholar] [CrossRef]

	



Inagaki, K.; Otsuka, F.; Suzuki, J.; Kano, Y.; Takeda, M.; Miyoshi, T.; Otani, H.; Mimura, Y.; Ogura, T.; Makino, H. Involvement of bone morphogenetic protein-6 in differential regulation of aldosterone production by angiotensin II and potassium in human adrenocortical cells. Endocrinology 2006, 147, 2681–2689. [Google Scholar] [CrossRef]

	



Inagaki, K.; Otsuka, F.; Suzuki, J.; Otani, H.; Takeda, M.; Kano, Y.; Miyoshi, T.; Yamashita, M.; Ogura, T.; Makino, H. Regulatory expression of bone morphogenetic protein-6 system in aldosterone production by human adrenocortical cells. Regul. Pept. 2007, 138, 133–140. [Google Scholar] [CrossRef]

	



Otani, H.; Otsuka, F.; Inagaki, K.; Suzuki, J.; Miyoshi, T.; Kano, Y.; Goto, J.; Ogura, T.; Makino, H. Aldosterone breakthrough caused by chronic blockage of angiotensin II type 1 receptors in human adrenocortical cells: Possible involvement of bone morphogenetic protein-6 actions. Endocrinology 2008, 149, 2816–2825. [Google Scholar] [CrossRef]

	



Hara, T.; Otsuka, F.; Tsukamoto-Yamauchi, N.; Inagaki, K.; Hosoya, T.; Nakamura, E.; Terasaka, T.; Komatsubara, M.; Makino, H. Mutual effects of melatonin and activin on induction of aldosterone production by human adrenocortical cells. J. Steroid Biochem. Mol. Biol. 2015, 152, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Vasey, C.; McBride, J.; Penta, K. Circadian Rhythm Dysregulation and Restoration: The Role of Melatonin. Nutrients 2021, 13, 3480. [Google Scholar] [CrossRef] [PubMed]

	



Soejima, Y.; Iwata, N.; Nakano, Y.; Yamamoto, K.; Suyama, A.; Nada, T.; Ogawa, H.; Otsuka, F. Involvement of clock gene expression, bone morphogenetic protein and activin in adrenocortical steroidogenesis by human H295R cells. Endocr. J. 2021, 68, 243–250. [Google Scholar] [CrossRef] [PubMed]

	



Ramanjaneya, M.; Conner, A.C.; Chen, J.; Stanfield, P.R.; Randeva, H.S. Orexins stimulate steroidogenic acute regulatory protein expression through multiple signaling pathways in human adrenal H295R cells. Endocrinology 2008, 149, 4106–4115. [Google Scholar] [CrossRef] [PubMed]

	



Wenzel, J.; Grabinski, N.; Knopp, C.A.; Dendorfer, A.; Ramanjaneya, M.; Randeva, H.S.; Ehrhart-Bornstein, M.; Dominiak, P.; Jöhren, O. Hypocretin/orexin increases the expression of steroidogenic enzymes in human adrenocortical NCI H295R cells. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2009, 297, R1601–R1609. [Google Scholar] [CrossRef]

	



Spät, A.; Hunyady, L.; Szanda, G. Signaling Interactions in the Adrenal Cortex. Front. Endocrinol. 2016, 7, 17. [Google Scholar] [CrossRef]

	



Mazzocchi, G.; Malendowicz, L.K.; Gottardo, L.; Aragona, F.; Nussdorfer, G.G. Orexin A stimulates cortisol secretion from human adrenocortical cells through activation of the adenylate cyclase-dependent signaling cascade. J. Clin. Endocrinol. Metab. 2001, 86, 778–782. [Google Scholar] [CrossRef]

	



Doi, M.; Satoh, F.; Maekawa, T.; Nakamura, Y.; Fustin, J.M.; Tainaka, M.; Hotta, Y.; Takahashi, Y.; Morimoto, R.; Takase, K.; et al. Isoform-specific monoclonal antibodies against 3β-hydroxysteroid dehydrogenase/isomerase family provide markers for subclassification of human primary aldosteronism. J. Clin. Endocrinol. Metab. 2014, 99, E257–E262. [Google Scholar] [CrossRef]

	



Yarimizu, D.; Doi, M.; Ota, T.; Okamura, H. Stimulus-selective induction of the orphan nuclear receptor NGFIB underlies different influences of angiotensin II and potassium on the human adrenal gland zona glomerulosa-specific 3β-HSD isoform gene expression in adrenocortical H295R cells. Endocr. J. 2015, 62, 765–776. [Google Scholar] [CrossRef]

	



Kagerer, S.M.; Eichholz, C.; Jöhren, O. Orexins/hypocretins increase the promoter activity of selective steroidogenic enzymes. Peptides 2011, 32, 839–843. [Google Scholar] [CrossRef]

	



Chang, X.; Zhao, Y.; Ju, S.; Guo, L. Orexin-A stimulates 3β-hydroxysteroid dehydrogenase expression and cortisol production in H295R human adrenocortical cells through the AKT pathway. Int. J. Mol. Med. 2014, 34, 1523–1528. [Google Scholar] [CrossRef] [PubMed]

	



Chang, X.; Zhao, Y.; Ju, S.; Guo, L. Orexin-A regulates cell apoptosis in human H295R adrenocortical cells via orexin receptor type 1 through the AKT signaling pathway. Mol. Med. Rep. 2015, 12, 7582–7588. [Google Scholar] [CrossRef] [PubMed]

	



Ramanjaneya, M.; Conner, A.C.; Chen, J.; Kumar, P.; Brown, J.E.; Jöhren, O.; Lehnert, H.; Stanfield, P.R.; Randeva, H.S. Orexin-stimulated MAP kinase cascades are activated through multiple G-protein signalling pathways in human H295R adrenocortical cells: Diverse roles for orexins A and B. J. Endocrinol. 2009, 202, 249–261. [Google Scholar] [CrossRef] [PubMed]

	



Spinazzi, R.; Rucinski, M.; Neri, G.; Malendowicz, L.K.; Nussdorfer, G.G. Preproorexin and orexin receptors are expressed in cortisol-secreting adrenocortical adenomas, and orexins stimulate in vitro cortisol secretion and growth of tumor cells. J. Clin. Endocrinol. Metab. 2005, 90, 3544–3549. [Google Scholar] [CrossRef] [PubMed]

	



Blanco, M.; García-Caballero, T.; Fraga, M.; Gallego, R.; Cuevas, J.; Forteza, J.; Beiras, A.; Diéguez, C. Cellular localization of orexin receptors in human adrenal gland, adrenocortical adenomas and pheochromocytomas. Regul. Pept. 2002, 104, 161–165. [Google Scholar] [CrossRef]

	



Randeva, H.S.; Karteris, E.; Grammatopoulos, D.; Hillhouse, E.W. Expression of orexin-A and functional orexin type 2 receptors in the human adult adrenals: Implications for adrenal function and energy homeostasis. J. Clin. Endocrinol. Metab. 2001, 86, 4808–4813. [Google Scholar] [CrossRef]

	



Matsumoto, Y.; Otsuka, F.; Inagaki, K.; Tsukamoto, N.; Takano-Narazaki, M.; Miyoshi, T.; Nakamura, E.; Ogura-Ochi, K.; Takeda, M.; Makino, H. An in vivo role of bone morphogenetic protein-6 in aldosterone production by rat adrenal gland. J. Steroid Biochem. Mol. Biol. 2012, 132, 8–14. [Google Scholar] [CrossRef]

	



Farnworth, P.G.; Stanton, P.G.; Wang, Y.; Escalona, R.; Findlay, J.K.; Ooi, G.T. Inhibins differentially antagonize activin and bone morphogenetic protein action in a mouse adrenocortical cell line. Endocrinology 2006, 147, 3462–3471. [Google Scholar] [CrossRef] [PubMed]

	



Al-Barazanji, K.A.; Wilson, S.; Baker, J.; Jessop, D.S.; Harbuz, M.S. Central orexin-A activates hypothalamic-pituitary-adrenal axis and stimulates hypothalamic corticotropin releasing factor and arginine vasopressin neurones in conscious rats. J. Neuroendocrinol. 2001, 13, 421–424. [Google Scholar] [CrossRef]

	



Samson, W.K.; Taylor, M.M.; Follwell, M.; Ferguson, A.V. Orexin actions in hypothalamic paraventricular nucleus: Physiological consequences and cellular correlates. Regul. Pept. 2002, 104, 97–103. [Google Scholar] [CrossRef] [PubMed]

	



Tsukamoto, N.; Otsuka, F.; Miyoshi, T.; Inagaki, K.; Nakamura, E.; Terasaka, T.; Takeda, M.; Ogura, T.; Iwasaki, Y.; Makino, H. Functional interaction of bone morphogenetic protein and growth hormone releasing peptide in adrenocorticotropin regulation by corticotrope cells. Mol. Cell. Endocrinol. 2011, 344, 41–50. [Google Scholar] [CrossRef]

	



Tsukamoto, N.; Otsuka, F.; Miyoshi, T.; Yamanaka, R.; Inagaki, K.; Yamashita, M.; Otani, H.; Takeda, M.; Suzuki, J.; Ogura, T.; et al. Effects of bone morphogenetic protein (BMP) on adrenocorticotropin production by pituitary corticotrope cells: Involvement of up-regulation of BMP receptor signaling by somatostatin analogs. Endocrinology 2010, 151, 1129–1141. [Google Scholar] [CrossRef] [PubMed]

	



Fujisawa, S.; Komatsubara, M.; Tsukamoto-Yamauchi, N.; Iwata, N.; Nada, T.; Wada, J.; Otsuka, F. Orexin A Enhances Pro-Opiomelanocortin Transcription Regulated by BMP-4 in Mouse Corticotrope AtT20 Cells. Int. J. Mol. Sci. 2021, 22, 4553. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, K.; Nakano, Y.; Iwata, N.; Soejima, Y.; Suyama, A.; Hasegawa, T.; Otsuka, F. Oxytocin enhances progesterone production with upregulation of BMP-15 activity by granulosa cells. Biochem. Biophys. Res. Commun. 2023, 646, 103–109. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 12559 g001 550] 





Figure 1. Effects of orexin A and forskolin on the expression of steroidogenic enzymes by human adrenocortical cells. H295R cells (3 × 105 cells/mL) were treated with orexin A (ORX; 10–300 nM) in the presence or absence of forskolin (FSK; 1 μM) in serum-free DMEM/F12 for 24 h. Total cellular RNAs were extracted and the mRNA levels of steroidogenic enzymes, StAR, CYP11B2, CYP17, and HSD3B1, were standardized by RPL19 mRNA levels and expressed as fold changes. Results are shown as means ± SEM and were analyzed by the unpaired t-test; *, p < 0.05 vs. basal groups; †, p < 0.05 vs. FSK alone groups; ‡, p < 0.05 between the indicated groups. 
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Figure 2. Mutual interaction of the signaling of orexin A and BMP in adrenocortical cells. (A) H295R cells (3 × 105 cells/mL) were pretreated with orexin A (ORX; 300 nM) in serum-free DMEM/F12 for 24 h. After 1 h stimulation with BMP-6 (30 ng/mL), the cells were lysed and then subjected to immunoblot (IB) analysis by using antibodies that detect pSmad1/5/9 and tSmad1. The integrated signal density of each protein band was digitally analyzed and the ratios of signal intensities of pSmad1/5/9/tSmad1 were calculated. The results are representative of those obtained from at least three independent experiments and are expressed as fold changes. Results are shown as means ± SEM and were analyzed by the unpaired t-test. (B) H295R cells (3 × 105 cells/mL) were treated with BMP-6 (30 ng/mL) with or without ORX (300 nM) in serum-free DMEM/F12 for 24 h. Total RNAs were extracted and the mRNA levels of Id-1 were standardized by RPL19 levels and expressed as fold changes. Results are shown as means ± SEM and were analyzed by the unpaired t-test. (C) The expression of mRNAs encoding OX1R, OX2R, and PRL19 was examined by RT-PCR in H295R cells. (D) H295R cells (3 × 105 cells/mL) were treated with BMP-6 (30 ng/mL) in serum-free DMEM/F12 for 24 h. Total RNAs were extracted and the mRNA levels of OX1R and OX2R were standardized by RPL19 levels and expressed as fold changes. Results are shown as means ± SEM and were analyzed by the unpaired t-test; * p < 0.05 vs. basal groups and between the indicated groups. 
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Figure 3. Effects of orexin A on expression of BMP signaling and endogenous BMP-6 in adrenocortical cells. (A) H295R cells (3 × 105 cells/mL) were treated with BMP-6 (30 ng/mL) with or without orexin A (ORX; 300 nM) in serum-free DMEM/F12 for 24 h. Total cellular RNAs were extracted and the mRNA levels of Smad6 and Smad7 were standardized by RPL19 levels and expressed as fold changes. Results are shown as means ± SEM and were analyzed by the unpaired t-test; * p < 0.05 vs. basal groups. (B,C) H295R cells (3 × 105 cells/mL) were treated with orexin A (ORX; 300 nM) in serum-free DMEM/F12 for 24 h. Total RNAs were extracted and the mRNA levels of BMP-6 (B) and BMP receptors (ALK-2, -3, ActRII, and BMPRII; (C)) were standardized by RPL19 levels and expressed as fold changes. Results are shown as means ± SEM and were analyzed by the unpaired t-test; * p < 0.05 vs. basal groups. 
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Figure 4. Functional interaction of the signaling of orexin A and BMP in adrenocortical cells. Orexin A (ORX) stimulated the expression of steroidogenic enzymes, including StAR, CYP11B2, CYP17, and HSD3B1. ORX further upregulated the expression of these steroidogenic enzymes stimulated by forskolin-induced activation of adenylyl cyclase. ORX suppressed BMP-6-induced Smad1/5/9 phosphorylation and Id-1 mRNA expression via the upregulation of Smad6/7. ORX suppressed the expression of endogenous BMP-6. On the other hand, BMP-6 downregulated the expression of orexin receptors (OXRs). Thus, functional interactions between the signaling of orexin A and BMP for the regulation of adrenocortical steroidogenesis were shown in adrenocortical cells. Dotted lines indicate inhibitory actions. 
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