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Increasing evidence indicates that the melanocortin system is not only a central player in energy homeostasis, food intake and glucose level regulation, but also in the modulation of cardiovascular functions, such as blood pressure and heart rate. The melanocortins, and in particular α- and γ-MSH, have been shown to exert their cardiovascular activity both at the central nervous system level and in the periphery (e.g., in the adrenal gland), binding their receptors MC3R and MC4R and influencing the activity of the sympathetic nervous system. In addition, some studies have shown that the activation of MC3R and MC4R by their endogenous ligands is able to improve the outcome of cardiovascular diseases, such as myocardial and cerebral ischemia. In this brief review, we will discuss the current knowledge of how the melanocortin system influences essential cardiovascular functions, such as blood pressure and heart rate, and its protective role in ischemic events, with a particular focus on the central regulation of such mechanisms.
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THE MELANOCORTIN SYSTEM AND CARDIOVASCULAR FUNCTIONS

The melanocortin system consists of several melanocortin peptides and their receptors expressed in the brain, as well as in the periphery. In the central nervous system (CNS), the proopiomelanocortin (POMC) neurons produce several peptides by post-translational modification, such as adrenocorticotrophin (ACTH), α-,β-, and γ-melanocyte stimulating hormone (α-MSH, β-MSH, and γ-MSH), and β-endorphin (Smith and Funder, 1988). These melanocortin peptides bind to five melanocortin receptor subtypes (MC1R-MC5R) with differential binding affinity (Kim et al., 2002). Among melanocortin peptides, α-MSH is the most well-known anorexigenic peptide, able to inhibit food intake and increase energy expenditure mainly through central MC4R activation (Ollmann et al., 1997). Unlike α-MSH, γ-MSH has stronger affinity for MC3R than MC4R. Among the five MCRs, MC3R, and MC4R are predominantly expressed in several brain nuclei and play a central role in the regulation of food intake and energy expenditure (Seeley et al., 1997; Cone, 2005; Sohn et al., 2013a). The activity of POMC neurons is opposed by Neuropeptide Y/Agouti-related peptide (NPY/AgRP) expressing neurons, which produce the MC3R and MC4R inverse agonist AgRP (Ollmann et al., 1997).

In the brain, POMC expressing neurons are predominantly located in the arcuate nucleus (ARC) of the hypothalamus and the nucleus tractus solitarius (NTS) of the brainstem (Young et al., 1998). Neighboring the ARC POMC neurons, NPY/AgRP expressing neurons are located on the more ventromedial area of the ARC.

Both ARC and NTS POMC neurons regulate feeding and energy homeostasis by sensing long-term adiposity signals and short-term satiety signals respectively (Zhan et al., 2013). Consistently, mutations of the POMC gene cause hyperphagia leading to obesity in both mice and humans (Yaswen et al., 1999; Challis et al., 2004).

In addition to their well-known effects on food intake and energy homeostasis, the melanocortin system has been reported to be able to influence multiple cardiovascular functions. In particular, melanocortin peptides can regulate blood pressure (BP) and hearth rate (HR) both as circulating hormones via numerous neurohumoral and renal mechanisms, and centrally by acting within the CNS and modulating sympathetic nerve activity (SNA). Finally, melanocortin peptides have been implicated in influencing the outcome of certain important cardiovascular diseases, such as myocardial and cerebral ischemia.

In this review we will focus on revising the current knowledge about the role of melanocortin peptides and receptors in cardiovascular function, with particular attention to the central regulatory mechanisms.



EFFECTS OF THE MELANOCORTIN SYSTEM ON BLOOD PRESSURE AND HEART RATE

Although systemic α-MSH administration does not affect BP (Kuo et al., 2004; Ni et al., 2006), numerous studies have shown that acute intracerebroventricular (ICV) injection of α-MSH can increase BP via an increase in the SNA (Hill and Dunbar, 2002; Matsumura et al., 2002) (Figure 1). In conscious rats, acute ICV administration of α-MSH has been shown to significantly increase the mean arterial pressure (MAP) and HR for 1 h, returning to control levels after 2 h from its administration. On the other hand, chronic ICV infusion of α-MSH was shown to increase MAP during the dark period (active phase) for the first 2 days, while significantly decreasing for the following 5 days compared to controls. On the other hand, the HR was significantly higher compared to controls throughout the whole monitoring period (9 days), accompanied by reduced physical activity and food intake (Hill and Dunbar, 2002). The central effects of α-MSH on BP were shown to be dependent on MC4R, as they were completely abolished in Mc4r knock out animals (Ni et al., 2006). Similar to what was observed by ICV administration of α-MSH, chronic ICV infusion of the MC3/4R agonist MTII significantly increased MAP during the 14-day experimental period. Consistently, chronic infusion of the MC3/4R antagonist SHU-9119 significantly reduced HR and showed a tendency to decrease MAP (Kuo et al., 2003). Interestingly, in anaesthetized rats, direct injection of MTII into the paraventricular nucleus of the hypothalamus (PVN) increased renal SNA and MAP, and its effects were abolished by AgRP or SHU9119 (both being MC3/4R antagonists) pretreatment into the PVN (Li et al., 2013). However, in such studies performed on anaesthetized rats, the magnitude of MTII effects on MAP was smaller than that observed in conscious rats (∼4 mmHg vs. ∼10 mmHg increase), suggesting that a fully functional SNS might be required for maximum effects of MCR activation on MAP. Indeed, the increase in BP observed upon chronic activation of MC4R is completely abolished by α/β-adrenergic receptors blockade, indicating that such effect is mediated by SNS activity (Kuo et al., 2004).
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FIGURE 1. The role of the melanocortin system on BP and HR. Leptin from adipose tissue and insulin from the pancreas induce the production from hypothalamic POMC neurons of melanocortin peptides, such as α- and γ-MSH. By binding their receptors, MC4R and FMRFamide gated ion channels, respectively, these peptides induce the activation of the sympathetic nervous system, which in turn increases blood pressure (BP) and heart rate (HR). The same effects are also caused peripherally by γ-MSH via its binding to receptor MC3R in the kidney.


The effects of melanocortin receptor activation and inhibition has been largely investigated in obesity-induced hypertension, a condition of great clinical relevance since about 85% of individuals with metabolic syndrome have hypertension (Franklin, 2006). In obese Zucker rats, antagonism of MC4R caused significantly greater reduction in BP compared to lean control animals (do Carmo et al., 2012). In humans, Mc4r loss-of-function mutations account for about 5% of all early-onset obesity cases (Yeo et al., 1998; Vaisse et al., 2000). Obese patients with Mc4r mutations have smaller prevalence of hypertension, reduced BP and reduced norepinephrine secretion, despite being severely obese and showing severe metabolic abnormalities, such as hyperphagia and hyperinsulinemia (Greenfield et al., 2009; Greenfield, 2011). In these patients presenting Mc4r haploinsufficiency, administration of the melanocortin agonist LY2112688 induced significant increase in BP without changes in insulin levels (Greenfield et al., 2009).

Similar results were observed in lean forms of hypertension. In spontaneously hypertensive rats (SHR), in which the increased BP is caused by hyperactivation of SNS, chronic antagonism of central MC4R caused greater BP reduction than in lean normotensive rats, in a similar way to what was observed upon α/β-adrenergic receptors blockade, despite causing hyperphagia and weight gain (Da Silva et al., 2008). Finally, the MC3/4R antagonist SHU-9119 was able to significantly decrease BP in pharmacological-induced hypertension upon chronic infusion of nitric oxide synthase inhibitor (L-NAME) (Da Silva et al., 2015). However, the same study also showed that MC4R antagonism was not effective in lowering BP in angiotensin-II-induced hypertension, indicating MC3/4R-independent mechanisms in SNA modulation (Da Silva et al., 2015).

Different to what was observed with α-MSH and MTII treatments, injection of γ-MSH originated inconsistent results. Intravenous (IV) or ICV γ-MSH injections raised BP and HR, whereas its injection specifically in the NTS had opposite effect (Li et al., 1996; Humphreys et al., 2011). The effects of γ-MSH in elevating BP were independent of MC3/4R, as demonstrated by the inability of AgRP or synthetic antagonists, as well as the lack of MC3R and MC4R to counteract γ-MSH treatment effects (Li et al., 1996). On the other hand, ICV administration of benzamil, an amiloride analog, completely blunted γ-MSH effect, suggesting that the γ-MSH-dependent increase in BP is mediated by Phe-Met-Arg-Phe-NH2 (FMRFamide) gated ion channels rather than by MCRs (Ni et al., 2006) (Figure 1). Additionally, it has also been shown that γ-MSH can exert its effects on regulating BP peripherally. Indeed, IV γ-MSH infusion lowered MAP in high sodium diet-fed (HSD) hypertensive animal models (Mayan et al., 2003; Ni et al., 2003). The ability of γ-MSH in lowering MAP was more effective in HSD-fed than Dahl salt-resistant (DSR) rats and was mediated by the natriuretic effect of γ-MSH via renal MC3R activation rather than by central mechanisms (Chandramohan et al., 2009) (Figure 1).

In addition to the prominent role of MC4R and MC3R in regulation of BP and HR from the CNS, other melanocortin receptors have been shown to affect cardiovascular functions. In particular MC1R and MC2R can regulate arterial stiffness (Rinne et al., 2015), atherosclerosis (Rinne et al., 2018) and vascular smooth muscle cell proliferation (Tang et al., 2018). However, their effects seem to be autocrine or paracrine rather than mediated by the CNS.

Even though the role of ACTH in regulating BP has been known for over 30 years (Whitworth et al., 1983), the exact mechanisms through which this melanocortin exerts its effect are not yet fully understood. Early studies observed that administration of ACTH was able to increase BP in both normotensive and hypertensive human subjects (Whitworth et al., 1983). Additionally, pathological conditions characterized by high levels of circulating ACTH, such as Cushing’s diseases, have been associated with hypertension (Cicala and Mantero, 2010). Numerous evidence suggest that the ability of ACTH in raising BP is mediated by the adrenal gland and its secretion of glucocorticoids and mineralocorticoids hormones, and involves natriuresis regulation by the kidneys and regulation of vascular tone (Connell et al., 1987; Woods et al., 1988; Hatakeyama et al., 2000). However, ACTH was also shown to be able to increase BP independently of increase in glucocorticoids, enhancing the effects of norepinephrine and angiotensin II (Woods et al., 1988).

Finally, early observations pointed at the correlation of increased plasma levels of another melanocortin, β-endorphin, and hypertension (Guasti et al., 1996). Following studies showed that administration of β-endorphin decreased BP and affected the hormonal profile of both healthy normotensive and hypertensive individuals, via opioid receptors (Cozzolino et al., 2005), similarly to what previously observed in rats (Sitsen et al., 1982).



BRAIN NUCLEI INVOLVED IN MELANOCORTIN-MEDIATED CARDIOVASCULAR REGULATION

Both MC3R and MC4R are broadly expressed in the CNS (Mountjoy, 2010). Even though most of the studies used IV or ICV administration of pharmacological melanocortin receptor agonists and antagonists, few studies unraveled the specific brain regions involved in regulating BP and HR via melanocortin receptors. Among the others, the paraventricular nucleus of the hypothalamus (PVN) is of central importance in regulating numerous MC4R-dependent metabolic functions such as food intake and thermogenesis (Fan et al., 1997; Huszar et al., 1997). Additionally, direct administration of the MC4R agonist MTII into the PVN was able to significantly increase MAP and HR by modulating the renal SNS outflow (Li et al., 2013). Similar effect of MC4R activation could also be observed in hyperinsulinemia-induced hypertension (Ward et al., 2011). Within the hypothalamus, the dorsomedial hypothalamus (DMH) was also shown to be involved in the increase in BP caused by higher leptin levels in diet-induced obesity, possibly via MC4R (Simonds et al., 2014). Tachycardia was also induced by α-MSH injection in the intermediolateral medulla (Iwasa et al., 2013), as well as by MTII administration in the parabrachial nucleus and rostral ventrolateral medulla, indicating that such functions are not limited to hypothalamic nuclei (Skibicka and Grill, 2009). Interestingly, α-MSH and MTII injection in the NTS caused bradycardia, opposite to what was observed for other nuclei, indicating that the effects on cardiovascular functions of MC4R activation in the CNS is not uniform (Tai et al., 2007). Finally, within the brain stem, cholinergic neurons of the DMV are inhibited by MC4R activation leading to decreased parasympathetic activity, whereas, in the spinal cord, IML cholinergic neurons are activated via MC4R inducing increased sympathetic activity. Thus, re-expression of MC4R in cholinergic neurons of MC4R knockout mice led to obesity-induced hypertension (Sohn et al., 2013b).



THE MELANOCORTIN SYSTEM FOR CARDIOVASCULAR PROTECTION

In addition to their role in regulating HR and BP, numerous studies have shown that melanocortins, mostly via MC3R and MC4R, exert important cardiovascular protective functions. Their protective role has been particularly well characterized in animal models of cardiac and cerebral ischemia, respectively, the first and second main causes of death globally (World Health Organization, 2019). In particular, following myocardial ischemia and the consequent cardiac reperfusion, which are events characterized by high lethality due to the induction of arrhythmia (Manning and Hearse, 1984), IV administration of α-MSH and γ-MSH were able to significantly prevent ventricular tachycardia and ventricular fibrillation (Bazzani et al., 2001; Guarini et al., 2002). γ-MSH was also able to completely prevent the MAP fall normally observed following coronary reperfusion. Such effects were still observed when MC4R was antagonized, but not with concomitant treatment of MC3R antagonist, indicating that they are mediated by MC3R rather than MC4R (Guarini et al., 2002). Interestingly, whereas early studies suggested that the protective effects of melanocortins might be due to inhibition of overproduction of reactive oxygen species (Bazzani et al., 2001) and reduction of inflammation (Wikberg, 1999) at the ischemic site, following data have indicated that this improved outcome was, at least partially, mediated by the CNS (Bazzani et al., 2002). Indeed, ICV administration of ACTH upon induced myocardial ischemia and reperfusion in rats was able to reduce the incidence of ventricular tachycardia, ventricular fibrillation and lethality, and prevent the fall in MAP at a dose 10 times lower than when administrated IV (Bazzani et al., 2002). Similarly, ICV infusion of the MC4R agonist MTII in rats following myocardial ischemia improved cardiac structure and function, and attenuated the fall in HR. The same effects were observed following ICV leptin infusion, but not in absence of MC4R, indicating that these effects are mediated by the leptin-melanocortin axis (Gava et al., 2021).

Cerebral ischemia is a life-threatening event in which the occlusion of a blood vessel by a blood clot leads to irreversible neurological damage. Currently the main way to treat this consists of the administration of thrombolytic agents within up to 3 h from the occurrence, posing risk of cerebral hemorrhage and with limited benefit (Powers et al., 2019). Remarkably, α-MSH analog systemic chronic treatment was able to improve the outcome of transient cerebral ischemia in gerbils and rats by reducing tissue damage and neuronal loss, and by improving functional recovery. This was seen particularly within the hippocampus, a region involved in spatial learning and memory, that is also particularly sensitive to ischemia-induced cell death (Giuliani et al., 2006, 2007). Such beneficial effects were prevented by pre-treatment with MC4R antagonist, indicating that they are MC4R-mediated (Giuliani et al., 2006, 2007). Interestingly, in addition to the antiapoptotic effects of MC4R activation, treatment with α-MSH analog enhanced learning in ischemic gerbils compared to non-ischemic controls (Giuliani et al., 2006). This was possibly due to an increase in neurite sprouting and functional recovery from nerve injury, which improves neuronal plasticity and reliance on the undamaged hemisphere, which are typical processes of stoke recovery (Pekna et al., 2012).

Treatment with high dose of ACTH has also been reported to have life-saving effects in improving cardiovascular function following aortic dissection (Noera et al., 2001), an uncommon but mostly fatal condition in which a tear in the inner layer of the aorta causes its separation from the outer layer, often causing its rupture. Following studies in rats showed that this seems to be not mediated by the adrenal gland, but rather mediated by the descending vagal pathway following central MC4R activation (Guarini et al., 2004).

The remarkable effects of the melanocortin system in regulating cardiovascular function, however, have been long standing obstacle to the use of melanocortin system-modulating compounds for the treatment of other conditions such as obesity, without affecting HR and BP. Recently, the MC4R agonist Setmelanotide has been approved by the Food and Drug Administration for the treatment of obesity. Interestingly, patients receiving Setmelanotide did not show any change in cardiovascular function, HR and BP (Chen et al., 2015; Kühnen et al., 2016; Clément et al., 2018).



MC4R-MEDIATED LEPTIN AND INSULIN EFFECTS ON CARDIOVASCULAR SYSTEM

Leptin is an anorexigenic hormone produced by adipocytes (Zhang et al., 1994; Frederich et al., 1995). Circulating leptin conveys information of the body energy status to the brain, enabling it to maintain the normal energy balance by acting on leptin receptors (ObRa-ObRf). Deficiency of leptin and leptin receptors leads to a morbid obese phenotype in both rodents and humans (Halaas et al., 1995; Chen et al., 1996; Montague et al., 1997; Clément et al., 1998). Interestingly, obese individuals with leptin gene mutations and thus, lower leptin levels, do not show the typical hypertension shown by individuals with the metabolic syndrome, but rather show hypotension (Mark et al., 1999; Ozata et al., 1999). In support of leptin’s role in regulating BP, chronic leptin infusion in lean rats induces an increase in BP (Carlyle et al., 2002) and an increase SNS activity (Kalil and Haynes, 2012). However, in diet-induced obesity characterized by leptin resistance, mice do display hypertension, which was shown to be blunted by antagonism of ObR in a selective area of the hypothalamus, the dorsomedial nucleus, thus suggesting that this area is spared from leptin resistance (Simonds et al., 2014). In addition, through its receptors, leptin also requires a functional central melanocortin system, including POMC neurons and MC4R, for its effects on renal SNA and BP regulation (Tallam et al., 2005, 2006; da Silva et al., 2014; Samuelsson et al., 2016). Deletion of ObRs in POMC neurons abolished both the anorexigenic and the BP lowering effects of leptin (Do Carmo et al., 2011), and leptin-driven enhancement in renal SNA was abolished in MC4R deficient mice (Rahmouni et al., 2003). Consistently, leptin-induced increase in MAP and HR was completely blocked by chronic ICV infusion of MC3/4R antagonist SHU-9119 in rats (Da Silva et al., 2004). Thus, leptin’s ability to increase BP via SNS activity is mediated by increased POMC neuronal activity and MC4R activation (Da Silva et al., 2013) (Figure 1). Finally, in addition to the hypothalamic arcuate and the dorsomedial nuclei, in obese rabbits, leptin has been shown to regulate the cardiovascular function by acting directly on the ventromedial nucleus of the hypothalamus (VMH), as intra-VMH injections of a leptin receptor antagonist or a MC3/4R antagonist, decreases MAP, heart rate, and RSNA compared to vehicle injected HFD rabbits (Lim et al., 2016).

Insulin, upon release from the pancreas, does not only regulate glucose homeostasis by promoting glucose absorption, but also exerts important effects on energy balance and food intake through the insulin receptors in the ARC (Bruning et al., 2000; Obici et al., 2002). Such CNS effects of insulin on food intake are mediated by the melanocortin system, as indicated by their reduction upon ICV administration of MC4R antagonist (Benoit et al., 2002). Additionally, insulin is known to have significant effects on BP regulation by increasing renal sodium reabsorption, inducing renal SNA, altering transmembrane ion transport, and inducing hypertrophy of blood vessels (Salvetti et al., 1993). Consistently, similar to what was observed with leptin, ICV administration of insulin raises BP by increasing SNA to the kidney (Muntzel et al., 1995; Huang et al., 1998). There is much evidence to indicate that insulin’s effect in increasing BP is mediated by the melanocortin system. Indeed, obese patients with Mc4r mutations present attenuated insulin-mediated SNA (Greenfield, 2011), and the increase in renal SNA observed upon ICV insulin administration in mice was completely abolished in Mc4r knockout mice, indicating that this effect is mediated by MC4R (Rahmouni et al., 2003).



CONCLUSION

The melanocortin system is a powerful regulator of cardiovascular function within the CNS. Additionally, by being one of the main central players in modulating metabolic functions such as food intake and energy expenditure, and the subsequent development of obesity, it offers an important link between metabolic and cardiovascular diseases, two of the leading causes of mortality, morbidity and long term disability worldwide (James et al., 2018). Multiple studies reviewed here have highlighted how the central melanocortin system, and in particular the antagonism of the MC3R and MC4R receptors, are able to significantly decrease elevated BP and HR in both lean and obese forms of hypertension. Consistently, clinical observation of obese Mc4r haploinsufficient patients showed that MC4R loss-of-function causes a significantly lower prevalence of hypertension. Additionally, the melanocortin system is an important mediator of the leptin- and insulin-induced forms of hypertension. Of great clinical importance is also the role of MC3R activation in preventing ventricular tachycardia and fibrillation in myocardial ischemia, as well as MC4R agonism for the treatment and recovery from cerebral ischemia. Thus, the central melanocortin system appears as a pivotal pharmacological target for the treatment of a broad range of cardiovascular diseases, and a better understanding of how its components influence and regulate cardiovascular functions is of central importance for relieving the socioeconomic burden of such pathological conditions.



AUTHOR CONTRIBUTIONS

FC and JK wrote the manuscript. FC designed and prepared the figure. SD developed the concept and outline and edited the manuscript. All authors contributed to the manuscript and approved the submission.



FUNDING

This work was supported by the National Institute of Health R01 grants DK097566, DK105571, DK107293, and DK120321.



REFERENCES

Bazzani, C., Guarini, S., Botticelli, A. R., Zaffe, D., Tomasi, A., Bini, A., et al. (2001). Protective effect of melanocortin peptides in rat myocardial ischemia. J. Pharmacol. Exp. Ther. 5, 1082–1087.

Bazzani, C., Mioni, C., Ferrazza, G., Cainazzo, M. M., Bertolini, A., and Guarini, S. (2002). Involvement of the central nervous system in the protective effect of melanocortins in myocardial ischaemia/reperfusion injury. Resuscitation 52, 109–115. doi: 10.1016/S0300-9572(01)00436-1

Benoit, S. C., Air, E. L., Coolen, L. M., Strauss, R., Jackman, A., Clegg, D. J., et al. (2002). The catabolic action of insulin in the brain is mediated by melanocortins. J. Neurosci. 22, 9048–9052. doi: 10.1523/jneurosci.22-20-09048.2002

Bruning, J. C., Gautam, D., Burks, D. J., Gillette, J., Schubert, M., Orban, P. C., et al. (2000). Role of brain insulin receptor in control of body weight and reproduction. Science 289, 2122–2125. doi: 10.1126/science.289.5487.2122

Carlyle, M., Jones, O. B., Kuo, J. J., and Hall, J. E. (2002). Chronic cardiovascular and renal actions of leptin: role of adrenergic activity. Hypertension 39, 496–501. doi: 10.1161/hy0202.104398

Challis, B. G., Coll, A. P., Yeo, G. S. H., Pinnock, S. B., Dickson, S. L., Thresher, R. R., et al. (2004). Mice lacking pro-opiomelanocortin are sensitive to high-fat feeding but respond normally to the acute anorectic effects of peptide-YY3-36. Proc. Natl. Acad. Sci. U.S.A. 101, 4695–4700. doi: 10.1073/pnas.0306931101

Chandramohan, G., Durham, N., Sinha, S., Norris, K., and Vaziri, N. D. (2009). Role of γ melanocyte-stimulating hormone-renal melanocortin 3 receptor system in blood pressure regulation in salt-resistant and salt-sensitive rats. Metabolism 58, 1424–1429. doi: 10.1016/j.metabol.2009.04.022

Chen, H., Charlat, O., Tartaglia, L. A., Woolf, E. A., Weng, X., Ellis, S. J., et al. (1996). Evidence that the diabetes gene encodes the leptin receptor: identification of a mutation in the leptin receptor gene in db/db mice. Cell 84, 491–495. doi: 10.1016/S0092-8674(00)81294-5

Chen, K. Y., Muniyappa, R., Abel, B. S., Mullins, K. P., Staker, P., Brychta, R. J., et al. (2015). RM-493, a Melanocortin-4 Receptor (MC4R) agonist, increases resting energy expenditure in obese individuals. J. Clin. Endocrinol. Metab. 100:1639. doi: 10.1210/JC.2014-4024

Cicala, M. V., and Mantero, F. (2010). Hypertension in Cushing’s syndrome: from pathogenesis to treatment. Neuroendocrinology 92, 44–49. doi: 10.1159/000314315

Clément, K., Biebermann, H., Farooqi, I. S., Ploeg, L., Van der Wolters, B., Poitou, C., et al. (2018). MC4R agonism promotes durable weight loss in patients with leptin receptor deficiency. Nat. Med. 245, 551–555. doi: 10.1038/s41591-018-0015-9

Clément, K., Vaisse, C., Lahlou, N., Cabrol, S., Pelloux, V., Cassuto, D., et al. (1998). A mutation in the human leptin receptor gene causes obesity and pituitary dysfunction. Nature 392, 398–401. doi: 10.1038/32911

Cone, R. D. (2005). Anatomy and regulation of the central melanocortin system. Nat. Neurosci. 8, 571–578. doi: 10.1038/nn1455

Connell, J. M. C., Whitworth, J. A., Davies, D. L., Lever, A. F., Mark Richards, A., and Fraser, R. (1987). Effects of ACTH and cortisol administration on blood pressure, electrolyte metabolism, atrial natriuretic peptide and renal function in normal man. J. Hypertens. 5, 425–433. doi: 10.1097/00004872-198708000-00007

Cozzolino, D., Sasso, F. C., Cataldo, D., Gruosso, D., Giammarco, A., Cavalli, A., et al. (2005). Acute pressor and hormonal effects of β-endorphin at high doses in healthy and hypertensive subjects: role of opioid receptor agonism. J. Clin. Endocrinol. Metab. 90, 5167–5174. doi: 10.1210/JC.2004-2554

Da Silva, A. A., Carmo, J. M. D., and Hall, J. E. (2013). Role of leptin and central nervous system melanocortins in obesity hypertension. Curr. Opin. Nephrol. Hypertens. 22, 135–140. doi: 10.1097/MNH.0b013e32835d0c05

Da Silva, A. A., Do Carmo, J. M., Dubinion, J. H., Bassi, M., Mokhtarpouriani, K., Hamza, S. M., et al. (2015). Chronic central nervous system mc3/4r blockade attenuates hypertension induced by nitric oxide synthase inhibition but not by angiotensin ii infusion. Hypertension 65, 171–177. doi: 10.1161/HYPERTENSIONAHA.114.03999

Da Silva, A. A., Do Carmo, J. M., Kanyicska, B., Dubinion, J., Brandon, E., and Hall, J. E. (2008). Endogenous melanocortin system activity contributes to the elevated arterial pressure in spontaneously hypertensive rats. Hypertension 51, 884–890. doi: 10.1161/HYPERTENSIONAHA.107.100636

da Silva, A. A., do Carmo, J. M., Wang, Z., and Hall, J. E. (2014). The brain melanocortin system, sympathetic control, and obesity hypertension. Physiology 29, 196–202. doi: 10.1152/physiol.00061.2013

Da Silva, A. A., Kuo, J. J., and Hall, J. E. (2004). Role of hypothalamic melanocortin 3/4-receptors in mediating chronic cardiovascular, renal, and metabolic actions of leptin. Hypertension 43, 1312–1317. doi: 10.1161/01.HYP.0000128421.23499.b9

Do Carmo, J. M., Da Silva, A. A., Cai, Z., Lin, S., Dubinion, J. H., and Hall, J. E. (2011). Control of blood pressure, appetite, and glucose by leptin in mice lacking leptin receptors in proopiomelanocortin neurons. Hypertension 57, 918–926. doi: 10.1161/HYPERTENSIONAHA.110.161349

do Carmo, J. M., da Silva, A. A., Rushing, J. S., and Hall, J. E. (2012). Activation of the central melanocortin system contributes to the increased arterial pressure in obese Zucker rats. Am. J. Physiol. Integr. Comp. Physiol. 302, R561–R567. doi: 10.1152/ajpregu.00392.2011

Fan, W., Boston, B. A., Kesterson, R. A., Hruby, V. J., and Cone, R. D. (1997). Role of melanocortlnergic neurons in feeding and the agouti obesity syndrome. Nature 385, 165–168. doi: 10.1038/385165a0

Franklin, S. S. (2006). Hypertension in the metabolic syndrome. Metab. Syndr. Relat. Disord. 4, 287–298. doi: 10.1089/met.2006.4.287

Frederich, R. C., Hamann, A., Anderson, S., Löllmann, B., Lowell, B. B., and Flier, J. S. (1995). Leptin levels reflect body lipid content in mice: evidence for diet-induced resistance to leptin action. Nat. Med. 1, 1311–1314. doi: 10.1038/nm1295-1311

Gava, F. N., da Silva, A. A., Dai, X., Harmancey, R., Ashraf, S., Omoto, A. C. M., et al. (2021). Restoration of cardiac function after myocardial infarction by long-term activation of the CNS leptin-melanocortin system. JACC Basic to Transl. Sci. 6:55. doi: 10.1016/J.JACBTS.2020.11.007

Giuliani, D., Leone, S., Mioni, C., Bazzani, C., Zaffe, D., Botticelli, A. R., et al. (2006). Broad therapeutic treatment window of [Nle4, D-Phe7]α-melanocyte-stimulating hormone for long-lasting protection against ischemic stroke, in Mongolian gerbils. Eur. J. Pharmacol. 538, 48–56. doi: 10.1016/j.ejphar.2006.03.038

Giuliani, D., Ottani, A., Mioni, C., Bazzani, C., Galantucci, M., Minutoli, L., et al. (2007). Neuroprotection in focal cerebral ischemia owing to delayed treatment with melanocortins. Eur. J. Pharmacol. 570, 57–65. doi: 10.1016/j.ejphar.2007.05.025

Greenfield, J. R. (2011). Melanocortin signalling and the regulation of blood pressure in human obesity. J. Neuroendocrinol. 23, 186–193. doi: 10.1111/j.1365-2826.2010.02088.x

Greenfield, J. R., Miller, J. W., Keogh, J. M., Henning, E., Satterwhite, J. H., Cameron, G. S., et al. (2009). Modulation of blood pressure by central melanocortinergic pathways. N. Engl. J. Med. 360, 44–52. doi: 10.1056/NEJMoa0803085

Guarini, S., Cainazzo, M. M., Giuliani, D., Mioni, C., Altavilla, D., Marini, H., et al. (2004). Adrenocorticotropin reverses hemorrhagic shock in anesthetized rats through the rapid activation of a vagal anti-inflammatory pathway. Cardiovasc. Res. 63, 357–365. doi: 10.1016/J.CARDIORES.2004.03.029

Guarini, S., Schiöth, H. B., Mioni, C., Cainazzo, M., Ferrazza, G., Giuliani, D., et al. (2002). MC3 receptors are involved in the protective effect of melanocortins in myocardial ischemia/reperfusion-induced arrhythmias. Naunyn. Schmiedebergs. Arch. Pharmacol. 366, 177–182. doi: 10.1007/s00210-002-0572-8

Guasti, L., Cattaneo, R., Daneri, A., Bianchi, L., Gaudio, G., Regazzi, M. B., et al. (1996). Endogenous beta-endorphins in hypertension: correlation with 24-hour ambulatory blood pressure. J. Am. Coil Cardiol. 28, 1243–1251. doi: 10.1016/S0735-1097

Halaas, J. L., Gajiwala, K. S., Maffei, M., Cohen, S. L., Chait, B. T., Rabinowitz, D., et al. (1995). Weight-reducing effects of the plasma protein encoded by the obese gene. Science 269, 543–546. doi: 10.1126/science.7624777

Hatakeyama, H., Inaba, S., Taniguchi, N., and Miyamori, I. (2000). Functional adrenocorticotropic hormone receptor in cultured human vascular endothelial cells. Hypertension 36, 862–865. doi: 10.1161/01.HYP.36.5.862

Hill, C., and Dunbar, J. C. (2002). The effects of acute and chronic alpha melanocyte stimulating hormone (αMSH) on cardiovascular dynamics in conscious rats. Peptides 23, 1625–1630. doi: 10.1016/S0196-9781(02)00103-1

Huang, W. C., Fang, T. C., and Cheng, J. T. (1998). Renal denervation prevents and reverses hyperinsulinemia-induced hypertension in rats. Hypertension 32, 249–254. doi: 10.1161/01.HYP.32.2.249

Humphreys, M. H., Ni, X. P., and Pearce, D. (2011). Cardiovascular effects of melanocortins. Eur. J. Pharmacol. 660, 43–52. doi: 10.1016/j.ejphar.2010.10.102

Huszar, D., Lynch, C. A., Fairchild-Huntress, V., Dunmore, J. H., Fang, Q., Berkemeier, L. R., et al. (1997). Targeted disruption of the melanocortin-4 receptor results in obesity in mice. Cell 88, 131–141. doi: 10.1016/S0092-8674(00)81865-6

Iwasa, M., Kawabe, K., and Sapru, H. N. (2013). Activation of melanocortin receptors in the intermediolateral cell column of the upper thoracic cord elicits tachycardia in the rat. Am. J. Physiol. Hear. Circ. Physiol. 305, H885–H893. doi: 10.1152/ajpheart.00443.2013

James, S. L., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., et al. (2018). Global, regional, and national incidence, prevalence, and years lived with disability for 354 Diseases and Injuries for 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 392, 1789–1858. doi: 10.1016/S0140-6736(18)32279-7

Kalil, G. Z., and Haynes, W. G. (2012). Sympathetic nervous system in obesity-related hypertension: mechanisms and clinical implications. Hypertens. Res. 35, 4–16. doi: 10.1038/hr.2011.173

Kim, C. S., Lee, S.-H., Kim, R. Y., Kim, B.-J., Li, S.-Z., Lee, I. H., et al. (2002). Identification of domains directing specificity of coupling to G-proteins for the melanocortin MC3 and MC4 receptors∗ From the. J. Biol. Chem. 277, 31310–31317. doi: 10.1074/jbc.M112085200

Kühnen, P., Clément, K., Wiegand, S., Blankenstein, O., Gottesdiener, K., Martini, L. L., et al. (2016). Proopiomelanocortin deficiency treated with a melanocortin-4 receptor agonist. N. Engl. J. Med. 375, 240–246. doi: 10.1056/NEJMOA1512693

Kuo, J. J., da Silva, A. A., Tallam, L. S., and Hall, J. E. (2004). Role of adrenergic activity in pressor responses to chronic melanocortin receptor activation. Hypertension 43, 370–375. doi: 10.1161/01.HYP.0000111836.54204.93

Kuo, J. J., Silva, A. A., and Hall, J. E. (2003). Hypothalamic melanocortin receptors and chronic regulation of arterial pressure and renal function. Hypertension 41, 768–774. doi: 10.1161/01.HYP.0000048194.97428.1A

Li, P., Cui, B. P., Zhang, L. L., Sun, H. J., Liu, T. Y., and Zhu, G. Q. (2013). Melanocortin 3/4 receptors in paraventricular nucleus modulate sympathetic outflow and blood pressure. Exp. Physiol. 98, 435–443. doi: 10.1113/expphysiol.2012.067256

Li, S. J., Varga, K., Archer, P., Hruby, V. J., Sharma, S. D., Kesterson, R. A., et al. (1996). Melanocortin antagonists define two distinct pathways of cardiovascular control by α- and γ-melanocyte-stimulating hormones. J. Neurosci. 16, 5182–5188. doi: 10.1523/jneurosci.16-16-05182.1996

Lim, K., Barzel, B., Burke, S. L., Armitage, J. A., and Head, G. A. (2016). Origin of aberrant blood pressure and sympathetic regulation in diet-induced obesity. Hypertension 68, 491–500. doi: 10.1161/HYPERTENSIONAHA.116.07461

Manning, A. S., and Hearse, D. J. (1984). Reperfusion-induced arrhythmias: mechanisms and prevention. J. Mol. Cell. Cardiol. 16, 497–518. doi: 10.1016/S0022-2828(84)80638-0

Mark, A. L., Shaffer, R. A., Correia, M. L. G., Morgan, D. A., Sigmund, C. D., and Haynes, W. G. (1999). Contrasting blood pressure effects of obesity in leptin-deficient ob/ob mice and agouti yellow obese mice. J. Hypertens. 17, 1949–1953. doi: 10.1097/00004872-199917121-00026

Matsumura, K., Tsuchihashi, T., Abe, I., and Iida, M. (2002). Central α-melanocyte-stimulating hormone acts at melanocortin-4 receptor to activate sympathetic nervous system in conscious rabbits. Brain Res. 948, 145–148. doi: 10.1016/S0006-8993(02)03045-7

Mayan, H., Ni, X.-P., Almog, S., and Humphreys, M. H. (2003). Suppression of gamma-melanocyte-stimulating hormone secretion is accompanied by salt-sensitive hypertension in the rat. Hypertension 42, 962–967. doi: 10.1161/01.HYP.0000097601.83235.F8

Montague, C. T., Prins, J. B., Sanders, L., Digby, J. E., and O’Rahilly, S. (1997). Depot- and sex-specific differences in human leptin mRNA expression: implications for the control of regional fat distribution. Diabetes Metab. Res. Rev. 46, 342–347. doi: 10.2337/diab.46.3.342

Mountjoy, K. G. (2010). Distribution and function of melanocortin receptors within the brain. Adv. Exp. Med. Biol. 681, 29–48. doi: 10.1007/978-1-4419-6354-3_3

Muntzel, M. S., Anderson, E. A., Johnson, A. K., and Mark, A. L. (1995). Mechanisms of insulin action on sympathetic nerve activity. Clin. Exp. Hypertens. 17, 39–50. doi: 10.3109/10641969509087053

Ni, X. P., Butler, A. A., Cone, R. D., and Humphreys, M. H. (2006). Central receptors mediating the cardiovascular actions of melanocyte stimulating hormones. J. Hypertens. 24, 2239–2246. doi: 10.1097/01.hjh.0000249702.49854.fa

Ni, X.-P., Pearce, D., Butler, A. A., Cone, R. D., and Humphreys, M. H. (2003). Genetic disruption of γ-melanocyte–stimulating hormone signaling leads to salt-sensitive hypertension in the mouse. J. Clin. Invest. 111, 1251–1258. doi: 10.1172/jci16993

Noera, G., Lamarra, M., Guarini, S., and Bertolini, A. (2001). Survival rate after early treatment for acute type-A aortic dissection with ACTH-(1–24). Lancet 358, 469–470. doi: 10.1016/S0140-6736(01)05631-8

Obici, S., Feng, Z., Karkanias, G., Baskin, D. G., and Rossetti, L. (2002). Decreasing hypothalamic insulin receptors causes hyperphagia and insulin resistance in rats. Nat. Neurosci. 5, 566–572. doi: 10.1038/nn0602-861

Ollmann, M. M., Wilson, B. D., Yang, Y. K., Kerns, J. A., Chen, Y., Gantz, I., et al. (1997). Antagonism of Central Melanocortin receptors in vitro and in vivo by agouti-related protein. Science 278, 135–138. doi: 10.1126/science.278.5335.135

Ozata, M., Ozdemir, I. C., and Licinio, J. (1999). Human leptin deficiency caused by a missense mutation: multiple endocrine defects, decreased sympathetic tone, and immune system dysfunction indicate new targets for leptin action, greater central than peripheral resistance to the effects of leptin, and spontaneous correction of leptin-mediated defects. J. Clin. Endocrinol. Metab. 84, 3686–3695. doi: 10.1210/jcem.84.10.5999

Pekna, M., Pekny, M., and Nilsson, M. (2012). Modulation of neural plasticity as a basis for stroke rehabilitation. Stroke 43, 2819–2828. doi: 10.1161/STROKEAHA.112.654228

Powers, W. J., Rabinstein, A. A., Ackerson, T., Adeoye, O. M., Bambakidis, N. C., Becker, K., et al. (2019). Guidelines for the early management of patients with acute ischemic stroke: 2019 update to the 2018 guidelines for the early management of acute ischemic stroke a guideline for healthcare professionals from the American Heart Association/American Stroke Association. Stroke 50, E344–E418. doi: 10.1161/STR.0000000000000211

Rahmouni, K., Haynes, W. G., Morgan, D. A., and Mark, A. L. (2003). Role of melanocortin-4 receptors in mediating renal sympathoactivation to leptin and insulin. J. Neurosci. 23, 5998–6004. doi: 10.1523/jneurosci.23-14-05998.2003

Rinne, P., Ahola-Olli, A., Nuutinen, S., Koskinen, E., Kaipio, K., Eerola, K., et al. (2015). Deficiency in melanocortin 1 receptor signaling predisposes to vascular endothelial dysfunction and increased arterial stiffness in mice and humans. Arterioscler. Thromb. Vasc. Biol. 35, 1678–1686. doi: 10.1161/ATVBAHA.114.305064

Rinne, P., Kadiri, J. J., Velasco-Delgado, M., Nuutinen, S., Viitala, M., Hollmén, M., et al. (2018). Melanocortin 1 receptor deficiency promotes atherosclerosis in apolipoprotein E-/- mice. Arterioscler. Thromb. Vasc. Biol. 38:313. doi: 10.1161/ATVBAHA.117.310418

Salvetti, A., Brogi, G., Di Legge, V., and Bernini, G. P. (1993). The inter-relationship between insulin resistance and hypertension. Drugs 46, 149–159. doi: 10.2165/00003495-199300462-00024

Samuelsson, A.-M. S., Mullier, A., Maicas, N., Oosterhuis, N. R., Bae, S. E., Novoselova, T. V., et al. (2016). Central role for melanocortin-4 receptors in offspring hypertension arising from maternal obesity. Proc. Natl. Acad. Sci. U.S.A. 113, 12298–12303. doi: 10.1073/PNAS.1607464113

Seeley, R. J., Yagaloff, K. A., Fisher, S. L., Burn, P., Thiele, T. E., Van Dijk, G., et al. (1997). Melanocortin receptors in leptin effects. Nature 390:349. doi: 10.1038/37016

Simonds, S. E., Pryor, J. T., Ravussin, E., Greenway, F. L., Dileone, R., Allen, A. M., et al. (2014). Leptin mediates the increase in blood pressure associated with obesity. Cell 159, 1404–1416. doi: 10.1016/j.cell.2014.10.058

Sitsen, J. M. A., van Ree, J. M., and de Jong, W. (1982). Cardiovascular and respiratory effects of β-endorphin in anesthetized and conscious rats. J. Cardiovasc. Pharmacol. 4, 883–888.

Skibicka, K. P., and Grill, H. J. (2009). Hypothalamic and hindbrain melanocortin receptors contribute to the feeding, thermogenic, and cardiovascular action of melanocortins. Endocrinology 150, 5351–5361. doi: 10.1210/en.2009-0804

Smith, A. I., and Funder, J. W. (1988). Proopiomelanocortin processing in the pituitary, central nervous system, and peripheral tissues. Endocr. Rev. 9, 159–179. doi: 10.1210/edrv-9-1-159

Sohn, J. W., Elmquist, J. K., and Williams, K. W. (2013a). Neuronal circuits that regulate feeding behavior and metabolism. Trends Neurosci. 36, 504–512. doi: 10.1016/j.tins.2013.05.003

Sohn, J. W., Harris, L. E., Berglund, E. D., Liu, T., Vong, L., Lowell, B. B., et al. (2013b). Melanocortin 4 receptors reciprocally regulate sympathetic and parasympathetic preganglionic neurons. Cell 152, 612–619. doi: 10.1016/J.CELL.2012.12.022

Tai, M. H., Weng, W. T., Lo, W. C., Chan, J. Y. H., Lin, C. J., Lam, H. C., et al. (2007). Role of nitric oxide in α-melanocyte-stimulating hormone-induced hypotension in the nucleus tractus solitarii of the spontaneously hypertensive rats. J. Pharmacol. Exp. Ther. 321, 455–461. doi: 10.1124/jpet.106.118299

Tallam, L. S., Da Silva, A. A., and Hall, J. E. (2006). Melanocortin-4 receptor mediates chronic cardiovascular and metabolic actions of leptin. Hypertension 48, 58–64. doi: 10.1161/01.HYP.0000227966.36744.d9

Tallam, L. S., Stec, D. E., Willis, M. A., da Silva, A. A., and Hall, J. E. (2005). Melanocortin-4 receptor–deficient mice are not hypertensive or salt-sensitive despite obesity, hyperinsulinemia, and hyperleptinemia. Hypertension 46, 326–332. doi: 10.1161/01.HYP.0000175474.99326.BF

Tang, X., Liu, Y., Xiao, Q., Yao, Q., Allen, M., Wang, Y., et al. (2018). Pathological cyclic strain promotes proliferation of vascular smooth muscle cells via the ACTH/ERK/STAT3 pathway. J. Cell. Biochem. 119, 8260–8270. doi: 10.1002/JCB.26839

Vaisse, C., Clement, K., Durand, E., Hercberg, S., Guy-Grand, B., and Froguel, P. (2000). Melanocortin-4 receptor mutations are a frequent and heterogeneous cause of morbid obesity. J. Clin. Invest. 106, 253–262. doi: 10.1172/JCI9238

Ward, K. R., Bardgett, J. F., Wolfgang, L., and Stocker, S. D. (2011). Sympathetic response to insulin is mediated by melanocortin 3/4 receptors in the hypothalamic paraventricular nucleus. Hypertension 57, 435–441. doi: 10.1161/HYPERTENSIONAHA.110.160671

Whitworth, J., Saines, D., Thatcher, R., Butkus, A., and Scoggins, B. (1983). Blood pressure and metabolic effects of ACTH in normotensive and hypertensive man. Clin. Exp. Hypertens. A 5, 501–522. doi: 10.3109/10641968309081788

Wikberg, J. E. S. (1999). Melanocortin receptors: perspectives for novel drugs. Eur. J. Pharmacol. 375, 295–310. doi: 10.1016/S0014-2999(99)00298-8

Woods, L., Mizelle, H., and Hall, J. (1988). Control of sodium excretion in NE-ACTH hypertension: role of pressure natriuresis. Am. J. Physiol. 255, R894–R900. doi: 10.1152/AJPREGU.1988.255.6.R894

World Health Organization (2019). The Top 10 Causes Of Death. Available online at: https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death (accessed April 30, 2021).

Yaswen, L., Diehl, N., Brennan, M. B., and Hochgeschwender, U. (1999). Obesity in the mouse model of pro-opiomelanocortin deficiency responds to peripheral melanocortin. Nat. Med. 5, 1066–1070. doi: 10.1038/12506

Yeo, G. S. H., Farooqi, I. S., Aminian, S., Halsall, D. J., Stanhope, R. G., and O’Rahilly, S. (1998). A frameshift mutation in MC4R associated with dominantly inherited human obesity [1]. Nat. Genet. 20, 111–112. doi: 10.1038/2404

Young, J. I., Otero, V., Cerdán, M. G., Falzone, T. L., Cheng Chan, E., Low, M. J., et al. (1998). Authentic cell-specific and developmentally regulated expression of pro- opiomelanocortin genomic fragments in hypothalamic and hindbrain neurons of transgenic mice. J. Neurosci. 18, 6631–6640. doi: 10.1523/jneurosci.18-17-06631.1998

Zhan, C., Zhou, J., Feng, Q., Zhang, J. E., Lin, S., Bao, J., et al. (2013). Acute and long-term suppression of feeding behavior by POMC neurons in the brainstem and hypothalamus, respectively. J. Neurosci. 33, 3624–3632. doi: 10.1523/JNEUROSCI.2742-12.2013

Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., and Friedman, J. M. (1994). Positional cloning of the mouse obese gene and its human homologue. Nature 372, 425–432. doi: 10.1038/372425a0


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.

Copyright © 2021 Copperi, Kim and Diano. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Role of the Melanocortin System in the Central Regulation of Cardiovascular Functions



		THE MELANOCORTIN SYSTEM AND CARDIOVASCULAR FUNCTIONS



		EFFECTS OF THE MELANOCORTIN SYSTEM ON BLOOD PRESSURE AND HEART RATE



		BRAIN NUCLEI INVOLVED IN MELANOCORTIN-MEDIATED CARDIOVASCULAR REGULATION



		THE MELANOCORTIN SYSTEM FOR CARDIOVASCULAR PROTECTION



		MC4R-MEDIATED LEPTIN AND INSULIN EFFECTS ON CARDIOVASCULAR SYSTEM



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fphys-12-725709-g001.jpg
*SNS

neurons

FMRFamide
gated channels

-
-
-
--------------------------

a-MSH
X
MC4R
~
y-MSH ’
X
v a4 MC3R )
ctivity

-
-
-

Created with BioRender.com





OPS/images/cover.jpg
frontiers
in Physiology

Role of the Melanocortin System
in the Central Regulation
of Cardiovascular Functions









OPS/images/logo.jpg
, frontiers
in Physiology





