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Abstract

:

Simple Summary


Natriuretic peptides are endogenous hormones produced in the heart and vascular endothelium, and they enable cardiorenal protective actions or bone growth via cGMP stimulation through their receptor guanylyl cyclase receptor A or B. To optimize the drug for each disease state, we must consider drug metabolism, delivery systems, and target receptor(s). This review summarizes attempts to develop novel natriuretic peptide-based therapeutics, including novel designer natriuretic peptides and oral drugs to enhance endogenous natriuretic peptides. We introduce some therapeutics that have been successful in clinical practice, as well as the prospective drug developments in the natriuretic peptide system for disease states.




Abstract


The field of natriuretic peptides (NPs) as an endocrine hormone has been developing since 1979. There are three peptides in humans: atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP), which bind to the guanylyl cyclase-A (GC-A) receptor (also called natriuretic peptide receptor-A (NPR-A)), and C-type natriuretic peptide (CNP), which binds to the GC-B receptor (also called the NPR-B) and then synthesizes intracellular cGMP. GC-A receptor stimulation has natriuretic, vasodilatory, cardiorenal protective and anti-renin–angiotensin–aldosterone system actions, and GC-B receptor stimulation can suppress myocardial fibrosis and can activate bone growth before epiphyseal plate closure. These physiological effects are useful as therapeutics for some disease states, such as heart failure, hypertension, and dwarfism. To optimize the therapeutics for each disease state, we must consider drug metabolism, delivery systems, and target receptor(s). We review the cardiac NP system; new designer NPs, such as modified/combined NPs and modified peptides that can bind to not only NP receptors but receptors for other systems; and oral drugs that enhance endogenous NP activity. Finally, we discuss prospective drug discoveries and the development of novel NP therapeutics.
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1. Introduction


1.1. Biology of Natriuretic Peptides


Since 1979, when de Bold reported that protein extracted from heart atrium had a natriuretic effect, the story of natriuretic peptides (NPs) as an endocrine hormone has been developed [1]. Then, biologically functional natriuretic peptides were isolated from 1980 to 1990 [2,3,4]. There are three types of peptides in humans: atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP), which bind to the membrane-bound particulate guanylyl cyclase (GC)-A receptor (also called the natriuretic peptide receptor [NPR]-A); and C-type natriuretic peptide (CNP) which binds to the membrane-bound particulate GC-B receptor (also called the NPR-B) [5,6,7]. After binding these receptors, NPs have physiological functions via the synthetization of their second messenger, intracellular cyclic guanosine monophosphate (cGMP) [5,6,7].



The three native NPs are genetically distinct but share structural similarities [5,6]. Figure 1 illustrates three NPs that consist of a 17 amino acids ring structure created by a disulfide bond joining two cysteine residues with distinct N- and C-terminal extensions (Figure 1). They are produced as preprohormones that are subsequently processed into prohormones via the cleavage of an N-terminal signal peptide. All three NPs are cleared by a non-cyclic GMP-linked receptor, called NP receptor-C (NPR-C), by endocytosis, and they are also degraded by neprilysin, dipeptidyl peptidase-4, or insulin degrading enzyme (Figure 1) [5,6]. The half-life of each peptide is also shown in Figure 1 [5].



GC-A receptor activator, ANP and BNP are released by myocardial stretch, and then GC-A receptor stimulation has such effects as natriuresis, diuresis, vasodilation, the inhibition of the renin–angiotensin–aldosterone system (RAAS), enhanced myocardial relaxation, the inhibition of fibrosis and hypertrophy, and the promotion of cell survival [8,9]. An emerging concept posits that GC-A receptor activation induces lipolysis, promotes browning of white adipocytes, increases mitochondrial oxidative metabolism and fat oxidation in skeletal muscles, and enhances glucose uptake [10,11,12]. In particular, increased adrenal aldosterone synthesis and secretion are seen in heart failure (HF), hypertension (HT), and various cardiovascular diseases [13,14], which is a very important therapeutic target. ANP can suppress aldosterone production in the glomerular layer of the adrenal cortex [15], and showed further inhibition of adrenal aldosterone secretion by angiotensin receptor blockers [16].



The GC-B receptor activator CNP is the most conserved NP across species, and it is thought to mediate its actions through a paracrine or autocrine mechanism [6,17]. GC-B receptor stimulation has such effects as the suppression of myocardial fibrosis, inflammation and contractile dysfunction, anti-proliferative, anti-thrombotic and anti-inflammatory actions on the vascular endothelium together with vasorelaxant, and bone growth before epiphyseal plate closure [6,18].



As cGMP synthesizers, there are not only NPs but nitric oxide (NO) donors. NO binds to intracellular soluble guanylyl cyclase (sGC) and NPs bind to particulate GC receptors, respectively, and increase cGMP formation. The synthesized cGMP is then abrogated by cGMP hydrolysis via phophodiesterases (PDEs) [19]. The expressions of sGC, pGC, or PDEs are highly different in cell types and pathophysiologic conditions, and there is potential crosstalk that would affect intracellular cGMP levels [18,19]. Even as a cGMP synthesizer, the therapeutic effects by particulate GC receptor activators and sGC stimulators seem to be different. For instance, BNP infusion showed better cardiac unloading effects and decreased pulmonary congestion than NO donor nitroglycerin in hospitalized patients with decompensated acute HF [20]. ANP infusion also resulted in the suppression of circulating angiotensin II, aldosterone, and endothelin-1 levels together with anti-LV remodeling effects compared to nitroglycerin infusion in the acute phase of acute myocardial infarction [21]. In this review, we focus on the therapeutic use targeting particulate GC receptors.




1.2. Therapeutics of Native Natriuretic Peptides and the Directions


Recombinant human ANP (carperitide) for intravenous injection/infusion in Japan and synthetic human BNP (nesiritide) in the United States (US) have been used as treatments for acute HF [9,22]. Carperitide has been used successfully in Japan for the treatment of acute decompensated HF; proving safe and effective in the COMPASS trial [23] and improved prognosis in the PROTECT trial [24]. Nesiritide was also used for the treatment of acute decompensated HF, however, phase III clinical trial ASCEND-HF did not show an improvement of prognosis by nesiritide compared to a placebo [25], and the Food and Drug Administration reported the discontinuation of manufacture of nesiritide in 2018 [26].



Currently, we have an approved drug, a dual neprilysin/angiotensin receptor inhibitor, sacubitril/valsartan, for chronic HF, and neprilysin inhibition results in increased endogenous NPs, which is thought to play an important role in improving the prognosis in HF [27]. From the experiences with nesiritide and sacubitril/valsartan, we learned that long-term drug administration may be better at improving the prognosis, which is necessary for successful drug approval in HF.



It is difficult to develop oral drugs for peptides, such as insulin [28], and as such, they are administered intravenously or subcutaneously. Subcutaneous injection is affected by endocytosis, caused by subcutaneous degrading enzymes, such as neprilysin and NPR-C, which is related to pharmacokinetics, including transfer to the blood. Therefore, attempts have been made to design peptides that can withstand subcutaneous injection by suppressing degradation through changing the original structure. In addition to prolonging the half-life, novel NPs stimulate multiple receptors and can be expected to have various pharmacological actions. In this review, we focus on attempts to create novel NP system therapeutics designed for chronic administration.





2. Designing with Natriuretic Peptides


2.1. Dual GC-A and GC-B Activator: Cenderitide (CD-NP)


To improve the prognosis in HF, therapeutic(s) may have inhibitory effects against myocardial remodeling and dysfunction. Cenderitide (CD-NP) was designed to have not only natriuresis, diuresis, and cardiovascular unloading effects via GC-A receptor activation, but also an anti-cardiac remodeling effect via GC-B receptor activation. Dendroaspis natriuretic peptide (DNP), presents in the eastern green mamba, had been identified as peptides with strong GC-A stimulation [29], but it was also confirmed that its 15 amino-acid C-terminal tail only can possess natriuretic and diuretic effects [30]. CD-NP, also called cenderitide, was designed as CNP added with the C-terminal tail of DNP (Figure 2A) [30].



It was confirmed in vitro that cenderitide stimulated cGMP production in both GC-A or GC-B over-expressing HEK cells, respectively [31], as well as significantly suppressed mRNA and protein expressions of type I collagen in cardiac fibroblasts compared to BNP and CNP [32]. In vivo experiments revealed that significantly increased natriuresis and diuresis were achieved by continuous intravenous infusion of cenderitide, which showed fewer hypotensive effects compared to BNP in normal canines [30]. The continuous intravenous administration of cenderitide for 4 weeks suppressed the myocardial fibrosis and decreased circulating aldosterone levels in 5/6 nephrectomy rats with myocardial fibrosis [31]. These results suggest that cenderitide has both anti-fibrotic/remodeling and natriuretic/diuretic actions via the dual activation of the GC-A and GC-B receptors.



Based on these results, a phase I clinical trial for cenderitide was conducted on 22 healthy subjects [33]. A 4 h continuous intravenous infusion of cenderitide resulted in increased circulating and urinary cGMP, natriuresis, and diuresis compared to placebo infusion, without a decrease in blood pressure (BP) or adverse events [33]. Further, in the phase II clinical trial of 18 patients with stable HF, continuous intravenous infusion for 4 h of cenderitide was performed following the same protocol as in phase I, and no significant difference in BP and heart rate was observed compared with the placebo, but a significant increase in diuretic and natriuretic effects was confirmed. An improvement in glomerular filtration rate (GFR) was also observed in patients with decreased renal function, suggesting cenderitide may have a renal protective effect for patients with renal failure [34].



The subcutaneous administration of cenderitide has been investigated as a method of chronic administration to reverse myocardial remodeling. Ichiki T et al. reported that subcutaneous continuous infusion of cenderitide for 10 days in HF canines induced by rapid right ventricular pacing resulted in a significant increase in cardiac output and eGFR compared to the untreated group and the group with the oral administration of an angiotensin converting enzyme (ACE) inhibitor, enalapril. In addition, no BP-lowering effect was observed [35]. A phase I study of cenderitide subcutaneous injection aimed at anti-myocardial remodeling was completed in 14 patients with end-stage HF supported with left ventricular assist devise [36]. A single subcutaneous dose of cenderitide (10 ug/kg) showed a tendency to lower BP compared to a placebo, but a significant NT-proBNP inhibitory effect and an increase in plasma cGMP over 4 h were observed, and no adverse events were reported [36]. Thus, cenderitide was produced based on the idea of stimulating dual NP receptors and confirmed the biological actions in preclinical and clinical studies, Now phase III trials for HF are warranted.




2.2. Long Acting ANP: MANP


The pharmaceutical formulation of human recombinant ANP, carperitide, has been used as a drug for acute decompensated HF in Japan. It has a significant natriuretic and diuretic effect, as well as a BP-lowering effect via GC-A activation [9], suggesting it can also be applied as a treatment for HT. In 2012, a case report of HT demonstrated the therapeutic subcutaneous administration of BNP (nesiritide) [37]. Three subcutaneous injections of nesiritide every 12 h were administered to patients with uncontrolled HT who already took two anti-hypertensive drugs, oral angiotensin receptor blocker and diuretic. The administration resulted in a marked decrease in BP [37]. It was further reported that there may be a relative deficiency of ANP and BNP in hypertensive patients in the general population in Olmsted County, MN [38]. These studies suggest that NP replacement therapy may be effective in HT. ANP, which has a strong diuretic effect, in addition to a vasodilatory effect, is a candidate as a novel drug for HT, but the issue of the subcutaneous injection of ANP is its short half-life due to its rapid metabolization in the subcutaneous area, resulting in a poor blood transfer rate [39]. A peptide that is resistant to degradation in the subcutaneous area should be required for long-term therapeutics.



A peptide was discovered in 2008 from patients with familial atrial fibrillation with a mutation in the ANP gene. The gene mutation added 12 amino acids to the C-terminus of ANP, called mutant-ANP (MANP) (Figure 2B) [40]. McKie et al. reported that MANP stimulated intracellular cGMP activity in human cardiac fibroblasts compared to ANP [41]. Continuous intravenous infusion of MANP in normal canines revealed a sustained BP decrease and natriuretic and diuretic effects with RAAS inhibitory actions compared to an equimolar dose of ANP [41]. Furthermore, MANP showed dose-dependent cGMP-stimulating actions in vitro in GC-A overexpressing HEK cells, human aortic smooth muscle cells, and human aortic endothelial cells [42,43]. In addition, Dickey et al. confirmed that MANP has similar GC-A receptor or NPR-C binding activity to ANP; however, MANP was more resistant to neprilysin-induced proteolytic degradation, which may be the main mechanism of its longer half-life than ANP [44]. Preclinical in vivo studies revealed that continuous intravenous infusion of MANP led to an increase in and the prolongation of diuretic, natriuretic, and antihypertensive effects, together with aldosterone suppression in normal canines [41] and canines with hypertensive HF caused by angiotensin II intravenous infusion [45]. Further, MANP was investigated for more applicable administrations than intravenous infusion for the clinical setting in chronic diseases, including HT. Once-daily subcutaneous administration of MANP for 7 days for salt-sensitive hypertensive rats resulted in a dose-dependent BP-lowering and diuretic effect and aldosterone inhibition [42]. Dzhoyashivili et al. also reported a study on the co-intravenous infusion of MANP and furosemide in spontaneously hypertensive rats [43]. MANP augmented BP-lowering effects by furosemide, in addition to suppressing increased circulating aldosterone levels by furosemide infusion. These preclinical studies suggest that MANP has prolonged BP-lowering and aldosterone-suppressive effects via GC-A activation.



Based on these pre-clinical results, the first in-human study of MANP for essential hypertensive patients was reported by Chen et al. in 2022 [46]. The study was designed as an open-label, sequential single-ascending-dose study to determine the safety, tolerability, neurohumoral, renal, and BP-lowering properties of MANP. After ceasing anti-hypertensive medications for 2 weeks, patients were given a single shot of MANP, administered subcutaneously; then, data were observed and collected for vital signs, blood, and urine to measure neurohumoral factors up to 24 h. MANP administration activated circulating and urinary cGMP, induced natriuresis, reduced aldosterone, and decreased BP at or below the maximal tolerated dose, defined as a systolic BP reduction of ≥30 mmHg, without any adverse events [46].



MANP’s action in HT sounds promising, and a phase II clinical trial for hypertensive patients will be expected. If MANP succeeds in HT, it may be applicable for therapeutics in hypertensive HF.




2.3. BNP Based Peptides


2.3.1. ASBNP.1 (ANX-042)


In the clinical setting, NP injection/infusion sometimes causes excessive hypotension which may cause further organ failure in HF. To avoid the hypotensive effects, NP without BP-lowering effect is required. The peptide forms from alternative RNA splicing may have a unique diagnostic or therapeutic opportunity. Pan et al. identified an alternative spliced transcript form of BNP which presented in the failing human heart [47]. The 60 amino acid alternative spliced BNP (ASBNP) lacks cGMP synthetization in human umbilical endothelial cells, and vasorelaxation ex vivo rabbit carotid arterial rings, suggesting ASBNP may lose the dose-dependent BP-lowering effects of BNP. After the structural considerations, Pan et al. shortened the C-terminal tail of the ASBNP into 42 amino acid ASBNP.1 (Figure 2C). Similar to ASBNP, ASBNP.1 did not have BP-lowering effects but did increase GFR and urinary and diuretic effects, and suppressed plasma renin and angiotensin II levels [47]. These results suggest that ASBNP.1 may have renal enhancing effects without vasodilatation, and ASBNP.1 is currently in phase I clinical trial [48].




2.3.2. CRRL269


Cenderitide and MANP are peptides designed from CNP and ANP, respectively, but there is a designer peptide originally from BNP. This peptide, called CRRL269, has only the ring structure of BNP and the C-terminal and N-terminal tails of urodilatin, which is one of the precursors of ANP, as well as an additional four amino acids on the N-terminal end (Figure 2D) [49]. CRRL269 was designed with the expectation of it having a more diuretic effect from urodilatin or ANP, in addition to the action of BNP, through this modification.



CRRL269 demonstrated a cGMP production equivalent to BNP and urodilatin in GC-A receptor overexpressed HEK cells, and its enzymatic degradation by neprilysin was suppressed compared to urodilatin [49]. In addition, continuous intravenous injection of CRRL269 in normal canines enhanced and prolonged the natriuretic and diuretic effect compared to urodilatin without hypotensive effects [49]. Because CRRL269 may not have an antihypertensive effect and but may prolong action on the kidney, Yang et al. created a canine acute kidney injury model to test its therapeutic application to renal injury [50]. When CRRL269 or a placebo was administered for 2 h to canines with acute renal injury by clamping the abdominal aorta on the renal artery bifurcation for 1 h, enhancement in circulating cGMP levels, improvement in natriuresis, diuresis, GFR, and angiotensin II levels after renal injury, and reduced cardiac filling pressure were observed without hypotensive effects compared to the placebo. Apoptosis in renal tissues after kidney injury was also suppressed, together with reduced proapoptotic gene expressions compared to the placebo [50]. These results suggest that CRRL269 serves as a novel reno-cardiac protective agent for acute kidney injury. Although this peptide has not yet reached clinical trials, it is expected to be clinically applied as a drug for acute renal disease.





2.4. Long-Acting CNP


2.4.1. Vosoritide


CNP plays a key role in bone growth, as demonstrated in GC-B receptor knockout mice, which showed bone dysplasia and were fetal-lethal, and even CNP knockout mice, half of which are fetal-lethal and the rest show severe dwarfism due to endochondral ossification disorder [5,6]. Therefore, CNP is thought to be crucial in bone growth before epiphyseal formation closure [5,6]. Therapeutic application of CNP for dwarfism in children can be considered, but CNP is not suitable for subcutaneous injection or chronic use, as it is greatly affected by enzymatic degradation via neprilysin and it has a short half-life.



The CNP precursor proCNP is converted to CNP1-53, consisting of 53 amino acids, by its converting enzyme furin, and it is then further converted by an unknown enzyme into active CNP, consisting of 22 amino acids [5,6]. Vosoritide (also called BMN111), a 39 amino-acid peptide, is an analog of human CNP (CNP1-22) that corresponds to amino acid sequences of 17–53 in human CNP1-53, with an additional two amino acids in the N-terminal end (Figure 2E) [51].



Achondroplasia, a common genetic disease of dwarfism, is characterized by rhizomatic shortening of the limbs and macrocephaly. Achondroplasia is caused by a gain-of-function mutation in the fibroblast growth factor receptor 3 (FGFR3) gene [52], and CNP can inhibit FGFR3 signaling by suppressing the MAPK pathway [51]. Treatment with vosoritide resulted in a significant recovery of bone growth in the FGFR3 mouse model, which showed disproportionate dwarfism [51]. Wendt et al. confirmed that vosoritide showed significant resistance to degradation by not only CNP1-22 but also other CNP-based analogs in vitro [53]. Both intravenous and subcutaneous injections of vosoritide resulted in a longer serum half-life compared to CNP1-22 in mice and rats. Further, they confirmed that daily subcutaneous injections of vosoritide in juvenile cynomolgus monkeys led to accelerated bone growth and good tolerance in hemodynamics [53].



In 2019, Savarirayan et al. reported a successful multicenter phase II clinical trial as a dose-finding study, conducted for 5–14-year-old children with achondroplasia [54]. Once-daily subcutaneous administration of vosoritide resulted in a sustained increase in the annualized growth velocity, with generally mild adverse events. A successful randomized, double-blind, phase 3, placebo-controlled study for 5–14-year-old children with achondroplasia was then reported in 2020 [55]. The patients received a 15 ug/kg daily subcutaneous administration of vosoritide for 52 weeks, wherein no deaths or serious adverse events were observed and treated the group showed significant growth velocity [55]. According to these successful phase II and III clinical trials, vosoritide was approved as a therapeutic in patients with achondroplasia in the European Union in August 2021 and then in the US in November 2021.




2.4.2. TransCon CNP


Further long-acting CNP synthesis was performed using a technique called TransCon, which prolongs the conversion of the precursor peptide to the active form and slowly releases the active peptide. TransCon CNP is a linker of two amino acids and branched polyethylene glycol (PEG) on CNP1-38, which has an additional 18 amino acids on the N-terminus of CNP [56].



Breinholt et al. reported that TransCon CNP was resistant to enzymatic degradation by neprilysin and had a long half-life compared to CNP1-38 or vosoritide [56]. Daily subcutaneous administration of TransCon CNP did not show any cardiovascular effects in mice and cynomolgus monkeys, whereas CNP1-38 or vosoritide resulted in a decrease in BP and an increase in heart rate. Further, the subcutaneous weekly administration of TransCon CNP for 26 weeks promoted bone growth in monkeys [56]. TransCon Technology allowed the weekly administration of TransCon CNP due to the slow release of active CNP, and the preclinical study confirms the safety and efficacy of TransCon CNP therapeutics for bone growth.






3. Designing Natriuretic Peptides with Peptides from Other Systems


3.1. NPA7


The combination of two NPs results in the additional effect of prolonging and enhancing the action or stimulation of two types of receptors, such as cenderitide. Therefore, the synthesis of peptides targeting not only the NP system but receptors in other systems is possible.



RAAS is an important therapeutic target that is an exacerbating hormone system, which affects, for example, heart disease, HT, atherosclerosis, or organ fibrosis. Ang1–7, a degradation product of angiotensin II, is thought to be an antagonist of RAAS and is also known to have a cardiovascular protective effect via the Mas receptor [57]. However, it is too small a peptide, consisting of only seven amino acids, so it was difficult to develop into a therapeutic drug due to its too short half-life. NPA7 is a peptide that replaces the N-terminal tail of BNP with Ang1–7, which was expected to have a longer half-life than Ang1–7 and an organ-protective effect from both the Mas receptor and GC-A receptor stimulation (Figure 3A) [58].



NPA7 strongly stimulated GC-A receptor overexpressing HEK cells with the activation of intracellular cGMP, but it also bound to HEK cells with a strong expression of the Mas receptor by generating its second messenger, cAMP. When Ang1–7 alone was continuously infused into normal canines, no cardiovascular effect or diuretic effect was observed, but NPA7 significantly enhanced BP-lowering, natriuretic, and cardiac-unloading effects compared to BNP [58]. According to these results, NPA7 is not only “super BNP,” but it also can be expected to have a further cardiovascular-protective effect via the Mas receptor. Further preclinical studies are warranted.




3.2. ASB20123


Although CNP is a bone-growth-promoting hormone and has been described as having clinical applicability for dwarfism in children, growth hormones are also an important hormone for bone growth before epiphyseal plate closure. Ghrelin is produced mainly in the gastrointestinal mucosa and is known as a feeding-promoting peptide, but ghrelin is also secreted in the hypothalamus. Ghrelin directly stimulates the secretion of growth hormone in the pituitary gland, and it stimulates the secretion of a growth hormone-stimulating hormone in the hypothalamus, and then stimulates the release of growth hormone in the pituitary grand [59].



ASB20123 is a CNP-based peptide developed in Japan (Figure 3B) [60]. The C-terminus of ghrelin with single amino acid exchange was added to the C-terminal end of the ring of CNP, which resulted in the growth hormone secretagogue action of ghrelin in addition to the CNP function. It is also intended to be applied in the treatment of dwarfism, much like vosoritide (Figure 3B) [60].



ASB20123 stimulated intracellular cGMP production in Chinese hamster ovary (CHO) cells expressing the GC-B receptor in the same manner as CNP to produce cGMP. The half-life of a single intravenous injection of ASB20123 was 6.7 times as long as CNP, and a single subcutaneous injection of ASB20123 also showed an increase in plasma cGMP over 3 h. The effect of bone growth has been confirmed in young mice and rats [60], and it has also been confirmed that there is no bone toxicity [61]. This peptide is also expected to be clinically applied to dwarfism, and early clinical trials are warranted.





4. Oral Drugs as Modulators for Endogenous Natriuretic Peptides


4.1. Difficulty in Developing Oral Drugs for Peptides


Ideally, the development of an oral drug has been desired as a drug delivery method for the long-term administration of NP. In fact, studies on oral BNP drugs have also been published, confirming an increase in plasma cGMP concentration and an antihypertensive effect following oral administration to normal canines [62]. However, the cost of producing oral drugs then was significantly high, and the absorption efficiency of the trans-digestive tract was also poor, so subsequent development did not proceed.



Insulin is also a famous therapeutic peptide for diabetes mellitus; it is widely used for subcutaneous injection rather than NPs, as it has been extremely difficult to develop an oral form of insulin. Each gastrointestinal tract has different absorption patterns and degrading enzymes from the stomach, small intestine, and large intestine, and there are also large individual differences. Novo Nordisk’s I338, the most famous oral insulin drug, also progressed to Phase II with an incredibly low absorption efficiency of 1.5–2% while obtaining a good hypoglycemic effect [63]. Unfortunately, the development was discontinued because it was not cost-effective, because a large amount of peptide synthesis was required to obtain the biological effect [28]. Although several other oral insulin drugs are under development, clinical application is unlikely at this time unless breakthrough technologies are developed to prevent peptide degradation in gastrointestinal absorption.




4.2. Sacubitril/Valsartan


The first approved oral drug in the NP system is a combined angiotensin receptor and neprilysin inhibitor, sacubitril/valsartan. Substrates for neprilysin include NPs (kinetic affinity CNP = ANP > BNP) [5], angiotensin, adrenomedullin, substance P, etc. The inhibition of neprilysin prolongs the half-life of endogenous natriuretic peptides together with angiotensin II, so the co-inhibition of RAAS was required for therapeutics in HF. The PARADIGM-HF, phase III, randomized, double-blind trial, which compared to an ACE inhibitor, enalapril in HF patients with reduced ejection fraction, resulted in a reduced risk of death and of rehospitalization for HF, together with reduced circulating levels of NT-proBNP in 2014 [27]. The drug was approved for medical use for HF in more than 110 countries in 2022 and for HT in Japan, Russia, and China. Anti-cardiac remodeling effects, together with enhancing natriuretic peptides, were reported by Januzzi et al. in 2019 [64]. This phase IV multicenter clinical trial, the PROVE-HF trial in the US, was designed to determine the NT-proBNP-lowering effects of sacubitril/valsartan together with the change in cardiac structure and function in HF patients with reduced EF. After 12 months of oral treatment with sacubitril/valsartan, there was a decrease in NT-proBNP, which correlated with improved left ventricular systolic function and end-diastolic volume [64]. The sub-analysis of PROVE-HF in HF patients with reduced EF revealed a significant increase in circulating ANP levels, which was associated with an improvement in cardiac remodeling [65]; however, Solomon et al. reported that sacubitril/valsartan did not improve the risk of death and rehospitalization in patients with preserved EF from the phase III PARAGON-HF trial [66]. The sub-analysis from both PARADIGM and PARAGON-HF trial revealed that the improvement of prognosis by the treatment with sacubitril/valsartan appeared in the patient below the normal limit of EF [67]. Currently, the use of endogenous NP therapeutic with sacubitril/valsartan is a class I recommendation for HF with reduced EF as a replacement for an ACE inhibitor or angiotensin receptor blocker [68]. The important question of why sacubitril/valsartan was not effective in HF with preserved EF should be clarified in future studies in order to understand the pathophysiology of NP system in HF with preserved EF.




4.3. Small Molecules Targeting GC-A Receptor


4.3.1. GC-A Activator


A small molecule is one option for creating an oral drug for the NP system. Iwaki et al. reported GC-A activator for the first time in 2017 [69]. After modification of triazine derivatives by dimerization, two molecules showed enhanced cGMP levels in GC-A overexpressing CHO cells and these continuous infusions increased diuresis comparable to 1 ug/kg/min ANP in rats. Since these molecules were very high molecular weight and not suitable for drug development, Iwaki et al. performed high-throughput screening from the compound library in the Daiichi Sankyo as GC-A activator using GC-A overexpressing CHO cells [70]. Two molecules were discovered, and the scaffold hopping of thienopyridine to quinazoline and additional optimization of the substituent on the 6-position of the benzene ring of quinazoline increased the GC-A agonistic activity 350 times compared to that of the original compound. Because the modified compound had low GC-A activity in rats, Iwaki et al. reported on the further modification [71]. The quinazoline and pyrido[2,3-d]pyrimidine derivatives showed potency as a GC-A activator together with the equivalent in vivo urinary effects to 1 ug/kg/min ANP in rats. The small molecule as a GC-A activator would be a potential therapeutic for HF or HT, and further preclinical and clinical studies are warranted.




4.3.2. GC-A Positive Allosteric Modulator, MCUF-651


Sangaralingham et al. reported the novel discovery of a GC-A receptor modulator in 2022 [72]. In a cell-based high-throughput screening of the NIH Molecular Libraries Small Molecule Repository (370,620 compounds), GC-A positive allosteric modulator (PAM) scaffolds were identified. The medicinal chemistry structure–activity relationship efforts of the lead scaffold actually found a GC-A PAM, MCUF-651. Although MCUF-651 could not activate cGMP production in GC-A or GC-B overexpressed HEK cells without ANP or CNP, respectively, it further activated cGMP production in GC-A HEK cells co-treated with ANP. MCUF-651 could enhance the binding affinity of ANP and BNP in GC-A, but not CNP in GC-B receptors. The MCUF-651 dose-dependent augmentation of cGMP production by ANP was observed in human renal proximal tubular cells, human visceral adipocytes, and human cardiomyocytes. MCUF-651 was orally bioavailable in mice in vivo, and there were enhanced endogenous ANP and BNP ex vivo actions in the plasma of normal subjects and in patients with HT and HF [72]. Although the direct activator in GC-A or GC-B cells was not found, the GC-A PAM, MCUF-651, has great potential as a novel oral therapeutic.





4.4. How to Use Novel Drugs of NP Systems, Properly?


After learning about these great attempts at creating novel GC-A or GC-B stimulators, modulators, or endogenous NPs enhancer, there is the question of which is the better option for therapeutics. In fact, one of the endogenous NPs enhancers, sacubitril/valsartan, was already approved as an oral drug, and it may have better medication compliance with easier application and less pain than subcutaneous administration for patients. The key points would be whether diseased patients have enough endogenous NPs.



Machret et al. reported the relative deficiency of ANP and BNP in human HT in 2012 [73]. Plasma levels of ANP and BNP molecular forms were determined in the 2082 general population in Olmsted County, MN. Compared to normotensive patients, prehypertensive patients had lower BNP, NT-proBNP, and NT-proANP levels. In the same population, Buglioni et al. reported that higher levels of aldosterone had associations with HT, obesity, chronic kidney disease, metabolic syndrome, atrial fibrillation, and concentric left ventricular hypertrophy, together with lower NP levels [74]. Further, Asferg et al. also reported that 63 obese, hypertensive men with Body mass index (BMI) ≥ 30 and BP ≥ 130/80 mmHg showed lower serum levels of mid-regional proANP levels, whereas there was no significant change in renin or angiotensin II levels compared to 27 lean, normotensive men [75].



Interestingly, a relative deficiency in NPs was also reported in HF, although circulating NPs were sensitive biomarkers for diagnostics in HF. Reginauld et al. reported that 26% of 112 acute decompensate HF patients had normal levels of ANP and relatively low cGMP levels. The HF group with normal ANP value had higher BMI and EF than others [76]. Bachmann et al. also reported that among 13,613 patients, extremely low BNP levels were observed in 4.9%, 14.0%, and 16.3% of patients with hospitalized HF, abnormal cardiac structure/function, or abnormal hemodynamics, respectively. The strongest predictor of low BNP levels was obesity, and no BNP gene-coding variations were observed in these patients [77]. These results suggest that a relative deficiency of NP may exist in some populations in HT, obesity, metabolic syndrome, and HF, and these patients may be a group of “non-responders” to therapeutic NP receptor modulators or endogenous NP enhancers. Therefore, for the relative NP deficiency group, direct NP stimulators, including designer NP, would be suitable.





5. Future Prospects for Drug Discovery of Natriuretic Peptides


5.1. Safety Verification


Designing NPs means creating a substance that naturally does not exist in the human body. There is a concern that the administration of “designer peptides” may activate the immune system as a defense mechanism and antibodies against new peptides will then be produced, resulting in the occurrence of adverse events and/or diminishing drug efficacy. In addition, structural changes themselves may diminish drug efficacy, regardless of the immune response. Because it is undeniable that any adverse events may occur in humans even if they are not toxic in animal experiments, safety verification must be performed carefully at every stage of the clinical trial.




5.2. Barriers to Patent Validity and the Enormous Costs for Clinical Trials


Exploring pathophysiology and then discovering and developing therapeutic agents is a brilliant goal of medical research, but achieving it is exceedingly difficult. For drug discovery, we obtain a patent by accumulating basic experimental data from substance discovery and design; then, we must prove efficacy and safety from animal experiments and finally proceed to review for drug approval after obtaining phases I to III of clinical trials. First, preclinical trials require a considerable cost and time, where each clinical trial costs a huge amount of money. DiMost et al. reported that capitalized costs (including facility, equipment, and maintenance, as well as human costs) were USD 1 billion for preclinical studies and about USD 100 billion from phase I to final approval. Unfortunately, only 11.8% are eventually approved [78]. It will be an endless battle between the time to work as a researcher and utilizing laboratory resources, high costs, and the end of patency.



It is usually difficult for a developed laboratory to take charge of everything up to phase III, and it is necessary to outsource to a pharmaceutical company at some point. On the other hand, pharmaceutical companies must also recover the enormous costs leading up to phase III and drug approval and make a profit during the period when patent-valid drugs can be exclusively sold. Because there is a limit to profit recovery when selling patents from a single country, it is also necessary to obtain international patents that are expected to be sold worldwide.



It seems that many new drugs have been abandoned due to cost or time constraints, even if the efficacy and safety are confirmed up to phase I or phase II. If a system supports laboratories and provides a foothold for pharmaceutical companies, it seems pharmaceutical development will progress dramatically.





6. Conclusions


Although there are various difficulties, designing new NPs, including both direct stimulators of NP receptors and endogenous NP system modulators, has been confirmed for clinical application as an effective therapeutic in some disease states. Attempts to create better drugs are still ongoing, and further advances in drug development systems are expected, as are better prognoses in human beings.
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Figure 1. Native natriuretic peptides in human. DPPIV, dipeptidyl peptidase-4; GC-A, guanylyl cyclase-A; GC-B, guanylyl cyclase-B; IDE, insulin degrading enzyme; NEP, neprilysin; NPR-A, natriuretic peptide receptor A; NPR-B, natriuretic peptide receptor B; NPR-C, natriuretic peptide receptor C; RAAS, renin–angiotensin–aldosterone system. 
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Figure 2. Designer NPs: Modified or combination of NPs. DNP, Dendroaspis natriuretic peptide; GC-A, guanylyl cyclase-A; GC-B, guanylyl cyclase-B. 
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Figure 3. Designer NPs: Combination of NP and peptide from other systems. AA, amino acid; Ang1–7, angiotensin1–7, GC-A, guanylyl cyclase-A, GC-B, guanylyl cyclase-B; MasR, Mas receptor; RAAS, renin-angiotensin-aldosterone system. 
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