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Abstract

:

The autonomic nervous system (ANS) and renin-angiotensin-aldosterone system (RAAS) are involved in many cardiovascular disorders, including pulmonary hypertension (PH). The current review focuses on the role of the ANS and RAAS activation in PH and updated evidence of potential therapies targeting both systems in this condition, particularly in Groups 1 and 2. State of the art knowledge in preclinical and clinical use of pharmacologic drugs (beta-blockers, beta-three adrenoceptor agonists, or renin-angiotensin-aldosterone signaling drugs) and invasive procedures, such as pulmonary artery denervation, is provided.
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1. Introduction


Pulmonary hypertension (PH) is a clinical syndrome characterized by an increase in pulmonary artery pressure (PAP) and pulmonary vascular resistance (PVR), associated with progressive right ventricular (RV) dysfunction and poor prognosis. According to physiopathological, clinical, and therapeutic considerations, PH is divided into the following five groups: Group 1, pulmonary arterial hypertension (PAH); Group 2, PH secondary to heart failure (HF); Group 3, PH secondary to lung disease or hypoxia; Group 4, PH secondary to pulmonary artery obstruction; and Group 5, PH of unclear/multifactorial mechanism [1].



The autonomic nervous system (ANS) and renin-angiotensin-aldosterone system (RAAS) are central to the neurohormonal regulation of cardiovascular and pulmonary function and are closely involved in many cardiopulmonary disorders. In this review, we focus on the role of neurohormonal activation in PH and current evidence of potential therapies targeting the ANS/RAAS in this condition, particularly in Groups 1 and 2. PAH, although infrequent (prevalence of 16 cases/million [2]), is the hallmark of PH and the group in which the most important advances in the understanding and treatment of the disease have been achieved during the last decade. Still, current treatments for PAH remain limited to relaxing the pulmonary vasculature, aiming to reduce RV afterload, and secondarily improving RV function, but have limited direct effects on cardiac function or arterial remodeling. Although pulmonary vasodilator drugs (i.e., prostanoids, endothelin receptor antagonists, phosphodiesterase-5 inhibitors, and soluble guanylate cyclase stimulators) have demonstrated benefit in improving exercise capacity and slightly prolong survival of PAH patients, they do not provide a substantial increase in lifespan or quality of life. Group 2 PH is more prevalent than Group 1 with HF being the most common etiology of PH globally. It is estimated that approximately 50% of patients with chronic HF have secondary PH [3], which results in more severe symptoms, worse exercise tolerance, and poorer prognosis [4,5]. Despite this burden of disease, unfortunately there are no specific pharmacological treatments available for patients with Group 2 PH [6]. Thus, further research on the mechanisms involved and novel therapeutic targets with robust prognostic impact are necessary for both PAH and PH secondary to HF, the latter even of greater importance since it could be applied to a large, rapidly increasing number of patients.



The pulmonary vasculature is innervated by sympathetic, parasympathetic, and sensory nerve fibers [7]. The distribution of nerves around the PA has been studied in large animals [8,9] and humans [10]. In humans, sympathetic and parasympathetic nerves arising from the spinal ganglions and the vagus nerve, respectively, merge to form the anterior and posterior plexi at the carina. From here, nerves enter the lungs forming a peribronchial plexus and a periarterial plexus; the latter runs within the adventitial layer and innervates the pulmonary vasculature, reaching up to small PAs of <100 μm diameter [11] (Figure 1). Dedicated immunohistochemistry for tyrosine hydroxylase has demonstrated that the predominant innervation is sympathetic (70% of fibers are positive) [10].




2. Involvement of the Autonomic Nervous System in Pulmonary Hypertension (PH)


There is increasing evidence linking the ANS with the pathogenesis of PH, specifically in PAH [7,12,13,14]. This activation has been confirmed using direct (plasmatic catecholamine concentration) [14], as well as indirect techniques (muscle sympathetic nerve activity, heart rate variability and baroreflex sensitivity) [12,13,15]. However, circulating plasma catecholamines have been found to be increased in some studies and normal in others [12,16,17]. These discrepancies might be explained by the fact that plasma catecholamines are affected by neuronal release, reuptake, spillover, and degradation, and therefore are insensitive markers of sympathetic nerve outflow in pathological conditions [12]. There is also evidence from small series showing cardiac sympathetic involvement in PAH using nuclear imaging [18]. Heart rate variability, baroreflex sensitivity parameters, and muscle sympathetic nerve activity have been further related to a poor functional capacity and clinical worsening in PAH [12,13,19,20].



Closely related, the RAAS is upregulated in PAH and has been associated with clinical worsening [7,21]. Interestingly, an increase of angiotensin II receptor AT1 but not AT2 has been described in the pulmonary vasculature of PAH patients [21], which has important implications for potential treatments since the binding of angiotensin II to its AT1 and AT2 receptors has opposite effects, i.e., AT1 signaling is involved in vasoconstriction, oxidative stress, inflammation and proliferation while AT2 signaling results in vasodilation. Although the initial trigger of neurohormonal activation in PAH has not been fully elucidated, it has been proposed that pulmonary vascular damage, increased RV wall stress, and renal hypoperfusion may upregulate the local and systemic RAAS [11,22]. As occurs in HF, in which overactivation of the sympathetic nervous system and RAAS is one of the key elements of the disease [23], this activation initially may act as a compensatory response to a drop in cardiac output, but might have a detrimental effect in the long term if maintained chronically. Indeed, chronic upregulation of neurohormones results in downregulation of the β1-adrenergic receptor, impairing the inotropic and lusitropic responsiveness of the heart and eventually leading to severe RV dysfunction.




3. Pharmacological Strategies Targeting the Autonomic Nervous System in PH


3.1. Beta-Blockers


Some authors have hypothesized that treatment with β-blockers could be useful in patients with PH and RV dysfunction, similar to the treatment of left HF. On the contrary, others disagree based on the idea that patients with PH are highly heart rate-dependent to maintain and increase cardiac output. As we will see below, there is also a discrepancy between the results of preclinical experimental studies (most favorable) and clinical reports (most showing no benefit).



Preclinical data coming from rat models mimicking PAH have found a beneficial effect of β-blocker treatment in several pathways, including a decrease in cardiomyocyte hypertrophy, fibrosis, capillary rarefaction, ischemia, apoptosis, oxidative stress, and inflammation [24,25,26,27], associated with an increase in RV function. In this sense, Ishikawa et al. [24] showed that arotinolol, a pure α/β-adrenoceptor antagonist, prevented PH development and RV hypertrophy in monocrotaline (MCT)-exposed rats. Subsequently, Bogaard et al. [25] and later Okumura et al. [28] reported that carvedilol, a non-selective β-blocker, improved RV function despite persistent pressure overload in the experimental rat PH models of Sugen/hypoxia and MCT, respectively. In the study by Bogaard et al., the beneficial effect observed with carvedilol on RV adaptation was superior to that of metoprolol, a selective β1-blocker, which was interpreted as driven by α1-adrenoreceptor blockade and/or antioxidant/anti-inflammatory properties associated with carvedilol. However, using pressure-volume loop analysis, de Man et al. [26] described a load-independent beneficial effect of another selective β1-blocker, bisoprolol, on the RV in the MCT rat model. Finally, Perros et al. [27] compared the effect of the two selective β-blockers nebivolol and metoprolol on cultures of human pulmonary artery (PA) endothelial cells, pulmonary arterial rings and biventricular function in rats with MCT-induced PH. Only nebivolol significantly decreased human pulmonary endothelial cell proliferation and improved nitric oxide (NO)-dependent relaxation and the effect of nebivolol on pulmonary hemodynamics and RV performance in vivo was greater than metoprolol. Interestingly, nebivolol is a β1-adrenergic receptor antagonist but has an associated β2/3-adrenergic receptor agonist activity which confers vasodilator properties and possibly other effects associated with β3-agonism, as we will discuss later.



Despite these promising results with the use of β-blockers in the experimental field, its clinical use in PAH remains controversial. Clinical studies, though mostly small sample-sized and non-randomized, have not shown a clear benefit with some of them reporting systemic hypotension and decreased exercise capacity, believed to be secondary to their negative inotropic and chronotropic effect [29,30,31,32,33,34]. The first evidence regarding their potential deleterious effect came from a series of cases of patients with porto-PH in which β-blockers (atenolol or propranolol) withdrawal resulted in improved functional capacity and cardiac output [31,32]. Later, the common use of β-blockers in PAH patients, due to the presence of concomitant cardiac comorbidities (particularly supraventricular arrhythmias), has allowed continued investigations of their potential clinical effect. In a prospective analysis of a cohort of 94 PAH patients divided according to the use of β-blockers at baseline, there were no differences in pulmonary hemodynamics, RV performance, or morbimortality, after a median follow-up of 20 months [35]. Moreover, another observational single-center prospective study [36] that followed PH patients (most of them with PAH) according to the use of β-blockers (bisoprolol as the most frequent choice) found a reduction in RV diameter and improvement in tricuspid annular plane systolic excursion (TAPSE) associated with a reduction in natriuretic peptides. Obviously, these results should be interpreted with caution due to the nature of the study (lack of randomization and statistical techniques to balance population characteristics). In a retrospective propensity-matched analysis from 508 PAH patients, Bandyopadhyay et al. [29] found no differences in survival and time to clinical worsening, although β-blocker use (metoprolol as the most commonly prescribed) was associated with a tendency towards shorter walking distance. Comparable neutral impact in all-cause mortality was found in another propensity-matched analysis of a large PAH cohort [33] with the use of β-blockers (again metoprolol as the most frequently used). In a small pilot study [30], including six PAH patients with stable condition but RV dysfunction, focused on the evaluation of RV performance using cardiac magnetic resonance (CMR), six months after starting treatment with carvedilol (median tolerated dose of 18.75 mg twice daily), the authors reported a significant improvement in RV ejection fraction, although difficult to interpret because B-type peptide natriuretic (BNP) levels increased and there were no differences in exercise capacity. Similarly, in a small randomized placebo-controlled clinical trial [37], an improvement in RV systolic function as assessed by echocardiography and positron emission tomography-measured glucose uptake was observed, with no changes in RV cardiac output nor exercise capacity. In contrast, in a randomized placebo-controlled crossover clinical trial including 18 patients with idiopathic PAH, patients treated with bisoprolol (until a maximum tolerated dose of 10 mg/daily) did not show a significant improvement in RV ejection fraction (main outcome) but suffered a significant deterioration of cardiac output and a near significant decrease in a six-minute walking test (6MWT) [34]. Trying to explain these disappointing results of clinical studies, Rijnierse et al. [38] recently reported that bisoprolol did not modify RV sympathetic activity quantified by positron emission tomography or RV function. In summary, there is no robust evidence of the beneficial effect of β-blockers in PAH; the use of different types and doses of β-blockers and patient characteristics might explain the controversial results reported in the literature. Table 1 shows the details of the main characteristics and findings of preclinical and clinical studies performed with β-blockers in PH. In the light of these data, current guidelines advise against the use of β-blockers in PAH, unless required by other comorbidities, such as hypertension, coronary artery disease, or left HF [39].



In Group 2 PH, treatment with β-blockers is even less clear, since this entity includes patients with HF with preserved and reduced left ventricular ejection fraction (LVEF), as well as valvular heart disease. While β-blockers are one of the cornerstones of treatment in patients with reduced LVEF they have demonstrated no benefit in the other two contexts [40]. In addition, the incidence of PH in randomized controlled trials with β-blockers in patients with HF with either reduced or preserved LVEF has not been specifically addressed [41]. There is currently a registered trial aimed to evaluate the potential beneficial effect of nebivolol on hemodynamics and 6MWT in PH secondary to HF with preserved LVEF (NCT02053246).




3.2. Beta-3 Adrenergic Receptor Agonists


In the last decades, there has been growing evidence for the implication of beta-three adrenergic receptor (β3-AR) in the pathophysiology of cardiovascular diseases. β3-AR mRNA expression has been found in the human myocardium [42] and vessels [43], and it has been described to be upregulated in left heart disease [42]. The coupling of β3-AR to the nitric oxide (NO)/cyclic guanosine monophosphate (cGMP) pathway results in a cardiovascular effect opposed to classical β1- and β2-AR effects, that it is thought to protect against deleterious adrenergic overactivation [44]. In recent years, several publications have demonstrated the cardioprotective effects of β3-AR stimulation in different experimental models of ischemia-reperfusion injury [45,46,47] and HF [48,49], including HF with preserved LVEF [50], through a NO-mediated mechanism. In 2017, Bundgaard et al. [51] published the first-in-man randomized clinical trial using mirabegron, a β3-AR agonist, in patients with HF. Although there were no differences in the main outcome (LVEF), treatment was well-tolerated and showed no safety concerns. In this line, there are two ongoing clinical trials to evaluate the therapeutic benefit and safety of β3-AR agonist in patients with HF with preserved LVEF (NCT 02599480) [52] and reduced LVEF (NCT01876433). Regarding the potential effect of β3-AR on the pulmonary vasculature, there was preliminary evidence showing the vasodilatory effect of ex vivo β3-AR stimulation in pulmonary vessels from dogs [53] and rats [54]. Specifically focused on PH, our group reported a beneficial effect of β3-AR agonist treatment on pulmonary hemodynamics and RV performance in a randomized placebo-controlled study in an experimental model of post-capillary PH in pigs [55]. Animals receiving mirabegron showed significantly lower PVR and higher RV ejection fraction (as assessed by CMR) and cardiac output at follow-up. These functional effects were associated with changes in protein expression suggestive of attenuated vascular proliferation in the lung parenchyma. In addition, β3-AR was found to be expressed in human pulmonary arteries and β3-AR agonist administration inhibited human pulmonary smooth muscle cell proliferation in vitro by a NO-dependent mechanism and produced vasodilation of human pulmonary arterial rings in organ bath studies. A clinical trial is currently recruiting patients to assess the therapeutic potential and safety of mirabegron in Group 2 PH patients (NCT02775539) [56]. The β3-AR agonist properties of the β1-AR blocker nebivolol might explain its incremental beneficial effect reported in experimental PH as compared with other β-blockers [27,57]. Conversely, a very recent experimental study has reported a potential beneficial effect of the β3-AR antagonist SR59230 in RV function with reduction of inflammatory infiltration to the lung in a model of PH induced by MCT in rats [58]. However, the absence of pulmonary hemodynamic evaluation in this study (and therefore the confirmation of PH) and the particularities of the MCT model (systemic toxicity and inflammation) may explain the contradictory results and question the benefit of β3-AR antagonists in PH patients. Ongoing trials will hopefully clarify the role of β3-ARs in the management of PAH.





4. Pharmacologic Therapies Targeting the Renin-Angiotensin-Aldosterone System in PH


According to the described involvement of RAAS signaling in PH, the following two different strategies have been tested: First, the inhibition of the angiotensin-converting enzyme (ACE) with drugs like enalapril or the inhibition of the angiotensin II AT1 receptor with losartan; and secondly, the stimulation of the ACE2/angiotensin-(1-7) axis, considered vasoprotective [59]. Table 2 depicts the main characteristics and findings of preclinical and clinical studies performed with drugs targeting the RAAS in PH.



In initial experiments, enalapril was shown to inhibit the development of PH and RV hypertrophy in MCT rats [60] by a NO and p21-dependent mechanism; and by tumoral necrosis factor (TNF) inhibition in bleomycin-exposed mice [61]. However, with the exception of few small series of cases [73,74], there has not been robust clinical evidence associated with the benefit of enalapril or any other ACE inhibitors in any group of PH. There is also conflicting evidence regarding the effect of the angiotensin-1 receptor antagonist losartan in experimental PH and a lack of clear clinical benefits. Whereas losartan significantly reduced PH progression, RV dilatation and pulmonary vascular remodeling in MCT-induced PH rats in the study by de Man et al. [21], it did not shown any prophylactic effect in the same model in prior studies by Cassis et al. [62] or Kreutz et al. [75]. Similar neutral effects were observed with the use of losartan (either in combination with eplerenone or as compared with bisoprolol) in a rat model of right HF due to pressure overload [63]. However, in the particular scenario of experimental shunt-induced PH, Rondelet et al. [64] reported a preventive effect of losartan associated with a reduction in BMPR-2 expression. Regarding the stimulation of the ACE2/angiotensin-(1–7) axis, although a positive effect has been repeatedly reported in the experimental field in MCT-induced PH [65,66,67,68], there is limited data confirming safety and efficacy of these drugs in PH patients. In the proof-of-concept pilot trial by Hennes et al. [69], five PAH patients received a single intravenous (i.v.) dose of recombinant human ACE2 without significant safety concerns, but a very heterogenous response in PVR. Therefore, further clinical evidence with these compounds is required. Finally, aldosterone is another key player of the RAAS. Maron et al. [70] demonstrated that spironolactone or eplerenone, mineralocorticoid receptor antagonists, prevented or reversed pulmonary vascular remodeling and improved cardiopulmonary hemodynamics in MCT and Sugen/hypoxia-induced PH models in rat. Similar results were obtained by Preston et al. [71] in two small animal models of PH (hypoxia on mice and MCT on rats). Despite these promising results, there is a paucity of data confirming the potential beneficial effect of these drugs on the clinical arena. In this line, Maron et al performed a subanalysis of patients in whom spironolactone use was reported in the ARIES-1 and -2 studies (in combination to ambrisentan) and compared them with patients with ambrisentan alone and observed that the former had a trend towards reduced BNP levels and improvement in 6MWT and WHO functional class [72]. A randomized placebo-controlled clinical trial is currently ongoing to evaluate the potential benefit and safety of spironolactone in early phases of PAH, before the development of RV failure [76] (NCT01712620).




5. Invasive Strategies Targeting the Autonomic Nervous System in PH


5.1. Pulmonary Artery Denervation


In experimental studies performed in the 80s, balloon distension of the main PA was found to increase PAP and PVR and this increase was abolished by surgical denervation of the PA bifurcation, as well as by chemical sympathectomy, thus, indicating that the efferent branch of this reflex is predominantly mediated by the sympathetic nervous system [77]. Thirty years later, Chen et al. [78] suggested, for the first time, that percutaneous PA denervation (using a dedicated catheter) could acutely reduce the increase in PA pressure and PVR generated by a balloon occlusion of a pulmonary branch. Since this first publication, PA denervation has been further tested in another seven experimental studies [8,9,10,79,80,81,82], the details of their main characteristics and findings can be found in Table 3. Studies using acute models of PH have reported an acute improvement in PA hemodynamics after the percutaneous PA denervation procedures using radiofrequency [78] or intravascular ultrasound [10]. However, these results are difficult to extrapolate to the human disease, since PH was secondary to acute occlusion or vasoconstriction and not to progressive pulmonary vascular remodeling, as in patients with chronic PH.



Studies based on chronic models of PH have mainly used the injection of MCT [9,79,82] that causes pulmonary vascular remodeling, increased pulmonary pressures and subsequent RV overload, trying to mimic the pathophysiology of PAH, but also induce a general multi-organ inflammatory response, which is not present in patients with PAH, and therefore limiting the translation of results to the clinical practice. Despite the fact that the model is not ideal to represent human PAH, there are two studies with this approach that have found a positive effect of catheter-based PA denervation in pulmonary hemodynamics, as well as RV and pulmonary vascular remodeling [9,79]. In 2019, the study by Hang et al. [80] used a different method to generate PH by performing a surgical banding of the ascending aorta in rats and a combined technique (surgical microdissection of the PA and phenol application) for the PA denervation procedures. Although the study was again positive in terms of PA hemodynamics, RV function, and pulmonary vascular remodeling, the low efficacy and high mortality of the PH model (78 rats were required to have 18 animals with complete follow-up) together with the probable variability of manual dissection of the PA adventitia in a small animal, made the results difficult to interpret. The first negative experimental study in PA denervation was published in 2019 by Garcia-Lunar et al. [81] and used a different methodology from prior publications. First, the PH model was a swine model of chronic postcapillary PH (generated by a pulmonary vein banding) and the authors used a surgical approach with application of radiofrequency directly to the external layer of the PA with bipolar clamps for the PA denervation with histological confirmation. Transmural denervation, in this study, produced no benefit in terms of PA hemodynamics and a trend towards increased biventricular volumes and RV mass evaluated with CMR and histology. There are two plausible reasons for the apparent discrepancies with previous publications. First, complete PA denervation in this specific model with high postcapillary pressure could hypothetically have worsened pulmonary congestion, thus, resulting in negative effects as previously observed with other pulmonary vasodilators when applied to Group 2 PH patients. Second, a disbalanced sympathetic/parasympathetic denervation favoring the latter might have a deleterious effect on RV remodeling. In a second arm of the same study, the authors found on histological analysis that the damage produced on the PA and both branches was incomplete when they used an intravascular catheter to perform the procedures, unlike what happened with the surgical clamps in the first arm. Later, in 2019, Huang et al. [82] published an experimental study in rats with chronic MCT-induced PH, in which surgical denervation (by manual dissection of the tissue surrounding the main PA and both branches plus placement of a patch to avoid reinnervation) was associated with better hemodynamics, pulmonary vascular remodeling, and downregulation of the sympathetic nervous system and RAAS. They also reported lower ventricular volumes and higher RV ejection fraction in denervated animals (using CMR), but they only performed one study per animal (post procedure), therefore it was impossible to know if groups were homogeneous before randomization. In addition, the authors did not remove the adventitia of the PA because they had results from a pilot study (including 13 rats and 3 patients) in which they found a high density of nervous fibers in the connective and adipose tissue surrounding the PA bifurcation. However, ANS fibers have been previously recognized to be found within the adventitia of the vessels [11,93]. Moreover, if these fibers were indeed localized in the periadventitial tissue, as Huang et al. suggested, it would be feasible to obtain a successful denervation using surgical dissection or external clamps, but less probably using a monopolar catheter inside the vessel lumen.



In the clinical area, we have data from five studies on PA denervation in patients with PH, only two of them being randomized trials [85,86], see Table 3. Briefly, shortly after their first experimental proof, in 2013, Chen et al. directly applied percutaneous PA denervation to a group of 13 idiopathic PAH patients [83], which was further extended to 66 patients with PH of varied etiology (39 PAH, 18 Group 2 PH and nine operated chronic thromboembolic PH (CTEPH) [84]. The results were positive in terms of hemodynamic parameters, functional class, and RV function measured with echocardiography up to one year after the procedures. In 2019, Zhang et al. published the results of PADN-5, the only randomized controlled trial (although not blinded) in Group 2 PH available so far [85]. This trial included patients with combined pre- and postcapillary PH (CpcPH), an entity that has been associated with reduced exercise capacity and a histological phenotype similar to PAH [94]. In PADN-5, percutaneous PA denervation was associated with an improvement in 6MWT distance and a reduction in PVR as compared with sildenafil treatment plus a control procedure. However, the results are difficult to interpret since we have solid scientific evidence warning against the use of sildenafil in Group 2 PH [95]. Systemic hypotension in the control arm may have precluded the uptitration of HF-specific medications, thus, accounting for a worse evolution in this group. In addition, very recently, results from the TROPHY-1 study (a multicenter international early feasibility trial) have been published [87]. In this study, PA denervation using an intravascular ultrasound device was performed in 23 patients with PAH on dual or triple oral therapy and not responsive to acute vasodilator test. There were no procedure-related serious adverse events reported and a total of seven procedure-related adverse events (described as bleeding, hematoma, bruising, or low saturation). In the 20 patients that underwent functional and hemodynamic assessment at follow-up, there was a significant reduction in PVR and increase in 6MWT distance six months after the intervention. Surprisingly, hemodynamic changes were not present acutely after the PADN procedures but developed afterwards, which leaves the question open about what is the real mechanism by which PADN may exert a beneficial effect. Over the 12-month follow-up period, there was one death (unrelated to PADN) and 11 PAH-related hospitalizations, which is considered to be an acceptable rate given the characteristics of the study population. Finally, although beyond the scope of this review, early in 2020, positive results from a randomized, single-blind clinical trial of PADN vs. sham procedure plus medical therapy with riociguat in CTEPH patients have been reported [86].



In summary, we have some preliminary positive data suggesting that percutaneous PA denervation could be an effective therapy for chronic PH, with more convincing data for PAH. Nevertheless, there are important gaps of knowledge regarding the mechanism of action and potential benefit of this intervention. For example, how a percutaneous denervation that does not fully interrupt all sympathetic nervous fibers [81] may have a predictable and reproducible effect on pulmonary hemodynamics or if there is a way to avoid injuring parasympathetic nerve fibers during the procedure. Until now, PADN trials have used empirical strategies to guide the denervation procedures, mainly based on fluoroscopic landmarks [11]. Some authors have proposed to use mapping of the ANS using nuclear medicine techniques [96] to optimize PADN procedures and one case reported on the use of high-output burst electrical stimulation to map the ablation sites on computed tomography images [97]. Similarly, in a very recent experimental trial, ablation at certain PA sites with evoked heart rate responses, lead to disappearance of neural markers’ expression [98]. In the CTEPH randomized clinical trial, a three-dimensional electroanatomical mapping system was used with remote magnetic navigation for the PADN procedures for the first time [86]. In any case, as long as the catheter applications are solely based on where sympathetic nerve fibers should lay (which is based, in turn, on anatomic descriptions from three to four cases [10,82]), it appears that the efficacy of the denervation procedures will largely depend on individual distribution and depth of the sympathetic/parasympathetic fibers and the size, thickness, and composition of the PA wall. This limitation may be overcome by the recently described PA mapping strategies [86,98].



Additionally, it seems plausible that sympathetic denervation may reduce the component of functional vasoconstriction associated with chronic PH, but which are the mechanisms involved in the reduction in vascular remodeling from small pulmonary vessels remains to be elucidated.



Furthermore, one would assume that a successful sympathetic denervation would reduce systemic blood pressure and heart rate [99]; however, in most clinical and experimental studies these parameters remain unchanged [10,85]. Regarding the durability of the intervention, it has also not been clearly established whether there may be a role for autonomic reinnervation, as was suggested by Huang et al. [82] and has already been reported in heart transplant recipients and swine renal arteries [100]. If this were the case, the intervention may lose efficacy over time and re-do procedures may be necessary. Finally, studies with dedicated RV anatomy and function evaluation are needed to elucidate whether there may be a direct and potentially deleterious effect of PA denervation on cardiac remodeling and function [81].



All these uncertainties are especially relevant in the subgroup of patients with Group 2 PH, where we have no convincing evidence of the effectiveness of the intervention. Despite this, percutaneous PA denervation is already being applied to patients with PH secondary to left heart disease [80,83,84,85,97,101]. Given the uncertainty that still many experts share about the effectiveness of PA denervation as a treatment for chronic PH [11,102,103], there is a need for randomized, controlled, multicenter blinded studies in this field [104,105]. Blinding is particularly important because the placebo effect has proven to be very relevant in previous renal denervation trials [106]. Currently there are two ongoing event-driven trials on PA denervation in PAH (PADN-PAH, NCT 02,284,737 and PADN-CDFA, NCT 03282266) and a pilot trial on ultrasound PA denervation for patients with left heart disease (TROPHY-II, NCT 03611270).




5.2. Renal Denervation as a Treatment for PH


Catheter-based renal denervation is an interventional procedure aiming to interrupt the afferent and efferent sympathetic renal innervation by targeting the renal adventitial nerve plexus with an endovascular catheter. After the positive results of the open-label SYMPLICITY-2 clinical trial on the treatment of arterial hypertension [107], renal denervation has been applied to other cardiovascular diseases (such as HF or atrial fibrillation) with the intention to reduce the underlying neurohormonal activation. In 2015, Quingyan et al. [88] used, for the first time, this approach in MCT-induced PAH in dogs. In their study, surgical renal denervation (used as a prevention strategy, that is, immediately after the MCT injection and before PAH had been stablished) was able to ameliorate pulmonary hemodynamics, RV and pulmonary vascular remodeling, and decrease plasmatic and pulmonary RAAS levels. Though innovative, the results should be interpreted cautiously given that the translation of results to human PH is limited (because of the model and the experimental design) and that the control group did not undergo a sham intervention [108]. Liu et al. also tested surgical renal denervation in a rat MCT model of PH as a preventive/treatment strategy and found that early denervation was associated with better pulmonary vascular and RV remodeling [89]. Later on, Da Silva Gonçalves Bos [90] performed renal denervation in a study involving two experimental rat models of chronic PH, i.e., MCT and Sugen/hypoxia. They found that renal denervation was able to reduce PVR as well as pulmonary vascular remodeling, RV hypertrophy, and fibrosis. On pressure-volume loop evaluation, renal denervation significantly reduced RV afterload (Ea) and diastolic stiffness (Eed). However, there was no significant change in RV systolic pressure, cardiac output, or RV size and systolic function (TAPSE and end-systolic elastance (Ees)), which again leaves unanswered how to explain the cardiovascular improvement after the procedure.




5.3. Sympathetic Ganglion Block


Sympathetic ganglion block by injection of a local anesthetic agent has been used as a treatment for patients with ventricular arrhythmias [109]. This approach has also been investigated as a therapy in an experimental study in rats with MCT-induced PAH [91]. This study found that RV systolic pressures were lower in the animals that underwent sympathetic ganglion block as compared with sham controls (who received saline injections instead). This was associated with decreased RV hypertrophy and pulmonary vascular remodeling. Sympathetic ganglion block was also able to reduce oxidative stress and to suppress arginase activity, increasing NO availability, thus, further strengthening the possible crosstalk between the ANS and NO that had been previously postulated. More recently, Zhao et al. [92] used transection of the cervical sympathetic trunk (a procedure leading to long-term sympathetic ganglion block) in MCT rats and found that the procedure was associated with a decrease in noradrenaline concentration in the lung, reduced RV systolic pressure, RV and pulmonary vascular remodeling, and increased RV performance.




5.4. Parasympathetic Stimulation


The modulation of the parasympathetic system is complex and has been less used as a target in cardiovascular diseases, including PH, as compared with the inhibition of the sympathetic system. Da Silva Gonçalves Bos et al. [110] reported that pyridostigmine, an oral drug stimulating the parasympathetic activity through acetylcholinesterase inhibition, reduced PVR, RV hypertrophy and dilatation, and pulmonary vascular remodeling in Sugen/hypoxia rats. These effects were associated with a reduction in fibrosis and inflammation in the myocardium and lung parenchyma.



Electric vagal nerve stimulation (VNS) has been postulated as a potential therapy in several cardiovascular diseases such as ventricular arrhythmias or chronic HF, although its efficacy remains controversial [111]. Yoshida et al. [112] evaluated the potential effect on survival and related mechanisms of preventive or therapeutic VNS in the experimental PH model of Sugen/hypoxia in rats. They found that VNS markedly improved the survival rate in PH rats. In the pathophysiologic study, they showed a significant reduction in plasma norepinephrine, pulmonary hemodynamics, pulmonary vascular remodeling, and increased cardiac output. Although the results were promising, the study had important limitations, that included the difficulty in assessing mortality in experimental research, the significant percentage of failure to perform the VNS, and the evident differences between the Sugen/hypoxia model and human PAH.





6. Conclusions


The role of neurohormonal activation has gained attention in the past years as a pathophysiological driver and possible treatment target for chronic PH. The current review summarizes the existing evidence on pharmacological, as well as invasive strategies, targeting the ANS/RAAS in PH. Although the scope of the review is PH from Groups 1 and 2, we acknowledge that a large proportion of the experimental and clinical evidence presented here refers to animal models mimicking PAH (mainly MCT in small animals) or patients with PAH. Further experimental and clinical research efforts in Group 2 PH would be highly relevant given the paucity of data in this field and the growing number of patients with PH secondary to HF.



Several experimental studies have suggested a beneficial role of pharmacologic neurohormonal inhibitors (such as β-blockers, ACE inhibitors, angiotensin-receptor blockers, ACE2-activators, or spironolactone) in PH. However, clinical studies (though mostly small sample sized and not controlled) have failed to demonstrate benefit, thus precluding the use of these drugs as established treatments for PH patients. Stimulation of the β3-AR has also proven beneficial in experimental HF and PH, and currently there is a phase-2 clinical trial on CpcPH patients on the way. There has also been increasing interest in invasive strategies targeting the ANS, particularly percutaneous PA denervation. This intervention has shown early positive signs in experimental and non-randomized clinical studies but questions on its mechanism of action, potential benefit, and long-term efficacy of the procedure remain to be addressed. Ongoing and future randomized, controlled, multicenter, and blinded clinical trials should reveal whether this strategy may become part of the routine clinical care for chronic PH patients.







Author Contributions


All authors have read and agreed to the published version of the manuscript. I.G.-L. and A.G.-Á. prepared the initial draft; D.P. assisted in manuscript review and text/figure editing; B.I. and A.G.-Á. provided supervision and feedback on the final version.




Funding


This work was partially funded by Fondo Europeo de Desarrollo Regional (FEDER) Instituto de Salud Carlos III-Fondo de Investigación Sanitaria PI17/00995 and Intensificación AES2019 to Dr. García-Álvarez. The CNIC is supported by the Ministerio de Ciencia, Innovación y Universidades and the Pro CNIC Foundation, and is a Severo Ochoa Center of Excellence (SEV-2015-0505). Part of this work was developed at the Centre de Recerca Biomèdica Cellex, IDIBAPS, Barcelona. The IDIBAPS belongs to the CERCA Programme and receives partial funding from the Generalitat de Catalunya.




Conflicts of Interest


There are no conflicts of interest regarding this work other that Borja Ibanez and Ana García-Álvarez are co-inventors of a patent for the use of beta-3 agonists for the treatment of pulmonary hypertension.




References


	



Simonneau, G.; Montani, D.; Celermajer, D.S.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.; Souza, R. Haemodynamic definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. J. 2019, 53. [Google Scholar] [CrossRef] [PubMed]

	



Escribano-Subias, P.; Blanco, I.; Lopez-Meseguer, M.; Lopez-Guarch, C.J.; Roman, A.; Morales, P.; Castillo-Palma, M.J.; Segovia, J.; Gomez-Sanchez, M.A.; Barbera, J.A.; et al. Survival in pulmonary hypertension in Spain: Insights from the Spanish registry. Eur. Respir. J. 2012, 40, 596–603. [Google Scholar] [CrossRef] [PubMed]

	



Hoeper, M.M.; Humbert, M.; Souza, R.; Idrees, M.; Kawut, S.M.; Sliwa-Hahnle, K.; Jing, Z.C.; Gibbs, J.S. A global view of pulmonary hypertension. Lancet Respir. Med. 2016, 4, 306–322. [Google Scholar] [CrossRef]

	



Ghio, S.; Gavazzi, A.; Campana, C.; Inserra, C.; Klersy, C.; Sebastiani, R.; Arbustini, E.; Recusani, F.; Tavazzi, L. Independent and additive prognostic value of right ventricular systolic function and pulmonary artery pressure in patients with chronic heart failure. J. Am. Coll. Cardiol. 2001, 37, 183–188. [Google Scholar] [CrossRef]

	



Grigioni, F.; Potena, L.; Galie, N.; Fallani, F.; Bigliardi, M.; Coccolo, F.; Magnani, G.; Manes, A.; Barbieri, A.; Fucili, A.; et al. Prognostic implications of serial assessments of pulmonary hypertension in severe chronic heart failure. J. Heart Lung Transplant. 2006, 25, 1241–1246. [Google Scholar] [CrossRef]

	



Vachiery, J.L.; Tedford, R.J.; Rosenkranz, S.; Palazzini, M.; Lang, I.; Guazzi, M.; Coghlan, G.; Chazova, I.; De Marco, T. Pulmonary hypertension due to left heart disease. Eur. Respir. J. 2019, 53. [Google Scholar] [CrossRef]

	



Vaillancourt, M.; Chia, P.; Sarji, S.; Nguyen, J.; Hoftman, N.; Ruffenach, G.; Eghbali, M.; Mahajan, A.; Umar, S. Autonomic nervous system involvement in pulmonary arterial hypertension. Respir. Res. 2017, 18, 201. [Google Scholar] [CrossRef]

	



Rothman, A.M.; Arnold, N.D.; Chang, W.; Watson, O.; Swift, A.J.; Condliffe, R.; Elliot, C.A.; Kiely, D.G.; Suvarna, S.K.; Gunn, J.; et al. Pulmonary artery denervation reduces pulmonary artery pressure and induces histological changes in an acute porcine model of pulmonary hypertension. Circ. Cardiovasc. Interv. 2015, 8, e002569. [Google Scholar] [CrossRef]

	



Zhou, L.; Zhang, J.; Jiang, X.M.; Xie, D.J.; Wang, J.S.; Li, L.; Li, B.; Wang, Z.M.; Rothman, A.M.; Lawrie, A.; et al. Pulmonary Artery Denervation Attenuates Pulmonary Arterial Remodeling in Dogs with Pulmonary Arterial Hypertension Induced by Dehydrogenized Monocrotaline. JACC Cardiovasc. Interv. 2015, 8, 2013–2023. [Google Scholar] [CrossRef]

	



Rothman, A.; Jonas, M.; Castel, D.; Tzafriri, A.R.; Traxler, H.; Shav, D.; Leon, M.B.; Ben-Yehuda, O.; Rubin, L. Pulmonary Artery Denervation Using Catheter based Ultrasonic Energy. EuroIntervention 2019. [Google Scholar] [CrossRef]

	



Constantine, A.; Dimopoulos, K. Pulmonary artery denervation for pulmonary arterial hypertension. Trends Cardiovasc. Med. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Velez-Roa, S.; Ciarka, A.; Najem, B.; Vachiery, J.L.; Naeije, R.; van de Borne, P. Increased sympathetic nerve activity in pulmonary artery hypertension. Circulation 2004, 110, 1308–1312. [Google Scholar] [CrossRef] [PubMed]

	



Wensel, R.; Jilek, C.; Dorr, M.; Francis, D.P.; Stadler, H.; Lange, T.; Blumberg, F.; Opitz, C.; Pfeifer, M.; Ewert, R. Impaired cardiac autonomic control relates to disease severity in pulmonary hypertension. Eur. Respir. J. 2009, 34, 895–901. [Google Scholar] [CrossRef] [PubMed]

	



Mak, S.; Witte, K.K.; Al-Hesayen, A.; Granton, J.J.; Parker, J.D. Cardiac sympathetic activation in patients with pulmonary arterial hypertension. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 302, R1153–R1157. [Google Scholar] [CrossRef]

	



Nagaya, N.; Yokoyama, C.; Kyotani, S.; Shimonishi, M.; Morishita, R.; Uematsu, M.; Nishikimi, T.; Nakanishi, N.; Ogihara, T.; Yamagishi, M.; et al. Gene transfer of human prostacyclin synthase ameliorates monocrotaline-induced pulmonary hypertension in rats. Circulation 2000, 102, 2005–2010. [Google Scholar] [CrossRef]

	



Nootens, M.; Kaufmann, E.; Rector, T.; Toher, C.; Judd, D.; Francis, G.S.; Rich, S. Neurohormonal activation in patients with right ventricular failure from pulmonary hypertension: Relation to hemodynamic variables and endothelin levels. J. Am. Coll. Cardiol. 1995, 26, 1581–1585. [Google Scholar] [CrossRef]

	



Richards, A.M.; Ikram, H.; Crozier, I.G.; Nicholls, M.G.; Jans, S. Ambulatory pulmonary arterial pressure in primary pulmonary hypertension: Variability, relation to systemic arterial pressure, and plasma catecholamines. Br. Heart J. 1990, 63, 103–108. [Google Scholar] [CrossRef]

	



Mercurio, V.; Pellegrino, T.; Bosso, G.; Campi, G.; Parrella, P.; Piscopo, V.; Tocchetti, C.G.; Hassoun, P.; Petretta, M.; Cuocolo, A.; et al. EXPRESS: Cardiac Sympathetic Dysfunction in Pulmonary Arterial Hypertension: Lesson from Left-sided Heart Failure. Pulm. Circ. 2019, 9, 2045894019868620. [Google Scholar] [CrossRef]

	



Ciarka, A.; Doan, V.; Velez-Roa, S.; Naeije, R.; van de Borne, P. Prognostic significance of sympathetic nervous system activation in pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 2010, 181, 1269–1275. [Google Scholar] [CrossRef]

	



Lammers, A.E.; Munnery, E.; Hislop, A.A.; Haworth, S.G. Heart rate variability predicts outcome in children with pulmonary arterial hypertension. Int. J. Cardiol. 2010, 142, 159–165. [Google Scholar] [CrossRef]

	



de Man, F.S.; Tu, L.; Handoko, M.L.; Rain, S.; Ruiter, G.; Francois, C.; Schalij, I.; Dorfmuller, P.; Simonneau, G.; Fadel, E.; et al. Dysregulated renin-angiotensin-aldosterone system contributes to pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 2012, 186, 780–789. [Google Scholar] [CrossRef] [PubMed]

	



de Man, F.S.; Handoko, M.L.; Guignabert, C.; Bogaard, H.J.; Vonk-Noordegraaf, A. Neurohormonal axis in patients with pulmonary arterial hypertension: Friend or foe? Am. J. Respir. Crit. Care Med. 2013, 187, 14–19. [Google Scholar] [CrossRef] [PubMed]

	



Hartupee, J.; Mann, D.L. Neurohormonal activation in heart failure with reduced ejection fraction. Nat. Rev. Cardiol. 2017, 14, 30–38. [Google Scholar] [CrossRef] [PubMed]

	



Ishikawa, M.; Sato, N.; Asai, K.; Takano, T.; Mizuno, K. Effects of a pure alpha/beta-adrenergic receptor blocker on monocrotaline-induced pulmonary arterial hypertension with right ventricular hypertrophy in rats. Circ. J. 2009, 73, 2337–2341. [Google Scholar] [CrossRef] [PubMed]

	



Bogaard, H.J.; Natarajan, R.; Mizuno, S.; Abbate, A.; Chang, P.J.; Chau, V.Q.; Hoke, N.N.; Kraskauskas, D.; Kasper, M.; Salloum, F.N.; et al. Adrenergic receptor blockade reverses right heart remodeling and dysfunction in pulmonary hypertensive rats. Am. J. Respir. Crit. Care Med. 2010, 182, 652–660. [Google Scholar] [CrossRef] [PubMed]

	



de Man, F.S.; Handoko, M.L.; van Ballegoij, J.J.; Schalij, I.; Bogaards, S.J.; Postmus, P.E.; van der Velden, J.; Westerhof, N.; Paulus, W.J.; Vonk-Noordegraaf, A. Bisoprolol delays progression towards right heart failure in experimental pulmonary hypertension. Circ. Heart Fail. 2012, 5, 97–105. [Google Scholar] [CrossRef] [PubMed]

	



Perros, F.; Ranchoux, B.; Izikki, M.; Bentebbal, S.; Happe, C.; Antigny, F.; Jourdon, P.; Dorfmuller, P.; Lecerf, F.; Fadel, E.; et al. Nebivolol for improving endothelial dysfunction, pulmonary vascular remodeling, and right heart function in pulmonary hypertension. J. Am. Coll. Cardiol. 2015, 65, 668–680. [Google Scholar] [CrossRef]

	



Okumura, K.; Kato, H.; Honjo, O.; Breitling, S.; Kuebler, W.M.; Sun, M.; Friedberg, M.K. Carvedilol improves biventricular fibrosis and function in experimental pulmonary hypertension. J. Mol. Med. (Berl.) 2015, 93, 663–674. [Google Scholar] [CrossRef]

	



Bandyopadhyay, D.; Bajaj, N.S.; Zein, J.; Minai, O.A.; Dweik, R.A. Outcomes of beta-blocker use in pulmonary arterial hypertension: A propensity-matched analysis. Eur. Respir. J. 2015, 46, 750–760. [Google Scholar] [CrossRef]

	



Grinnan, D.; Bogaard, H.J.; Grizzard, J.; Van Tassell, B.; Abbate, A.; DeWilde, C.; Priday, A.; Voelkel, N.F. Treatment of group I pulmonary arterial hypertension with carvedilol is safe. Am. J. Respir. Crit. Care Med. 2014, 189, 1562–1564. [Google Scholar] [CrossRef]

	



Peacock, A.; Ross, K. Pulmonary hypertension: A contraindication to the use of {beta}-adrenoceptor blocking agents. Thorax 2010, 65, 454–455. [Google Scholar] [CrossRef] [PubMed]

	



Provencher, S.; Herve, P.; Jais, X.; Lebrec, D.; Humbert, M.; Simonneau, G.; Sitbon, O. Deleterious effects of beta-blockers on exercise capacity and hemodynamics in patients with portopulmonary hypertension. Gastroenterology 2006, 130, 120–126. [Google Scholar] [CrossRef] [PubMed]

	



Thenappan, T.; Roy, S.S.; Duval, S.; Glassner-Kolmin, C.; Gomberg-Maitland, M. beta-blocker therapy is not associated with adverse outcomes in patients with pulmonary arterial hypertension: A propensity score analysis. Circ. Heart Fail. 2014, 7, 903–910. [Google Scholar] [CrossRef] [PubMed]

	



van Campen, J.S.; de Boer, K.; van de Veerdonk, M.C.; van der Bruggen, C.E.; Allaart, C.P.; Raijmakers, P.G.; Heymans, M.W.; Marcus, J.T.; Harms, H.J.; Handoko, M.L.; et al. Bisoprolol in idiopathic pulmonary arterial hypertension: An explorative study. Eur. Respir. J. 2016, 48, 787–796. [Google Scholar] [CrossRef] [PubMed]

	



So, P.P.; Davies, R.A.; Chandy, G.; Stewart, D.; Beanlands, R.S.; Haddad, H.; Pugliese, C.; Mielniczuk, L.M. Usefulness of beta-blocker therapy and outcomes in patients with pulmonary arterial hypertension. Am. J. Cardiol. 2012, 109, 1504–1509. [Google Scholar] [CrossRef] [PubMed]

	



Moretti, C.; Grosso Marra, W.; D’Ascenzo, F.; Omede, P.; Cannillo, M.; Libertucci, D.; Fusaro, E.; Meynet, I.; Giordana, F.; Salera, D.; et al. Beta blocker for patients with pulmonary arterial hypertension: A single center experience. Int. J. Cardiol. 2015, 184, 528–532. [Google Scholar] [CrossRef] [PubMed]

	



Farha, S.; Saygin, D.; Park, M.M.; Cheong, H.I.; Asosingh, K.; Comhair, S.A.; Stephens, O.R.; Roach, E.C.; Sharp, J.; Highland, K.B.; et al. Pulmonary arterial hypertension treatment with carvedilol for heart failure: A randomized controlled trial. JCI Insight 2017, 2. [Google Scholar] [CrossRef]

	



Rijnierse, M.T.; Groeneveldt, J.A.; van Campen, J.; de Boer, K.; van der Bruggen, C.E.E.; Harms, H.J.; Raijmakers, P.G.; Lammertsma, A.A.; Knaapen, P.; Bogaard, H.J.; et al. Bisoprolol therapy does not reduce right ventricular sympathetic activity in pulmonary arterial hypertension patients. Pulm. Circ. 2020, 10, 2045894019873548. [Google Scholar] [CrossRef]

	



Galie, N.; Humbert, M.; Vachiery, J.L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk Noordegraaf, A.; Beghetti, M.; et al. 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT). Eur. Heart J. 2016, 37, 67–119. [Google Scholar] [CrossRef]

	



Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.F.; Coats, A.J.S.; Falk, V.; Gonzalez-Juanatey, J.R.; Harjola, V.P.; Jankowska, E.A.; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC)Developed with the special contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2016, 37, 2129–2200. [Google Scholar] [CrossRef]

	



Perros, F.; de Man, F.S.; Bogaard, H.J.; Antigny, F.; Simonneau, G.; Bonnet, S.; Provencher, S.; Galie, N.; Humbert, M. Use of beta-Blockers in Pulmonary Hypertension. Circ. Heart Fail. 2017, 10. [Google Scholar] [CrossRef] [PubMed]

	



Moniotte, S.; Kobzik, L.; Feron, O.; Trochu, J.N.; Gauthier, C.; Balligand, J.L. Upregulation of beta(3)-adrenoceptors and altered contractile response to inotropic amines in human failing myocardium. Circulation 2001, 103, 1649–1655. [Google Scholar] [CrossRef] [PubMed]

	



Dessy, C.; Moniotte, S.; Ghisdal, P.; Havaux, X.; Noirhomme, P.; Balligand, J.L. Endothelial beta3-adrenoceptors mediate vasorelaxation of human coronary microarteries through nitric oxide and endothelium-dependent hyperpolarization. Circulation 2004, 110, 948–954. [Google Scholar] [CrossRef] [PubMed]

	



Michel, L.Y.M.; Balligand, J.L. New and Emerging Therapies and Targets: Beta-3 Agonists. Handb. Exp. Pharmacol. 2017, 243, 205–223. [Google Scholar] [CrossRef]

	



Aragon, J.P.; Condit, M.E.; Bhushan, S.; Predmore, B.L.; Patel, S.S.; Grinsfelder, D.B.; Gundewar, S.; Jha, S.; Calvert, J.W.; Barouch, L.A.; et al. Beta3-adrenoreceptor stimulation ameliorates myocardial ischemia-reperfusion injury via endothelial nitric oxide synthase and neuronal nitric oxide synthase activation. J. Am. Coll. Cardiol. 2011, 58, 2683–2691. [Google Scholar] [CrossRef]

	



Garcia-Prieto, J.; Garcia-Ruiz, J.M.; Sanz-Rosa, D.; Pun, A.; Garcia-Alvarez, A.; Davidson, S.M.; Fernandez-Friera, L.; Nuno-Ayala, M.; Fernandez-Jimenez, R.; Bernal, J.A.; et al. beta3 adrenergic receptor selective stimulation during ischemia/reperfusion improves cardiac function in translational models through inhibition of mPTP opening in cardiomyocytes. Basic Res. Cardiol. 2014, 109, 422. [Google Scholar] [CrossRef]

	



Niu, X.; Zhao, L.; Li, X.; Xue, Y.; Wang, B.; Lv, Z.; Chen, J.; Sun, D.; Zheng, Q. beta3-Adrenoreceptor stimulation protects against myocardial infarction injury via eNOS and nNOS activation. PLoS ONE 2014, 9, e98713. [Google Scholar] [CrossRef]

	



Belge, C.; Hammond, J.; Dubois-Deruy, E.; Manoury, B.; Hamelet, J.; Beauloye, C.; Markl, A.; Pouleur, A.C.; Bertrand, L.; Esfahani, H.; et al. Enhanced expression of beta3-adrenoceptors in cardiac myocytes attenuates neurohormone-induced hypertrophic remodeling through nitric oxide synthase. Circulation 2014, 129, 451–462. [Google Scholar] [CrossRef]

	



Bundgaard, H.; Liu, C.C.; Garcia, A.; Hamilton, E.J.; Huang, Y.; Chia, K.K.; Hunyor, S.N.; Figtree, G.A.; Rasmussen, H.H. beta(3) adrenergic stimulation of the cardiac Na+-K+ pump by reversal of an inhibitory oxidative modification. Circulation 2010, 122, 2699–2708. [Google Scholar] [CrossRef]

	



Hermida, N.; Michel, L.; Esfahani, H.; Dubois-Deruy, E.; Hammond, J.; Bouzin, C.; Markl, A.; Colin, H.; Steenbergen, A.V.; De Meester, C.; et al. Cardiac myocyte beta3-adrenergic receptors prevent myocardial fibrosis by modulating oxidant stress-dependent paracrine signaling. Eur. Heart J. 2018, 39, 888–898. [Google Scholar] [CrossRef]

	



Bundgaard, H.; Axelsson, A.; Hartvig Thomsen, J.; Sorgaard, M.; Kofoed, K.F.; Hasselbalch, R.; Fry, N.A.; Valeur, N.; Boesgaard, S.; Gustafsson, F.; et al. The first-in-man randomized trial of a beta3 adrenoceptor agonist in chronic heart failure: The BEAT-HF trial. Eur. J. Heart Fail. 2017, 19, 566–575. [Google Scholar] [CrossRef] [PubMed]

	



Pouleur, A.C.; Anker, S.; Brito, D.; Brosteanu, O.; Hasenclever, D.; Casadei, B.; Edelmann, F.; Filippatos, G.; Gruson, D.; Ikonomidis, I.; et al. Rationale and design of a multicentre, randomized, placebo-controlled trial of mirabegron, a Beta3-adrenergic receptor agonist on left ventricular mass and diastolic function in patients with structural heart disease Beta3-left ventricular hypertrophy (Beta3-LVH). ESC Heart Fail. 2018, 5, 830–841. [Google Scholar] [CrossRef] [PubMed]

	



Tagaya, E.; Tamaoki, J.; Takemura, H.; Isono, K.; Nagai, A. Atypical adrenoceptor-mediated relaxation of canine pulmonary artery through a cyclic adenosine monophosphate-dependent pathway. Lung 1999, 177, 321–332. [Google Scholar] [CrossRef] [PubMed]

	



Dumas, M.; Dumas, J.P.; Bardou, M.; Rochette, L.; Advenier, C.; Giudicelli, J.F. Influence of beta-adrenoceptor agonists on the pulmonary circulation. Effects of a beta3-adrenoceptor antagonist, SR 59230A. Eur. J. Pharmacol. 1998, 348, 223–228. [Google Scholar] [CrossRef]

	



Garcia-Alvarez, A.; Pereda, D.; Garcia-Lunar, I.; Sanz-Rosa, D.; Fernandez-Jimenez, R.; Garcia-Prieto, J.; Nuno-Ayala, M.; Sierra, F.; Santiago, E.; Sandoval, E.; et al. Beta-3 adrenergic agonists reduce pulmonary vascular resistance and improve right ventricular performance in a porcine model of chronic pulmonary hypertension. Basic Res. Cardiol. 2016, 111, 49. [Google Scholar] [CrossRef]

	



Garcia-Lunar, I.; Blanco, I.; Fernandez-Friera, L.; Prat-Gonzalez, S.; Jorda, P.; Sanchez, J.; Pereda, D.; Pujadas, S.; Rivas, M.; Sole-Gonzalez, E.; et al. Design of the beta3-Adrenergic Agonist Treatment in Chronic Pulmonary Hypertension Secondary to Heart Failure Trial. JACC Basic Transl. Sci. 2020, 5, 317–327. [Google Scholar] [CrossRef]

	



Pankey, E.A.; Edward, J.A.; Swan, K.W.; Bourgeois, C.R.; Bartow, M.J.; Yoo, D.; Peak, T.A.; Song, B.M.; Chan, R.A.; Murthy, S.N.; et al. Nebivolol has a beneficial effect in monocrotaline-induced pulmonary hypertension. Can. J. Physiol. Pharmacol. 2016, 94, 758–768. [Google Scholar] [CrossRef]

	



Sun, J.; Cheng, J.; Ding, X.; Chi, J.; Yang, J.; Li, W. beta3 adrenergic receptor antagonist SR59230A exerts beneficial effects on right ventricular performance in monocrotaline-induced pulmonary arterial hypertension. Exp. Ther. Med. 2020, 19, 489–498. [Google Scholar] [CrossRef]

	



Lambert, D.W.; Hooper, N.M.; Turner, A.J. Angiotensin-converting enzyme 2 and new insights into the renin-angiotensin system. Biochem. Pharmacol. 2008, 75, 781–786. [Google Scholar] [CrossRef]

	



Kanno, S.; Wu, Y.J.; Lee, P.C.; Billiar, T.R.; Ho, C. Angiotensin-converting enzyme inhibitor preserves p21 and endothelial nitric oxide synthase expression in monocrotaline-induced pulmonary arterial hypertension in rats. Circulation 2001, 104, 945–950. [Google Scholar] [CrossRef]

	



Ortiz, L.A.; Champion, H.C.; Lasky, J.A.; Gambelli, F.; Gozal, E.; Hoyle, G.W.; Beasley, M.B.; Hyman, A.L.; Friedman, M.; Kadowitz, P.J. Enalapril protects mice from pulmonary hypertension by inhibiting TNF-mediated activation of NF-kappaB and AP-1. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 282, L1209–L1221. [Google Scholar] [CrossRef] [PubMed]

	



Cassis, L.A.; Rippetoe, P.E.; Soltis, E.E.; Painter, D.J.; Fitz, R.; Gillespie, M.N. Angiotensin II and monocrotaline-induced pulmonary hypertension: Effect of losartan (DuP 753), a nonpeptide angiotensin type 1 receptor antagonist. J. Pharmacol. Exp. Ther. 1992, 262, 1168–1172. [Google Scholar] [PubMed]

	



Borgdorff, M.A.; Bartelds, B.; Dickinson, M.G.; Steendijk, P.; Berger, R.M. A cornerstone of heart failure treatment is not effective in experimental right ventricular failure. Int. J. Cardiol. 2013, 169, 183–189. [Google Scholar] [CrossRef] [PubMed]

	



Rondelet, B.; Kerbaul, F.; Van Beneden, R.; Hubloue, I.; Huez, S.; Fesler, P.; Remmelink, M.; Brimioulle, S.; Salmon, I.; Naeije, R. Prevention of pulmonary vascular remodeling and of decreased BMPR-2 expression by losartan therapy in shunt-induced pulmonary hypertension. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H2319–H2324. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, A.J.; Shenoy, V.; Yamazato, Y.; Sriramula, S.; Francis, J.; Yuan, L.; Castellano, R.K.; Ostrov, D.A.; Oh, S.P.; Katovich, M.J.; et al. Evidence for angiotensin-converting enzyme 2 as a therapeutic target for the prevention of pulmonary hypertension. Am. J. Respir. Crit. Care Med. 2009, 179, 1048–1054. [Google Scholar] [CrossRef] [PubMed]

	



Bruce, E.; Shenoy, V.; Rathinasabapathy, A.; Espejo, A.; Horowitz, A.; Oswalt, A.; Francis, J.; Nair, A.; Unger, T.; Raizada, M.K.; et al. Selective activation of angiotensin AT2 receptors attenuates progression of pulmonary hypertension and inhibits cardiopulmonary fibrosis. Br. J. Pharmacol. 2015, 172, 2219–2231. [Google Scholar] [CrossRef]

	



Shenoy, V.; Kwon, K.C.; Rathinasabapathy, A.; Lin, S.; Jin, G.; Song, C.; Shil, P.; Nair, A.; Qi, Y.; Li, Q.; et al. Oral delivery of Angiotensin-converting enzyme 2 and Angiotensin-(1-7) bioencapsulated in plant cells attenuates pulmonary hypertension. Hypertension 2014, 64, 1248–1259. [Google Scholar] [CrossRef]

	



Li, G.; Liu, Y.; Zhu, Y.; Liu, A.; Xu, Y.; Li, X.; Li, Z.; Su, J.; Sun, L. ACE2 activation confers endothelial protection and attenuates neointimal lesions in prevention of severe pulmonary arterial hypertension in rats. Lung 2013, 191, 327–336. [Google Scholar] [CrossRef]

	



Hemnes, A.R.; Rathinasabapathy, A.; Austin, E.A.; Brittain, E.L.; Carrier, E.J.; Chen, X.; Fessel, J.P.; Fike, C.D.; Fong, P.; Fortune, N.; et al. A potential therapeutic role for angiotensin-converting enzyme 2 in human pulmonary arterial hypertension. Eur. Respir. J. 2018, 51. [Google Scholar] [CrossRef]

	



Maron, B.A. Targeting neurohumoral signaling to treat pulmonary hypertension: The right ventricle coming into focus. Circulation 2012, 126, 2806–2808. [Google Scholar] [CrossRef]

	



Preston, I.R.; Sagliani, K.D.; Warburton, R.R.; Hill, N.S.; Fanburg, B.L.; Jaffe, I.Z. Mineralocorticoid receptor antagonism attenuates experimental pulmonary hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 2013, 304, L678–L688. [Google Scholar] [CrossRef] [PubMed]

	



Maron, B.A.; Waxman, A.B.; Opotowsky, A.R.; Gillies, H.; Blair, C.; Aghamohammadzadeh, R.; Loscalzo, J.; Leopold, J.A. Effectiveness of spironolactone plus ambrisentan for treatment of pulmonary arterial hypertension (from the [ARIES] study 1 and 2 trials). Am. J. Cardiol. 2013, 112, 720–725. [Google Scholar] [CrossRef] [PubMed]

	



Escudero, J.; Navarro, J.; Padua, A.; Betancourt, L.; Nava, G. Hemodynamic changes with enalapril in pulmonary arterial hypertension secondary to congenital heart disease. Chest 1987, 91, 351–355. [Google Scholar] [CrossRef] [PubMed]

	



Martiniuc, C.; Braniste, A.; Braniste, T. Angiotensin converting enzyme inhibitors and pulmonary hypertension. Rev. Med. Chir. Soc. Med. Nat. Iasi 2012, 116, 1016–1020. [Google Scholar]

	



Kreutz, R.; Fernandez-Alfonso, M.S.; Ganten, D.; Paul, M. Effect of losartan on right ventricular hypertrophy and cardiac angiotensin I-converting enzyme activity in pulmonary hypertensive rats. Clin. Exp. Hypertens. 1996, 18, 101–111. [Google Scholar] [CrossRef]

	



Elinoff, J.M.; Rame, J.E.; Forfia, P.R.; Hall, M.K.; Sun, J.; Gharib, A.M.; Abd-Elmoniem, K.; Graninger, G.; Harper, B.; Danner, R.L.; et al. A pilot study of the effect of spironolactone therapy on exercise capacity and endothelial dysfunction in pulmonary arterial hypertension: Study protocol for a randomized controlled trial. Trials 2013, 14, 91. [Google Scholar] [CrossRef]

	



Juratsch, C.E.; Jengo, J.A.; Castagna, J.; Laks, M.M. Experimental pulmonary hypertension produced by surgical and chemical denervation of the pulmonary vasculature. Chest 1980, 77, 525–530. [Google Scholar] [CrossRef]

	



Chen, S.L.; Zhang, Y.J.; Zhou, L.; Xie, D.J.; Zhang, F.F.; Jia, H.B.; Wong, S.S.; Kwan, T.W. Percutaneous pulmonary artery denervation completely abolishes experimental pulmonary arterial hypertension in vivo. EuroIntervention 2013, 9, 269–276. [Google Scholar] [CrossRef]

	



Liu, C.; Jiang, X.M.; Zhang, J.; Li, B.; Li, J.; Xie, D.J.; Hu, Z.Y. Pulmonary artery denervation improves pulmonary arterial hypertension induced right ventricular dysfunction by modulating the local renin-angiotensin-aldosterone system. BMC Cardiovasc. Disord. 2016, 16, 192. [Google Scholar] [CrossRef]

	



Hang, Z.; Wande, Y.; Shaoliang, C. EXPRESS: Pulmonary artery denervation improves hemodynamics and cardiac function in pulmonary hypertension secondary to heart failure. Pulm. Circ. 2018, 2045894018816297. [Google Scholar] [CrossRef]

	



Garcia-Lunar, I.; Pereda, D.; Santiago, E.; Solanes, N.; Nuche, J.; Ascaso, M.; Bobi, J.; Sierra, F.; Dantas, A.P.; Galan, C.; et al. Effect of pulmonary artery denervation in postcapillary pulmonary hypertension: Results of a randomized controlled translational study. Basic Res. Cardiol. 2019, 114, 5. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Liu, Y.W.; Pan, H.Z.; Zhang, X.L.; Li, J.; Xiang, L.; Meng, J.; Wang, P.H.; Yang, J.; Jing, Z.C.; et al. Transthoracic Pulmonary Artery Denervation for Pulmonary Arterial Hypertension. Arterioscler. Thromb. Vasc. Biol. 2019, 39, 704–718. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.L.; Zhang, F.F.; Xu, J.; Xie, D.J.; Zhou, L.; Nguyen, T.; Stone, G.W. Pulmonary artery denervation to treat pulmonary arterial hypertension: The single-center, prospective, first-in-man PADN-1 study (first-in-man pulmonary artery denervation for treatment of pulmonary artery hypertension). J. Am. Coll. Cardiol. 2013, 62, 1092–1100. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.L.; Zhang, H.; Xie, D.J.; Zhang, J.; Zhou, L.; Rothman, A.M.; Stone, G.W. Hemodynamic, functional, and clinical responses to pulmonary artery denervation in patients with pulmonary arterial hypertension of different causes: Phase II results from the Pulmonary Artery Denervation-1 study. Circ. Cardiovasc. Interv. 2015, 8, e002837. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Zhang, J.; Chen, M.; Xie, D.J.; Kan, J.; Yu, W.; Li, X.B.; Xu, T.; Gu, Y.; Dong, J.; et al. Pulmonary Artery Denervation Significantly Increases 6-Min Walk Distance for Patients with Combined Pre- and Post-Capillary Pulmonary Hypertension Associated With Left Heart Failure: The PADN-5 Study. JACC Cardiovasc. Interv. 2019, 12, 274–284. [Google Scholar] [CrossRef] [PubMed]

	



Romanov, A.; Cherniavskiy, A.; Novikova, N.; Edemskiy, A.; Ponomarev, D.; Shabanov, V.; Losik, D.; Elesin, D.; Stenin, I.; Mikheenko, I.; et al. Pulmonary Artery Denervation for Patients with Residual Pulmonary Hypertension After Pulmonary Endarterectomy. J. Am. Coll. Cardiol. 2020, 76, 916–926. [Google Scholar] [CrossRef]

	



Rothman, A.M.K.; Vachiery, J.L.; Howard, L.S.; Mikhail, G.W.; Lang, I.M.; Jonas, M.; Kiely, D.G.; Shav, D.; Shabtay, O.; Avriel, A.; et al. Intravascular Ultrasound Pulmonary Artery Denervation to Treat Pulmonary Arterial Hypertension (TROPHY1): Multicenter, Early Feasibility Study. JACC Cardiovasc. Interv. 2020, 13, 989–999. [Google Scholar] [CrossRef]

	



Qingyan, Z.; Xuejun, J.; Yanhong, T.; Zixuan, D.; Xiaozhan, W.; Xule, W.; Zongwen, G.; Wei, H.; Shengbo, Y.; Congxin, H. Beneficial Effects of Renal Denervation on Pulmonary Vascular Remodeling in Experimental Pulmonary Artery Hypertension. Rev. Esp. Cardiol. (Engl. Ed.) 2015, 68, 562–570. [Google Scholar] [CrossRef]

	



Liu, Q.; Song, J.; Lu, D.; Geng, J.; Jiang, Z.; Wang, K.; Zhang, B.; Shan, Q. Effects of renal denervation on monocrotaline induced pulmonary remodeling. Oncotarget 2017, 8, 46846–46855. [Google Scholar] [CrossRef]

	



da Silva Goncalves Bos, D.; Happe, C.; Schalij, I.; Pijacka, W.; Paton, J.F.R.; Guignabert, C.; Tu, L.; Thuillet, R.; Bogaard, H.J.; van Rossum, A.C.; et al. Renal Denervation Reduces Pulmonary Vascular Remodeling and Right Ventricular Diastolic Stiffness in Experimental Pulmonary Hypertension. JACC Basic Transl. Sci. 2017, 2, 22–35. [Google Scholar] [CrossRef]

	



Na, S.; Kim, O.S.; Ryoo, S.; Kweon, T.D.; Choi, Y.S.; Shim, H.S.; Oh, Y.J. Cervical ganglion block attenuates the progression of pulmonary hypertension via nitric oxide and arginase pathways. Hypertension 2014, 63, 309–315. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Xiang, R.; Peng, X.; Dong, Q.; Li, D.; Yu, G.; Xiao, L.; Qin, S.; Huang, W. Transection of the cervical sympathetic trunk inhibits the progression of pulmonary arterial hypertension via ERK-1/2 Signalling. Respir. Res. 2019, 20, 121. [Google Scholar] [CrossRef] [PubMed]

	



Imnadze, G.; Balzer, S.; Meyer, B.; Neumann, J.; Krech, R.H.; Thale, J.; Franz, N.; Warnecke, H.; Awad, K.; Hayek, S.S.; et al. Anatomic Patterns of Renal Arterial Sympathetic Innervation: New Aspects for Renal Denervation. J. Interv. Cardiol. 2016, 29, 594–600. [Google Scholar] [CrossRef] [PubMed]

	



Dragu, R.; Rispler, S.; Habib, M.; Sholy, H.; Hammerman, H.; Galie, N.; Aronson, D. Pulmonary arterial capacitance in patients with heart failure and reactive pulmonary hypertension. Eur. J. Heart Fail. 2015, 17, 74–80. [Google Scholar] [CrossRef] [PubMed]

	



Bermejo, J.; Yotti, R.; Garcia-Orta, R.; Sanchez-Fernandez, P.L.; Castano, M.; Segovia-Cubero, J.; Escribano-Subias, P.; San Roman, J.A.; Borras, X.; Alonso-Gomez, A.; et al. Sildenafil for improving outcomes in patients with corrected valvular heart disease and persistent pulmonary hypertension: A multicenter, double-blind, randomized clinical trial. Eur. Heart J. 2018, 39, 1255–1264. [Google Scholar] [CrossRef]

	



Dimopoulos, K.; Ernst, S.; McCabe, C.; Kempny, A. Pulmonary Artery Denervation: A New, Long-Awaited Interventional Treatment for Combined Pre- and Post-Capillary Pulmonary Hypertension? JACC Cardiovasc. Interv. 2019, 12, 285–288. [Google Scholar] [CrossRef]

	



Fujisawa, T.; Kataoka, M.; Kawakami, T.; Isobe, S.; Nakajima, K.; Kunitomi, A.; Kashimura, S.; Katsumata, Y.; Nishiyama, T.; Kimura, T.; et al. Pulmonary Artery Denervation by Determining Targeted Ablation Sites for Treatment of Pulmonary Arterial Hypertension. Circ. Cardiovasc. Interv. 2017, 10. [Google Scholar] [CrossRef]

	



Condori Leandro, H.I.; Vakhrushev, A.D.; Goncharova, N.S.; Korobchenko, L.E.; Koshevaya, E.G.; Mitrofanova, L.B.; Andreeva, E.M.; Moiseeva, O.M.; Lebedev, D.S.; Mikhaylov, E.N. Stimulation Mapping of the Pulmonary Artery for Denervation Procedures: An Experimental Study. J. Cardiovasc. Transl. Res. 2020. [Google Scholar] [CrossRef]

	



Rubin, L.J. Pulmonary Artery Denervation for Pulmonary Artery Hypertension. JACC Cardiovasc. Interv. 2015, 8, 2024–2025. [Google Scholar] [CrossRef]

	



Sakakura, K.; Tunev, S.; Yahagi, K.; O’Brien, A.J.; Ladich, E.; Kolodgie, F.D.; Melder, R.J.; Joner, M.; Virmani, R. Comparison of histopathologic analysis following renal sympathetic denervation over multiple time points. Circ. Cardiovasc. Interv. 2015, 8, e001813. [Google Scholar] [CrossRef]

	



Trofimov, N.A.; Medvedev, A.P.; Babokin, V.Y.; Efimova, I.P.; Kichigin, V.A.; Dragunov, A.G.; Nikolskii, A.V.; Tabaev, R.G.; Preobrazenskii, A.I. Circular Sympathetic Pulmonary Artery Denervation in Cardiac Surgery Patients with Mitral Valve Defect, Atrial Fibrillation and High Pulmonary Hypertension. Kardiologiia 2020, 60, 35–42. [Google Scholar] [CrossRef] [PubMed]

	



Galie, N.; Manes, A. New treatment strategies for pulmonary arterial hypertension: Hopes or hypes? J. Am. Coll. Cardiol. 2013, 62, 1101–1102. [Google Scholar] [CrossRef] [PubMed]

	



Hoeper, M.M.; Galie, N. Letter by Hoeper and Galie Regarding Article, “Hemodynamic, Functional, and Clinical Responses to Pulmonary Artery Denervation in Patients With Pulmonary Arterial Hypertension of Different Causes: Phase II Results From the Pulmonary Artery Denervation-1 Study”. Circ. Cardiovasc. Interv. 2016, 9, e003422. [Google Scholar] [CrossRef] [PubMed]

	



Lang, I.M. Pulmonary artery denervation—The time has come for a multicentre blinded randomised controlled trial. EuroIntervention 2019, 15, 659–661. [Google Scholar] [CrossRef]

	



Yaylali, Y.T.; Basarici, I. Will Pulmonary Artery Denervation Really Have a Place in the Armamentarium of the Pulmonary Hypertension Specialist? JACC Cardiovasc. Interv. 2019, 12, 799–800. [Google Scholar] [CrossRef]

	



Bhatt, D.L.; Kandzari, D.E.; O’Neill, W.W.; D’Agostino, R.; Flack, J.M.; Katzen, B.T.; Leon, M.B.; Liu, M.; Mauri, L.; Negoita, M.; et al. A controlled trial of renal denervation for resistant hypertension. N. Engl. J. Med. 2014, 370, 1393–1401. [Google Scholar] [CrossRef]

	



Symplicity, H.T.N.I.; Esler, M.D.; Krum, H.; Sobotka, P.A.; Schlaich, M.P.; Schmieder, R.E.; Bohm, M. Renal sympathetic denervation in patients with treatment-resistant hypertension (The Symplicity HTN-2 Trial): A randomised controlled trial. Lancet 2010, 376, 1903–1909. [Google Scholar] [CrossRef]

	



Santos-Gallego, C.G.; Badimon, J.J. Catheter-based Renal Denervation as a Treatment for Pulmonary Hypertension: Hope or Hype? Rev. Esp. Cardiol. (Engl. Ed.) 2015, 68, 551–553. [Google Scholar] [CrossRef]

	



Meng, L.; Tseng, C.H.; Shivkumar, K.; Ajijola, O. Efficacy of Stellate Ganglion Blockade in Managing Electrical Storm: A Systematic Review. JACC Clin. Electrophysiol. 2017, 3, 942–949. [Google Scholar] [CrossRef]

	



da Silva Goncalves Bos, D.; Van Der Bruggen, C.E.E.; Kurakula, K.; Sun, X.Q.; Casali, K.R.; Casali, A.G.; Rol, N.; Szulcek, R.; Dos Remedios, C.; Guignabert, C.; et al. Contribution of Impaired Parasympathetic Activity to Right Ventricular Dysfunction and Pulmonary Vascular Remodeling in Pulmonary Arterial Hypertension. Circulation 2018, 137, 910–924. [Google Scholar] [CrossRef]

	



Chatterjee, N.A.; Singh, J.P. Novel Interventional Therapies to Modulate the Autonomic Tone in Heart Failure. JACC Heart Fail. 2015, 3, 786–802. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, K.; Saku, K.; Kamada, K.; Abe, K.; Tanaka-Ishikawa, M.; Tohyama, T.; Nishikawa, T.; Kishi, T.; Sunagawa, K.; Tsutsui, H. Electrical Vagal Nerve Stimulation Ameliorates Pulmonary Vascular Remodeling and Improves Survival in Rats with Severe Pulmonary Arterial Hypertension. JACC Basic Transl. Sci. 2018, 3, 657–671. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 09 02521 g001 550] 





Figure 1. Schematic figure summarizing neurohormonal activation in pulmonary hypertension (PH) and pharmacologic and invasive treatments targeting the autonomic nervous system (ANS)/ renin-angiotensin-aldosterone system (RAAS) in this condition. (A) Microphotograph of pulmonary vascular remodeling in experimental pulmonary arterial hypertension (PAH) secondary to systemic-to-pulmonary shunt (in piglets). Black arrows point to a plexiform lesion, one of the histopathological hallmarks of pulmonary arterial hypertension (PAH); (B–D). Figures of parasternal long-axis transthoracic echocardiograms illustrating the spectrum of patients with PH secondary to heart failure (HF). (B) A patient with HF with reduced ejection fraction (secondary to dilated cardiomyopathy): (C) HF with preserved ejection fraction (secondary to hypertrophic cardiomyopathy); and (D) HF secondary to valvular heart disease (severe aortic regurgitation). ACE-I, angiotensin-converting enzyme inhibitors; ACE2+, angiotensin-converting enzyme stimulator; AR, adrenergic receptor; ARB, angiotensin receptor blocker; βB, beta-blocker; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; MRA, mineralocorticoid receptor antagonist; PADN, pulmonary artery denervation; RDN, renal denervation; SGB, sympathetic ganglion block; VNS, vagal nerve stimulation. 






Figure 1. Schematic figure summarizing neurohormonal activation in pulmonary hypertension (PH) and pharmacologic and invasive treatments targeting the autonomic nervous system (ANS)/ renin-angiotensin-aldosterone system (RAAS) in this condition. (A) Microphotograph of pulmonary vascular remodeling in experimental pulmonary arterial hypertension (PAH) secondary to systemic-to-pulmonary shunt (in piglets). Black arrows point to a plexiform lesion, one of the histopathological hallmarks of pulmonary arterial hypertension (PAH); (B–D). Figures of parasternal long-axis transthoracic echocardiograms illustrating the spectrum of patients with PH secondary to heart failure (HF). (B) A patient with HF with reduced ejection fraction (secondary to dilated cardiomyopathy): (C) HF with preserved ejection fraction (secondary to hypertrophic cardiomyopathy); and (D) HF secondary to valvular heart disease (severe aortic regurgitation). ACE-I, angiotensin-converting enzyme inhibitors; ACE2+, angiotensin-converting enzyme stimulator; AR, adrenergic receptor; ARB, angiotensin receptor blocker; βB, beta-blocker; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; MRA, mineralocorticoid receptor antagonist; PADN, pulmonary artery denervation; RDN, renal denervation; SGB, sympathetic ganglion block; VNS, vagal nerve stimulation.



[image: Cells 09 02521 g001]







[image: Table] 





Table 1. Beta-blockers in PH.
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	Author
	Experimental (Model) or Clinical (Patients)
	Treatment
	Study Design
	N
	Results





	Ishikawa [24]
	Experimental (MCT rats)
	Arotinolol
	Controlled by saline-treated animals (2 weeks, preventive strategy)
	N = 6 per group
	↓ pulmonary vascular remodeling

↓ mPAP

↓ RV hypertrophy (RV/BW ratio)



	Bogaard [25]
	Experimental (Sugen/hypoxia rats)
	Carvedilol (and metoprolol)
	Controlled by saline-treated animals (initiated 2 weeks after MCT)
	N = 12 per group
	↓ RV hypertrophy (RV weight)

↓ RV dysfunction

↓ RV fibrosis, apoptosis and capillary rarefaction



	De Man [26]
	Experimental (MCT rats)
	Bisoprolol
	Controlled by saline-treated animals (initiated 10 days after MCT)


	N = 7 per group
	↑ RV contractility

↑ RV CO

↓ RV fibrosis



	Perros [27]
	Experimental (MCT rats)
	Nebivolol (and metoprolol)
	Controlled by saline-treated animals (initiated 2 weeks after MCT, for 1 week)


	N = 10 per group
	↓ PVR

↓ RV CO

↓ RV hypertrophy



	Okumura [28]
	Experimental (MCT rats)
	Carvedilol
	Controlled by saline-treated animals (initiated 2 weeks after MCT)


	N = 7 (saline) and N = 8 (carvedilol)
	↓ RV dysfunction

↓ RV hypertrophy

↓ RV fibrosis



	Bandyopadhyay [29]
	Clinical (iPAH, associated PAH)
	Atenolol, bisoprolol, carvedilol, metoprolol, nebivolol, propranolol, sotalol
	Observational retrospective propensity-matched analysis
	N = 508
	No significant differences in survival or time to clinical worsening.



	Grinnan [30]
	Clinical (iPAH, hPAH, aPAH)
	Carvedilol
	Single-arm pilot open-label
	N = 6
	↑ RV ejection fraction

↑ BNP

No differences in exercise capacity



	Thenappan [33]
	Clinical (iPAH, hPAH, aPAH, drug induced PAH)
	Atenolol, carvedilol, labetalol, metoprolol, nadolol, propranolol
	Observational retrospective propensity-matched analysis


	N = 564
	No differences in all-cause mortality



	Van Campen [34]
	Clinical (iPAH)
	Bisoprolol
	Randomized placebo-controlled trial with crossover design
	N = 18
	No differences in RV ejection fraction

↓ RV CO

↓ 6MWT distance (trend)



	So [35]
	Clinical (iPAH, associated PAH, drug-induced PAH)
	Acebutonol, atenolol, bisoprolol, metoprolol, nadolol, propranolol
	Observational (prospective cohort)
	N = 94
	No differences in hemodynamic, RV performance, 6MWT distance, hospitalizations or all-cause mortality



	Moretti [36]
	Clinical (iPAH, aPAH, CTEPH, pre and post-capillary PH, and others.
	Bisoprolol, atenolol, metoprolol, nadolol, propranolol.
	Observational (prospective cohort)
	N = 94
	↑ TAPSE

↓ RV diameter



	Farha [37]
	Clinical (PAH, hPAH, aPAH, PH due to lung disease, CTEPH)
	Carvedilol
	Randomized placebo-controlled trial
	N = 30
	↑ RV fractional area change

↓ RV glucose uptake

↓ RV systolic pressure







aPAH, associated PAH; BNP, B-type natriuretic peptide; CO, cardiac output; CTEPH, chronic thromboembolic pulmonary hypertension; hPAH, hereditary PAH; iPAH, idiopathic PAH; MCT, monocrotaline; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; RV, right ventricular; PAH, pulmonary arterial hypertension; PH, pulmonary hypertension; TAPSE, tricuspid annular plane systolic excursion; 6MWT, 6-minute walking test.
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Table 2. Drugs targeting RAAS in PH.
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	Author
	Experimental (Model) vs. Clinical (Patients)
	Treatment
	Study Design
	N
	Results





	Kanno [60]
	Experimental (MCT rats)
	Enalapril
	Controlled by saline-treated animals (5 weeks, preventive strategy)


	N = 8 per group
	↓ RV hypertrophy (weight and CMR-measured).



	Ortiz [61]
	Experimental (blemycin-treated mice)
	Enalapril
	Controlled by saline-treated animals (2 weeks)
	N = 9 per group
	↓ Pulmonary hemodynamics

↓ RV hypertrophy (free wall weight)





	De Man [21]
	Experimental (MCT rats)
	Losartan
	Controlled by vehicle-treated animals (initiated 10 days after MCT, for a maximum of 25 days)


	N = 9 per group
	↓ SPAP estimated by echo.

↓ RV dilatation

↓ Pulmonary vascular remodeling



	Cassis [62]
	Experimental (MCT rats)
	Losartan
	Controlled by saline-treated animals (20 days, preventive strategy)
	N = 10 per group
	No differences in SPAP or RV hypertrophy.

No differences in medial pulmonary arterial thickening.





	Borgdorff [63]
	Experimental (PA banding in rats)
	Losartan (plus eplerenone)
	Controlled by saline-treated animals (preventive strategy)
	N = 15 per group
	No differences in RV pressure-volume loops.

No differences in RV performance.



	Rondelet [64]
	Experimental (systemic to pulmonary shunt in piglets)
	Losartan
	Randomized placebo-controlled study (preventive strategy, for 3 months)
	N = 8 (Losartan) vs. N = 10 (placebo)
	↓ mPAP, PVR

↓ RV dP/dtmax



	Ferreira [65]
	MCT rats
	ACE2-activator
	Controlled by saline-treated animals (preventive strategy)
	N = 13 vs. n = 7 (placebo)
	↓ RVSP

↓ RV hypertrophy (RV/LV+S ratio)

↓ PA medial wall thickness

↑ IL10





	Bruce [66]
	MCT rats
	ACE2-activator
	Controlled by vehicle-treated animals (initiated 2 weeks after MCT, for a maximum of 4 weeks)


	N = 14 per group.
	↓ RVSP

↓RVEDP & dP/dtmax

↓ Interstitial and perivascular fibrosis

↓ RV fibrosis



	Shenoy [67]
	MCT rats
	ACE2-activator
	Controlled by vehicle-treated animals (both preventive and therapeutic strategies)
	N = 6 to 8 per group.
	↓ RVSP

↓ RVEDP & dP/dtmax

↓ PA medial Wall thickness

↓ RV fibrosis



	Li [68]
	MCT + pneumonectomy rats
	ACE2-activator (resorcinolnaphthalein)
	Controlled by saline-treated animals (preventive strategy)
	N = 8 per group
	↓ mPAP

↓ RV hypertrophy (RV/LV+S ratio)

↓ PA neointimal formation



	Hemnes [69]
	PAH patients
	ACE2-activator (GSK2586881)
	Pilot single-arm study
	N = 5
	No statistically significant changes in hemodynamics, or biventricular performance by echocardiography





	Maron [70]
	MCT rats and Sugen/hypoxia rats
	Spironolactone or eplerenone
	Controlled by vehicle-treated animals (both preventive and therapeutic strategies)


	N = 3 to 4 per group
	↓ Pulmonary vascular remodeling

↓ PVR

↓ REDOX generation and restored ET-dependent NO production



	Preston [71]
	Hypoxia mice and MCT rats
	Spironolactone
	Controlled by vehicle-treated animals (both preventive and therapeutic strategies)


	N = 6 to 8 per group
	↓ PVR

↓ /~Pulmonary vascular remodeling

No differences in RV hypertrophy (Fulton index)

↓ RV fibrosis



	Maron [72]
	PAH patients
	Spironolactone (+ ambrisentan) vs. ambrisentan alone
	Retrospective subanalysis of randomized placebo-controlled trials ARIES-1 and 2
	N = 31 vs. 57 (ambrisentan alone)
	Trend towards:

↓ BNP leve l

↓ WHO class

↓ 6MWT distance







BNP, B-type natriuretic peptide; CMR, cardiac magnetic resonance;; ET, endothelium; LV, Left ventricular; MCT, monocrotaline; mPAP, mean pulmonary arterial pressure; NO, nitric oxide; PAH, pulmonary arterial hypertension; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RAAS, renin-angiotensin-aldosterone system; RV, right ventricular; RVEDP, RV end-diastolic pressure; RVSP, RV systolic pressure; S, septum; SPAP, systolic pulmonary arterial pressure; WHO, World Health Organization; 6MWT, 6-minute walking test.
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Table 3. Invasive strategies targeting the ANS in PH.
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	Author
	Experimental (Model) vs. Clinical (Patients)
	Treatment
	Study Design
	N
	Results





	Chen [78]
	Experimental (balloon occlusion dogs)
	PADN with RF catheter
	Pre-post analysis (no control group)
	20
	After PADN: mPAP, PVR, and CO remain stable after balloon occlusion of the PA branch





	Rothman [8]
	Experimental (TxA2 infusion pigs)
	PADN with RF catheter
	Controlled by sham procedure
	8
	After PADN: the TxA2 infusion produces a dampened response in PAP, PVR, and CO in PADN animals



	Zhou [9]
	Experimental (MCT dogs)
	PADN with RF catheter
	Controlled by sham procedure (8 weeks after MCT)
	20
	↓ PAP, ↓ PVR, ↑ CO,

↓ RV hypertrophy and pulmonary vascular remodeling,

↓ SNS conduction velocity, demyelinization and axon loss





	Liu [79]
	Experimental (MCT dogs)
	PADN with RF catheter
	Controlled by sham procedure (8 weeks after MCT)
	16
	↓ PAP, ↓ PVR.

↓ RV hypertrophy and pulmonary vascular remodeling.

↓ RAAS activation.





	Hang [80]
	Experimental (aortic banding rats) + clinical (Group 2 PH)
	Exp: PADN (Surgical + chemical)

Clin: PADN (RF catheter)
	Exp: Controlled by sham procedure (4 weeks after aortic banding)

Clin: Not controlled
	Exp: 13

Clin: 10
	Exp:

↓ right atrial pressure, ↓ RV systolic pressure,

↓ RV hypertrophy, ↑ RV function, ↓ pulmonary vascular remodeling,

change in adrenoreceptor concentration in the lungs

Clin:

↓ PAP, ↓ PVR, ↑ CO,

↑ 6-minute walking distance,

no change in RV size/function





	Garcia-Lunar [81]
	Experimental (chronic postcapillary PH pigs)
	PADN with surgical RF ablation clamps
	Controlled by sham procedure (2 months after PV banding)
	12
	No change in hemodynamic parameters or pulmonary vascular remodeling,

trend towards ↑ biventricular volumes and RV mass (by histology and CMR),

↓ NA levels at the RV



	Huang [82]
	Experimental (MCT rats)
	PADN (surgical)
	Controlled by sham procedure (4 weeks after MCT)
	20
	↓ PAP, ↓ RV systolic pressure,

↓ RV hypertrophy and fibrosis, ↓ pulmonary vascular remodeling,

↓ SNS and RAAS activation





	Chen [83]
	Clinical (idiopathic PAH)
	PADN with RF catheter
	Single-center open-label trial (cases vs. controls who refused PADN)
	21
	↓ PAP,

↑ 6MWT distance,

↑ RV function (Tei index)

Safety: Chest pain during the procedure.





	Chen [84]
	Clinical (varied etiology, Groups 1, 2 and 4).
	PADN with RF catheter
	Single-center non-controlled trial
	66
	↓ PAP, ↓ right atrial pressure, ↓ RV systolic pressure,

↑ CO, ↓ PVR,

↑ 6MWT distance and functional class,

↓ NT-proBNP,

↓ size and ↑ RV function (Tei index)

Safety: Chest pain during the procedure,

8 deaths, and 18 rehospitalizations within 12 months.





	Zhang [85]
	Clinical (CpcPH 39% HFpEF, 61% HFrEF)
	PADN with RF catheter
	Multicenter randomized open-label trial, controlled by sham + sildenafil treatment
	98
	↓ PAP, PCWP, PVR, diastolic gradient, and ↑ CO,

↑ LV and RV function (Tei index),

↑ 6MWT distance

↓ clinical worsening (post-hoc analysis)

Safety: No report of procedural complications,

7 deaths, and 2 pulmonary embolisms within 6 months.



	Romanov [86]
	Clinical (CTEPH)
	PADN with RF catheter
	Single center single-blind randomized trial, controlled by sham + riociguat treatment
	50
	↓ PAP, PVR,

↑ 6MWT distance

Safety: Chest pain and cough during the procedure, 32% of patients developed bradycardia or transient asystole that was resolved with temporary pacing through the ablation catheter



	Rothman [87]
	Clinical (PAH on dual or triple therapy)
	PADN with US catheter
	Multicenter open-label trial
	23
	

↓ PAP, PVR, right atrial pressure,

↑ 6MWT distance

Safety: No procedure-related serious adverse events, 1 death, and 11 rehospitalizations within the 12-month follow-up





	Qingyan [88]
	Experimental (MCT dogs)
	Renal denervation with RF catheter
	Not controlled (cases vs. PAH dogs) Preventive strategy
	22
	↓ PAP, PVR,

↓ RV and pulmonary vascular remodeling,

↓ neurohormonal activation





	Liu [89]
	Experimental (MCT rats)
	Renal denervation (surgical + fenol)
	Controlled by sham surgery (24 h and 2 weeks after MCT)
	40
	No hemodynamic evaluation,

↓ pulmonary vascular remodeling and RV fibrosis,

↓ sympathetic nerve system and RAAS activity,

early renal denervation (preventive strategy) was associated with better remodeling



	Da Silva Gonçalves Bos [90]
	Experimental (MCT and Su-Hx rats)
	Renal denervation (surgical + fenol)
	Controlled by sham surgery (2 or 6 weeks after MCT/Su-Hx)
	38
	↓ PVR, no significant change in RV systolic pressure/CO,

↓ pulmonary vascular remodeling, RV fibrosis, and hypertrophy,

↓ RAAS (pulmonary vasculature/RV)





	Na [91]
	Experimental (MCT rats)
	Sympathetic ganglion block
	Controlled by sham (saline injections) starting 2 weeks after MCT
	20
	↓ RV systolic pressure,

↓ pulmonary vascular remodeling, RV fibrosis, and hypertrophy,

↓ oxidative stress, ↑ NO availability





	Zhao [92]
	Experimental (MCT rats)
	Transection of cervical sympathetic trunk
	Controlled by sham surgery Preventive strategy
	26
	↓ RV systolic pressure,

↓ RV and pulmonary vascular remodeling,

↑ RV function,

↓ lung levels of NA







CO, cardiac output; Clin, clinical; CTEPH, chronic thromboembolic pulmonary hypertension; Exp, experimental; MCT, monocrotaline; NA, noradrenaline; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; LV, left ventricle; PA, pulmonary artery; PADN, pulmonary artery denervation; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RAAS, renin-angiotensin-aldosteron system; RF, radiofrequency; RV, right ventricle; SNS, sympathetic nervous system; Su-Hx, Sugen-hypoxia; TxA2, thromboxan A2; US, ultrasound; 6MWT, Six-minute walking test. 
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