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Introduction

Pulmonary arterial hypertension (PAH) is defined foremost by a distinct pulmonary vascular 

pathophenotype that occurs as a result of dysregulated vascular cell proliferation, intimal 

and medial hypertrophy, inflammation, and fibrosis. This plexogenic arteriopathy with 

subtotal luminal obliteration increases pulmonary vascular resistance and imposes a 

hemodynamic stress on the right ventricle (RV). The chronically increased afterload leads to 

RV hypertrophy and failure that contributes to premature death. Owing to the functional 

interrelatedness of the pulmonary vasculature and the RV, these two compartments are 

increasingly considered as a collective unit and assessed by examining RV-pulmonary 

arterial coupling in studies that focus on the pathophysiology of PAH.1 Ideal RV-pulmonary 

arterial coupling is present when contractility of the RV is sufficient to match the afterload 

imposed by the pulmonary artery, which is determined by its distensibility or compliance, 

and is recognized by minimal pressure fluctuation during systole.2 Optimal RV-pulmonary 

arterial coupling may be defined further based on the ratio of ventricular to arterial 

elastance, which typically achieves a ratio of 1.5–2.0 and reflects a balance between RV 

work and oxygen consumption.3 RV-pulmonary arterial uncoupling, therefore, occurs when 

there is a mismatch between RV contractility and pulmonary arterial compliance. Based on 

this premise, it is now acknowledged that factors that decrease normal pulmonary vascular 

compliance to increase resistance adversely affect RV-pulmonary arterial coupling kinetics. 

This results in a decline in ventricular efficiency and an increased probability of developing 
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right-sided heart failure.4 Similarly, a decrease in RV contractility owing to RV 

cardiomyocyte dysfunction or impaired RV myocardial performance decreases RV tolerance 

to increased afterload and lowers the threshold at which pulmonary vascular disease may 

become clinically evident.5

While PAH is a disease of pulmonary vascular origin with subsequent effects on the RV, the 

pathobiology and PAH disease severity may be subject to variation by circulating 

neurohormonal mediators (e.g., sympathetic nervous system and renin-angiotensin-

aldosterone system) that act as disease modifiers. Activation of the sympathetic nervous 

system and the renin-angiotensin-aldosterone system have been demonstrated in PAH and 

initially suggested to occur as a consequence of right heart failure and end-stage disease. 

Recent evidence, however, has led to a paradigm shift in our understanding of the role of the 

sympathetic nervous system and the renin-angiotensin-aldosterone system in PAH and 

implicated these factors as candidate pathogenic contributors to the pulmonary vascular 

remodeling process and RV dysfunction.6, 7 Moreover, the cellular and molecular 

mechanisms by which these effectors mediate cardiopulmonary structural and functional 

changes in PAH cannot always be extrapolated from what is known about their actions in 

the systemic vasculature and left ventricle (LV). Differences that exist between systemic and 

pulmonary vascular cells as well as RV and LV cardiomyocytes underlie the response of the 

RV-pulmonary circuit to neurohormonal activation in the development of PAH.8, 9 This is 

consistent with the prevailing observation that pulmonary vascular and RV remodeling 

occurs in PAH without evidence of substantial systemic vascular or LV dysfunction. This 

review will focus on the roles of the sympathetic nervous system and the renin-angiotensin-

aldosterone system in PAH, with an emphasis on the cellular and molecular mechanisms 

important for the pathobiology of the disease.

The sympathetic nervous system in the cardiopulmonary circuit

The cardiopulmonary circuit is a principle target of the sympathetic nervous system. 

Preganglionic neurons arise from the spinal cord (T1-L2), synapse with postganglionic 

neurons that innervate the lung, pulmonary arterioles and pulmonary veins or innervate the 

adrenal gland directly.10,11 Activation of sympathetic nerves leads to local or adrenal release 

of catecholamines to initiate pulmonary vasoconstriction via stimulation of pulmonary 

vascular adrenergic receptors (AR). For example, α1-AR, which are stimulated by 

(nor)epinephrine to induce blood vessel constriction, are expressed in pulmonary vascular 

tissue (24.0 ± 5.2 fmol/mg protein) at density levels akin to resistance blood vessels (23.0 ± 

5.9 fmol/mg protein), and at levels greater than aorta (9.8 ± 1.8 fmol/mg protein) or 

epicardial coronary arteries (2.1 ± 0.7 fmol/mg protein).12 Human pulmonary vessels also 

express β1- and β2-AR in a 1:3 distribution in the endothelium that can oppose the effects of 

α1-receptors and promote vasodilation to regulate vascular tone.11

The sympathetic nervous system also regulates RV function by reducing venous capacitance 

to affect preload as well as increasing heart rate and contractility. The sympathetic nerve 

fibers are located subepicardially and there is a gradient of innervation from the base to the 

apex of the ventricle, suggesting that RV hypertrophic remodeling may lead to changes in 

relative nerve density and responsiveness to adrenergic stimulation.13 The RV expresses β1- 
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and β2-AR at a ratio of 70:30 as well as β3- receptors, which oppose the positive inotropic 

effects of the β1- and β2-receptors.14, 15 The RV also expresses dopamine receptors and α1A- 

and α1B-receptors, albeit at lower levels than β-receptors.16 Under physiologic conditions, 

they are not believed to play a major role in regulating cardiac function.17

Sympathetic nervous system activation in PAH

There are several lines of evidence to indicate that the systemic sympathetic nervous system 

is activated in PAH patients, although it is important to note that these findings do not 

necessarily indicate organ-specific sympathetic nervous system activity. In one study 

involving a cohort of 60 PAH [Group 1] patients, plasma venous norepinephrine levels 

correlated inversely with cardiac output (r= −0.29, p<0.05) and were ~3-fold higher in 

patients with end-stage heart failure compared to patients with minimally impaired 

functional capacity.18 These findings were supported by another small study that included 

15 PAH patients who were found to have increased plasma levels and arterial-venous 

gradient of norepinephrine, similar to what was observed in patients with LV failure.19 

Despite these observations, elevated levels of plasma catecholamines have not been reported 

consistently in PAH patients and there was concern that the absolute catecholamine 

concentrations measured in these studies did not achieve pathophysiological levels.18, 20, 21 

Other data in support of sympathetic activation in PAH are provided by a study of 17 

patients with PAH that assessed postganglionic muscle sympathetic nerve activity, which 

measures muscle-directed sympathetic nerve traffic and is a validated predictor of LV heart 

failure severity.21 Muscle sympathetic nerve activity was increased significantly in PAH 

patients compared to controls (76 ± 4 vs. 57 ± 6 bursts/min, p<0.01) and correlated 

positively with worsening New York Heart Association functional class (r=0.52, p=0.046) 

(Figure 1).21, 22 There is also evidence of decreased heart rate variability in PAH patients 

with several studies confirming that the spectral power of heart rate variability was reduced 

in all frequency domain indices (i.e., high-frequency, low-frequency, and very low-

frequency bands). These findings correlated with an increase in muscle sympathetic nerve 

burst frequency, longer QTc intervals on the electrocardiogram, and a reduction in peak 

oxygen uptake during cardiopulmonary exercise testing.3, 23–25 Other reports of selective 

downregulation of RV β1-AR and decreased RV uptake of the radiotracer 123I-

metaiodobenzylguanidine (MIBG), which is a norepinephrine analog that competes with 

norepinephrine for uptake, support the concept of sympathetic nervous system activation in 

PAH, in some cases in advance of RV failure.22, 25, 26 In fact, 123I-MIBG imaging may be 

beneficial clinically as a metric of RV and lung sympathetic nervous system activation 

(Figure 1). In small series of patients with pulmonary hypertension, the myocardial uptake 

ratio of 123I-MIBG (interventricular septum-to-LV) was shown to correlate negatively with 

mean pulmonary artery pressure.22 The heart-to-mediastinum 123I-MIBG activity ratio was 

found to associate with survival; patients with a ratio of ≥ 2.0 had better cumulative survival 

as compared to patients with a ratio of < 2.0.27 The lung-to-heart 123I-MIBG activity ratio 

has also been examined as an indicator of pulmonary sympathetic nervous system activity. 

In patients with dilated cardiomyopathy, a delay in activity was found to correlate 

significantly with pulmonary vascular resistance, duration of disease, and heart failure 

episodes, suggesting that this measure may also be applicable to patients with PAH.28
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Adrenergic signaling in the pulmonary vasculature in PAH

The sympathetic nervous system maintains low levels of basal tone in normal pulmonary 

vessels via the actions of both α- and β-AR that are expressed by the pulmonary 

endothelium and pulmonary vascular smooth muscle cells. Typically, β-AR signaling is 

responsible for ambient pulmonary vascular tone as antagonism of β-AR leads to 

vasoconstriction while antagonism of α-receptors results in vasodilation.29 In human 

pulmonary arteries, the G protein-coupled β1- and β2- receptors mediate vasodilation via 

Gαs-stimulated activation of adenylyl cyclase/cAMP/protein kinase A. Protein kinase A, in 

turn, phosphorylates I-1 protein and phospholamban to decrease intracellular Ca2+ levels 

through sarcoplasmic reticulum Ca2+ uptake. At present, the physiological role of β3- 

receptors in pulmonary vessels has not been well characterized 29, 30 In human pulmonary 

artery endothelium, stimulation of β1- and β2-receptors also modulates pulmonary vascular 

tone, in part, by inducing synthesis of the vasodilator nitric oxide (NO•), which also 

possesses antimitogenic properties.11

In PAH, pulmonary vascular adrenergic signaling results in AR-mediated vasoconstriction, 

dysregulated proliferation, and fibrosis through signaling mechanisms that involve cross-talk 

with the renin-angiotensin-aldosterone system (discussed below), loss of NO•, and increases 

in intracellular Ca2+ (Figure 2). Elevated levels of reactive oxygen and nitrogen species 

(e.g., superoxide, hydrogen peroxide, and peroxynitrite) disrupt Gi-subunit function to 

deactivate the β-receptors as well as interrupt normal β-receptor-NO• signaling by 

scavenging NO• and uncoupling eNOS.31, 32 The relevance of changes in α1-AR signaling 

for pulmonary vascular function is less well established. Stimulation of α1-receptors in 

pulmonary artery smooth muscle cells and adventitial fibroblasts increases cellular DNA and 

protein content to facilitate blood vessel hypertrophy 33 Stimulation of α1- and α2-receptors 

expressed by pulmonary arterial smooth muscle cells also leads to vasoconstriction and 

proliferation through activation of Gαq to activate phospholipase C and increase intracellular 

Ca2+ levels or by activation of Gαi to inhibit adenylyl cyclase.34 When there is prolonged 

AR activation, a feedback loop involving protein kinase A-induced phosphorylation of the 

β-receptors exists; this leads to β-receptor desensitization.30 The factors underpinning the 

transition from physiological to pathogenic α1-AR signaling is largely unknown, but may 

involve cross-talk between α- and β-receptors.35

Adrenergic signaling in PAH: focus on the RV

Maladaptive RV remodeling, particularly RV hypertrophy, is an early indicator of 

impending RV failure in patients with PAH, and is therefore considered a key risk factor for 

PAH-associated morbidity and mortality.5 Although targeting AR stimulation by 

catecholamines is a longstanding therapeutic cornerstone in LV heart failure, comparatively 

less is known regarding the differential effects of this axis on RV performance, particularly 

in the setting of increased RV afterload as occurs in PAH.

The RV expresses subtypes of both α- and β-AR. Under physiological conditions, β1- and 

β2- AR increase cardiac contractility, frequency, and rate of relaxation through the activation 

of Gs protein-coupled receptors or both Gi and Gs protein-coupled receptors, respectively. 

This, in turn, activates adenylyl cyclase/cAMP/protein kinase A signaling to regulate 
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calcium handling via phosphorylation of the L-type calcium channels and ryanodine 

receptors, phospholamban, troponin I as well as phospholemman, which mediates activity of 

the Na+/K+-ATPase pump. Protein kinase A also phosphorylates β-AR’s leading to 

desensitization and uncoupling of the receptors. The RV expresses β3- ARs that initiate a 

negative inotropic effect when stimulated and α1- ARs that activate phospholipase C, which 

also regulates intracellular Ca2+ levels (reviewed in 30).

Studies have shown that in PAH the hypertrophied RV undergoes molecular remodeling 

with downregulation of α1- and β1-receptor mRNA and protein levels as well as receptor 

desensitization in RV cardiomyocytes isolated from Sugen-5416/hypoxia-, monocrotaline-, 

or pulmonary artery banding rodent models of PAH and in patients with idiopathic PAH 

(iPAH) (Figure 3).16 Changes in receptor expression levels were more severe in models 

associated with decreased cardiac output, which confirms earlier observations from patients 

with PAH and cor pulmonale.26 Interestingly, diminished D1 dopamine receptor expression 

in RV cardiomyocytes implicates decreased cAMP formation (or increased degradation) in 

RV hypertrophy, which may underlie the abnormal cardiopulmonary hemodynamic 

response patterns to dopamine in experimental PAH in vivo and in patients with right-sided 

heart failure.16, 36 In support of this, in the RV, increased activity of G protein-coupled 

receptor kinase-2, which regulates G protein-coupled receptor function, and AR-dependent 

cAMP formation in RV cardiomyocytes, results in desensitization of β1-AR in the RV in 

experimental PAH while inhibition of G protein-coupled receptor kinase-2 restores RV 

contractility.16

These and other similar observations suggest that strategies to modulate abnormal 

adrenergic signaling patterns in PAH may, in turn, offset RV hypertrophy.37 Several 

investigators have explored this and shown that pharmacological inhibition of α1-, β1-, and 

β2-receptor signaling improves RV structure and performance in experimental PAH. In 

Sugen-5416/hypoxia-PAH rats treated with carvedilol, although no significant change was 

noted in the pulmonary arterioles, drug treatment promoted reverse RV remodeling, 

improved tricuspid plane annular excursion, and increased cardiac output. This effect was 

associated with decreased RV thickness and intramyocardial fibrosis as well as alterations to 

the molecular signature of the hypertrophied RV vis-á-vis cardiomyocyte fetal gene 

activation, including decreased α-myosin heavy chain and increased fetal β-myosin heavy 

chain gene expression levels.38 Similar findings were observed for the selective β1-receptor 

antagonist bisoprolol, which delayed the time to RV failure by decreasing RV hypertrophy, 

fibrosis, and inflammation to improve RV contractility, partially restore RV-arterial 

coupling, and increase cardiac output in monocrotaline-PAH. At a molecular level, there 

was evidence of increased phosphorylation of the β-receptor targets myosin binding protein 

C and troponin I.8 Other studies performed with the non-selective β-receptor antagonist 

propranolol also demonstrated improved RV function under alternative experimental 

conditions such as high altitude and hypobaric hypoxia.39
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Interventions that target the sympathetic nervous system in PAH

Pharmacologic

Although the balance of available data points to sympathetic nervous system activation and 

dysregulated AR signaling in the pulmonary vasculature and RV in PAH, translating the 

beneficial findings from preclinical studies of β-blockers in PAH to patients has evoked 

controversy. This has occurred as a consensus is pending regarding the risk-benefit balance 

of using AR-modulating pharmacotherapeutics in patients with PAH. While attempts have 

been made to recapitulate the (substantial) benefits of β-blockers observed in left heart 

disease in PAH patients with RV dysfunction, this strategy has been evaluated empirically 

only in small observational studies, limited largely to patients with selected forms of 

pulmonary vascular disease (e.g., portopulmonary hypertension) and in whom treatment was 

initiated with early generation drugs (e.g., propranolol or atenolol) at high doses.40 In a 

frequently cited study of 10 patients with moderate to severe pulmonary hypertension, ~2 

months after withdrawal of β-blockers, 90% of patients demonstrated significant 

improvement in their 6-minute walk distance, a 28% increase in cardiac output, and a 19% 

decrease in pulmonary vascular resistance.40 Another observational study that followed a 

cohort of PAH patients treated with β-blockers for up to 20 months reported no difference 

between treated and untreated individuals with respect to exercise tolerance or RV 

remodeling.41 This led to the suggestion that these agents may be tolerated well in PAH 

patients; however, concerns were raised pertaining to the atypical PAH population studied, 

noting that there was a high prevalence of systemic hypertension, atrial fibrillation, and 

coronary artery disease as well as the absence of information about the number of patients 

that were intolerant of the drug.7, 41 Some experts in the PAH field maintain reservations 

regarding the safety profile of β-blockers, citing decreased exercise tolerance due to 

chronotropic and RV inotropic insufficiency in patients with (exercise-induced) pulmonary 

hypertension.42 Furthermore, recently published expert consensus guidelines referenced 

insufficient clinical data to outline formal recommendations for the use of β-blockers in 

practice. 43 To bridge this knowledge gap, several randomized, prospective clinical trials 

have been announced assessing the effect of β-blockers, including carvedilol, on outcome in 

PAH (NCT00964678; NCT01723371; NCT01586156 at clinicaltrials.gov) (Table 1). 

Nonetheless, further efforts are still required to clarify the optimal timing, duration, and 

dosing of β-blocker therapy in patients with PAH.

Non-pharmacologic

Another therapeutic strategy is to target key signaling molecules that are play a direct or 

indirect role in adrenergic signaling, are downregulated in PAH, and serve a compensatory 

function to overcome the deleterious consequences of dysregulated catecholamine-AR 

signaling. Among candidate molecules, the sarcoplasmic reticulum Ca2+-ATPase 2a 

(SERCA2a) is one that regulates intracellular Ca2+ levels, and, thereby, pulmonary smooth 

muscle cell proliferation and vasoconstriction, and is known to be downregulated in 

remodeled pulmonary blood vessels isolated from patients with PAH as compared to 

patients with other forms of lung disease. 44 As activation of α-adrenergic signaling 

increases intracellular Ca2+ levels in PAH, restoring SERCA2a expression and activity is 

one method to decrease intracellular Ca2+ levels and modify pulmonary vascular remodeling 
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(Figure 4). In monocrotaline-PAH rats with documented downregulation of SERCA2a in the 

pulmonary arterioles and RV, intratracheal aerosolized gene transfer of aerosolized adeno-

associated virus serotype 1 (AAV1) carrying SERCA2a resulted in efficient transduction of 

the pulmonary vasculature leading to a reduction in pulmonary artery pressures, vascular 

remodeling, and RV hypertrophy.45 Recent results from the phase I/II Calcium Upregulation 

by Percutaneous Administration of Gene Therapy in Cardiac Disease (CUPID) trial 

demonstrated safety and possible benefit of intracoronary SERCA2a gene transfer in 

symptomatic patients with LV dysfunction, suggesting that a combination intratracheal and 

intracoronary delivery strategy may also benefit patients with PAH and concomitant severe 

RV failure.46

As pulmonary nerve stimulation is associated with frequency-dependent increases in 

pulmonary artery perfusion pressure, investigators have also attempted sympathetic ganglion 

block and pulmonary artery denervation as therapeutic interventions in PAH.11 In a 

preclinical study of monocrotaline-PAH rats, daily injections of ropivicaine into the left 

superior cervical ganglion for 14 days decreased pulmonary arteriole remodeling, RV 

systolic filling pressures, and RV hypertrophy. This was also associated with a decrease in 

oxidant stress and improved indices of bioavailable NO•, including plasma nitrite and cGMP 

in lung tissue.47 Preclinical studies of direct pulmonary artery denervation suggested that 

catheter ablation <2 mm proximal to the main artery bifurcation improved pulmonary 

vascular and RV filling pressures; however, histology demonstrating adequate nerve damage 

was not provided and the short follow-up precluded an assessment of the long term 

durability of the procedure.48, 49 Results from a pilot first-in-man pulmonary artery 

denervation trial that enrolled 13 patients and 8 controls with idiopathic PAH nonresponsive 

to optimal medial therapy have been reported. In these patients, pulmonary artery 

denervation at 3 sites (ostium of the right and left pulmonary arteries and bifurcation of the 

main pulmonary artery) was performed. In 12 of 13 patients procedural success, defined as a 

decrease in the pulmonary artery pressure of ≥10 mmHg and no complication, was achieved. 

At 3 month follow-up, an increase from baseline in the 6-minute walk distance (324 ± 21 vs. 

491 ± 38 m, p<0.01), Tei index (a measure of RV systolic function) (0.7 ± 0.04 vs. 0.5 ± 

0.04, p<0.01), and improvements in the World Health Organization class and Borg score 

were seen in patients that underwent the denervation procedure.50 Although these results are 

intriguing, the nonrandomized study design and enrollment of patients with normal right 

atrial pressures elicited concern leading to a call for more rigorous testing in a more 

representative PAH patient population with longer-term follow-up. This latter point is 

indeed necessary owing to the fact that sympathetic reinnervation has been shown to occur 

in a previously denervated lung in experimental models, possibly as a result of increased 

nerve growth factor secretion by proliferating pulmonary arterial smooth muscle cells.51–53 

Furthermore, the negative findings from the randomized, sham-controlled, Renal 

Denervation in Patients with Uncontrolled Hypertension (SYMPICITY HTN-3) trial of 

renal denervation have stalled catheter development suggesting that there will be a 

significant delay in obtaining additional data using this technique.54
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The renin-angiotensin-aldosterone system in the pathophysiology of PAH

There has also been a resurgence of interest in the renin-angiotensin system as a modifiable 

contributor to PAH.55, 56 The integral role of the lungs in regulating angiotensin II levels has 

long been recognized as the pulmonary endothelium are a rich source of angiotensin 

converting enzyme (ACE), and generation of angiotensin II from angiotensin I takes place 

predominantly in the pulmonary vascular bed (Figure 5).57 In the systemic circulation, 

angiotensin II has been linked to proliferation, hypertrophy, and dysfunction of vascular 

cells. It is, therefore, not surprising that activation of the renin-angiotensin system has also 

been associated with pulmonary vascular diseases characterized by hyperproliferative vessel 

remodeling, such as PAH (Figure 2).

Findings from preclinical studies in rodent models of PAH identified renin-angiotensin 

activation in the cardiopulmonary circuit and suggested that it may play a causal role in 

pulmonary vascular and RV remodeling processes. Studies performed in a rat hypobaric 

hypoxia model revealed increased pulmonary vascular ACE expression and activity, 

upregulation of the angiotensin receptor type 1 (AT1R), and a 3.4-fold increase in RV ACE 

activity.58 Subsequent analysis of human lung tissue from PAH patients confirmed 

upregulation of ACE and AT1R in hypertrophic remodeled pulmonary vessels.59, 60 

Pulmonary artery endothelial cells isolated from PAH patients were found to have increased 

ACE activity and angiotensin II production, which, in turn, augmented pulmonary smooth 

muscle cell proliferation through AT1R signaling.60 Recently, definitive evidence of 

increased circulating levels of components of the renin-angiotensin system in PAH was 

provided by a study of 58 patients with symptomatic Group 1 PAH. In this study, patients 

with progressive PAH, defined as a >10% decrease in 6-minute walk distance over a mean 

of 39 months of follow-up, had elevated levels of plasma renin activity, angiotensin I, and 

angiotensin II. Moreover, increased levels of angiotensin II were associated with an 

increased risk of lung transplantation or death (HR=3.02, 95% CI: 1.40–6.48, p=0.005).60

Activation of the renin-angiotensin system in the cardiopulmonary system promotes 

pulmonary vascular and RV remodeling by stimulating cell proliferation, hypertrophy, and 

migration; vasoconstriction; and fibrosis. Angiotensin II initiates these cellular processes 

through AT1R-mediated activation of mitogen-activated protein kinases, receptor tyrosine 

kinases, and non-receptor tyrosine kinases that have been linked to PAH.56 It has also been 

proposed that angiotensin II contributes to adverse vascular remodeling by facilitating 

hypoxia inducible factor-1α (HIF-1α) accumulation under normoxic conditions, activating 

the cyclin-dependent kinase p27(Kip1) to promote cell hypertrophy, and increasing oxidant 

stress.61, 62 In fact, angiotensin II is known to stimulate NADPH oxidase to generate 

reactive oxygen species, which leads to vasoconstriction and vessel inflammation that 

contribute to disease progression.56

Angiotensin II has also been implicated in pulmonary vascular and RV fibrosis. Infusion of 

angiotensin II in rats increases pulmonary artery perivascular collagen deposition and 

fibrosis that occurs mainly in areas of increased ACE and AT1R activity.63 Angiotensin II 

has also been related to RV fibrosis. Studies performed in a rabbit pulmonary artery banding 

model attributed the ~3-fold increase in RV collagen volume to angiotensin II. In the RV, 
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fibrosis was associated with increased expression of the profibrotic mediators transforming 

growth factor-β1, connective tissue growth factor, and endothelin-1.64

Seminal observations reported over 2 decades ago determined that ACE inhibitors 

attenuated hypoxic pulmonary vasoconstriction and RV dysfunction by decreasing levels of 

angiotensin II directly rather than altering levels of angiotensin-II-associated vasoactive 

factors, such as bradykinin metabolism.65 Theoretically, use of these agents should, 

therefore, limit vascular remodeling and improve RV-pulmonary arterial coupling in PAH; 

however, the use of ACE inhibitors and angiotensin receptor blockers in the treatment of 

PAH remains controversial. Preclinical studies have demonstrated that ACE inhibition 

decreased pulmonary artery smooth muscle cell proliferation and concentric thickening of 

pulmonary arterioles in experimental models of PAH. 66 Similarly, the selective AT1R 

inhibitor losartan was shown to delay progression of pulmonary hypertension and improve 

RV-pulmonary arterial hemodynamics in PAH rats in vivo (Figure 6).60 Nonetheless, 

findings from small clinical trials of ACE inhibitors performed in the era prior to the 

availability of PAH-specific therapy failed to demonstrate a consistent effect on 

cardiopulmonary hemodynamics and reported systemic hypotension as a limiting side-effect 

in treated patients.67–69 Of note, the one study that did find an improvement in pulmonary 

artery pressures and RV function linked this to a decrease in plasma angiotensin levels.69 

Overall, the observed hypotension associated with ACE inhibitor use has led to the 

speculation that selective AT1R antagonists may be more appropriate in this patient 

population based on the comparatively lower risk of systemic hypotension.7

Additional angiotensin peptides and PAH pathobiology

The deleterious effects of angiotensin II in the cardiopulmonary system are counterbalanced 

by its catabolism via angiotensin converting enzyme-2 (ACE2)-mediated cleavage of 

angiotensin I and angiotensin II to yield angiotensin-(1-7) (Ang-(1-7)), angiotensin-(1-9), 

and angiotensin-(1-5).70, 71 Angiotensin converting enzyme-2 is a homologue of ACE that is 

insensitive to ACE inhibitors, indicating that the adverse effects observed with in patients 

treated with ACE inhibitors could not be attributed to inhibition of ACE2 and Ang-(1-7).72 

These vasculo- and cardio-protective peptides activate the Mas and angiotensin type 2 

receptors to limit pulmonary vascular and RV remodeling in PAH. Although decreased 

ACE2 levels and ACE2 autoantibodies have been detected in serum from patients with 

PAH, increased ACE2 activity was identified in the failing RV from PAH patients at the 

time of heart-lung transplantation.73–75 These seemingly contradictory findings are 

reconciled by the observation that ACE2 activity and Ang-(1-7) increase, likely as a 

compensatory mechanism, when local angiotensin levels are elevated. Thus, factors that 

downregulate ACE2 or failure to increase ACE2 activity sufficiently are permissive for 

angiotensin II-induced cardiopulmonary injury.

In the RV-pulmonary vascular unit, ACE2 is expressed by the pulmonary endothelium, 

smooth muscle cells, and the RV myocardium.76 In rodent models of experimental PAH, 

ACE2 expression is elevated with disease manifestation but is inadequate to prohibit 

pulmonary vascular and RV hypertrophy and fibrosis. Strategies to increase ACE2 

expression or activity as a therapeutic intervention in PAH models of disease using 
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recombinant human ACE2; pharmacological ACE2 activators; the antitrypanosomal agent 

diminazene aceturate, which increases ACE2 activity as an off-target effect; and gene 

transfer of ACE2 or Ang-(1-7) have all been shown to lower pulmonary pressures, improve 

RV function, and limit or reverse pulmonary vascular remodeling, RV hypertrophy, and 

fibrosis. 6, 70

Mechanistically, ACE2/Ang-(1-7)/Mas receptor activation inhibits cell proliferation, 

hypertrophy, and pro-fibrotic signaling pathways that contribute to cardiopulmonary 

remodeling in PAH.77 ACE2 inhibits ERK 1/2 and JAK2-STAT3 cell survival signaling to 

prevent pulmonary artery smooth muscle cell proliferation and migration.78 ACE2/Ang-

(1-7) has also been shown to influence vascular remodeling by decreasing cellular oxidant 

stress through downregulation of NADPH oxidase to limit hydrogen peroxide levels. This, 

in turn, decreases pulmonary smooth muscle cell proliferation and hypertrophy and 

improves pulmonary NO• synthesis and NO•-dependent vascular reactivity.77 The 

antifibrotic effects of ACE2/Ang-(1-7) are related to a reduction in oxidant stress, 

transforming growth factor-β levels and collagen production.77 Within the RV, ACE2/Ang-

(1-7) limits functional and electrical remodeling, in part, by maintaining NO• levels, 

enhancing cardiomyocyte calcium handling, increasing expression of SERCA2a, and 

normalizing expression of the cell-cell communication gap protein connexin 37, to improve 

myocardial contractility.70 Thus, targeting ACE2/Ang-(1-7)/Mas signaling in the pulmonary 

vasculature and RV likely holds therapeutic promise in PAH despite the limited data 

currently available with respect to the clinical relevance of this signaling pathway in PAH.

Aldosterone is a PAH disease modifier

Elevated levels of the mineralocorticoid hormone aldosterone are present systemically and 

within the pulmonary vascular compartment in PAH. Aldosterone levels are increased in 

plasma and lung tissue isolated from monocrotaline- and Sugen-5416/hypoxia-rat models of 

PAH as well as in patients with PAH where pulmonary arterial aldosterone levels are 

increased by 4.9-fold compared with controls.9, 79 In PAH patients, aldosterone levels 

correlated inversely with cardiac output and positively with key measures of pulmonary 

vascular remodeling, including pulmonary vascular resistance and the transpulmonary 

pressure gradient.79 Adrenal stimulation by upregulation of the renin-angiotensin axis is 

likely to be the chief source of aldosterone production in PAH; however, recent evidence 

indicates that the pulmonary vascular endothelium is an extra-adrenal source of aldosterone 

production.9, 80 In fact, endocrine functionality of the lung was suggested originally five 

decades previously by several groups based on observations demonstrating that isolated 

synthesis of angiotensin I occurs in lung tissue.81 In support of this, a transpulmonary 

increase in plasma levels of the aldosterone secretagogues angiotensin II and the 

endothelin-1 precursor big endothelin-1 has been observed in selected subtypes of PAH, 

although whether these trends are generalizable to the larger pulmonary vascular disease 

population remains unknown.82–84

Nevertheless, it is noteworthy that key proteins required for extra-adrenal de novo 

aldosterone synthesis, including steroidogenic acute regulatory protein (StAR), 11-β-

hydroxylase (CYP11B1), and aldosterone synthase (CYP11B2) are constitutively expressed 
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or inducible in cardiomyocytes, pulmonary artery endothelial cells, and pulmonary vascular 

smooth muscle cells by factors linked to the pathogenesis of PAH.85, 86 For example, 

treatment of human pulmonary artery endothelial cells with endothelin-1 at levels similar to 

those observed in PAH patients induces association of the steroidogenic transcription factors 

steroidogenic factor-1 (SF-1) and peroxisome proliferator-activated receptor-γ coactivator 

(PGC)-1α to the CYP11B2 promoter, which increases pulmonary endothelial CYP11B2 

expression and aldosterone levels by 2-fold in vitro.9 Similarly, hypoxia increases 

pulmonary artery endothelial cell StAR expression and de novo aldosterone synthesis 

measured by mass spectrometry by 2.1-fold.80 Pharmacological antagonism of the 

mineralocorticoid receptor with spironolactone attenuates angiotensin-II-mediated 

pulmonary artery smooth muscle cell hypertrophy, providing some evidence in support of 

functionally active aldosterone biosynthesized in pulmonary vascular tissue.85 In fact, the 

bioactivity of pulmonary artery endothelial cell de novo aldosterone synthesis was 

confirmed by demonstrating upregulation of the profibrotic mediator connective tissue 

growth factor in pulmonary artery smooth muscle cells exposed to conditioned medium 

from hypoxia-treated pulmonary artery endothelial cells.80 Thus, localized de novo 

aldosterone synthesis is likely to function as a disease modifier in PAH, similar to adrenal-

derived aldosterone. Moreover, it is plausible that this mechanism may serve to increase 

aldosterone levels locally and the levels achieved or duration of exposure may be important 

factors that determine the contribution of extra-adrenal aldosterone to vascular and 

ventricular dysfunction in PAH, although this remains to be proven definitively.

Vasculopathy and RV dysfunction associated with hyperaldosteronism

Elevated levels of aldosterone promote a structural and functional vasculopathy in systemic 

blood vessels that overlaps, in part, with the pulmonary vascular pathophenotype of PAH.87 

In patients with primary hyperaldosteronism (i.e., unstimulated adrenal aldosterone 

synthesis), for example, vascular smooth muscle cell proliferation, increased arterial 

stiffness, and vascular fibrosis define the remodeling pattern of resistance blood vessels.88 

Within the pulmonary vasculature, pathophysiologically relevant levels of aldosterone have 

been shown to increase human pulmonary artery endothelial cell NADPH oxidase type-4 

(NOX4)-derived hydrogen peroxide generation. This, in turn, oxidatively modifies the 

endothelin-B (ETB) receptor at Cys405 from the reduced (R-SH) to the sulfenic acid (R-

SOH) form, interrupts ETB signal transduction and, thus, ETB-dependent NO• synthesis is 

impaired. The consequence of both Cys405 oxidation and decreased bioavailable NO• is 

concentric hypertrophy and pulmonary vascular fibrosis in monocrotaline- and Sugen-5416/

hypoxia-PAH (Figure 7). 9 Aldosterone is also a mitogenic trigger in pulmonary vascular 

cells. Treatment of pulmonary artery smooth muscle cells harvested from idiopathic PAH 

patients with aldosterone stimulates cellular proliferation and mitosis, in part, through 

upregulation of mitogen activated protein kinase signaling.89 This effect was augmented by 

co-incubation with bone morphogenetic protein-2 and -7, thus identifying aldosterone as a 

contributor to the effects of PAH-associated proteins involved in pulmonary vascular 

remodeling.89

While RV remodeling occurs as a consequence of the PAH vasculopathy, evidence indicates 

that elevated levels of aldosterone contribute to RV hypertrophy and fibrosis. Preclinical 
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studies in the rat monocrotaline model of PAH have shown that hyperaldosteronism is 

associated with RV cardiomyocyte hypertrophy and antagonism with spironolactone was 

found to decrease RV cardiomyocyte size without influencing RV total mass.90 Similarly, in 

the pig pulmonary vein banding model of pulmonary hypertension, hyperaldosteronism was 

linked to maladaptive RV remodeling with RV cardiomyocyte hypertrophy and dysfunction 

as demonstrated by downregulation of SERCA2a.91 This is not surprising as in other 

experimental models of hyperaldosteronism, RV and LV cardiomyocytes exhibit 

heterogeneity in size. This may be attributable to increased cardiomyocyte free Ca2+ and 

oxidant stress as well as activation of transforming growth factor-β, tumor necrosis factor-α 

and insulin signaling, which are all involved in the remodeling process.92

The fibrosis pathophenotype of PAH and aldosterone

Pulmonary vascular and RV fibrosis is a critical component of the cardiopulmonary 

remodeling pattern in PAH and, when present, is an end-stage finding associated with 

increased mortality.93 Activation of transforming growth factor-β signaling by aldosterone 

promotes collagen deposition in pulmonary vascular, cardiovascular, and various non-

vascular tissue beds.94 Likewise, transforming growth factor -β is a master regulator of lung 

and pulmonary vascular fibrosis, and is implicated in the development of pulmonary 

hypertension in PAH patients. 95 Aldosterone also increases levels of the profibrotic 

connective tissue growth factor, collagen, and the matrix remodeling proteins matrix 

metalloproteinase-2 and matrix metalloproteinase -9 in cultured human pulmonary artery 

endothelial cells.96 Similarly, in other experimental models, aldosterone has been implicated 

in increased synthesis and deposition of the extracellular matrix proteins collagen I and III, 

fibronectin, and matrix metalloproteinases-3, -7, 12, -13 as well as the matricellular proteins 

thrombospondin 1, osteonectin, periostin, and tenascin C.97 In turn, these changes are 

associated with fibrillar collagen deposition in pulmonary arterioles and frank RV 

replacement fibrosis in PAH in vivo.9, 80, 90 Aldosterone may also exert these pathogenic 

effects on cardiopulmonary tissue through alternative fibrotic signaling pathways linked to 

mineralocorticoid receptor activation, including reactive oxygen species generation, NF-κB 

signaling, and other pro-inflammatory pathways.98, 99

Clinical relevance of aldosterone inhibition in PAH

Accumulating data from several experimental animal models of PAH indicates that 

mineralocorticoid receptor antagonism with spironolactone or eplerenone is able to reverse 

or prevent pulmonary vascular remodeling, improve pulmonary hypertension, and decrease 

RV size.9, 80, 90 Nevertheless, the role of mineralocorticoid receptor antagonism in the 

treatment of PAH patients is limited to case reports or small observational studies.100 The 

first effort to systematically characterize the effect of spironolactone on outcome in PAH 

was from a retrospective analysis of the Pulmonary Arterial Hypertension, Randomized 

Double-Blind, Placebo-Controlled, Multicenter, Efficacy Study 1 (ARIES-1) and Study 2 

(ARIES-2) trial.101 In this hypothesis-generating study, the clinical relevance of biological 

data showing that hyperaldosteronism in PAH impairs ETB-dependent vasodilatory 

signaling was assessed by examining the effects of spironolactone as an added therapy to 

ambrisentan to inhibit ETA-dependent pulmonary vasoconstriction and remodeling.79 In that 

study, concurrent spironolactone use (mean dose 31.2 mg/d) was identified in 10 patients 
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randomized to ambrisentan (10 mg/d) (N=67). Compared to ambrisentan alone (N=57), 

therapy with ambrisentan plus spironolactone improved the 6-minute walk distance (change 

from baseline at 12 weeks:+38.2 ± 8.1 vs. +74.2 ± 27.4 m, p = 0.11) and was associated with 

a 90% relative increase in the number of patients improving at least one World Health 

Organization functional class (p=0.08).101 Forthcoming prospective clinical data on the 

effect of mineralocorticoid receptor antagonism in PAH is anticipated with the 

announcement of several clinical trials (NCT01468571; NCT01712620) (Table 1).

Conclusions

Evidence from numerous lines of research implicates involvement of the sympathetic 

nervous system and the renin-angiotensin-aldosterone system in the pathobiology of 

pulmonary vascular disease and RV dysfunction in PAH. In particular, mechanistic data are 

available associating AR stimulation, angiotensin II, and aldosterone to the development of 

pulmonary vascular and RV histopathophenotypic changes observed in experimental models 

of PAH. It is recognized that there is cross-talk between the sympathetic nervous system and 

the renin-angiotensin-aldosterone system with although, in PAH, it remains unclear which of 

the two systems is activated first. Importantly, the preponderance of data suggests that 

activation of these systems functions primarily as a PAH disease modifier rather than a 

causal role in the disease per se. Although preclinical studies have offered a wealth of data 

to support pharmacological intervention of these signaling pathways, controversial findings 

from early clinical studies performed in the era prior to PAH-specific therapies and newer 

selective agents has limited adoption of this strategy in PAH. Patients with PAH have 

clinical markers indicating activation of the sympathetic nervous system (i.e., elevated 

circulating catecholamine levels, muscle sympathetic nerve activity, heart rate variability, 

decreased MIBG uptake) and the renin-angiotensin-aldosterone system (i.e., increased renin 

activity, elevated levels of angiotensin I and aldosterone, decreased ACE2 activity and 

related peptides). Although activation of these systems has been linked experimentally to the 

end pathophenotype of PAH, clinical therapy with AR blockers, ACE inhibitors/AT1 

receptor blockers, and mineralocorticoid receptor antagonists remains empirical. Enhanced 

insight into the potential therapeutic benefit(s) of targeting these factors in PAH is 

anticipated through the completion of several ongoing clinical trials.
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Figure 1. 
Sympathetic nervous system activation is increased in pulmonary arterial hypertension 

(PAH). (A) Muscle sympathetic nerve activity neurograms demonstrate increased 

sympathetic nerve traffic in skeletal muscle of PAH patients compared to controls. (B) This 

correlates with more severe heart failure symptoms as assessed by the New York Heart 

Association (NYHA) functional class. (C) Cardiac imaging with 123I- 

metaiodobenzylguanidine (MIBG), a norepinephrine analog that competes with 

norepinephrine for uptake, showing a reduction in 123I-MIBG uptake (i.e., higher 

norepinephrine uptake) in the RV of a patient with severe pulmonary hypertension. HR, 

heart rate; BP, blood pressure; s, seconds, PH, pulmonary hypertension. Reproduced with 

permission from references 21, 22.
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Figure 2. 
Adrenergic receptor signaling and cross-talk with the renin-angiotensin aldosterone system. 

Activation of β-adrenergic receptor signaling increases cAMP levels and activates protein 

kinase A (PKA) to promote vasodilation and an increase in cardiac contractility. These 

effects are opposed by α2-AR signaling. PKA also activates the MAP kinase signaling 

pathway, which is downstream from the angiotensin type 1 receptor (AT1R). AT1R also 

activates protein tyrosine kinases (PTK), which have been implicated in pulmonary 

hypertension, and similar to α1-AR, activates phospholipase C (PLC). Both AT1R and 

mineralocorticoid receptor (MR) activate NADPH oxidase to increase reactive oxygen 

species formation (ROS), which decrease bioavailable nitric oxide (NO•).
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Figure 3. 
β1-adrenergic receptor expression is down regulated in the right ventricle (RV) of patients 

with pulmonary arterial hypertension (PAH). (A) A representative cross-sectional image of 

RV cardiomyocytes and (B) mean values from human tissue microarrays showing down 

regulation of the β1-adrenergic receptor in hypertrophied RVs from patients with PAH 

compared to age- and sex-matched controls. Reproduced with permission from reference 16.
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Figure 4. 
Adrenergic receptor signaling, intracellular calcium, and pulmonary artery smooth muscle 

cell proliferation. In pulmonary artery smooth muscle cells (PASMC), β-adrenergic receptor 

(AR) activates adenylyl cyclase (AC) to increase cAMP and, thereby, activate protein kinase 

A (PKA). PKA phosphorylates phospholamban (PLN) and increase activity of the 

sarcoplasmic reticulum Ca2+-ATPase (SERCA2), which decreases intracellular Ca2+ levels. 

In pulmonary hypertension, SERCA2 expression is downregulated. This results in high 

intracellular Ca2+ levels through the actions of the ryanodine receptors (RYR) and α-AR 

signaling. The elevated levels of intracellular Ca2+ stimulate proliferation through protein 

phosphatase 2B (PP2B), translocation of nuclear factor of activated T cells (NFAT) to the 

nucleus to promote transcription of cyclin D1. PLC, phospholipase C, inositol triphosphate.
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Figure 5. 
Angiotensin II and related metabolites. Angiotensin II is generated from angiotensin I via 

the actions of angiotensin converting enzyme (ACE). Angiotensin I and II may also be 

metabolized to the vasoactive heptapeptides angiotensin-(1-9) and angiotensin-(1-7) through 

the actions of angiotensin converting enzyme 2 (ACE2) and neutral endopeptidsase (NEP) 

and prolylendopeptidase (PEP). Angiotensin II may stimulate angiotensin type-1 (AT-1) 

receptors to increase pulmonary artery smooth muscle cell (PASMC) proliferation, 

vasoconstriction, and disrupt right ventricular (RV)-arterial coupling. By contrast, 

stimulation of angiotensin II receptor type 2 (AT-2) or the Mas receptor by angiotensin II or 

angiotensin-(1-7) is associated with vasculoprotective effects, including increased nitric 

oxide generation and a decrease in cell proliferation and vasodilation. PRCP, 

prolylcarboxypeptidase. Adapted with modifications from reference 55.
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Figure 6. 
Angiotensin II type-1 receptor (AT1R) inhibition improves hemodynamics in pulmonary 

arterial hypertension (PAH). (A) Expression levels of AT1R are increased in pulmonary 

arterioles harvested from patients with idiopathic PAH compared to controls. (B) Inhibition 

of AT1R with losartan (20 mg/kg) improves RV systolic pressure (left) and pulmonary 

vascular resistance (right) in monocrotaline-PAH. Reprinted from Ref. 60 with permission 

of the American Thoracic Society. Copyright ©2014 American Thoracic Society
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Figure 7. 
A proposed mechanism by which hyperaldosteronism decreases pulmonary endothelial 

eNOS activation and nitric oxide (NO•) generation in PAH. Hyperaldosteronism (ALDO) in 

pulmonary arterial hypertension (PAH) may occur via i) endothelin-1 (ET-1)-mediated 

activation of PPARγ coactivator-1α (PGC-1α)/steroidogenesis factor-1 (SF) to increase 

CYP11B2 (aldosterone synthase) gene transcription in human pulmonary artery endothelial 

cells (HPAECs); ii) hypoxia-stimulated upregulation of steroidogenic acute regulatory 

protein (StAR) by increasing binding of c-fos and c-jun to the promoter; and, iii) adrenal 

ALDO synthesis via ET-1 and/or overactivation of the renin-angiotensin pathway. 

Stimulation of the mineralocorticoid receptor (MR) in HPAECs by ALDO activates 

NADPH oxidase type 4 (NOX4) to increase levels of hydrogen peroxide (H2O2), which, in 

turn, oxidatively modifies redox sensitive, functional cysteinyl thiol(s) in the ETB receptor 

(Cys405) to impair ETB-dependent activation of eNOS and decrease synthesis of nitric 

oxide (NO•). eNOS, endothelial nitric oxide synthase; R-SOXH, higher oxidative 

intermediaries of cysteine. Adapted from ref 9.
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