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Abstract 

Aims 

Cyclic adenosine monophosphate (cAMP) is the predominant intracellular second messenger 

that transduces signals from Gs-coupled receptors. Intriguingly, there is evidence from various 

cell types that an extracellular cAMP pathway is active in the extracellular space. Herein, we 

investigated the role of extracellular cAMP in the lung and examined whether it may act on 

pulmonary vascular cell proliferation and pulmonary vasculature remodeling in the pathogenesis 

of pulmonary hypertension (PH).  

Methods and Results 

The expression of cyclic AMP-metabolizing enzymes was increased in lungs from patients with 

PH as well as in rats treated with monocrotaline and mice exposed to Sugen/hypoxia. We report 

that inhibition of the endogenous extracellular cAMP pathway exacerbated Sugen/hypoxia-

induced lung remodeling. We found that application of extracellular cAMP induced an increase 

in intracellular cAMP levels and inhibited proliferation and migration of pulmonary vascular cells 

in vitro. Extracellular cAMP infusion in two in vivo pulmonary hypertension models prevented 

and reversed pulmonary and cardiac remodeling associated with PH. Using protein expression 

analysis along with luciferase assays, we found that extracellular cAMP acts via the 

A2R/PKA/CREB/p53/Cyclin D1 pathway.  

Conclusions 

Taken together, our data reveal the presence of an extracellular cAMP pathway in pulmonary 

arteries that attempts to protect the lung during PH, and suggest targeting of the extracellular 

cAMP signaling pathway to limit pulmonary vascular remodeling and PH. 

 

Abstract word count: 217 
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Translational Perspective  

Lungs samples from patients with clinical PAH and from animals with PH display increased 

cyclic AMP-metabolizing enzymes expression levels. Our results indicate that an endogenous 

extracellular cAMP pathway is activated during PH and attempts to counteract vascular 

remodeling. Additionally, our study demonstrates that extracellular-cAMP inhibits chronic 

hypoxia-induced PH in mice and MCT-induced PH in rats by activating the 

A2R/PKA/CREB/p53/Cyclin D1 pathway. Importantly, PAH patients display an inactive 

PKA/CREB/p53/Cyclin D1 pathway that could be stimulated by extracellular-cAMP. Targeting 

the extracellular cAMP pathway may represent a novel therapeutic approach for the treatment 

of pulmonary arterial hypertension. 

 

Introduction 

Pulmonary arterial hypertension (PAH), a rare disease with an estimated prevalence of 15 to 50 

per million population 1, is usually progressive, leading to right heart failure and ultimately death 

2, 3. Despite advances in clinical management of PAH, there is no cure for PAH, highlighting the 

need for new directions and therapies. 

Pulmonary artery smooth muscle cell (PASMC) proliferation and vascular endothelial 

dysfunction are crucial features of the vascular remodeling process that occurs in PAH 4. In 

vascular SMC, the canonical activation of G-protein-coupled receptors stimulates adenylyl 

cyclase, leading to an increase in intracellular cyclic adenosine monophosphate (cAMP) 

formation and reduced cell proliferation in vitro 5 and in vivo 6, 7. Prostacyclin, the main product 

of arachidonic acid in the endothelium, increases intracellular cAMP formation via adenylyl 

cyclase stimulation. Prostacyclin and its analogs have proved to be beneficial for patients with 

PAH. However, the main limitations of prostacyclin drugs are their side effects that impact 

quality of life in patients with PAH. Therefore, new therapies that can offer higher long-term 

efficacy and improved tolerability are needed.  

Cyclic AMP levels are also regulated by cyclic nucleotide phosphodiesterases (PDEs), enzymes 

that hydrolyze cyclic nucleotides, and PDE5 inhibitors have been approved for the treatment of 
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PAH 8, 9. Moreover, besides hydrolysis by PDEs, cAMP can also be transported outside the cells 

by members of the ATP-binding cassette transporters (ABCC, also termed MRP) 10-12. We 

recently reported cardiomyocyte-derived cAMP to be secreted into the extracellular space and 

to be stepwise metabolized by ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) 

and ectonucleotide 5′-nucleotidase (NT5E) to adenosine (ENPP1 and NT5E convert cAMP to 

AMP and AMP to adenosine, respectively). This extracellular cAMP ( -cAMP) pool protects the 

heart from adrenergically induced hypertrophy and fibrosis in a process that is mediated through 

its metabolite adenosine acting mainly on adenosine receptors in cardiomyocytes and cardiac 

fibroblasts 13. Interestingly, cAMP transporters 14 and enzymes that metabolize cAMP to 

adenosine 15-17 are also expressed in the lung, suggesting an analogous mechanism may be at 

play. Together, these observations prompted us to ask whether the extracellular cAMP pathway 

exists in pulmonary vascular cells, and whether extracellular cAMP prevents and/or reverses 

pathological vascular remodeling in pulmonary hypertension (PH). 

We addressed these issues by combining in vitro and in vivo experiments to examine the role of 

extracellular cAMP in PH. In this report, we provide the first evidence for the antiproliferative 

activity of extracellular cAMP in human pulmonary vascular cells and in two PH animal models. 

 

Methods  

Human lung samples 

Lung specimens were obtained at the time of lung transplantation from 7 patients with PAH, and 

from 5 non-PAH patients. Mount Sinai Institutional Review Board approved procurement of the 

human tissue samples. Human lung tissues were obtained from the University of South Paris 

(Le Plessis Robinson) and from the University General Consortium Hospital of Valencia. All 

usage was done as per Mount Sinai approved guidelines. This study was also approved by the 

local ethics committee (Comité de Protection des Personnes, CPP Ile de France VII, Le Kremlin 
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Bicêtre, France, and by the local research and independent ethics committee of the University 

General Consortium Hospital of Valencia (CEIC/2013)), and patients gave written informed 

consent. No human subjects were involved. Investigation of human tissues conformed to the 

principles outlined in the Declaration of Helsinki. 

 

Cell Culture 

Human pulmonary artery endothelial cells (hPAECs) and pulmonary artery smooth muscle cells 

(hPASMCs) from at least 3 different healthy donors were purchased from Lonza, Inc. PAECs 

were grown in EBM-2 medium supplemented with 5% fetal bovine serum (FBS)  supplemented 

with EGM-2 SingleQuots (Lonza). PASMCs were cultured in SmBM medium supplemented with 

5% FBS and SmGM-2 SingleQuots (Lonza). Normal Healthy Lung Fibroblasts (NHLF) were 

purchased from Lonza, Inc. NHLF, isolated from 3 different healthy donors, were grown in FBM 

medium supplemented with 2% FBS. Cells were grown in 5% CO2 at 37°C and passaged at 

confluence. The cells were studied between passages 2 through 7. 

 

Rat Monocrotaline-PH Model 

All animal experiments were approved by the Icahn School of Medicine at Mount Sinai 

institutional animal use and care committee and were in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals. In the prevention protocol, adult 

male Sprague-Dawley rats (Charles River), weighing 300 to 350 g, received a single injection of 

MCT (60 mg/kg) and miniosmotic pumps (Alzet) containing cAMP (delivering 30 mg/kg/day, 

Sigma-Aldrich) that were implanted subcutaneously into the animals at the same time. Twenty-

one days after the administration of MCT or vehicle control, hemodynamic measurements were 

performed and rats were euthanized for tissue collection. In the curative protocol, 3 weeks after 

MCT injection, rats were randomly assigned to receive miniosmotic pumps (Alzet) containing 

cAMP (delivering 30 mg/kg/day, Sigma-Aldrich) or a saline solution for 2 weeks. Hemodynamics 
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and morphometric measurements were performed 5 weeks after MCT injection. Animals were 

anaesthetized with ketamine (75-100 mg/kg) and xylazine (4-8 mg/kg) and sacrificed by 

exsanguination via PBS cardiac perfusion. 

 

Mouse Sugen/hypoxia-PH model 

For the prevention protocol, ten-week-old C57B6 WT mice subcutaneously received 20 mg/kg 

of Sugen (SU5416, Cayman Chemical), and miniosmotic pumps containing cAMP (30 

mg/kg/day, Sigma-Aldrich) or a saline solution were implanted. Mice were then exposed to 

chronic hypoxia (10%O2) in a ventilated chamber for 21 days. Sugen was injected once a week 

during the next 2 weeks. The end point for hemodynamic measurements and sacrifice was 14 

weeks of age.  

For the curative protocol, ten-week-old C57B6 WT mice subcutaneously received 20 mg/kg of 

Sugen and were exposed to hypoxia (10%O2) in a ventilated chamber for 21 days. Sugen was 

injected once a week during the next 2 weeks. Mice were then randomized to receive 

miniosmotic pumps (Alzet) containing cAMP (30 mg/kg/day, Sigma-Aldrich), adenosine (30 

mg/kg/day, Sigma-Aldrich) or a saline solution. Hemodynamic measurements and sacrifices 

were performed 3 weeks after miniosmotic pumps implantation. Control mice (normoxic group) 

were housed in room air at ambient atmospheric pressure. Animals were fed standard chow and 

water ad libitum.  

For the assessment of the effects of endogenous extracellular cAMP in PH, ten-week-old 

C57B6 WT mice subcutaneously received 20 mg/kg of Sugen and were exposed to chronic 

hypoxia (10%O2) in a ventilated chamber for 14 days. Mice received an additional Sugen 

injection on day 7. Mice that were used as control were maintained under normoxic conditions. 

Normoxia and Sugen/hypoxia exposed mice were intraperitoneally injected with either saline or 

SYL-001 (7.5 mg/kg, every two days for 2 weeks. SYL-001 is a potent and highly selective 

inhibitor of ENPP1 that was previously developed 13. The end point for hemodynamic 
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measurements and sacrifice was 12 weeks of age. Animals were anaesthetized with ketamine 

(75-100 mg/kg) and xylazine (4-8 mg/kg) and sacrificed by exsanguination via PBS cardiac 

perfusion. 

 

Right Ventricle and Pulmonary artery Hemodynamic Studies 

Animals were anaesthetized with 3-4% isoflurane, intubated via a tracheotomy, and 

mechanically ventilated. Next, the thoracic cavity was opened and a catheter (Transonic 

Systems Inc.) was inserted directly into the right ventricle or into the pulmonary artery. One to 

two animals died in each group during the hemodynamic measurements, independently from 

the disease or the treatment, mainly because of bleeding when the cavities were opened or 

during the tracheotomy. The heart rate, pulmonary artery systolic pressure, pulmonary artery 

diastolic pressure, right ventricular end-systolic and diastolic pressures were measured directly. 

Hemodynamic data were recorded using an ADVantage P–V Control Unit (Transonic Systems).  

 

Blood collection and cAMP assay 

Miniosmotic pumps containing cAMP (delivering 30 mg/kg/day) or a saline solution were 

implanted into mice exposed to 3 weeks of Sugen/Hypoxia. Three weeks later, blood samples 

were collected from the pulmonary artery and plasma was retrieved after centrifugation. 

Circulating e-cAMP levels in the pulmonary artery were then determined by an enzymatic 

immunoassay, as recommended by the manufacturer (Cayman Chemical). 

 
 
Statistical analyses 

All quantitative data are reported as means ± SEM. Statistical analysis was performed with the 

Prism software package (GraphPad Version 7). Differences between two means were assessed 

by a 2-tailed paired or unpaired t test. Differences among multiple means were assessed by 

one-way Anova followed by Bonferroni correction or followed by Holm-Sidak’s test analysis. P-
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values <0.05 were considered significant (corresponding symbols in figures are * for P<0.05, ** 

for P<0.01 and *** for P<0.001). 

 

Further details on the methods, as well as supplementary figures are available in the 

Supplementary material online.   

 
 

Results 
 

Upregulation of ENPP1 and NT5E expression in human PAH and experimental PH animal 

models 

First, to determine whether the enzymes that metabolize extracellular cAMP to adenosine are 

expressed and active during PAH, we compared the expression profiles of ENPP1 and NT5E in 

lung samples from patients with clinical PAH (for patient characteristics, see Supplementary 

material Online, Table S1) and from healthy lung samples from non-PAH human subjects 

(Supplementary material Online, Table S2). Remarkably, mRNA and protein expression levels 

of ENPP1 and NT5E were upregulated in the lungs of diseased patients (Figure 1A,B). Next, we 

explored ENPP1 and NT5E expression profiles in two different in vivo PH animal models: 

Monocrotaline (MCT)-induced PH in rats and Sugen/hypoxia-induced PH in mice. In line with 

the human data, quantitative PCR analysis revealed significant increases in ENPP1 and NT5E 

mRNAs levels in diseased lungs from both in vivo models (Figure 1C,E). These findings were 

confirmed by immunoblot analyses of total lung extracts from diseased animals. Western blot 

analyses revealed a marked upregulation of ENPP1 and NT5E in diseased lungs from both in 

vivo animal models (Figure 1D,F). Additionally, a consistent upregulation of the cAMP 

transporter (ABCC4) and adenosine receptors 2 (A2AR and A2BR) was detected in humans, mice 

and rats with PH (Supplementary material Online, Figure S1). These results indicate that the 

enzymes that metabolize extracellular cAMP to adenosine are expressed in the lung and are 
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upregulated during PH. 

 

Extracellular cAMP induces intracellular cAMP formation in pulmonary vascular cells in 

vitro 

We next sought to identify the primary source of secreted cAMP in pulmonary arteries. Major 

cells present in the arterial wall (hPASMC, hPAEC and human lung fibroblasts (NHLF)) were 

incubated with Forskolin (Fsk, an adenylate cyclase activator), and extracellular cAMP was 

measured using a colorimetric assay (Figure 2A). Fsk treatment increased extracellular cAMP 

levels in all cell types (Figure 2B). Fibroblasts showed substantially more cAMP efflux under Fsk 

treatment compared to hPASMC and hPAEC (Figure 2B). In line with these results, a 

preferential expression of ABCC4 in fibroblasts was detected (Figure 2C). These results point 

towards fibroblasts being the primary human pulmonary source of secreted cAMP.  

In order to determine the effects that exogenous extracellular cAMP exerts on intracellular 

cAMP formation in pulmonary vascular cells, quantitation of intracellular cAMP was performed 

by fluorescence resonance energy transfer (FRET) measurements. Human PASMC and PAEC 

were transfected with a vector expressing a FRET-based cAMP sensor 18 (Figure 2D), and 

FRET was measured in real time. Addition of non-cell permeable extracellular cAMP in 

hPASMC led to an increase in the donor emission (Figure 2E left, green tracings) and a 

decrease in the acceptor emission (Figure 2E left, blue tracings). An increase in the FRET ratio 

was detected in hPASMC after extracellular cAMP addition, reflecting a rise in intracellular 

cAMP (Figure 2E right). Similarly, extracellular cAMP enhanced intracellular cAMP formation in 

hPAEC (Figure 2F). These experiments demonstrate that extracellular cAMP induces 

intracellular cAMP formation in pulmonary vascular cells (Figure 2G).  

 

Extracellular cAMP inhibits pulmonary vascular cells proliferation and migration in vitro 
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Since an increase in intracellular cAMP levels has been shown to modulate vascular cell 

proliferation 19, we expected extracellular cAMP to regulate hPASMC proliferation. Indeed, 

treatment with extracellular cAMP inhibited serum-induced hPASMC proliferation (Figure 3A). 

We then applied adenosine receptor antagonists and found A2BR blockade to significantly inhibit 

the antiproliferative effect of extracellular cAMP (Figure 3A). Additionally, extracellular cAMP 

treatment led to a marked decrease in serum-induced migration of hPASMCs, an effect that was 

abrogated by a specific A2BR antagonist (Figure 3B), consistent with a high expression of this 

receptor in hPASMC (Figure 3C). Since endothelial cell dysfunction has a key role in the 

initiation and progression of PH, we therefore determined the extracellular cAMP effect on 

hPAEC proliferation and migration. We found that extracellular cAMP inhibits serum-induced 

hPAEC proliferation and migration (Figure 3D,E). A2AR antagonist reversed the antiproliferative 

and antimigratory effects of extracellular cAMP (Figure 3D,E). These results are in agreement 

with a lower expression of A1R, A2BR and A3R in hPAEC than of A2AR (Figure 3F). These 

experiments demonstrate that extracellular cAMP inhibits pulmonary vascular cells proliferation 

and migration through A2AR and A2BR activation. 

Since cAMP leads to the activation of Protein Kinase A (PKA), which phosphorylates key 

regulators of cells proliferation and migration, we then assessed whether the extracellular cAMP 

effects involve the PKA pathway. Markedly, a specific inhibitor of protein kinase A (PKI) 

completely reversed the inhibitory effects of extracellular cAMP on hPASMC and hPAEC 

migration (Figure 3G), suggesting that extracellular cAMP inhibits pulmonary vascular cells 

migration by activating the PKA-dependent signaling pathway. 

Since PKA regulates the activity and phosphorylation of the cAMP-responsive element binding 

protein (CREB), and since CREB is involved in the inhibition of proliferation and migration of 

vascular cells 20, 21, CREB activity was assessed in cells infected with an adenoviral vector 

expressing a CREB Responsive Element-luciferase (CRE-luciferase) reporter gene. 

Extracellular cAMP treatment increased CREB activity in both pulmonary vascular cell types, 
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whereas PKI inhibited the extracellular cAMP effects (Figure 3H). In addition, we found 

antagonism of the A2BR in hPASMC to efficiently block the effect of extracellular cAMP on 

CREB activity, whereas blockade of the A2AR abolishes the extracellular cAMP effect in hPAEC 

(Supplementary material Online, Figure S2A,B).  

Since CREB has been shown to activate the tumor protein 53 (p53) 22 and since p53 activation 

has been shown to prevent and reverse PAH 23, we then tested whether extracellular cAMP is 

able to modulate p53 activity. Human PASMC and PAEC treated with extracellular cAMP 

displayed increased levels of p53 reporter activity, suggesting that extracellular cAMP activates 

p53 (Figure 3I).  

 

Inhibition of the cAMP-metabolizing enzyme, ENPP1, exacerbates mouse Sugen/hypoxia-

induced lung remodeling in vivo 

We next assessed whether blocking the processing of endogenous extracellular cAMP to AMP, 

using a potent and highly selective inhibitor of ENPP1 (SYL-001 13), worsens PH. For logistical 

and economical reasons (mice being 10 times lighter than rats, thus needing 10-fold less SYL-

001), we choose to use the PH model of mice subjected to chronic hypoxia combined with the 

VEGF receptor blocker Sugen (SU5416) (Figure 4A). Sugen/hypoxia-exposed wild-type mice 

were treated with either saline or SYL-001 every two days for 2 weeks (Figure 4A). Mice 

maintained under normoxic conditions and treated with SYL-001 did not show any cardiac or 

pulmonary phenotype (Figure 4B-D). Mice exposed to Sugen/hypoxia and treated with SYL-001 

showed a marked increase in right ventricular systolic pressure (RVSP), and a moderate 

increase in right ventricular (RV) hypertrophy (assessed by the Fulton index and cardiomyocyte 

size) (Figure 4B,C). Importantly, morphometric analysis of distal pulmonary arteries 

demonstrated a significant increase in medial thickness of SYL-001 treated mice (Figure 4D). 

These experiments suggest that endogenous extracellular cAMP-derived adenosine attenuates 

Sugen/hypoxia-induced pulmonary hypertension, however the extracellular cAMP levels are not 
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sufficient to completely inhibit PH. Therefore, addition of exogenous extracellular cAMP may 

prevent and/or reverse PH. 

 

Extracellular cAMP infusion prevents and reverses rat monocrotaline-induced PH in vivo 

To evaluate the in vivo effect of extracellular cAMP treatment on pulmonary vascular 

remodeling, we used the MCT-PH rat model. We first performed a prevention model, where rats 

received MCT and miniosmotic pumps containing cAMP were implanted simultaneously 

(Supplementary material Online, Figure S3A). MCT administration resulted in a marked 

increase in RV hypertrophy, RVSP, and pulmonary artery pressures (Supplementary material 

Online, Figure S3B-D). Extracellular cAMP-treated rats displayed lower RVSP, Fulton index and 

pulmonary arterial pressures. Analysis of wheat-germ agglutinin (WGA)–stained RV sections 

revealed that extracellular cAMP prevented PH-induced cardiomyocyte hypertrophy 

(Supplementary material Online, Figure S3D). Morphometric analysis of distal pulmonary 

arteries demonstrated a significant decrease in medial thickness of extracellular cAMP-treated 

animals (Supplementary material Online, Figure S3E). These results indicate that extracellular 

cAMP protects against the development of MCT-induced PH. 

We then determined whether extracellular cAMP treatment would reverse PH induced by MCT 

administration. Rats were randomly assigned to receive cAMP or a saline solution 3 weeks after 

MCT treatment (Figure 5A). Hemodynamics and morphometric measurements were performed 

5 weeks after MCT injection. No significant difference in mortality was observed between the 

MCT and the MCT+e-cAMP groups (Supplementary material Online, Figure S4). Saline-treated 

rats displayed all the hallmarks of PH (i.e., increased RVSP, Fulton index, and pulmonary artery 

pressures) (Figure 5B,C), whereas extracellular cAMP-treated rats displayed a marked 

decrease in these parameters (Figure 5B,C). Remarkably, extracellular cAMP-treated rats were 

protected from PH-induced cardiac hypertrophy, showing lower levels of hypertrophy-associated 

marker gene (Nppa) and reduced cardiac myocyte hypertrophy (Figure 5D,F). In addition, right 
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ventricular and pulmonary fibrosis were reduced in the extracellular cAMP-treated group, as 

determined by Col1a1 and fibronectin expression (Figure 5D,E). Treatment with extracellular 

cAMP also reduced pulmonary arterial media wall thickness (Figure 5G). These results indicate 

that extracellular cAMP reverses MCT-induced PH development.   

 

Extracellular cAMP inhibits Sugen/hypoxia-induced pulmonary hypertension in mice 

To further study the role of extracellular cAMP on pulmonary artery remodeling, we used 

Sugen/hypoxia as another in vivo model of PH. Mice subcutaneously received Sugen, and 

miniosmotic pumps containing extracellular cAMP, or a saline solution as control, were 

implanted. Mice were then exposed to 3 weeks of hypoxia (10%O2) with a weekly injection of 

Sugen (Supplementary material Online, Figure S5A). In saline-treated mice, hypoxia resulted in 

a marked increase in RV weight, Fulton index, and RVSP (Supplementary material Online, 

Figure S5B). In contrast, we were not able to detect significant changes in these parameters in 

extracellular cAMP-treated mice (Supplementary material Online, Figure S5B). Mice treated with 

saline developed cardiac hypertrophy and pulmonary fibrosis, whereas extracellular cAMP 

infusion significantly prevented these structural changes, as determined by quantification of the 

mRNAs that encode Nppa, Col1a1 and fibronectin (Supplementary material Online, Figure 

S5C,D). Histological analysis of cardiac tissue confirmed that extracellular cAMP prevented PH-

induced cardiomyocyte hypertrophy (Supplementary material Online, Figure S5E). In addition, 

extracellular cAMP-treated mice showed a significant reduction in the percentage of medial 

thickness in pulmonary arteries (Supplementary material Online, Figure S5F). 

We next sought to determine whether extracellular cAMP is able to reverse Sugen/hypoxia-

induced PH. We first used adenosine as a positive control and found that adenosine-treated 

mice showed display a marked decrease in RV weight, Fulton index, and RVSP (Supplementary 

material Online, Figure S6A,B). In addition, cardiomyocyte hypertrophy and medial thickness of 

pulmonary arteries were reduced in adenosine-treated group (Supplementary material Online, 
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Figure S6C,D). These results indicate that adenosine reverses Sugen/hypoxia-induced PH in 

mice. Next, mice were maintained in hypoxia for 3 weeks with a weekly injection of Sugen and 

were then randomized to receive miniosmotic pumps containing cAMP or a saline solution for 2 

weeks, and placed back under normoxic conditions for an additional week (Figure 6A). 

Extracellular cAMP infusion significantly increased circulating e-cAMP levels in the pulmonary 

artery, confirming that cAMP, infused through miniosmotic pumps, is delivered into the 

pulmonary circulation (Supplementary material Online, Figure S7). Extracellular cAMP 

significantly decreased RV hypertrophy, RVSP, perivascular lung fibrosis and pulmonary artery 

remodeling as determined by morphometric measurements, quantitative real-time PCR and 

histological analyses (Figure 6B-G). In addition, extracellular cAMP treatment significantly 

reduced the number of proliferating SMCs with Ki67 positive nuclei in the pulmonary arteries of 

Sugen/hypoxia-treated mice and MCT-treated rats (Supplementary material Online, Figure S8).  

Next, we sought to analyze whether the circulating e-cAMP level in the pulmonary artery has a 

relationship with RV remodeling. The correlation analysis showed that circulating e-cAMP level 

in the pulmonary artery was negatively correlated with Fulton index and cardiac myocyte size 

and does not correlate with right ventricular systolic pressure (Supplementary material Online, 

Figure S9). These results indicate that more efficient delivery of e-cAMP reduces right 

ventricular remodeling. Together, these data demonstrate that extracellular cAMP delivery 

reverses chronic hypoxia-induced PH in mice. 

 

Extracellular cAMP exerts its effects through the PKA/CREB/p53/Cyclin D1 pathway 

Consistent with our in vitro findings, extracellular cAMP treatment increased phosphorylation of 

CREB at Ser133 (PKA site) and restored p53 expression level in MCT-PH rats (Figure 7A). This 

was associated with a concomitant decrease in Cyclin D1 (a key regulator of cell cycle 

progression) expression (Figure 7A). The beneficial effects of extracellular cAMP were 

associated with increased eNOS expression and restored phosphorylated eNOS level in lungs 
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of PH rats (Supplementary material Online, Figure S10), suggesting that extracellular cAMP 

improved endothelial function in vivo. Similarly, western blot analyses revealed a marked 

downregulation of phosphorylated CREB and p53, and an upregulation of Cyclin D1 in lungs of 

Sugen/hypoxia-treated mice (Figure 7B). These changes were significantly reversed by 

extracellular cAMP treatment (Figure 7B). Therefore, we can infer from these results that 

extracellular cAMP reverses PH through PKA/CREB/p53/Cyclin D1 pathway activation. We 

further investigated whether this pathway is deregulated in human PAH patients. In line with the 

animal models, phosphorylated CREB and p53 expression levels were decreased whereas 

Cyclin D1 level was increased in the lungs of PAH patients (Figure 7C). Therefore, extracellular 

cAMP treatment, by activating the A2R/PKA/CREB/p53/Cyclin D1 pathway (Figure 7D), could 

represent a novel therapy for treating patients with PAH.  

 

Discussion  

This study identifies secreted cAMP as an important regulator in PAH. The data presented here 

show an activation of the extracellular cAMP pathway in remodeled lungs from patients with 

clinical PAH. The upregulation of the cAMP transporter (ABCC4) and the cAMP-metabolizing 

enzymes (ENPP1 and NT5E) during PAH attempt to protect the lung from the detrimental 

consequences of pulmonary vascular remodeling and pulmonary hypertension. This study 

demonstrates that extracellular cAMP, through the A2R/PKA/CREB pathway, prevents and 

reverses the development of pulmonary hypertension. In PAH, lung vascular remodeling is 

characterized by proliferation and migration of both PASMCs and PAECs. Herein, we show that 

extracellular cAMP treatment exerts beneficial effects by increasing intracellular cAMP formation 

and activating the PKA-CREB pathway, which results in decreased PASMC and PAEC 

proliferation and migration in vitro and reduced pulmonary vessel remodeling in vivo. Our results 

are the first demonstration in vivo that extracellular cAMP has a signaling role in the lung. Our 
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study is in agreement with a previous report that demonstrated the anti-proliferative effect of the 

cyclic AMP–Adenosine pathway in aortic vascular SMCs in vitro 15. 

The extracellular cAMP pathway might be commonly expressed in many other mammalian 

tissues. Indeed, several tissues/cells have been shown to express the cAMP-Adenosine 

pathway, including kidney 24, heart 13, liver 25, 26, brain 27, 28, and skeletal muscle 29. We recently 

reported cAMP secreted into the extracellular space to be an important paracrine factor in the 

myocardium 13. After β-adrenergic stimulation, cAMP is secreted from cardiomyocytes, and via 

binding of its metabolite adenosine to the adenosine receptors, activates intracellular cAMP 

formation in cardiac fibroblasts. Infused extracellular cAMP potently represses myocardial 

hypertrophic and fibrotic effects of chronic catecholamine stimulation in vivo 13. The data 

presented here suggest that the extracellular cAMP pathway is activated during PH and that 

fibroblasts are the primary source of secreted cAMP in pulmonary arteries. Furthermore, cAMP 

may promote cell-to-cell communication within the same tissue. By being released from lung 

fibroblasts and then acting, through its metabolite adenosine, on pulmonary SMCs and ECs, 

cAMP may serve as a paracrine factor in the lung between pulmonary vascular cells. Estimating 

the potency of fibroblast-derived secreted cAMP in inhibiting pulmonary vascular cells 

proliferation/migration and defining whether cAMP exerts a paracrine action in pulmonary 

vascular cells will be of great relevance in the analysis of PAH. In addition, other cell types, such 

as pericytes or immune cells, may be able to export cAMP to the extracellular space in the lung. 

Is cAMP extruded to the extracellular space only through cyclic nucleotide transporters? In a 

recent study, cAMP has been found to be encapsulated within extracellular vesicles from 

pulmonary microvascular endothelial cells 30. Extracellular vesicles from pulmonary 

microvascular endothelial cells and from isolated lung perfusate display an increase in their 

cAMP content following stimulation of intracellular cAMP formation 30. Therefore, mechanisms 

other than cAMP transport might contribute to the extracellular cAMP content. 

Our results demonstrate the beneficial effect that exogenous extracellular cAMP has on cardiac 
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and pulmonary remodeling in PH. Through these experiments, where extracellular cAMP was 

infused through osmotic pumps that mediate a systemic delivery of the used drug, important 

topics are left open: (i) Since we previously reported that extracellular cAMP prevents cardiac 

hypertrophy in a disease model of cardiac pressure overload 13, one can imagine that 

extracellular cAMP may affect PH-induced RV hypertrophy by acting directly on the heart or 

through its effect in the lung. (ii) The extracellular cAMP dose used in the in vivo experiments 

has been chosen in order to saturate adenosine degradation. Indeed, adenosine is rapidly 

degraded to inosine by the adenosine deaminase. The present study does not identify the 

optimal extracellular cAMP dose that can be used to treat PH. (iii) The data presented here 

show the beneficial cardiopulmonary effects of extracellular cAMP infusion, however 

extracellular cAMP might have detrimental effects in other organs. 

PDE5 is an enzyme involved in the regulation of cyclic guanosine monophosphate (cGMP) by 

being highly specific for its hydrolysis. PDE5 inhibitors, by preventing cGMP degradation, trigger 

vasodilation and inhibit PASMC proliferation 31, 32, however the beneficial effects that PDE5 

inhibition has on RV hypertrophy and vascular remodeling are influenced by the natriuretic 

peptide pathway 33. Simultaneously increasing intracellular cAMP and cGMP levels, by 

combining extracellular cAMP infusion and PDE5 inhibition, could represent an efficient therapy 

for attenuating the development of PAH. In addition, since ABCC proteins are able to extrude 

cGMP from cells 34, extracellular cGMP might represent another candidate for a protective 

pulmonary effect. Physiological roles for extracellular cGMP have been reported in kidney Na+ 

transport 35 and in intestinal motility 36. Extracellular cGMP at physiological concentration also 

prevents glutamate-induced death in primary cultures of cerebellar neurons 37, and modulates 

intracellular calcium and CaMKII activity in Purkinje neurons 38. Since increasing intracellular 

cGMP levels is a good strategy for treating PAH, extracellular cGMP may represent an efficient 

therapeutic approach to regulate pulmonary vascular remodeling. 
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Our study is subject to certain limitations: (i) Since earlier studies have indicated that 

extracellular cAMP inhibits T cell activation 39, 40, inflammatory cells might contribute to the 

beneficial effect of extracellular cAMP in PH. (ii) Our data indicate increased expression of cyclic 

AMP-metabolizing enzymes, ABCC4 and A2Rs in PAH. Since tissue lysates were prepared from 

whole tissue homogenates, several cell types (such as airway smooth muscle cells and 

epithelial cells) may contribute to the observed findings. (iii) Although PAH is a disorder in which 

small pulmonary arteries are affected, the human PASMCs and PAECs that were used in this 

study were isolated from large pulmonary arteries. (iv) Our study does not elucidate whether 

extracellular cAMP levels are regulated in PAH. Assessing the extracellular cAMP levels in PAH 

patients will expand our understanding of the mechanisms involved in PAH. However, since 

extracellular cAMP is rapidly degraded to adenosine, assessing extracellular cAMP levels in 

lungs or blood from PAH patients is technically challenging.  

The data presented here indicate that the endogenous extracellular cAMP pathway is active 

during PAH and attempts to protect the lung from the detrimental consequences of pulmonary 

vascular remodeling. The effect of extracellular cAMP on pulmonary vascular remodeling 

requires a rise in intracellular cAMP concentrations. Therefore, intracellular cAMP is essential to 

mediate the extracellular cAMP effects. 

Our data indicate that extracellular cAMP inhibits hPASMC proliferation and migration through 

A2BR activation. This is consistent with previous reports that observed a beneficial effect of A2BR 

in PAH when using activators of the A2BR pathway 41, 42. However, based on the use of A2BR 

antagonists and A2BR knockout mice, A2BR has been suspected to have a deleterious role in 

PAH 42. The disparity between the effects of A2BR activation and A2BR inhibition on pulmonary 

vascular remodeling requires clarification. Additionally, our results demonstrate that Adora1 and 

Adora3 are upregulated in the lungs of MCT-treated rats but not in those of hypoxia-exposed 

mice or in PAH patients. The MCT molecule itself might affect Adora1 and Adora3 expression 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz244/5569883 by St G

eorge's U
niversity of London user on 20 Septem

ber 2019



CVR-2019-0593 

19  

and lead to their up-regulation, independently from PH. Another plausible explanation is that 

Adora1 and Adora3 upregulation is species-specific. 

Our results demonstrate that extracellular cAMP treatment is associated with an increase in 

intracellular cAMP levels and in CREB activity, which regulates the transcriptional activity of cell 

cycle-related genes. CREB phosphorylation induces p53, a major regulator of cell cycle 

progression 22, 43. P53 activation leads to the repression of Cyclin D1, a protein required for 

progression through the G1 phase of the cell cycle 44. Another possible mechanism of cell cycle 

arrest upon p53 activation is Cyclin-dependent kinase (CDK) inhibition by the cyclin-dependent 

kinase inhibitor p21. Indeed, p21 is a transcriptional target of p53 and can inhibit the activity of 

CDK1 and CDK2, key players in cell cycle regulation 45, 46. 

In conclusion, our results indicate that extracellular cAMP regulates intracellular cAMP levels in 

pulmonary artery smooth muscle cells and endothelial cells, thus inhibiting their proliferation in 

vitro and reversing pulmonary vascular remodeling in vivo (Figure 7D). This study demonstrates 

the efficacy of extracellular cAMP in the treatment of pulmonary arterial hypertension in mice 

and in rats. 

 

 

Funding 

This work was supported by grants from the American Heart Association (AHA- 

17SDG33370112, AHA-18IPA34170258) and from the National Institutes of Health NIH K01 

HL135474 to Y.S., from the National Institutes of Health NIH R01HL133554 to L.H., and from 

Spanish funding FIS PI17/02158, CIBERES-CB06/06/0027, and JR18/00050 to J.M. G.B. was 

supported by the French Federation of Cardiology. 

 

Disclosures 

None. 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz244/5569883 by St G

eorge's U
niversity of London user on 20 Septem

ber 2019



CVR-2019-0593 

20  

 
 
 

References 
 
 

1. Peacock AJ, Murphy NF, McMurray JJ, Caballero L, Stewart S. An epidemiological 
study of pulmonary arterial hypertension. Eur Respir J 2007;30:104-109. 

2. Galie N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, Simonneau G, Peacock 
A, Vonk Noordegraaf A, Beghetti M, Ghofrani A, Gomez Sanchez MA, Hansmann G, 
Klepetko W, Lancellotti P, Matucci M, McDonagh T, Pierard LA, Trindade PT, 
Zompatori M, Hoeper M, Aboyans V, Vaz Carneiro A, Achenbach S, Agewall S, 
Allanore Y, Asteggiano R, Paolo Badano L, Albert Barbera J, Bouvaist H, Bueno H, 
Byrne RA, Carerj S, Castro G, Erol C, Falk V, Funck-Brentano C, Gorenflo M, Granton J, 
Iung B, Kiely DG, Kirchhof P, Kjellstrom B, Landmesser U, Lekakis J, Lionis C, Lip GY, 
Orfanos SE, Park MH, Piepoli MF, Ponikowski P, Revel MP, Rigau D, Rosenkranz S, 
Voller H, Luis Zamorano J. 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. 

3. Hoeper MM, Kramer T, Pan Z, Eichstaedt CA, Spiesshoefer J, Benjamin N, Olsson KM, 
Meyer K, Vizza CD, Vonk-Noordegraaf A, Distler O, Opitz C, Gibbs JSR, Delcroix M, 
Ghofrani HA, Huscher D, Pittrow D, Rosenkranz S, Grunig E. Mortality in pulmonary 
arterial hypertension: prediction by the 2015 European pulmonary hypertension 
guidelines risk stratification model. Eur Respir J 2017;50. 

4. Guignabert C, Dorfmuller P. Pathology and Pathobiology of Pulmonary 
Hypertension. Semin Respir Crit Care Med 2017;38:571-584. 

5. Assender JW, Southgate KM, Hallett MB, Newby AC. Inhibition of proliferation, but 
not of Ca2+ mobilization, by cyclic AMP and GMP in rabbit aortic smooth-muscle 
cells. Biochem J 1992;288 ( Pt 2):527-532. 

6. Indolfi C, Di Lorenzo E, Rapacciuolo A, Stingone AM, Stabile E, Leccia A, Torella D, 
Caputo R, Ciardiello F, Tortora G, Chiariello M. 8-chloro-cAMP inhibits smooth 
muscle cell proliferation in vitro and neointima formation induced by balloon injury 
in vivo. J Am Coll Cardiol 2000;36:288-293. 

7. Indolfi C, Avvedimento EV, Di Lorenzo E, Esposito G, Rapacciuolo A, Giuliano P, 
Grieco D, Cavuto L, Stingone AM, Ciullo I, Condorelli G, Chiariello M. Activation of 
cAMP-PKA signaling in vivo inhibits smooth muscle cell proliferation induced by 
vascular injury. Nat Med 1997;3:775-779. 

8. Galie N, Ghofrani HA, Torbicki A, Barst RJ, Rubin LJ, Badesch D, Fleming T, Parpia T, 
Burgess G, Branzi A, Grimminger F, Kurzyna M, Simonneau G, Sildenafil Use in 
Pulmonary Arterial Hypertension Study G. Sildenafil citrate therapy for pulmonary 
arterial hypertension. N Engl J Med 2005;353:2148-2157. 

9. Galie N, Brundage BH, Ghofrani HA, Oudiz RJ, Simonneau G, Safdar Z, Shapiro S, 
White RJ, Chan M, Beardsworth A, Frumkin L, Barst RJ, Pulmonary Arterial H, 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz244/5569883 by St G

eorge's U
niversity of London user on 20 Septem

ber 2019



CVR-2019-0593 

21  

Response to Tadalafil Study G. Tadalafil therapy for pulmonary arterial 
hypertension. Circulation 2009;119:2894-2903. 

10. van Aubel RA, Smeets PH, Peters JG, Bindels RJ, Russel FG. The MRP4/ABCC4 gene 
encodes a novel apical organic anion transporter in human kidney proximal tubules: 
putative efflux pump for urinary cAMP and cGMP. J Am Soc Nephrol 2002;13:595-
603. 

11. Chen ZS, Lee K, Kruh GD. Transport of cyclic nucleotides and estradiol 17-beta-D-
glucuronide by multidrug resistance protein 4. Resistance to 6-mercaptopurine and 
6-thioguanine. J Biol Chem 2001;276:33747-33754. 

12. Jedlitschky G, Burchell B, Keppler D. The multidrug resistance protein 5 functions as 
an ATP-dependent export pump for cyclic nucleotides. J Biol Chem 2000;275:30069-
30074. 

13. Sassi Y, Ahles A, Truong DJ, Baqi Y, Lee SY, Husse B, Hulot JS, Foinquinos A, Thum T, 
Muller CE, Dendorfer A, Laggerbauer B, Engelhardt S. Cardiac myocyte-secreted 
cAMP exerts paracrine action via adenosine receptor activation. J Clin Invest 
2014;124:5385-5397. 

14. Hara Y, Sassi Y, Guibert C, Gambaryan N, Dorfmuller P, Eddahibi S, Lompre AM, 
Humbert M, Hulot JS. Inhibition of MRP4 prevents and reverses pulmonary 
hypertension in mice. J Clin Invest 2011;121:2888-2897. 

15. Dubey RK, Mi Z, Gillespie DG, Jackson EK. Cyclic AMP-adenosine pathway inhibits 
vascular smooth muscle cell growth. Hypertension 1996;28:765-771. 

16. Davies J, Karmouty-Quintana H, Le TT, Chen NY, Weng T, Luo F, Molina J, Moorthy B, 
Blackburn MR. Adenosine promotes vascular barrier function in hyperoxic lung 
injury. Physiol Rep 2014;2. 

17. Volmer JB, Thompson LF, Blackburn MR. Ecto-5'-nucleotidase (CD73)-mediated 
adenosine production is tissue protective in a model of bleomycin-induced lung 
injury. J Immunol 2006;176:4449-4458. 

18. Klarenbeek J, Goedhart J, van Batenburg A, Groenewald D, Jalink K. Fourth-
generation epac-based FRET sensors for cAMP feature exceptional brightness, 
photostability and dynamic range: characterization of dedicated sensors for FLIM, 
for ratiometry and with high affinity. PLoS One 2015;10:e0122513. 

19. Wharton J, Davie N, Upton PD, Yacoub MH, Polak JM, Morrell NW. Prostacyclin 
analogues differentially inhibit growth of distal and proximal human pulmonary 
artery smooth muscle cells. Circulation 2000;102:3130-3136. 

20. Arias J, Alberts AS, Brindle P, Claret FX, Smeal T, Karin M, Feramisco J, Montminy M. 
Activation of cAMP and mitogen responsive genes relies on a common nuclear 
factor. Nature 1994;370:226-229. 

21. Chrivia JC, Kwok RP, Lamb N, Hagiwara M, Montminy MR, Goodman RH. 
Phosphorylated CREB binds specifically to the nuclear protein CBP. Nature 
1993;365:855-859. 

22. Okoshi R, Ando K, Suenaga Y, Sang M, Kubo N, Kizaki H, Nakagawara A, Ozaki T. 
Transcriptional regulation of tumor suppressor p53 by cAMP-responsive element-
binding protein/AMP-activated protein kinase complex in response to glucose 
deprivation. Genes Cells 2009;14:1429-1440. 

23. Mouraret N, Marcos E, Abid S, Gary-Bobo G, Saker M, Houssaini A, Dubois-Rande JL, 
Boyer L, Boczkowski J, Derumeaux G, Amsellem V, Adnot S. Activation of lung p53 by 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz244/5569883 by St G

eorge's U
niversity of London user on 20 Septem

ber 2019



CVR-2019-0593 

22  

Nutlin-3a prevents and reverses experimental pulmonary hypertension. Circulation 
2013;127:1664-1676. 

24. Jackson EK, Raghvendra DK. The extracellular cyclic AMP-adenosine pathway in 
renal physiology. Annu Rev Physiol 2004;66:571-599. 

25. Gorin E, Brenner T. Extracellular metabolism of cyclic AMP. Biochim Biophys Acta 
1976;451:20-28. 

26. Smoake JA, McMahon KL, Wright RK, Solomon SS. Hormonally sensitive cyclic AMP 
phosphodiesterase in liver cells. An ecto-enzyme. J Biol Chem 1981;256:8531-8535. 

27. Rosenberg PA, Li Y. Adenylyl cyclase activation underlies intracellular cyclic AMP 
accumulation, cyclic AMP transport, and extracellular adenosine accumulation 
evoked by beta-adrenergic receptor stimulation in mixed cultures of neurons and 
astrocytes derived from rat cerebral cortex. Brain Res 1995;692:227-232. 

28. Rosenberg PA, Dichter MA. Extracellular cAMP accumulation and degradation in rat 
cerebral cortex in dissociated cell culture. J Neurosci 1989;9:2654-2663. 

29. Chiavegatti T, Costa VL, Jr., Araujo MS, Godinho RO. Skeletal muscle expresses the 
extracellular cyclic AMP-adenosine pathway. Br J Pharmacol 2008;153:1331-1340. 

30. Sayner SL, Choi CS, Maulucci ME, Ramila KC, Zhou C, Scruggs AK, Yarbrough T, Blair 
LA, King JA, Seifert R, Kaever V, Bauer NN. Extracellular vesicles: another 
compartment for the second messenger, cyclic adenosine monophosphate. Am J 
Physiol Lung Cell Mol Physiol 2019;316:L691-L700. 

31. Cohen AH, Hanson K, Morris K, Fouty B, McMurty IF, Clarke W, Rodman DM. 
Inhibition of cyclic 3'-5'-guanosine monophosphate-specific phosphodiesterase 
selectively vasodilates the pulmonary circulation in chronically hypoxic rats. J Clin 
Invest 1996;97:172-179. 

32. Wharton J, Strange JW, Moller GM, Growcott EJ, Ren X, Franklyn AP, Phillips SC, 
Wilkins MR. Antiproliferative effects of phosphodiesterase type 5 inhibition in 
human pulmonary artery cells. Am J Respir Crit Care Med 2005;172:105-113. 

33. Zhao L, Mason NA, Strange JW, Walker H, Wilkins MR. Beneficial effects of 
phosphodiesterase 5 inhibition in pulmonary hypertension are influenced by 
natriuretic Peptide activity. Circulation 2003;107:234-237. 

34. Sager G. Cyclic GMP transporters. Neurochem Int 2004;45:865-873. 
35. Jin XH, Siragy HM, Carey RM. Renal interstitial cGMP mediates natriuresis by direct 

tubule mechanism. Hypertension 2001;38:309-316. 
36. Zimmerman NP, Brownfield MS, DeVente J, Bass P, Oaks JA. cGMP secreted from the 

tapeworm Hymenolepis diminuta is a signal molecule to the host intestine. J 
Parasitol 2008;94:771-779. 

37. Montoliu C, Llansola M, Kosenko E, Corbalan R, Felipo V. Role of cyclic GMP in 
glutamate neurotoxicity in primary cultures of cerebellar neurons. 
Neuropharmacology 1999;38:1883-1891. 

38. Cabrera-Pastor A, Malaguarnera M, Taoro-Gonzalez L, Llansola M, Felipo V. 
Extracellular cGMP Modulates Learning Biphasically by Modulating Glycine 
Receptors, CaMKII and Glutamate-Nitric Oxide-cGMP Pathway. Sci Rep 
2016;6:33124. 

39. Vendetti S, Patrizio M, Riccomi A, De Magistris MT. Human CD4+ T lymphocytes with 
increased intracellular cAMP levels exert regulatory functions by releasing 
extracellular cAMP. J Leukoc Biol 2006;80:880-888. 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvz244/5569883 by St G

eorge's U
niversity of London user on 20 Septem

ber 2019



CVR-2019-0593 

23  

40. Sciaraffia E, Riccomi A, Lindstedt R, Gesa V, Cirelli E, Patrizio M, De Magistris MT, 
Vendetti S. Human monocytes respond to extracellular cAMP through A2A and A2B 
adenosine receptors. J Leukoc Biol 2014;96:113-122. 

41. Qian G, Cao J, Chen C, Wang L, Huang X, Ding C, Cai X, Yin F, Chu J, Li G, Ye J. 
Paeoniflorin inhibits pulmonary artery smooth muscle cells proliferation via 
upregulating A2B adenosine receptor in rat. PLoS One 2013;8:e69141. 

42. Bessa-Goncalves M, Braganca B, Martins-Dias E, Correia-de-Sa P, Fontes-Sousa AP. Is 
the adenosine A2B 'biased' receptor a valuable target for the treatment of 
pulmonary arterial hypertension? Drug Discov Today 2018;23:1285-1292. 

43. Giebler HA, Lemasson I, Nyborg JK. p53 recruitment of CREB binding protein 
mediated through phosphorylated CREB: a novel pathway of tumor suppressor 
regulation. Mol Cell Biol 2000;20:4849-4858. 

44. Rocha S, Martin AM, Meek DW, Perkins ND. p53 represses cyclin D1 transcription 
through down regulation of Bcl-3 and inducing increased association of the p52 NF-
kappaB subunit with histone deacetylase 1. Mol Cell Biol 2003;23:4713-4727. 

45. Xiong Y, Hannon GJ, Zhang H, Casso D, Kobayashi R, Beach D. p21 is a universal 
inhibitor of cyclin kinases. Nature 1993;366:701-704. 

46. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. The p21 Cdk-interacting 
protein Cip1 is a potent inhibitor of G1 cyclin-dependent kinases. Cell 1993;75:805-
816. 

 

 

Figure legends 

Figure 1: ENPP1 and NT5E upregulation in human PAH and experimental PH animal 

models. A, ENPP1 and NT5E mRNAs expression levels were assessed by real-time PCR in 

healthy lungs from non-PAH subjects (n = 5) and in lungs from PAH patients (n = 7). B, (Left) 

Western blot analysis of ENPP1 and NT5E in lung homogenates from non-PAH and PAH 

patients. (Right) Quantitative analysis of the data. Protein expression was normalized to 

GAPDH. Data are from 5 non-PAH and 7 PAH patients. C, Changes in mRNA levels of ENPP1 

and NT5E determined by real-time PCR analysis of lung extracts from control and MCT-injected 

rats (n = 6 rats/group). D, (Left) Representative western blot analysis of ENPP1 and NT5E 

protein expression in total lung extracts from control and MCT-injected rats (n = 4 rats/group). 

(Right) Quantitative analysis of the data. E, Changes in mRNA levels of ENPP1 and NT5E 

determined by real-time PCR analysis of lung extracts from normoxic and Sugen/hypoxic mice 
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(n = 5 mice/group). F, (Left) ENPP1 and NT5E protein expression in lung homogenates from 

normoxic and Sugen/hypoxic mice (n = 4 mice/group). (Right) Quantitative analysis of the data. 

Unpaired Student’s t-test was performed (A–D). * P < 0.05; ** P < 0.01. 

 

Figure 2: Extracellular cAMP enhances the formation of intracellular cAMP in pulmonary 

vascular cells. A, Study design to assess cAMP efflux from primary lung cells. B, 

Quantification of extracellular cAMP in supernatants from cultured hPAEC, NHLF and hPASMC 

treated with 10 μM Forskolin or PBS. A phosphodiesterase inhibitor (IBMX, 300 μM) was added 

to prevent cAMP degradation. n = 3 experiments in duplicate. Quantification represents fold 

changes (Fsk-treatment / basal) of extracellular cAMP level in supernatants from the indicated 

cells. C, Quantitative PCR analysis of ABCC4 mRNA by qPCR in RNA isolated from the 

indicated cells. n = 4 experiments in duplicate. D, cAMP-induced conformational switch in Epac 

causes a drop in FRET. E and F, (Left) Emission intensities of tdcp173V (535 nm, blue) and 

mTurq2d (480 nm, green) were recorded simultaneously from single cells expressing the cAMP 

sensor using fluorescence microscopy. Emission intensities were recorded before and after 

extracellular cAMP ( -cAMP, 100 µM) addition in hPASMC (E) and hPAEC (F). (Right) 

Representative tracings of intracellular cAMP formation in the indicated cells in the presence of 

extracellular cAMP. G, Quantitative analysis of the results. n = 3–4 experiments with 2-4 cells 

each. One-way ANOVA analysis with Bonferroni correction was performed. * P < 0.05; ** P < 

0.01; *** P < 0.001. 

 

Figure 3: Extracellular cAMP inhibits pulmonary vascular cells proliferation and 

migration.  A and B, Proliferation (A) and migration (B) of hPASMC in the presence or absence 

of extracellular cAMP ( -cAMP, 100 µM) and antagonists against A1R (DPCPX; 100 nM), 

A2AR (SCH-442416; 100 nM), A2BR (PSB-1115; 500 nM), or A3R (VUF-5574; 100 nM). C, 

Quantification of endogenous adenosine receptor subtype expression in cultured hPASMC. n = 
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4 experiments in duplicate. D and E, Proliferation (D) and migration (E) of hPAEC in the 

presence or absence of extracellular cAMP and specific adenosine receptors antagonists. n = 3-

4 experiments in triplicate. F, Quantification of endogenous adenosine receptor subtype 

expression in cultured hPAEC. n = 4 experiments in duplicate. G, Migration of hPASMC (left) 

-cAMP (100µM) and a PKA inhibitor (PKI, 

10µM). n = 4 experiments in triplicate. H, Quantitative evaluation of the activity of the cAMP-

responsive element CRE measured with the luciferase reporter CRE-Luc in proliferating 

hPASMC and hPAEC in the presence or absence of -cAMP and the PKA inhibitor (PKI, 

10µM). n = 4 experiments in triplicate. I, Quantitative evaluation of p53 activity measured with 

the luciferase reporter p53- -cAMP 

(100µM). n = 4-5 experiments in duplicate. One-way ANOVA followed by Holm-Sidak’s test 

analysis was performed (A-H). Unpaired Mann-Whitney U test was performed (I). ** P < 0.01; 

*** P < 0.001. 

 

Figure 4: ENPP1 inhibition exacerbates mouse Sugen/hypoxia-induced PH. A, Ten-week-

old C57B6 mice subcutaneously received 20 mg/kg of Sugen (SU5416) and were then exposed 

to two weeks of chronic hypoxia. Sugen was injected once a week during the first 2 weeks. 

SYL-001 (7.5 mg/kg) or a saline solution were intraperitoneally injected every 2 days during the 

next 2 weeks. B, Fulton index and right ventricular pressure (RVSP) of the indicated groups. n = 

4-8 mice/group. C, (Up) Representative wheat germ agglutinin (WGA)-staining of ventricular 

sections to assess hypertrophy of cardiac myocytes. Scale bar: 20 μm. (Down) Quantitative 

analysis; n = 4-6 mice/group. D, (Up) Representative H&E-stained sections of small pulmonary 

arteries from the indicated groups. Scale bar: 50 μm. (Down) Percentage of medial wall 

thickness. n = 5-8 mice/group. One-way ANOVA analysis with Bonferroni correction was 

performed (B-D). * P < 0.05; ** P < 0.01; *** P < 0.001. 
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Figure 5: Extracellular cAMP reverses rat MCT-induced PH. A, Rats received a single 

injection of MCT (60 mg/kg) and miniosmotic pumps containing -cAMP (delivering 30 

mg/kg/day) were implanted 3 weeks later into the animals. Pulmonary and Right Ventricular 

hemodynamics were measured on week 5. B, (Left) RV hypertrophy reflected by the RV weight 

over LV plus interventricular septum (S) weight ratio (Fulton index) and (Right) Right ventricular 

systolic pressure (RVSP) in each group. n = 6-8 mice per group. C, Pulmonary artery systolic 

pressure (PASP), diastolic pressure (PADP), and mean pulmonary pressure (mPAP) measured 

in the indicated groups. n = 6 mice per group. D, Quantitative real-time PCR analysis of 

molecular markers for cardiac myocyte hypertrophy (Nppa) and of fibrosis-associated gene 

(Col1a1). All quantifications derive from n = 6-8 rats/group, PCR performed with 2 replicates 

each. E, Real-time PCR quantification of markers for lung fibrosis (Col1a1 and Fibronectin) in 

right lung tissue from the indicated groups. n = 6-7 rats/group. F, (Up) Representative WGA-

staining of ventricular sections to assess hypertrophy of cardiac myocytes. Scale bar: 50 μm. 

(Down) Quantitative analysis; n = 6-8 rats/group. G, (Up) Representative H&E-stained sections 

of small pulmonary arteries from the indicated groups. Scale bar: 50 μm. (Down) Percentage of 

the medial thickness of small arteries in relation to the cross-sectional diameter. n = 6-7 

rats/group. One-way ANOVA analysis with Bonferroni correction was performed (B-G). * P < 

0.05; ** P < 0.01; *** P < 0.001. 

 

Figure 6: Extracellular cAMP reverses Sugen/hypoxia-induced PAH. A, Ten-week-old 

C57B6 mice subcutaneously received 20 mg/kg of Sugen (SU5416), and were then exposed to 

three weeks of chronic hypoxia. Sugen was injected once a week during the next two weeks. 

Mice were then randomly assigned to receive miniosmotic pumps containing -cAMP or a 

saline solution at week 13 for 3 weeks. The end point for hemodynamic measurements and 

sacrifice was at week 16. B, Right ventricular (RV) weight, left ventricular (LV) weight, Fulton 

index and right ventricular pressure (RVSP) of the indicated groups. n = 7-11 mice/group. C, 
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Quantitative real-time PCR analysis of molecular markers for cardiac myocyte hypertrophy 

(Nppa) and of fibrosis-associated gene (Col1a1) in right myocardium of the indicated groups. n 

= 6-7 mice/group. D, Quantitative real-time PCR analysis of molecular markers of fibrosis-

associated genes (Col1a1 and Fibronectin) in lungs of the indicated groups. Quantifications 

derive from n = 6-7 mice/group, PCR performed with 2 replicates each. E, (Up) Representative 

WGA-staining of ventricular sections to assess hypertrophy of cardiac myocytes. Scale bar: 50 

μm. (Down) Quantitative analysis; n = 7 mice/group. F, (Up) Representative H&E-stained 

sections of small pulmonary arteries from the indicated groups. Scale bar: 50 μm. (Down) 

Percentage of arteries medial thickness in relation to cross-sectional diameter. n = 6-8 

mice/group. G, (Up) Representative image sections from Masson trichrome-stained lung of the 

indicated groups. Scale bar: 50 μm. (Down) Quantitative analysis of perivascular fibrosis; n = 8-

9 mice/group. One-way ANOVA analyses with Bonferroni correction (B, G) or followed by Holm-

Sidak’s test analysis were performed (C-F). * P < 0.05; ** P < 0.01; *** P < 0.001. 

 

Figure 7: Extracellular cAMP exerts its effects through the PKA/CREB/p53/Cyclin D1 

pathway. A, (Left) Western immunoblotting was performed to evaluate CREB phosphorylation, 

total CREB, tumor protein 53 (p53), and Cyclin D1 expression. The lungs were harvested from 

sham and MCT-PH rats treated with -cAMP or a saline solution. (Right) Quantitative analysis 

of the western blot data. Protein expression was normalized to GAPDH. Phosphorylated CREB 

expression was normalized to total CREB. Data are from 3 rats per group. B, (Left) 

Representative western blot of phosphorylated CREB, total CREB, p53, and Cyclin D1 protein 

expression in total lung extracts from mice that were exposed or not to Sugen/hypoxia and -

cAMP treatment. (Right) Quantitative analysis of the data. Data are from 3-4 mice per group. C, 

(Left) Phosphorylated CREB, total CREB, p53, and Cyclin D1 protein expression in healthy lung 

homogenates from non-PAH subjects and in lung homogenates from PAH patients. (Right) 

Quantification of the data. Data are from 5 non-PAH and 7 PAH patients. D, Model of 
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mechanism of action for the extracellular cAMP in PAH. One-way ANOVA followed by Holm-

Sidak’s test analysis was performed (A, B, D-F). * P < 0.05; ** P < 0.01; *** P < 0.001. 
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